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Current estimates of terrestrial carbon (C) fluxes overlook explicit hydrological controls. In this 

research project, a spatially explicit hydro-ecological model, BEPS-TerrainLab V2.0 was further 

developed to improve our understanding of the non-linearities associated with various hydro-ecological 

processes. A modeling study was conducted in a humid boreal ecosystem in north central Quebec, 

Canada. The sizes and nature of various ecosystem-C-pools were comprehensively reconstructed under a 

climate change and disturbance scenario prior to simulation in order to ensure realistic biogeochemical 

modeling. Further, several ecosystem processes were simulated and validated using field measurements 

for two years. A sensitivity analysis was also performed. After gaining confidence in the model’s ability 

to simulate various hydrologically controlled ecophysiological and biogeochemical processes and having 

understood that topographically driven sub-surface baseflow is the main process determining the soil 

moisture regime in humid boreal ecosystem, its influence on ecophysiological and biogeochemical 

processes were investigated. Three modeling scenarios were designed that represent strategies that are 

currently used in ecological models to represent hydrological controls. These scenarios were: 1) Explicit, 

where realistic lateral water routing was considered 2) Implicit, where calculations were based on a 

bucket-modeling approach 3) NoFlow, where the lateral sub-surface flow was turned off in the model. In 

general, the Implicit scenario overestimated GPP, ET and NEP, as opposed to the Explicit scenario. The 

NoFlow scenario underestimated GPP and ET but overestimated NEP. The key processes controlling the 

differences were due to the combined effects of variations in plant physiology, photosynthesis, 

heterotrophic respiration, autotrophic respiration and nitrogen mineralization; all of which occurred 

simultaneously in different directions, at different rates, affecting the spatio-temporal distribution of 

terrestrial C-sources or sinks (NEP). From these results it was clear that lateral water flow does play a 

significant role in the net terrestrial C distribution and it was discovered that non-explicit forms of 

hydrological representations underestimate the sizes of terrestrial C-sources rather than C-sinks.  

The scientific implication of this work demonstrates that regional or global scale terrestrial C 

estimates could have significant errors if proper hydrological constraints are not considered for modeling 

ecological processes due to large topographic variations of the Earth’s surface.     
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CHAPTER 1 

Introduction 

 

1.1. Carbon Emissions, Global Warming and Climate Change  

The greenhouse effect of the Earth’s atmosphere due to the radiative forcing of 

polyatomic gases contained in it was first explained by the French scientist, Fourier as early as 

18th century. However, it was only in the seminal work of Arrhenius (1896) that the first 

quantification of the influence of increasing atmospheric carbon dioxide (CO2) on increasing the 

Earth’s surface temperature was made. Since the industrial revolution, the mean global CO2 

concentration has risen from about 280 ppm to over 379 ppm (Keeling et al., 1995 ; IPCC, 2007). 

This rapid rise in atmospheric carbon dioxide concentrations occurred due to the imbalances 

between the rates at which anthropogenic and natural sources emit CO2 and the rate at which 

the global C sinks remove CO2 from the atmosphere (Baldocchi et al.,  2001).  

The first order effect of increased atmospheric CO2 is the increase in surface temperature 

of the Earth which subsequently leads to climate change (Hansen et al.,  1997; Frolking et al.,  

2004). However, climate change will further enhance CO2 emissions due the presence of several 

feedback mechanisms operating among various biogeochemical cycles, thus leading to further 

intensification of climate change (Joos et al.,  2001b).  Potential consequences of elevated CO2 

concentrations include increasing air and ocean temperatures, melting of polar ice-caps and 

rising of sea levels (Jackson et al.,  2001), plant composition and ecosystem scale physiological 

changes (Norby et al.,  1997). Some other effects include decreasing portions of the surface of the 

Earth that are covered with snow, and decreasing spatial extent of permafrost (IPCC, 2007).  
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The first major international initiative to address climate change was the First World 

Climate Conference in 1979. This led to the establishment of the Intergovernmental Panel on 

Climate Change (IPCC) in 1988. Since then, the effects of climate change has been increasingly 

recognized by many countries that lead to various international agreements to reduce 

greenhouse gas emissions such as the United Nations Framework Convention for Climate 

Change(UNFCC) in 1992, and the Kyoto Protocol in December 1997. As of June, 2006, 189 

nations, including the United States, adopted the UNFCCC, which has as its objective of 

“stabilization of greenhouse gas concentrations in the atmosphere at a level that would prevent 

dangerous anthropogenic interference with the climate system” (Houghton, 2007). The 

conclusion drawn by IPCC scientists is that the concentration of greenhouse gases in the 

atmosphere has been rising mainly due to human activities and that this would lead to rising 

temperatures and a human-induced climate change (Grubb, 1999). The global average surface 

temperature has increased over the 20th century by about 0.6°C, and most of the warming that 

was observed over the last 50 years was caused by anthropogenic activities (IPCC., 2001). It is 

quite probable that global average temperature can further increase by about 0.4°C over the 

next two decades and by 1.8 to 4.0°C by the end of this century (IPCC, 2007). 

This thesis is a small segment of Canada’s attempt to better understand the global C 

cycle and the associated climate change through the Canadian Carbon Program. This work is 

directed towards improving our understanding of the meso-scale terrestrial C cycling processes 

that govern the exchange of C between the terrestrial biosphere and the atmosphere through 

modeling techniques. Terrestrial C cycle is sensitive to climate change because of its direct and 

indirect connections to anthropogenic activities (due to factors such as deforestation, 

desertification, N-deposition, ) and also difficult to estimate because of its heterogeneous 

nature.  
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1.2. Terrestrial Carbon Cycling 

Terrestrial ecosystems modify atmospheric C balance through many mechanisms. In 

pristine terrestrial ecosystems C cycling is mainly controlled by photosynthesis and respiration. 

Other mechanisms that govern the C balance in these ecosystems include methane fluxes, 

lateral transport of dissolved organic carbon, and spontaneous release of terrestrial C in the 

event of forest fires. On the other hand, in other regions of the Earth, processes that determine 

terrestrial C balance are dominated by human-induced processes such as fossil fuel burning, 

industrial emissions such as calcination of limestone, fermentation processes, deforestation, etc. 

Since pristine ecosystems have a dominance of vegetation and are spatially extensive, they are 

considered to be important in global C-cycling because of their potential to sequester 

atmospheric C.  

In recent years, scientists have learnt that terrestrial ecosystems’  vegetation , soil 

(Melillo et al.,  1989;  Knapp et al.,  1993) and animals (Naeem et al.,  1995; Hattenschwiler and 

Bretscher, 2001) play key roles in mediating terrestrial C cycle. Vegetation being the primary 

producers, it is from the plants that mass and energy gets transformed to other living beings 

(Engel and Odum, 1999), within an ecosystem. The process of photosynthesis fixes atmospheric 

C into the biosphere. Atmospheric C enters the plant through stomatal opening that are 

controlled by a variety of environmental factors (Jarvis, 1976; Griffis et al., 2003). These factors 

include ambient temperature,  atmospheric CO2 concentration, nutrient availability, soil water 

availability and forest age (Schimel, 1995; Prentice et al., 2001). Changes in the atmospheric C 

concentration and the corresponding changes in the climate have altered the magnitudes of 

terrestrial C cycling. For example, a climate change induced vegetation growth due to earlier 

spring and lengthened growing season was detected by the phase shift of seasonal atmospheric 

CO2 cycle by Keeling et al.(1996) and satellite-based vegetation index analysis by Myneni et al. 
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(1997).  Studies indicate that increase in atmospheric CO2 enhances photosynthesis (e.g. 

Woodward and Friend, 1988) and hence increase assimilation of atmospheric C by the terrestrial 

vegetation. 

 Nitrogen (N) availability to plants is another factor that can affect photosynthesis. This 

is because N is a primary nutrient for plant growth. In the recent years, variations in plant N-

availability have also altered the trends in the terrestrial C cycles. Variations in plant N 

availability occur mainly due to natural and anthropogenic N-deposition. Based on modeling 

studies, Townsend et al. (1996); Asner et al. (1997) and Holland et al.  (1997) have demonstrated 

that N deposition is responsible for about 0.1-2.3 GtC yr-1 fixed by terrestrial vegetation which is 

almost half of the magnitude of C flux due to fossil fuel emission. Another factor that 

determines the nature of terrestrial C balance of an ecosystem is the age-effects of the 

vegetation. Schimel et al. (1995) have demonstrated that forest re-growth can account for part of 

terrestrial C uptake as much as 0.5±0.5 GtC yr-1, especially in northern mid and high latitude. 

This is because younger vegetation actively grows and hence sequesters more atmospheric C as 

opposed to mature forest stands.  

There are many other processes that directly and indirectly affect photosynthesis and 

thus, the C cycle. They include land use and land cover change (Caspersen et al.,  2000; 

Houghton and Hackler, 2006; Easter et al.,  2007 ), reforestation (House et al.,  2002; Paul et al.,  

2002), agricultural and grazing activities (Cerri et al.,  2005), insect attack (Chapman et al.,  2003; 

Throop et al.,  2004) and invasive species (Szlavecz et al.,  2006). 

 Respiration is a process by which C is added to the atmosphere from the biosphere. 

There are studies that indicate that total ecosystem respiration is a major determinant of 

terrestrial C balances (Valentini et al., 2000). Total ecosystem respiration includes respiration by 

aboveground plant parts (boles, branches, twigs, and leaves) and soil respiration, which is the 
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sum of the heterotrophic respiration, and root respiration including respiration of symbiotic 

microorganisms. The temporal variability of respiratory metabolism is influenced mostly by 

temperature and humidity conditions (Davidson and Janssens, 2006). Although ecosystem 

respiration has received considerable attention in recent decades, much less is known about the 

relative contributions of its sub- components (Jassal et al., 2007), and our understanding of how 

they will respond to global warming is poor. Soil respiration (root + heterotrophic respiration) 

is a dominant component of C exchange in terrestrial ecosystems which accounts for more than 

half of the total ecosystem respiration (Black et al. 2005). This is because soils of terrestrial 

ecosystems contain more C than atmosphere and live biomass together (Eswaran et al., 1993). 

Components of respiration can have different responses to temperature and soil water content 

(Boone et al., 1998; Lavigne et al., 2004), thus the effects  of these environmental controls needs 

to be understood in order to fully comprehend the soil C cycling mechanism.  

 There are many other mechanisms that can release terrestrial C to atmosphere. This 

includes both natural and anthropogenic reasons. Emission of large amounts of C to the 

atmosphere from vegetation can occur during forest fires (Amiro et al.,  2002; Soja et al.,  2004; 

Amiro et al.,  2004) or biomass burning (Fernandez et al.,  1999; Tanaka et al.,  2001) . These C 

emissions are of very high magnitudes although their duration is very short. Forest fires and 

biomass burning also affect the nutrient status of the soil which could have positive effects on 

the succeeding vegetation (Prietofernandez et al.,  1993; Deluca and Sala, 2006). Another form of 

C-flux in almost all terrestrial ecosystems is the import and export of dissolved organic carbon 

(DOC) (Neff and Asner  2001; Hornberger et al.  1994). DOC fluxes include C in the form of 

simple amino acids to large molecules that are transported through water flows. Fluxes of DOC 

into the ocean via runoff from terrestrial ecosystems are estimated to be 0.2 (Harrison et al., 

2005) to 0.4 x 1015 g (IPCC,2001). Since these fluxes are very small compared to the C fluxes due 
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to photosynthesis and respiration in terrestrial ecosystems DOC fluxes are not generally 

considered for the global C cycle (Schimmel 1995). Moreover, since DOC fluxes are small 

compared to the total C stocks in the ecosystem  and more over, DOC fluxes do not affect the 

fluxing of C between the biosphere and the atmosphere, it is often not considered in the annual 

net ecosystem productivity (NEP) calculations. However, on a long-term basis, DOC can be 

considered as an essential component of the net biome productivity, NBP (Janssens et al.  2003). 

Methane emission is yet another form of C-flux between the biosphere the atmosphere (Blodau 

et al.,  2007; Zhuang et al.,  2007; Curry, 2007; Einola et al.,  2007). This mode of C-flux occurs 

mostly in anoxic conditions such as water-logged areas and peat lands.  

In spite of the various mechanisms of exchange of C between biosphere and the 

atmosphere, many studies  demonstrate that the terrestrial ecosystem is a net C sink due to the 

presence of soil C-pools having much longer residence times (Thompson et al.,  1996; Chen et 

al.,  2003; Canadell et al.,  2007; Schulze, 2006). The strength of the terrestrial C sink was 

estimated to be 0.5-2.0 GtC yr-1 (Schimel et al., 1995). By sequestering atmospheric C, the 

terrestrial ecosystems help decrease the rate of accumulation of anthropogenic CO2 in the 

atmosphere, and its associated climate change (Cihlar, 2007). Terrestrial C sinks may be 

responsible for taking up about one-third of all the carbon dioxide that is released into the 

atmosphere (Canadell et al., 2007). The terrestrial C sink, inferred based on our current 

understanding, may not be permanent (Luo et al., 2003; Cox et al.,  2000 ; Friedlingstein et al., 

2003). Over the last few years there have been several studies suggesting that the size of this 

terrestrial C sink is vulnerable to global warming (Martin et al.,  1998; Nemani et al., 2002; 

Canadell et al., 2007).  
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1.3. The Boreal Ecosystem 

The boreal forests represent one of the world's largest terrestrial biomes (Bonan and 

Shugart, 1989). Boreal forests are spread in North American (Bonan and Vancleve, 1992), 

Scandinavian (Rinne et al.,  2007) and Eurasian landmasses (Kolchugina and Vinson, 1993). 

Globally, these forests have an aerial extent of 15 million km2 (Schlesinger and Andrews, 2000; 

Schlesinger, 2000). Of this aerial extent, nearly 3 million km2 are present in Canada alone 

(Coursolle et al., 2006). Globally it is the second largest forest biome that contains 49% of all 

forest C (Dixon et al., 1994), and has the potential to play a major role in the global C balance 

(D’Arrigo et al., 1987; Hall et al., 2004). Studies have shown that  boreal ecosystems are net 

terrestrial C sinks because accumulation of C by photosynthesis is greater than the losses of C 

due to respiration (autotrophic and heterotrophic) because of lower temperatures. Boreal forests 

are also significant because majority of the terrestrial fresh water resources (including ice and 

snow) and soil C stocks are distributed in high latitudes where boreal forests exist. Since  these 

high latitude regions are subjected to increased warming due to climate change, processes such 

as melting of ice, snow and permafrost could exacerbate hydrological processes in such a way 

that their consequences on biogeochemical processes and the C-exchange between the 

biosphere and the atmosphere remains quite speculative (Van Hees et al.,  2005; Zhuang et al.,  

2003; White et al.,  2000; Kravchenko, 2002). The C cycling in the boreal forest is driven by both 

natural and human disturbances (Kurz and Apps, 1995), the most important being fire, insects, 

diseases, wind throw, and harvesting. Although on a long-term basis, C cycling in boreal forests 

is driven by climate and natural and anthropogenic disturbances, on a short-term basis, inter-

annual variability are primarily determined by a large number of environmental controls 

(Fenton et al., 2005; Lal, 2005; Panikova et al.,  2006; Kane et al.,  2006; Prokushkin et al.,  2006). 

Thus, it is of utmost importance to understand and predict the short-term and long-term 
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dynamics of its ecosystem functioning, in order to improve our understanding of how these 

ecosystems would respond under climate change. Moreover, the northern extent of the boreal 

biome is the tree-line which has been showing rapid migration towards the north in the recent 

years, under climate change (Epstein et al.,  2004; Beringer et al.,  2005). The northern parts of 

boreal ecosystem also have permafrost that shows significant fluctuations in the recent past, 

which is closely linked to global warming (Nelson, 2003; Zimov et al.,  2006). 

 

1.4. Monitoring Carbon Cycling in Terrestrial Ecosystems  

Currently, several techniques exist for measuring the exchange of CO2 and trace gases 

from an ecosystem to the atmosphere at various spatial scales. The technique that is most 

commonly used is the eddy covariance technique (EC), which directly measures the fluxes of 

CO2, water-vapor and energy from a land surface. It is based on the principle that the vertical 

flux of an entity in the turbulent surface layer is proportional to the covariance of the vertical 

velocity and its concentration (Baldocchi et al., 1988). Over the last few years, EC measurements 

have provided vital information about terrestrial C balances on a variety of ecosystems such as 

boreal forests (Amiro et al.,  2006 Coursolle et al., 2005), boreal and arctic peat-lands (Moore et 

al.,  2002; Lafleur et al.,  2005;  Syed et al.,  2006), tropical rainforest (Turnipseed et al.,  2003; 

Kumagai et al.,  2004; Iwata et al.,  2005), tropical savannah (Beringer et al.,  2007; Baldocchi et 

al.,  2000; Hutley et al.,  2001), tropical seasonal forest (Dou et al.,  2006; Zhang et al.,  2006), 

tundra (Corradi et al.,  2005; Oechel et al.,  2000;), tropical wetlands, mangrove and tropical 

swamps (Jones and Humphries, 2002); and temperate grasslands ( Novick et al.,  2004; 

Gilmanov et al.,  2007).  

Since the early 1990’s, there has been a large increase in the use of EC technique to 

monitor CO2 exchange at the ecosystem level (Baldocchi, 2003). Ecosystems that have been 
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subjected to natural and human induced disturbances such as fire (e.g. Amiro et al., 2003), and  

managed and regenerated stands (Kowalski et al.,  2004) are also being studied using the EC 

technique. When a EC system is mounted on a tall structure such as a scaffold tower, it is 

possible to estimate a spatially-averaged flux for a "footprint" that extends 200-800 m in radius 

depending the height of the tower. The EC measurements are done without disturbing the 

vegetation. The measurements made are continuous, long-term flux records. The EC technique 

measures the ecosystem response to short-term (hourly) and long-term (seasonal and annual) 

variations. These important datasets provide a great deal of information on the processes 

controlling CO2 and water vapor exchange, as well as ecosystem sensitivity to climate 

variability. 

 EC measurements also provide a direct means of testing  ecological  models (Grant et 

al.,  2007; Ju et al.,  2006c; Arain et al.,  2006;). During the Boreal Ecosystem-Atmosphere Study 

(BOREAS) between 1994 and 1996, EC measurements of CO2 and water vapor fluxes were made 

on towers in nine different boreal ecosystems (Sellers et al.,  1997), which provided invaluable 

data concerning the mechanism of C energy and water exchanges on boreal ecosystems. 

Consequently, scientists advocate that long-term EC flux measurements above terrestrial 

ecosystems can be undertaken on different ecosystems to better understand regional and global 

C and water budgets (Baldocchi and Vogel, 1996). As a result, several EC flux networks Euro 

flux in Europe, Scandinavia and Russia, Ameriflux in United States, Fluxnet-Canada in Canada, 

China flux in China, Koflux in Korea, and Ozflux in Australia, were initiated (Figure 1b). With the 

launch of the Fluxnet-Canada Research Network (FCRN) in 2003 as a continuation of the 

BOREAS project, several EC towers (see Figure 1-1a) were established across several ecosystems 

on the Canadian landmass (Margolis et al., 2006). 
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 Figure 1-1. (a) Canada wide distribution of eddy covariance tower sites administered by Fluxnet 

Canada Research Network (Canadian Carbon Program), and (b) Global distribution of eddy 

covariance based measurement of the fluxes of carbon, water and energy between the biosphere and 

the atmosphere. (GIS Data source: http://daac.ornl.gov/FLUXNET/) 

 

The establishment of EC towers facilitates high-frequency, multi-year measurement of C, 

water and energy exchanges between the biosphere and the atmosphere across several 

ecosystems in Canada. In March 2007, Fluxnet-Canada was transformed into the Canadian 

Carbon Program with three year tenure (2007-2010) with similar objectives as FCRN with 

increased emphasized on national and continental scale integrated modeling.   Within FCRN, 

scientists focus either on measurement and empirical studies on one hand, or simulation 

modeling and development of upscaling strategies using remote sensing and numerical 

methods, on the other. This thesis originates as a part of the integrated modeling component of 

and the historical carbon modeling sub groups within FCRN. 

The network of EC flux towers around the world greatly assists in the better 

understanding of biosphere-atmosphere exchanges of carbon, water and energy. However, it 

does not provide reliable evidence of the magnitude and location of C sinks because an EC 

tower does not operate over a large and sufficiently unbiased sample area to represent a land 
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cover (Steinfeld et al., 2007). Furthermore, the method is limited to generally flat terrain with 

uniform vegetation (Su et al., 2004). In order to generalize ecosystem scale C-exchanges between 

the biosphere and atmosphere, inclusion of techniques that operate at higher spatial scales are 

warranted in addition to EC technique. These include the measurement of build-up of CO2 

concentrations above an ecosystem during temperature inversions (Yi et al., 2004). At a larger 

scale (upward of 50 km2), concentration measurements are made from tall tower (Denning et al.,  

2003; Bakwin et al.,  2004; Wang et al.,  2006) or balloons that reach the top of the boundary layer 

of the Earth. An example of a technique that infers flux at this intermediate scale is the 

Convective Boundary Layer (CBL) budgeting approach (Vinuesa and De Arellano, 2003; Kim et 

al.,  2006; Linne et al.,  2007). Aircraft based flux estimations  can measure at still larger scales 

(Prueger et al.,  2005; Buzorius et al.,  2006; Shashkov et al.,  2007; Miglietta et al.,  2007). These 

measurements are very useful for validating large scale modeling efforts. 

 

1.5. Need for Modeling of C cycling Terrestrial Ecosystems 

Thermodynamically, a terrestrial ecosystem is an open system. Therefore, 

biogeochemical cycles strongly interact with one another along with positive or negative 

feedback relationships (e.g., Joos et al., 2001b; Sitch et al., 2005; Manzoni and Porporato, 2007). 

Due to the complex nature of the system, simplified empirically-based studies cannot provide a 

complete description of the non-linearity that exists in various aspects of terrestrial ecosystem 

responses. Interactions between components at different spatio-temporal scales are quite 

variable and therefore, create uncertainties in our understanding of their behavior as climate 

changes (Bottcher, 2004; Rannik et al., 2006). The only way to improve our understanding of the 

non-linearities and associated feedback mechanisms that exist in biogeochemical processes is to 
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use a systems approach that adequately considers the scales at which these processes operate 

(Shibu et al., 2006).  

Recently, various studies using Earth system models that integrate climate models 

(GCM) and the C-cycle (Land Surface Schemes) show that the feedback mechanisms between 

various processes could accelerate climate change (Cox et al., 2000 ; Friedlingstein et al., 2003; 

Gedney et al., 2006). Although such projections have much uncertainty, through model inter-

comparison studies (e.g., the PILPS project, Pitman et al., 1999; Mcguffie and Henderson-Sellers, 

2001; or Friedlingstein et al., 2006), much of the uncertainty associated with models may be 

clarified and this may further aid in policy making. Moreover, with a large wealth of data on 

fluxes of mass and energy between the biosphere and the atmosphere, meteorological data, 

remote sensing technology and rapidly increasing computational capabilities, simulation 

models can be used both to better understand how ecosystems function and to reduce 

uncertainty. The picture that is evolving from long-term measurement records is that different 

combinations of environmental factors affect the inter-annual variability of exchange of C 

between the biosphere and the atmosphere and generalizations are hard to make in ecosystem 

processes. Therefore, we need modeling tools to explain variability in a cogent manner.  

 

1.5.1. Modeling Hydrological Controls on Terrestrial C and N Dynamics 

Hydrological and biogeochemical processes are closely linked because of the unique 

physicochemical properties of water as a chemical compound. The association between 

hydrological and biogeochemical cycles is multifaceted and is often difficult to comprehend 

when based only on empirical studies. It is therefore necessary to employ simulation models 

that take a systems approach to better understand the intricacies involved (Waelbroeck, 1993; 

Andersson and Sobek, 2006). There are several ecological processes that are highly sensitive to 
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hydrological controls, both directly and indirectly. These include photosynthesis, heterotrophic 

respiration and soil organic carbon decomposition, redox condition mediated methane 

production, transport of dissolved organic C (DOC), snow mediated insulation on soil 

respiration, controls on evapotranspiration (ET), and nutrient mineralization. These processes 

occur at various spatial and temporal scales.  

Hydrological controls on biogeochemical cycles and their implications for global climate 

change have recently gained recognition, especially among regional and global scale modelers 

(e.g., Gedney et al., 2006, Ju et al., 2007b, Betts et al., 2007; Sellers et al., 1997). This body of work 

demonstrates that climate change may be explained by alteration in hydrological controls that 

govern the exchange of C between the atmosphere and the biosphere, with vegetative controls 

as intermediate processes. Some studies also highlight that for high latitude ecosystems, it is 

possible that the melting of permafrost could intensify biogeochemical processes such as the 

decomposition of soil C (Deming, 1995; Overpeck et al., 1997; Nelson, 2003; Zimov et al., 2006). 

This warrants serious attention to hydrological controls that affect biogeochemical processes, 

which could appreciably alter plant growth, nutrient and C dynamics, as well as physical 

growth conditions.  

There are many studies that suggest that snow has the capacity to insulate the soil 

surface in high latitude ecosystems, and this may significantly affect the C-cycling of these 

ecosystems by controlling winter soil respiration (Davidson and Janssens, 2006; Monson et al., 

2006; Kielland et al., 2006). In arid and semi-arid ecosystems, hydrological controls may be 

evident through conditions of water insufficiency. Dry conditions may directly or indirectly 

control biogeochemical cycles. Therefore, adequate representations of hydrological controls 

must be incorporated in models that predict biogeochemical processes.  
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1.5.1.1. Controls on Photosynthesis and Respiration. 

Hydrological controls on photosynthesis are manifested through deficits or excesses of 

soil water (Wong et al., 1985; Kozlowski, 2000;  Zgallai et al., 2006; Galmes et al., 2007). 

Although there are many hypotheses regarding the physiological mechanism of the control of 

soil water on primary production, the most accepted  school of thought is that of Schulze et al. 

(1994) who hypothesized that abscisic acid (ABA), a phyto-hormone produced by stressed root 

tips when transported through xylem, triggers leaves to close stomata and reduce transpiration 

losses. During this process, the entry of CO2 declines and photosynthesis decreases. Tardieu et 

al. (1992) found that stomatal conductance ( sg ) depends both on ABA and leaf water content 

and hence, both factors are required to properly model this physiological control of stomatal 

conductance. Some models (e.g., Nikolov et al., 1995) attempted to simultaneously represent 

ABA and hydraulic signals from the roots to the stomata as proposed by Tardieu and Davies 

(1992) but a quantitative description of the ABA is not yet developed for any of the models. To 

link soil water and stomatal conductance, various conceptualizations have been adopted by the 

modeling community.  

There are two distinct approaches for modeling stomatal conductance. They are the 

Ball–Berry (Ball et al., 1987; Leuning et al., 1998) and the Jarvis (Jarvis, 1976) approaches. The 

Ball–Berry types of models take the form:  

b
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          (1) 

where m  and b  are empirical constants, nA is net photosynthetic rate, sh  is relative humidity at 

the leaf surface, and sc  is the CO2 mole fraction at the leaf surface. Ball–Berry models 

adequately estimate C assimilation by simultaneously accounting for C assimilation and 
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conductance response using a biochemical model of photosynthesis such as the Farquhar model 

(Farquhar et al., 1980). These types of stomatal conductance models require iterative 

calculations to update current stomatal conductance by equilibrating photosynthesis at a 

previous time step against the ambient stomatal conductance for CO2. Ecological models that 

employ this formulation are SiB2 (Sellers et al., 1996b); CTEM(Arora, 2003); CN-CLASS(Arain et 

al., 2006); Ecosys (Zhang et al., 2005; Grant and Flanagan, 2007), to name a few. 

An alternative way to model stomatal conductance is to use the Jarvis (Jarvis, 1976) 

multiplicative algorithm. Jarvis-type models have the general form: 

∏= iss fgg .max,           (2) 

where max,sg  is a species specific maximum stomatal conductance that may occur under optimal 

environmental and plant physiological conditions. A series of environmental factors in the form 

of scalars ( if ) constrain the potential stomatal conductance. The max,sg parameter can vary 

widely among and within species (Kelliher et al., 1995; Dang et al., 1997; Dang et al., 1998) and 

sg  increases with max,sg (Arain et al., 2002; Landsberg and Waring, 1997). Most of the ecological 

models currently use a process-based instantaneous biogeochemical leaf-level photosynthesis 

model postulated by Farquhar et al. (1980) with various modifications for upscaling the 

photosynthetic processes in space (leaf to canopy) and time (instantaneous to daily). Some of 

the spatial upscaling strategies are big-leaf (e.g., Friend and Cox, 1995, Sellers et al., 1996a), 

sunlit-shaded or two leaves (e.g., Wang and Leuning, 1998), multi-layered (e.g., Grant et al., 2001), 

and multi-layered with sunlit-shaded among others. An example for temporal upscaling is the 

analytical solution developed by Chen et al. (1999). All these approaches rely heavily on 

accurate estimates of sg .  
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In addition to the hydrologically controlled sg , another biophysical parameter, the 

maximum carboxylation rate of the Rubisco enzyme ( maxVc ) is used in photosynthesis 

modeling. maxVc has a strong association with leaf N content (Mooney, 1986; Dang et al., 1997; 

Field and Reich et al., 1997). Leaf N is directly related to the available soil N. Several 

environmental factors such as temperature, precipitation and soil moisture, directly or 

indirectly affect the availability of soil N. Some studies have reported that in northern 

ecosystems, particularly in forests, N availability limits plant growth (e.g., Schlesinger and 

Lichter, 2001). In these ecosystems, decomposition of soil C-pools and the consequent N 

mineralization, atmospheric deposition and biological N fixation are the sources of available 

soil N. Under conditions of global warming, as the decomposition of soil C-pools intensify due 

to increased soil temperature and moisture inducing increased heterotrophic respiration, N 

mineralization can increase (Schroter et al., 2003; Arain et al., 2006; Traore et al., 2007; Tan and 

Chang, 2007). Since water, N and soil C-cycles are strongly linked, it is often difficult to separate 

the extent to which net primary production or net ecosystem productivity is controlled by the 

combined action of water or nutrient availability. N is mineralized in the soil when soil organic 

matter decomposes under optimal hydrothermal conditions (Schroter et al., 2003). Recently Ju et 

al. (2006) demonstrated that mineralized N in soil may also be a factor that is responsible for the 

decomposition of some of the soil organic matter pools, which in turn mineralize N. In an ideal 

modeling domain, one needs to tightly couple N availability through organic matter 

decomposition as a function of soil temperature and soil water fluctuations on plant growth and 

C assimilation (Arain et al., 2006). 

 Ecosystem respiration is an important form of C flux. There are many environmental 

controls that affect respiration, especially soil respiration. They include soil temperature and 

moisture, substrate availability and quality, soil C decomposition and microbial growth 
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dynamics, soil hydraulic properties, as well as root maintenance and growth requirements on 

rates of respired CO2 from soils (Borken et al., 2002; Davidson et al., 2002). Soil respiration is 

highly controlled by soil water status. Studies demonstrate that at low soil water content, 

respiration is reduced (Irvine et al., 2002; Joffre et al., 2003; Harper et al., 2005). This has been 

mainly attributed to a reduction in decomposition of the soil organic matter due to microbial 

activity.  

From this discussion it is clear that a proper representation of soil water dynamics, 

stomatal dynamics, photosynthesis, soil C dynamics, and soil N dynamics is required in a 

coupled manner to properly model the exchange of C between the soil-plant–atmospheric 

continuums. A set of other related processes should also be accurately represented e.g., 

radiation regimes, soil temperature, and the dynamics of snow depth. In the current ecosystem 

models, all of these processes are not explicitly described. Imbalances exist in the current 

models in terms of the processes they describe. For example, when one process is described in a 

sophisticated manner, another process is highly abstracted. This is mainly because of technical 

variations associated with models with regard to their ability to handle both various spatial and 

temporal scales and resolutions, and the scientific background of the modeler. Although 

significant progress has been made by the ecological modeling community in the area of 

representing the soil-plant-atmospheric continuum of mass and energy, the dynamics of soil 

water remain highly abstracted, despite being a crucial parameter of ecological processes. 

 

1.6. Towards a Better Understanding of Terrestrial C-cycling Processes:  

       Ecohydrological or Hydro-ecological approaches? 

Even though ambient soil water content is the net result of precipitation, soil 

characteristics (infiltration capacity, porosity, etc), extraction of water by plants, and the 
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topography of the landscape, an integrated approach representing the complete hydrological 

cycle is not often adopted in most ecological models (Kuchment et al., 2006). Soil water can be 

accurately simulated only if the complete hydrological cycle is “represented” within a modeling 

domain. Hydrologists and ecologists differ in their view of soil water dynamics. While 

hydrologists consider the physical laws that determine water flow between locations in the soil 

body or landscape, ecologists and agriculturists are more concerned with the volume of water 

available for plant use during ecophysiological processes such as transpiration. They often 

ignore the amount of water that drains laterally across the landscape, which could significantly 

alter local scale hydrological regimes. Likewise, hydrologists also abstract vegetation controls 

on the hydrological cycle. For both hydrologists and ecologists, vegetation is the common 

bridge that links the water-potential gradient between soil and air.  

Until now, ecological modeling studies focus either on point scale details (e.g., Grant et 

al., 2006; Ju et al., 2006a) or large-scale generalizations (Running, 1994; Liu et al., 1997a; Potter et 

al., 2001; Coops et al., 2007). Most existing ecological models are lumped or point scale 

formulations that assume that a modeling unit is isolated from its neighboring areas (e.g., 

Bonan, 1989; Verseghy, 1991; Zhang et al., 2002; Arora and Boer, 2006; Grant et al., 2006). As 

such, only vertical hydrological processes can be realistically modeled using “soil layers” 

employing some implicit procedures to account for the lateral water flow although the vertical 

movement of water in between layers is modeled at various levels of sophistication.  

On one hand, the conceptualizations used to describe the vertical movement of water in 

lumped models include single layered soil, double layered soils that demarcate saturated and 

unsaturated zones, multi layered soil, or multilayered soil with root water uptake schemes. 

Almost all of conventional models employ Richard’s equation to calculate the unsaturated flow 

of soil water. On the other hand, spatially distributed models that are driven on a remote 
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sensing framework, where modeling units (pixels) remain isolated, soil moisture is calculated 

simply as “available soil moisture” (e.g., Liu et al., 1997) or some form of scalars may be used to 

represent the soil moisture (Heinsch et al., 2006; Coops et al., 2007), in order to circumvent 

computational difficulties. Although most of the ecological models are sophisticated in terms of 

modeling the biophysical controls on plant growth, they still abstract the hydrological processes 

(especially the lateral water fluxes). Absence of, or simplified representations of lateral 

hydrological processes make the current ecological models hydrologically incomplete. Hence, 

models that abstract hydrological controls have great vulnerability to simulate the terrestrial C-

cycling processes in a biased manner.  

Topographic variations on the Earth’s surface determine the hydrological, geo-

morphological, and ecological processes (Dietrich and Perron, 2006). At small spatial scales 

(e.g., a soil profile), although electrostatic and osmotic forces govern flow of water, at large 

spatial scales, topography (through the force of gravity) makes water flow (Wigmosta and 

Lettenmaier, 1999; Dirnbock et al., 2002). Conventional hydrological models use the digital 

elevation model, DEM, to simulate lateral flow of water across a terrain (Beven et al., 1984; 

Ambroise et al., 1996; Armstrong and Martz, 2003; Zhou et al., 2006; Chen et al., 2007; Vazquez 

and Feyen, 2007). Most of the traditional hydrological models formulate baseflow as an 

exponential function of the soil water storage deficit (Beven and Kirkby, 1979) or water table 

depth (Sivapalan et al., 1987) and are generally referred to as TOPMODEL-based runoff 

schemes. Some models also consider parameterizations of baseflow as an exponential function 

of the catchments water storage deficit (Koster et al., 2006) or the water table depth (Gordon and 

Famiglietti, 2004). In earlier land surface models, the baseflow component was formulated as 

drainage under gravity (Dickinson et al., 1986) or a down-slope lateral drainage (Sellers et al., 

1986). 
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 A topographically-driven lateral water flow component that occurs at landscape or 

watershed scales could have significant influences on ecological processes such as C-cycling. In 

a soil profile, two regions can be demarcated based on soil saturation, i.e., saturated and 

unsaturated zones with the water table as the dividing point. Saturated zone dynamics relative 

to the topographic position control sub-surface lateral water flow across the landscape as 

baseflow. Although baseflow occurs through the saturated zone, it can significantly influence 

unsaturated zone soil moisture in regions where the water table is shallow (Lacey and Grayson, 

1998; Schilling and Zhang, 2004; Fenicia et al., 2006). To accurately represent hydrological 

controls on biogeochemical processes within ecological models, the currently existing simplified 

representation of lateral hydrological processes needs to be changed. Lateral hydrological 

processes need to be explicitly described considering topography and soil properties that 

govern the nature of lateral water flow topographically, i.e., surface overland flow or sub- 

surface baseflow. Ideally, hydrological processes should be simulated according to a 

hydrologist’s perception of the water cycle and should then be linked to an ecological model 

created according to an ecologist’s perception of ecological processes in order to accurately 

describe what happens in natural systems.  

Other forms of hydrological complexities that are specific to various ecosystems also 

need to be considered when we couple hydrology and ecology. For example, in humid boreal 

ecosystems, forest floors are dominated by a thick organic layer consisting of a moss-peat 

complex (Price et al., 1997). This moss-peat complex creates a unique hydrological regime 

owing to its very high surface infiltration capacity resulting from its ability to facilitate 

preferential flow either laterally or vertically. Hence, Hortonian types of run-off generation 

mechanisms seldom exist and sub-surface preferential baseflow may be the dominant form of 

hydrological process that laterally connect water between neighboring hydrological response 
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units. Unique flow patterns such as “flow-reversals” may be observed in dry boreal landscapes; 

this makes water flow against the gravitational gradient due to root water uptake for 

transpiration and drying of peat matrix (Devito et al.,1997; Devito et al., 2005). 

Until now, ecological modelers (mostly biologists) and hydrological modelers (mostly 

civil engineers) worked in isolation. Even though this resulted in parallel advancements in both 

the fields, these scientific communities have overlooked the capabilities that the combination of 

hydrology and ecology can bring to a better understanding of earth surface processes. Only a 

few studies have attempted to bridge ecology and hydrology from a modeling perspective (e.g., 

Band et al., 1993; Creed and Band, 1998; Band et al., 2001; Rodriguez-Iturbe et al., 2001; 

Porporato and Rodriguez-Iturbe, 2002; Porporato et al., 2003; Tague and Band, 2004, Daly et al., 

2004; D'odorico et al., 2004; Ju and Chen, 2005; Chen et al., 2005) and further research in this 

area is required to properly couple water, nutrient and C-cycling processes by adopting various 

modeling strategies. Lumped formulations need to be replaced by distributed modeling 

approaches that have inter-pixel connectivity using topographically-driven water fluxes in 

accordance with the conventional hydrological philosophy. The motivation for this thesis 

originates here. 

 The question of linking ecology and hydrology can be conceptualized either as an Eco-

hydrological or as Hydro-ecological issue. It is only in the recent years that scientists have begun 

taking this approach. Hannah et al. (2004) gives a vivid commentary on the dichotomy of this 

subject matter. In eco-hydrology, ecology has prominence and this subject matter focuses 

mainly on plant–water relations that exist in terrestrial ecosystems (e.g., Schulze et al., 1987; 

Tardieu et al., 1992; Schulze et al., 1995; Grant and Flanagan, 2007). In hydro-ecology, 

hydrological processes dominate and determine the conditions for ecological processes 

(Kundzewicz, 2002; Zalewski, 2002; Hannah et al., 2004; Kleynhans et al., 2007). The hydro-
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ecological philosophy uses knowledge from hydrological, hydraulic, geomorphological and 

biological/ecological sciences to predict the response of ecosystems to variation in abiotic 

factors over a range of spatial and temporal scales (Dunbar and Acreman, 2001). This thesis has 

a hydro-ecological inclination to study watershed scale ecophysiological and biogeochemical 

processes. 

 

1.7. Hypothesis and Objectives 

With the above-mentioned complexities of terrestrial C-cycling processes, this research 

project was directed to better understand the key issues concerning the link between meso-

scale hydrological and biogeochemical processes. The fundamental hypothesis of this work is 

that landscape scale hydrological processes significantly affect local scale water balance, 

which in turn affects various ecophysiological and biogeochemical processes due to their 

direct and indirect relationships and associated feedback mechanisms. To this end, an 

intensive hydro-ecological modeling strategy was adopted in a spatially explicit manner, at 

the watershed scale, with a daily temporal resolution. This modeling study was conducted in 

a boreal landscape encompassing the Eastern Old Black spruce site of FCRN, Chibougamau, 

Quebec, Canada, where continuous high precision of measurements of the fluxes of mass and 

energy across the biosphere and atmosphere have been recorded since mid-2003. The 

following are the objectives of this research to test the above-mentioned hypothesis. 

1. To further develop and test the performance of a hydro-ecological model, BEPS-

TerrainLab V2.0 that features a tighter coupling of hydrological, ecological and 

biogeochemical processes in a spatially explicit manner.  

2. To identify the links between topographically driven water fluxes and ecophysiological 

processes such as ET and photosynthesis and to test the hypothesis that sub-surface 
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baseflow and its influence on local soil water balance has significant influences on local 

scale ecophysiological and biogeochemical processes. 

3. To reconstruct the historical C-balance (1920-2005) of the study site using a long term 

ecosystem model and to compare the simulated C-pools in recent years using field 

measurements. 

4. To simulate and validate the spatio-temporal distribution of various boreal 

hydrothermal and biogeochemical processes using BEPS-TerrainLab V2.0. 

5. To test the influence of topographically driven baseflow and the nature of soil water 

balance on the spatial distribution of C sources and sinks, to identify various sources of 

bias and to analyze the fate of ecosystem C under various hydrological representations. 

 

1.8. A Road Map to the Thesis 

Having identified the objectives, the thesis is organized into different chapters that are 

tailored towards peer-reviewed publications in scientific journals. In order to ensure that each 

paper stands on its own, topics such as data preparation, model description and some figures 

are repeated occasionally.  

 In Chapter 2, hydro-ecological aspects of the model, BEPS-TerrainLab V2.0 is 

introduced . Further, the model is tested for various hydro-ecological simulations using field 

measurements that were taken in a boreal landscape in eastern Canada (the study site). After 

understanding the intricacies and magnitude of hydro-ecological processes, an investigation is 

conducted in Chapter 3 to identify the errors associated with currently used hydrological 

abstractions in ecosystem models that ignore the effects of non-explicit soil water partitioning 

on ecophysiological processes such as ET or photosynthesis. This investigation was conducted 

using a numerical experiment employing three scenarios that differed in conceptualizing the 
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soil water balance and the mechanism of lateral water exchange. A sensitivity analysis was also 

carried out to ascertain the importance of hydrology vis-à-vis the accuracy of parameters used 

for ecophysiological computations. 

Terrestrial C-balance cannot be fully understood by studying the dynamics of GPP or ET 

alone. A combination of biogeochemical, hydrological and ecophysiological processes along 

with feedback relationships controls the net ecosystem C balance. Chapter 4 describes how 

various ecosystem C-pools are reconstructed using a long-term ecosystem C-balance model in a 

spatially explicit manner, considering the combined effects of disturbance and non-disturbance 

factors (climate change, CO2 fertilization and N deposition) that affects the inter-annual 

variability of forest growth and C-balance. The reconstructed C-pools are validated using field 

measurements. These C-pools may be used as “substrates” for biogeochemical processes that 

simulate net ecosystem productivity (NEP), and the measure of the terrestrial C source or sinks 

in the present time.  

In Chapter 5, the newly introduced biogeochemical module of BEPS-TerrainLab V2.0 is 

described. Firstly, the model simulations are tested using measurements of snow depth, soil 

temperature, NEP and total ecosystem respiration. Further, using the same numerical 

experiment as in Chapter 3, it is demonstrated that unrealistic hydrological representations 

create large differences in the spatial distribution of C sources and sinks (NEP). Considering the 

variations in the biogeochemical processes and the fate of C in the ecosystem, the spatial 

differences in NEP as a result of hydrological influence is understood. 

In Chapter 6, the thesis is summarized and the hydrological influence on boreal C 

cycling processes is established. The uncertainties that exist in current research is discussed and 

future research directions are proposed. 
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CHAPTER 2.  

Development of a Spatially Explicit Hydro-ecological Modeling Framework, BEPS-

Terrainlab V2.0: Model Description and Test in a Boreal Ecosystem. 

 

2.1 Abstract 

  A spatially explicit, process-based hydro-ecological model, BEPS-TerrainLab V2.0, was 

developed to improve the representation of ecophysiological, hydro-ecological and 

biogeochemical processes of boreal ecosystems in a tightly coupled manner. Several processes 

unique to boreal ecosystems were implemented in this model including the lateral water flow, 

stratification of vegetation into overstory, understory, and moss layers to calculate various 

processes. To account for preferential water fluxes through the moss-peat system in the boreal 

forest floor, a new parameterization scheme was introduced based on laboratory analyses. 

Upscaling of leaf-scale ecophysiological processes to the canopy scale were carried out while 

simultaneously considering variations in leaf physiological conditions. Explicit calculation of 

the aerodynamic resistance for each canopy layer further facilitated adequate representation of 

turbulent processes for evapotranspiration (ET). The modified model was tested with two years 

of continuous measurements taken at the Eastern Old Black Spruce Site of the Fluxnet-Canada 

Research Network located in a boreal watershed in north central Quebec, Canada. The model 

was tested by comparing the simulated and measured (or measurement-derived) ET, water 

table depth (WTD), volumetric water content (VSWC) and gross primary productivity (GPP). 

The model was able to explain 83% of the ET, 92% of the GPP variability and 72% of the WTD 

dynamics. Simulations indicated that in humid ecosystems such as eastern Canadian boreal 

watersheds, sub-surface baseflow is the main mechanism of soil water partitioning as opposed 
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to other processes such as surface overland flow or ET and that local hydrological conditions 

can have a strong influence on ecosystem physiology.  

 

2.2. Introduction 

Hydrological controls on carbon (C) cycles and their implications on global climate 

change have recently gained recognition (e.g., Gedney et al., 2006). Studies involving high 

frequency micrometeorological measurements have also demonstrated that there is a tight link 

between hydrological and C cycling processes, with mechanisms/processes operating 

differently at various spatio-temporal scales (e.g., Baldocchi et al., 1996; Verstraeten et al., 2006). 

There are several ecological processes that are highly sensitive to hydrological controls such as 

photosynthesis, heterotrophic respiration, redox-mediated methane production, and transport 

of dissolved organic carbon (DOC). Therefore, local hydrological regimes control the fluxes of 

mass and energy in the soil-plant-atmosphere continuum, although the extent that this is true in 

different boreal regions is still an open question.  

At the landscape scale, topographical differences are the main cause of potential 

differences (gravitational), which control water movement and, therefore, local-scale water 

balance. Current regional estimates of biogeochemical cycles overlook the large variations 

caused by topographic effects on soil water, temperature and nutrient availability (Grant et al., 

2004a). Simulation of soil moisture using implicit schemes such as bucket models, or using 

surrogates such as remote sensing-derived soil moisture products (e.g., radar), might be biased, 

especially for landscape scale applications, owing to large topographic variability (Soulis et al., 

2000). In addition to its role in the redistribution of soil water, topography also has remarkable 

effects on modulating the microclimate, including temperature, precipitation and absorbed 

solar radiation (Wigmosta et al., 1994). Modeling studies have mostly focused on point-scale 
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processes (e.g., Grant et al., 2006; Ju et al., 2006a) or large-scale generalizations (e.g., Ju and 

Chen, 2005). Point-scale models do not adequately represent processes such as topographically 

driven lateral water fluxes and are therefore not hydrologically realistic.  

Current advances in ecological research conducted at different spatial scales have lead to 

the development and testing of terrestrial ecosystem models that have various levels of 

sophistication. These ecosystem models have used different strategies to quantify soil-water 

controls on plant physiological mechanisms that determine ecosystem response. However, only 

a few of these models explicitly considered lateral hydrological processes to define local-scale 

water balance and have most often employed simplified schemes to partition various 

hydrological processes at the landscape scale. It is quite likely that unrealistic characterization 

of soil moisture could result in errors in simulated ecophysiological mechanisms due to the 

erroneous representation of plant physiological conditions. This warrants a more advanced 

integration of distributed hydrological modeling and ecological modeling to understand 

biogeochemical processes at the landscape scale more thoroughly.  

Therefore, we developed a hydro-ecological model, BEPS-TerrainLab V2.0. The main 

objective of this paper is to introduce BEPS-TerrainLab V2.0 and test its performance by 

comparing its hydro-ecological simulations with continuous high precision measurements of 

various ecophysiological indicators measured on a boreal landscape in eastern Canada. We also 

document various hydro-ecological concepts and parameterizations that are used within the 

model.  

 

2.3. Model Description 

BEPS-TerrainLab V2.0 originated from the Boreal Ecosystem Productivity Simulator, 

(BEPS, Liu et al., 1997) that was developed during the Boreal Ecosystem-Atmosphere Study 
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(BOREAS). BEPS describes several biophysical processes such as canopy radiative transfer and 

stomatal dynamics; ecophysiological processes such as Gross Primary Productivity (GPP), 

evapotranspiration (ET) and autotrophic respiration, for a monolayer canopy, with emphasis on 

boreal forest ecosystems. BEPS represents the ecosystem primary production using a spatially 

and temporally upscaled version of the leaf-level instantaneous photosynthesis model of 

Farquhar et al. (1980). Ecosystem ET is calculated using the Penman-Monteith leaf level model 

that is spatially upscaled to the canopy scale. It uses a simplified parameterization to represent 

soil hydrological controls on the above-mentioned ecophysiological processes (bucket model), 

and simulates the fluxes of mass and energy across the soil-biosphere-atmosphere continuum.  

 BEPS-TerrainLab V1.0 (Chen et al., 2007) was an improvement in that it included a 

distributed hydrological model, TerrainLab (Chen et al., 2005b) that was coupled to BEPS. 

TerrainLab adopted concepts from Wigmosta et al. (1994) and it was tested in the Southern 

Study Area (SSA) of the BOREAS region to study the spatio-temporal variation of ET and soil 

moisture. El Maayar and Chen (2006) used TerrainLab to develop empirical spatial upscaling 

algorithms for ET. As a coupled version of BEPS and TerrainLab, Chen et al. (2007) used BEPS-

TerrainLab V1.0 as a learning tool to understand the impact of landscape scale topographic 

variations on primary production in the mountainous areas of China. BEPS-TerrainLab V1.0 

was further modified to include peatland specific parameterizations for studying coupled water 

and C cycling processes of the Mer Bleue bog in southern Ontario by Sonnentag et al. (2007). All 

of the above-mentioned studies were conducted during the growing season and the strong 

linkages between local hydrology and C cycling were not studied in detail. Moreover, the 

existence of many modeling gaps led to further improvements and eventually to the creation of 

BEPS-TerrainLab V2.0.  
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Most hydrological processes are explicitly described within the BEPS-TerrainLab V2.0 

modeling unit. Furthermore, landscape scale hydrological processes that critically affect the 

local water balance are described based on topography. This facilitates adequate description of 

soil water regimes by solving a detailed water balance equation in a spatially explicit manner at 

daily time steps. The modeling unit (Figure 2-1) was designed initially to match with high-

resolution remote sensing datasets, i.e., at 30 m. However, the model may be run at any spatial 

resolution by resampling the spatial input datasets. 

BEPS-TerrainLab V2.0 introduces several modifications to its predecessor with a tighter 

coupling of hydrological, ecophysiological, C and biogeochemical cycles unique to boreal 

landscapes. A detailed documentation of various hydro-ecological processes considered in 

BEPS-TerrainLab V2.0 is given in the appendix section. Key areas of improvement are: 

1. Inclusion of a preferential water flow mechanism that occurs within the boreal forest floor 

moss-peat complex, after characterizing some of the hydraulic properties of moss and peat 

using laboratory measurements. 

2. Improved spatial upscaling of leaf-level photosynthesis and ET to the canopy scale, using 

fractions of leaf area index (LAI) that represents various levels of illumination (sunlit or shaded) 

and soil saturation (saturated or unsaturated) that return specific physiological characteristics to 

a leaf. This procedure mathematically mimics physiological conditions of leaves in a canopy. 

3. Explicit calculation of photosynthesis and ET for various canopy layers, i.e., overstory, 

understory and moss layers, using specific biophysical parameters and upscaling schemes. 
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Figure 2-1.  A schematic representation of a BEPS-TerrainLab V2.0 modelling unit. Most hydro-ecological 

processes are represented in this modeling unit. The soil profile is divided into saturated and unsaturated 

zones by the position of the water table. The lateral water fluxes that link neighboring pixels include sub-

surface baseflow and surface overland flow that are topographically driven. 
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4. Explicit calculation of wind profiles within various canopy levels (overstory, understory and 

moss layers) leading to realistic representations of turbulent transfer and aerodynamic 

resistance terms that are adequate for ET calculations. 

5. Calculation of topographically driven baseflow based on hydraulic head instead of the 

conventionally used topographic gradient. This is useful for boreal applications where the 

topographic differences are subtle. 

6. Inclusion of a surface overland flow routing mechanism based on a quasi-physical modified 

Manning’s approach. 

In addition to hydro-ecological processes, BEPS-TerrainLab V2.0 also has a 

biogeochemical module. A detailed description of the biogeochemical module that considers 

soil C and nitrogen (N) dynamics can be found in Govind et al. (2008d). 

 

2.4. Site Description  

The simulation study was conducted on a boreal landscape located near Chibougamau 

in north-central Quebec, Canada. This landscape encompasses a black spruce-moss dominated 

boreal ecosystem. The Eastern Old Black Spruce site (EOBS) of the Fluxnet-Canada Research 

Network (FCRN), is located at 49.69oN and 74.34oW, which is ~50 km southeast of Lake 

Chibougamau and ~200 km northwest of Lac St. Jean. The climate of this region is cold 

temperate with a mean annual temperature of 0oC and a mean annual precipitation of 961.3 mm 

(Environment Canada, 2006). This landscape has a rolling topography with a gentle slope of < 

5%, which is typical of the Canadian Shield. This gentle topography often represents eskers and 

other forms of glacial depositional features. Around 11,000-9,000 yrs B.P., retreat of the ice 

resulted in the deposition of glacial materials, on which the present soils have developed. Since 
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the soil is derived from glacio-fluvial deposits, it consists of poorly graded materials. Soil 

organic matter is composed mainly of moss necromass, which occurs throughout the region in 

poorly drained depressions or flat areas where black spruce trees dominate.  

The vegetation on this boreal landscape is dominated by black spruce (Picea mariana) or aspen 

(Populus sp.) and birch (Betula sp) in the coniferous or mixed forest stands, respectively. Jack 

pine (Pinus banksiana Lamb.) and tamarack (Larix larcinia) also occur sporadically. The 

understory is mainly dominated by Labrador tea. The forest floor consists of a thick moss layer 

that is dominated by feather moss or lichens in the moderately dry areas and Sphagnum sp in 

wetter locations. At the landscape scale, vegetation varies across the gentle topographic 

gradient. On elevated parts of the landscape such as eskers, deciduous to mixed forest stands 

dominate. On relatively flat and low-lying locations, there is a species transition from dense 

black spruce–moss dominated stands to wetlands dominated by moss and stunted black spruce 

trees.  

 

2.5. Spatial Data Set Preparation 

Several spatially explicit input datasets are required to run BEPS-TerrainLab V2.0. Most 

of these spatial datasets were prepared by combining remote sensing, GIS, ground 

measurements and modeling. The details of the preparation of these datasets specific to this 

study are given below. Figures 2-2a to 2-2f show various spatial datasets used in this study. 

Land-cover-specific biophysical parameters are required to simulate ecophysiological and 

hydrological processes in a spatially explicit manner. For this study, a land-cover map was 

obtained from the Earth Observation for Sustainable Development of Forests, EOSD, a joint 

project between the Canadian Forest Service and the Canadian Space Agency. Since land-cover 

data is qualitative information, resampling a land-cover map is likely to create many errors. The 
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EOSD land-cover product was available at 25 m resolution, which thus required that all other 

spatial input datasets be resampled to 25 m resolution and reprojected to UTM zone 18N. In 

2005, we conducted a ground truth validation campaign and confirmed that the EOSD land-

cover product was of high quality. Table 2-2 shows some of the major land-cover specific 

biophysical parameters used in this study. 

A digital elevation model (DEM) was obtained from the Canadian Council of Geomatics 

(CCG), which was further processed to make it hydrologically consistent, using the spatial 

information on lakes and rivulets in the form of vector data. Further to this, a watershed 

boundary was delineated based on the topography, using the ArcHydro tool in ArcGIS 9.1. 

Since this boreal landscape has subtle topographic variations, delineation of a watershed based 

on topography was difficult. We used several of Strahler’s stream order thresholds until a 

watershed boundary was derived that also retained the 1 km2 footprint area  (explained in 

section 2.6) of the eddy covariance tower at the EOBS site. The watershed boundary is shown in 

Figures 2-2A to 2F. 

Leaf abundance is the key parameter that controls the interception of solar energy by 

vegetation. The process of photosynthesis uses intercepted solar energy to fix atmospheric CO2. 

Conventionally, leaf abundance is quantified using leaf area index, LAI. In BEPS-TerrainLab 

V2.0, LAI is used to model radiative transfer within plant canopies that govern many processes 

such as evaporation, transpiration, photosynthesis and snowmelt. As well, upscaling of leaf-

scale ecophysiological processes to the canopy scale is carried out using LAI. Therefore, it is 

quite important to have accurate LAI estimates. Watershed scale spatially explicit LAI data 

were obtained by combining remote sensing techniques and ground-based LAI measurements. 

We used a Landsat-TM image (path-16 row-25) to derive a watershed scale NDVI map after 

adequate atmospheric corrections were carried out with the 6S model using MODIS-derived 
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atmospheric aerosol data. Further, ground-measured LAI along a designated 400 m transect 

(Chen et al., 2006) was correlated to satellite-derived NDVI to derive a site-specific LAI-NDVI 

algorithm (Figure 2-3). We also inverted the watershed scale NDVI using a site-specific 

algorithm to derive a watershed scale LAI map.  

 

                  

Figure 2-2. Various spatial datasets required to run BEPS-TerrainLabV2.0 at a daily time step. These 

datasets include (A) A validated land cover map (B) Digital elevation model (DEM) that was further 

processed to make it hydrologically consistent. Aspect and slope were derived from the DEM. (C) Leaf 

area index (LAI) map derived using remote sensing and ground based measurements and (D) Soil 

textural class. All the data sets have a spatial resolution of 25 x 25 m. Projection is UTM Zone 18N; (E) The 

~1km2 foot print region of the tower; and (F) Wetness Index used for a topography-based initialization of 

WTD. 
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Soil texture is important information that is essential to parameterize soil hydraulic 

properties. Currently, there is very little soil information for much of northern boreal regions in 

Canada at fine spatial resolution. Hence, a watershed scale soil texture map was derived using a 

look-up table that combined information on plot scale soil textural analysis conducted by 

Bernier et al. (2005), soil surface-deposit type obtained from the Quebec Ministry of Natural 

Resources and land-cover. Soil texture was determined according to the USDA textural 

classification with the inclusion of “peat” predominantly found in boreal ecosystems. Soil 

texture-specific hydraulic properties were assigned based on Rawls et al. (1982). To 

parameterize peat saturated hydraulic conductivity, we conducted a laboratory measurement 

using a constant head permeameter method. Table 2-1 shows the specific soil texture 

parameters used in this study. 

 

                         

Figure 2-3. NDVI-LAI algorithm developed using ground based LAI measurements (taken along an east –

west transect during the 2003 growing season) and remote sensing derived NDVI values. This algorithm 

was inverted and applied to the entire watershed to derive a watershed scale LAI map. 
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       Table 2-1. Hydraulic properties of various soil types in the watershed        

          
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 54

 
 

                                    
                                   

Table 2-2. Landcover specific biophysical parameters used in BEPS-TerrainLab V2.0. 
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2.6. Flux and Meteorological Measurements 

  The eddy covariance (EC) technique is being used to make continuous high-frequency 

measurements of CO2 and energy fluxes at the EOBS site of FCRN. EC instrumentation at EOBS 

is comprised of a three-dimensional sonic anemometer and both a closed and an open-path 

infrared gas analyzers (IRGA), mounted on a scaffold tower 24 m above the ground. 

Continuous meteorological data are also measured using meteorological instruments mounted 

on the EC tower. Time domain reflectometers (Campbell Scientific CS615 sensor) are used to 

measure volumetric soil moisture content (VSWC). These TDR probes are placed below the 

moss layer at an undisturbed location within the footprint region of the EOBS tower, and 

measures VSWC at 5, 10, 20 and 50 cm depths. Electronic piezometers (Solinst level-loggers) are 

used to monitor the water table depth (WTD) fluctuations. Rainfall is measured using a tipping 

bucket rain gauge near the EOBS tower and the total precipitation is measured using a Geonor 

T200B rain gauge. More details on the measurements at the EOBS site can be found in Bergeron 

et al. (2007). 

Considering the tower height, prevailing wind direction and the gentle terrain, the 

tower fetch corresponds to an approximate circular shape having a radius of ~500 m centered 

on the tower. Using an inverse Lagrangian model, Kljun et al. (2004) conducted a flux footprint 

analysis and estimated that the site’s fetch contributed at least 90% of the measured flux, and 

therefore, we used a circular area having a radius of 500 m as “the footprint” for our data 

analyses. Since BEPS-TerrainLab V2.0 runs at a daily time step, we temporally upscaled the 

half-hourly meteorological ecosystem flux measurements to a daily time step. From the latent 

heat flux measurements (W m-2), ET (mm day-1) was derived for model comparison. GPP fluxes 

were obtained from the fluxes of net ecosystem exchange (NEE) of CO2 at the EC tower. Using 
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the methodology outlined in Bergeron et al. (2007), an ecosystem respiration algorithm was 

derived using nighttime NEE fluxes and temperature. This facilitates the calculation of GPP 

from NEE fluxes. These flux datasets (half-hourly) were supplied through the FCRN Data 

Information System. All the flux and meteorological data were quality controlled.  

For the present study, we used the measurements taken between January 2004 and December 

2005. All pixels in the watershed were assigned explicit meteorological data that were 

topographically corrected using a separate sub-routine within BEPS-TerrainLab V2.0, using 

meteorological measurements at the tower site. 

 

2.7. Initialization of Water Table and Ecosystem Carbon Pools   

With initial WTD being a necessary input to BEPS-TerrainLab V2.0, a WTD was spun up 

before the actual simulation. We ran the model several times using 2004 meteorological data. 

The initial run for this iterative WTD initialization process used a topography-derived WTD 

using the TOPMODEL principle of Beven and Kirkby (1979). Subsequently, the model was run 

iteratively using the WTD from day 365 as the initial WTD, until an acceptable seasonal WTD 

pattern was obtained. Thereafter, the spun-up WTD was used for subsequent analyses. We used 

the WTD from day 365 of 2004 as the initial WTD for 2005 simulations.  

Apart from the spatial datasets commonly used for hydrological modeling as described above, 

BEPS-TerrainLab V2.0 also requires explicit information on the current sizes of various 

ecosystem C-pools (12 in all) and their corresponding current C:N ratios to run the 

biogeochemical part. The methodology to initialize ecosystem C-pools were carried out using 

long-term simulations that consider climate change, CO2 variations, disturbance effects, forest 

growth and age effects, etc. and are described in Govind et al. (2008b). These initialized C pools 

are critical for soil nitrogen dynamics.  
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2.8. Results and Discussion 

2.8.1. Spatio-temporal Patterns of ET.   

The simulated total ET was compared with the ET derived from the latent heat flux 

measured by the EC system installed at the EOBS tower. Figures 2-4 a and b show the annual 

pattern of the measured and the modeled ET in the footprint region for 2004 and 2005, 

respectively. Five-day moving averages of the simulated and measured ET for 2004 and 2005 

are displayed in the time series panel (Figure 2-4a) for added visual clarity. One to one 

comparisons of the daily values were able to explain 82% (RMSE=0.34 mm day-1) and 84% 

(RMSE =0.40 mm day-1) of the variability in the ET measured at the EC tower in 2004 and 2005, 

respectively. Although there is a general tendency of the model to underestimate ET, it seems to 

perform adequately during most parts of the year for both 2004 and 2005. Discrepancies were 

found during winter, when the model underestimated the latent heat flux especially in 2004.  

One possible explanation for this discrepancy is the underestimation of snow 

sublimation that might have contributed to higher winter latent heat values sensed by the EC 

tower. Analysis of meteorological data revealed that the winter of 2004 was much colder and 

drier than 2005 and this might have resulted in increased sublimation for 2004. There are 

studies that demonstrate that sublimation of intercepted snow constitutes a significant 

component of the water balance of boreal ecosystems (Lundberg and Halldin, 1994). Based on 

EC measurements, Molotosch et al. (2007) demonstrated that intercepted snowfall results in 

rapid response of above-canopy latent heat fluxes as high as 3.7mm day-1. Another factor that 

might explain the discrepancies between the simulated and measured ET could be the presence 

of Lake Inlet situated about 900 m northwest of the EOBS tower. We speculate that this “lake 

effect” could slightly influence the EC measurements of latent heat flux because advective 
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process could alter the local humidity, altering the vapour pressure deficit at the tower site, 

depending on wind patterns.  However, the lake was not in the sector of the fottprint from 

which the predominant winds originated.   

 

  Figure 2-4. Comparison of simulated and measured ET time-series (5-day moving average for visual 

clarity) for the years 2004 and 2005, at the EOBS tower footprint region. (b)One to one comparison of 

simulated and measured ET for the years 2004 and 2005 (combined). 

 

The annual total ET loss at the FCRN tower site was simulated to be 330.2 mm (325 mm 

measured) and 257.67 mm (287 mm measured), in 2004 and 2005, respectively.  

Figures 2-5a and 2-5b show the spatial distributions of annual ET simulated for 2004 and 2005 

for the watershed around the EOBS flux tower. The spatial distribution of the simulated annual 

ET reflects the combined effects of physiological variation in plant functional types (land-cover), 

topographical controls on radiation and soil moisture; soil texture-mediated soil moisture 

regimes and variations in LAI values. On this boreal landscape, where different land-cover 

types exist, simulated values of annual ET are highly controlled by plant species that have 

variations in LAI and sg . Topography largely controls the distribution of plant functional types 

(or land-cover types) on this boreal watershed. The coniferous stands had an annual average 
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simulated ET of 307 and 302 mm, in 2004 and 2005, respectively. Mixed forest stands have an 

annual average of 441 and 441.5 mm, in 2004 and 2005, respectively. Wetlands, on the other 

hand, have an annual average of 267 and 278 mm, in 2004 and 2005, respectively.  

 

               

Figure  2-5. Spatial distributions of annual total ET simulated by BEPS-Terrainlab for (a) 2004 and (b) 2005 

for the watershed surrounding the EOBS flux tower.  

 

In this humid boreal ecosystem, water is not a scarce resource. Factors that govern the 

level of resistance imparted by a vegetated land surface on the potential rate of ET were 

vegetation type, presence of moss layer and soil type. Even under conditions of unlimited water 

supply, ET may not proceed at rates determined by the available energy and vapour pressure 

deficits (Roberts, 2007) because ET is highly influenced by transpiration, which is strongly 

controlled by vegetation characteristics such as LAI, vegetation height, maximum stomatal 

conductance ( max,sg ), and the clumping nature of the canopy elements. The max,sg for deciduous 

and mixed stands are higher than for conifers (see Table 2-2). Therefore, it is likely that the 

ambient sg values in deciduous stands are relatively higher resulting in a greater amount of 
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water being transpired than evaporated. At lower elevations, where conifers and wetlands 

dominate, lower values of ET could be attributed not only due to plant characteristics 

(low sg and LAI), but also to increased stress as a result of saturated soil conditions. In a 

measurement study conducted in a boreal forest in Saskatchewan in central Canada (Amiro et 

al., 2006), it was shown that lower elevation regions, in spite of having shallower WTD 

conditions, did not show higher ET.   

Watershed scale ET is the combination of several sub-component processes that are 

physical (canopy evaporation, sublimation and soil evaporation) and biological (canopy and 

moss transpiration) in nature, and occur simultaneously. ET partitioning among various sub-

components reflect the characteristic feature of a land-cover. For example, in black spruce 

stands where the overstory canopy is generally open, the forest floor ET is a significant 

contributor to the total ET because of lower transpiration from overstory and understory 

canopies. Since we assume that a moss layer covers 85% of a black spruce forest floor, only 15% 

is exposed soil surface (see Table 2-2). Therefore, the major contributor of forest floor ET in 

black spruce stands is moss transpiration, rather than soil evaporation. Deciduous and mixed 

forests have relatively higher contributions from overstory and understory transpiration rather 

than forest floor ET.  

 In addition to vegetation-controlled processes, we also need to understand the 

contribution of soils to the total ET. Elevated regions of the watershed that represent eskers and 

glacial deposits have sandy loam soils as opposed to low-lying areas where peat soils are found. 

Mineral soils, such as sandy loam soils, have a lower value for maximum soil surface 

conductance ( max,soilg ) as opposed to peat soils, which further corroborates the fact that forest 
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floor ET in low lying areas (conifer, wetlands, etc.) is higher than that of upland regions having 

deciduous species, although the total ET remains lower than upland areas. 

  In 2004, the annual precipitation was 1,053 mm, whereas in 2005, the annual 

precipitation was 902 mm. This implies that 31.2% and 31.8% of the annual precipitation was 

used for the modeled total ET in 2004 and 2005, respectively 

 

2.8.2. Soil Volumetric Water Content (VSWC) and Water Table Depth (WTD). 

Conceptually, BEPS-TerrainLab V2.0 has two soil layers: the unsaturated zone and the 

saturated zone. WTD is calculated as the depth (from the soil surface) down to the point where 

the soil moisture is less than saturation. On a daily time step, hydrological processes such as 

percolation of water from the unsaturated zone to the saturated zone, capillary rise from the 

saturated zone to the unsaturated zone and lateral sub-surface and surface fluxes will all 

simultaneously affect the net water balance of a pixel, which consequently updates the 

unsaturated zone storage and WTD. Refer the appendix for details. 

Figure 2-6 shows the temporal dynamics of the modeled footprint average VSWC  

in comparison to the TDR measured VSWC (average of 0-50 cm), which is representative of the 

EOBS footprint region. The VSWC varied quite rapidly during the course of the year in 

response to the temporal variation of precipitation and other associated hydrological processes. 

The model was able to capture the temporal pattern in fair agreement with the measurements 

for most parts of the growing season. The model adequately captured the steep decline in the 

VSWC between days 200-230 in 2004 and 200-250 in 2005.  

Soil type at EOBS footprint is primarily a podzol with an organic layer having sandy-

loam texture. The physical properties of the soil in the footprint region are shown in Table 2-2. 

We can conclude from Figure 2-6 that VSWC remains near field-capacity during the late spring 
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and seldom falls below the permanent wilting point even in mid-summer. The VSMC measured 

at this location is representative of the EOBS tower footprint region and was used by Bergeron 

et al. (2007) and Bergeron et al. (2008) to make various ecosystem scale generalizations. 

 

 

Figure 2-6. Simulated vs. modeled VSWC at the EOBS flux tower footprint for the years (a) 2004 

and (b) 2005.  

 

Discrepancies arise because in BEPS-TerrainLab V2.0, VSWC is the average of the entire 

unsaturated zone (which is highly dynamic). This discrepancy could be reduced only if we 

incorporate a multi-layer unsaturated zone moisture movement that is solved using Richard’s 

equation. Scale issues that underlie this comparison also need to be considered. Here, a point-

scale measurement of VSWC is compared with the footprint average VSWC simulation which 

makes a quantitative comparison is very difficult.  

To test the performance of the model for WTD simulation, the measurements taken by 

the Solinst level-logger were compared to the simulated WTD (Figure 2-7). Measurements taken 

at two-hour intervals were converted to daily mean values for comparison. In the saturated 

zone, the current day WTD is simulated by updating the previous day’s WTD using equation 
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A15 in the appendix.  The model was able to explain 69% and 76% of the measured variability 

between days 120 and 365 for 2004 and 2005, respectively.  The comparison showed that the 

model performance was satisfactory during the growing season, autumn and early winter, and 

captured the overall trend of measurements in both the years.  During the mid-growing season 

in 2004, between days 200-240 and 241- 271, the WTD declined rapidly due to prolonged dry 

periods in combination with optimum conditions for ET losses (higher sg ). In 2005 as well, there 

was a prolonged drought period between days 180 to 270. The model satisfactorily captured 

this rapid decline as well as the subsequent rise of WTD. This was possible because the 

magnitudes of various hydrological processes that affected the local water balance were 

modeled with reasonable accuracy.  

                

Figure 2-7. Comparison of simulated and measured WTD fluctuations at the EOBS flux tower site for the 

years (a) 2004 and (b) 2005.  
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 In 2004, on day 247, an intense single day precipitation event made the WTD rise rapidly 

within a few hours (as inferred from the two-hourly measurement data). Although the model 

captures this dynamics of the WTD, the simulated magnitude did not agree fully with the 

measurements. We speculate that this is a scale related issue because we observed a net surface 

overland flow (SOLF) in the footprint region as a whole. In BEPS-TerrainLab V2.0, SOLF occur 

only when the soil is saturated, i.e., when WTD=0.  

Another discrepancy was seen in the early spring when the model underestimated the 

simulated WTD. This is probably due to a weaker parameterization of the snowmelt process 

wherein the contribution of snowmelt in raising the WTD appears to be underestimated. Since 

we adopted a quasi-physical snowmelt model, it is probable that a higher accuracy in the snow-

melt process was not achieved. Again, scale issues must be considered while analyzing various 

discrepancies between measured and modeled WTDs. Point–scale measurements were 

compared with the simulated dynamics of the WTD in a pixel that has an area of 625 m2. 

 

2.8.3. Sub-surface Baseflow, Surface Overland Flow and the Water Balance. 

The footprint average sub-surface baseflow, calculated using a modified approach 

(please see appendix for details) that accommodates the preferential water fluxes within the 

moss–peat layer, is shown in Figure 2-8 for 2004 and 2005, respectively. The patterns of the 

baseflow time-series resemble that of the WTD patterns. This is because previous day WTD and 

slope are the only variables used to calculate baseflow fluxes. The simulated time-series of 

baseflow looks reasonable because most of the seasonal patterns are captured (i.e., spring 

season peak discharges and the mid-summer recession). Responses of baseflow toward 

precipitation events are different for different soil textural types due to differences in their 

inherent hydraulic properties. Since there was no runoff measurement at the EOBS site, we 
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were not able to validate the baseflow. In the spring, there is an upsurge in baseflow fluxes due 

to the rapid saturation of the soil profile with snowmelt water. Since the process of snowmelt 

affects the level of WTD, soil transmissivity increases correspondingly, leading to large 

baseflow fluxes.Our simulations show that the baseflow caused 637 mm and 552 mm of water 

loss from the footprint region, which was 64% and 66% of the annual infiltrated water (through-

fall + stem-flow + snowmelt), in 2004 and 2005, respectively.  

                      

      Figure 2-8. Simulated foot print average sub-surface baseflow fluctuations for the years 2004 and 2005.   

 

Surface overland flow (SOLF) is another type of lateral hydrological process. In this 

model, assuming a Hewlett run-off hypothesis, we further assume that SOLF occurs only due to 

soil saturation when the WTD reaches the soil surface. Due to very high infiltration capacities of 

the moss-peat system on the boreal forest floor, SOLF is rarely observed on this boreal 
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landscape. In humid ecosystems such as boreal forests, precipitation intensities are low and 

rarely exceed soil surface infiltration capacity. Most of the through-fall or snowmelt profile 

readily enters the soil. When the WTD reaches the soil surface, excess water “ponds” and drains 

off laterally as SOLF, which further influences the water balance of neighboring pixels. The 

simulated footprint average SOLF was 79.4 mm and 69.1 mm in 2004 and 2005, respectively. 

Most of this occurred between days 134 and 195 in 2004 coinciding with the snowmelt period. 

On day 247 in 2004, a high intensity precipitation event occurred that lasted only a few hours; 

most of this water was lost in the form of surface runoff. Similarly, in 2005, the surface runoff 

mostly occurred during the days before and after the mid growing season drought when high 

intensity precipitation events occurred. A comparison of the magnitudes of surface and sub-

surface baseflow reveals that the latter is the most dominant flow-path of soil water in this 

humid boreal ecosystem. The presence of macroporous conduits in the moss-peat layer creates 

preferential pathways for the water to move across the terrain making baseflow a dominant 

runoff mechanism in this ecosystem.  

Analysis of the spatial distribution of WTD is a useful way to test the relative 

magnitudes of sub-surface baseflow and SOLF and to identify locations of saturation. In this 

humid boreal watershed, SOLF occurs due to surface saturation rather than infiltration excess. 

Figures 2-9a and 2-9b show the spatial distribution of WTDs during the spring (DOY=130) and 

growing season (DOY=260), respectively. These days of the year represent hydrologically 

distinct time periods within a year (2004). During the spring, snowmelt recharges the soil 

storage and brings the WTD near the ground surface. In low-lying locations of the watershed 

where the soil depth is shallow compared to the up-lands, the WTD reaches near the ground 

surface creating saturated zones. The saturated zones are normally found in locations adjacent 

to depressions and rivers. In Figure 2-9a, these saturated zones are represented in black tones. 
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Blue tones represent locations that are very prone to saturation (shallow WTD) while red tones 

represent locations having deeper WTDs, mostly seen in up-lands.  

 

   

Figure 2-9. Spatial distribution of water table depths (WTD) during (a) spring (DOY=130) and (b) 

growing season (DOY=260) 

 

In Figure 2-9b, it can be seen that the aerial coverage of saturated zones shrinks in the 

growing season due to soil water depletion due to lack of precipitation and increased 

evapotranspiration. From this plot it is clear that the relative magnitudes of saturated areas are 

small and they are variable in time (“variable source area”) in comparison to the total watershed 

area. Figure 2-10 shows the temporal variation of lateral water flow (both SOLF and sub-surface 

baseflow) for three topographically distinct locations in the watershed as shown in Figure 2-9a. 

Site-A (elevation= 390 amsl) is a low-lying area, Site-B (elevation= 390 amsl) is an intermediate 

location and Site-C (elevation= 415 amsl) lies in the up-land. It is quite clear from the 

hydrographs that during the spring season, when the soil storage is recharged with snowmelt 
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water, the major flow-path in Site-A is SOLF whereas in Site-C it is sub-surface baseflow. It is 

clear that SOLF is only a temporary process (spring) over the course of the year and the 

dominant flow-path in most parts of this zero-order boreal watershed is the sub-surface 

baseflow. In perennial streams, however, SOLF is the dominant flow-path.  

 

 

Figure 2-10. Comparison of hydrographs of three representative locations showing the dominant flow-

path 

 

An annual water balance analysis in the footprint region reveals the following 

information. The total annual precipitation was 1,053 mm and 902 mm in 2004 and 2005, 

respectively. Of this precipitation, 63.7 mm (2004) and 65.2 mm (2005) were intercepted on the 



 69

vegetation canopy and some portion of the intercepted precipitation, i.e., 58.2 mm (2004) 40.7 

mm (2005) were evaporated directly to the atmosphere. The remaining 5.5 mm (2004) and 24.5 

mm (2005) reached the ground as stem-flow and drips. In 2004, since the precipitation was 

comparatively of lower intensity that was evenly distributed throughout the year, the stem-flow 

was much less and most of the intercepted water that remained on the canopy directly 

evaporated or sublimed. The through-fall, which directly reached the ground through canopy 

gaps, was 732.6 mm (2004) and 661.3 mm (2005). The snowmelt was 256.0 mm in 2004 and 175.7 

mm in 2005. The infiltrated water that entered the soil profile consisted of through-fall, stem-

flow and snowmelt constituted 989.0 mm and 837.0 mm of water in 2004 and 2005, respectively.  

The footprint average annual soil water balance shown in Figure 2-9 describes how the soil 

hydrological processes were partitioned annually. Inputs include the infiltrated water (sum of 

through-fall, stem-flow and snowmelt), inflowing overland flow and inflowing sub-surface 

baseflow. The outputs include ET (all sub-components except canopy evaporation or 

sublimation), outflowing overland flow and outflowing sub-surface baseflow.                       

                             

Figure 2-11. Simulated magnitudes of soil water balance components in the EOBS foot print region in 

2004 and 2005, between days 1 to 365. 
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  The storage change of soil moisture in the soil profile of the tower footprint equals the 

difference between the inputs and outputs as shown in Equation A 18.      

The bottom line of this analysis reveals that the most dominant form of soil water 

partitioning in this ecosystem is sub-surface baseflow, which is approximately 65% of the 

annual infiltrated water into the soil. This is followed by ET losses from the soil water, which is 

around 26% of the infiltrated water. SOLF is not a dominant mechanism of lateral soil water 

delivery. This warrants the inclusion of topographically driven mechanism in ecosystem models 

as a  major controller of local water balance for realistic simulation of various ecosystem 

processes such as GPP or soil C-dynamics.   

 

2.8.4. Spatiotemporal Patterns of GPP 

GPP is the first stage of C assimilated by plants from the atmosphere through the 

process of photosynthesis. Figure 2-10 shows the footprint average comparison of the simulated 

daily GPP and EC measurement-derived GPP for 2004 and 2005. Our modeling effort explained 

91% and 92% of the variability in measured GPP, in 2004 (RMSE= 0.42 gC m-2 yr-1) and 2005 

(RMSE= 0.51 gC m-2 yr-1), respectively. The main discrepancies were observed during the peak 

growing periods when the model was highly sensitive to soil water status. During the model 

development phase, we experienced an overestimation of the simulated GPP in spring. We 

found out that this overestimation was due to an unrealistic representation of the plant 

physiological status when ambient air temperature was used for photosynthesis calculation. In 

reality, during the spring, soil temperature remains much lower which keeps the vegetation in a 

physiologically inactive state. We rectified this problem by introducing two major modifications 

to the model: (1) we introduced soil nitrogen (N) cycle in conjunction with soil C-dynamics 

facilitated the realistic simulation of seasonal patterns of N-mineralization in the soil (Govind et 
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al., 2008 b,d) and (2) we introduced a soil temperature scalar into the Jarvis algorithm (Equation 

A19 in the appendix) which improved the simulation of sg . 

 

Figure 2-12. (a) Comparison of simulated and measured GPP time-series (5-day moving average) for the 

years 2004 and 2005, at the EOBS tower footprint region. (b) One-to-one comparison of simulated and 

measured GPP for the years 2004 and 2005 (combined).  

 

During much of the growing season, the model performance was satisfactory since both 

modeled and measured GPP values followed similar trends. On every land-cover type, there 

are unique GPP sub-component contributions to the overall GPP, i.e., overstory, understory and 

moss. The magnitudes of these fractions greatly depend on various factors particularly sg , soil 

moisture, soil temperature and soil N dynamics, which directly or indirectly depend on 

hydrological processes. Our approach of modeling the total ecosystem GPP as the sum of 

overstory, understory and moss components and employing a quasi-physiological spatial 

upscaling strategy is a new contribution (see Appendix for model details). Table 1 shows 

various land-cover specific physiological parameters used for GPP simulation. The simulated 

annual average GPP in the footprint region is 613 gC m-2 yr-1 (592 gC m-2 yr-1 measured by the 

EC technique) and 709 gC m-2 yr-1 (680 gC m-2 yr-1 measured by the EC technique), in 2004 and 

2005, respectively.  
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The spatial distribution of the simulated annual GPP (Figures 2-11) reveals that 

deciduous and mixed forests have high annual photosynthesis (annual averages of 1,046 and 

1,250 gC m-2 yr-1in 2004 and 2005, respectively) as opposed to conifer stands (annual averages of 

610 and 704 gC m-2 yr-1in 2004 and 2005, respectively) or wetlands (annual average of 457 and 

501 gC m-2 yr-1 in 2004 and 2005, respectively). Deciduous stands have higher stomatal 

conductance ( maxsg =5 mm sec-1) as opposed to conifer stands ( maxsg =1.6 mm sec-1). Second, 

leaves in deciduous stands are less clumped (clumping index of 0.8-0.9) than in conifers 

(clumping index of 0.5-0.6), and this increases the probability of sunlit leaves in the canopy.  

 

        

Figure 2-13. Spatial distribution of GPP simulated for the years 2004 and 2005 

 

2.9. Summary and Conclusions 

A process-based, spatially distributed, hydro-ecological model, BEPS-TerrainLab V2.0 

was further developed to understand the strong links between hydro-ecological, 

ecophysiological and biogeochemical processes. The performance of this model to simulate 
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various hydro-ecological parameters was tested using various field measurements taken in a 

boreal spruce ecosystem in 2004 and 2005. Comparison of the simulations with the 

measurements reveals that BEPS-TerrainLab V2.0 can adequately simulate various hydro-

ecological processes such as ET, dynamics of WTD, VSMC and photosynthesis. Since the 

processes described in this model are implemented using a systems approach that is mostly 

physical in nature, it could be extrapolated to any ecosystem with minimal calibration. From the 

lessons learned during model development and from the model testing phases, we draw the 

following conclusions: 

 

1. Since boreal forest floors are predominantly covered by a moss-peat layer, lateral 

water fluxes take preferential pathways through this highly permeable layer. Based on our 

laboratory measurements, we developed a parameterization for preferential flow, which 

substantially improved the baseflow simulation for this boreal landscape. More laboratory 

experiments on peat hydraulic properties and peat specific pedo-transfer functions are required 

for improved hydrological modeling in boreal ecosystems.  

2. Simultaneous consideration of the fractions of LAI corresponding to different 

moisture and light regimes as weighting factors to upscale leaf-level ecophysiological processes 

such as transpiration and photosynthesis is a strategy that permits upscaling of plant 

physiological processes in an effective manner. This strategy also mimics the environmental 

stress factors affecting the ecophysiological processes such as ET and GPP. 

3. Explicit modeling of aerodynamic resistance based on turbulence created within 

different canopies (height, understory, etc.) is critical for accurate ET modeling, which 

determines the water balance and therefore C cycling in the boreal landscapes.  
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4. In humid eastern Canadian boreal ecosystems, sub-surface baseflow is the main 

mechanism of groundwater redistribution, which is almost 63% of the infiltrated water. Hence, 

proper accounting of this parameter is critical to improve our understanding of hydro-

ecological connectivity. We conclude that the accuracy of the DEM is the most critical factor, 

which governs the reliability of baseflow simulations. 

5. Improved snowmelt modeling is an essential requirement for accurate modeling of 

hydro-ecological processes in boreal ecosystems. 

 

2.10. Appendix 

2.10.1. Hydro-Ecological Processes Considered in BEPS-TerrainLab V2.0  

2.10.1.1. Canopy Hydrological Processes 

Precipitation is the only form of input of water at the watershed scale. In BEPS-

TerrainLab V2.0, precipitation is categorized as rain or snow using a prescribed air temperature 

threshold of 0°C. The vegetation canopies intercept precipitation as a function of their 

interception storage capacity (i.e., a function of LAI). Some portion of canopy-intercepted 

precipitation returns to the atmosphere as canopy sublimation (snow) or canopy evaporation 

(rain), depending on the meteorological conditions. The only factors affecting evaporation are 

available energy, dryness of the air and the wind speed and there are no biological controls. The 

precipitation that is not intercepted, directly reaches the ground surface as through-fall. The 

remainder of the water after evaporation or sublimation reaches the ground surface as stem-

flow. 

The most important canopy hydrological process is transpiration. Unlike evaporation, a 

strong biological control determines the magnitude of transpired water. This is manifested 

through the ambient stomatal resistance (or conductance, sg ) for water vapour transport. The 
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transpiration occurs from both overstory and understory canopy layers. However, the 

ecophysiological conditions of the leaves and the microclimate strongly influence the rates of 

transpired water within a given canopy. In BEPS-TerrainLab V2.0, the processes of evaporation 

and transpiration are modeled using the Penman-Monteith (PM) equation using leaf or surface 

specific net radiation, stomatal (or surface) resistance and aerodynamic resistance values. 

Canopy evaporation is also computed in a similar way except that the stomatal resistance is 

replaced by a very low resistance term following Running and Coughlan (1988). The total 

ecosystem scale ET is expressed as: 

subevapsoilmossfloorunsatsat

unsatshadesatshadeunsatsunsatsun

IIEzEzSTuyTuy
ToxToxToxToxET

++++++

++++=

....
....

2121

,4,3,2,1
   (A1) 

ET   Total ecosystem scale evapotranspiration. 

unsatsunoT ,   Transpiration from sunlit leaves getting unsaturated soil moisture.  

satsunoT ,    Transpiration from sunlit leaves getting saturated soil moisture. 

unsatshadeoT ,  Transpiration from shaded leaves getting unsaturated soil moisture. 

satshadeoT ,   Transpiration from shaded leaves getting saturated soil moisture. 

unsatuT   Transpiration from understory getting unsaturated soil moisture. 

satuT   Transpiration from understory getting saturated soil moisture. 

floorS   Sublimation of snow from forest floor. 

mossE   Moss evaporation. 

soilE   Soil evaporation. 

evapI   Evaporation of canopy intercepted water. 

subI   Sublimation of canopy intercepted snow. 
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41−x   Overstory transpiration upscaling factor. 

21−y   Understory transpiration weighting factor (0-1). 

21−z   Forest-floor evaporation weighting factor (0-1). 

Each of the sub-component (except sublimation) is calculated using the Penman Monteith 

equation expressed in a general form as given below. 
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Ex  is the amount of water evaporated or transpired from a unit surface, x (leaf, moss or a soil 

patch). nxR  is the net radiation of the evaporation or transpiration surface, see Chen et al., 

(2005a) for equations. ρ is the density of moist air, calculated as a function of air temperature. 

pC is the specific heat of air at a constant pressure. se and e  are the saturated and actual vapor 

pressures, respectively. λ is the latent heat of vaporization of water, Δ is the slope of the 

saturated vapor pressure-temperature curve, γ is the psychrometric constant, a weak function 

of ambient air temperature, α  is the aerodynamic resistance for a particular canopy layer; and 

β  is the stomatal resistance for a particular leaf or surface under a given light and moisture 

regime.  

β = 0 when x= evapI  

β = unsatsunsr , , the stomatal resistance of sunlit overstory leaves, when x= unsatsunoT , .  

β = satsunsr , , the stomatal resistance of sunlit overstory leaves, when x= satsunoT , . 

β = unsatshadesr ,  is the stomatal resistance of shaded overstory leaves, when x= unsatshadeoT , . 

β = satshadesr ,  is the stomatal resistance of shaded overstory leaves, when x= satshadeoT , . 
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β = unsatundercr  is the canopy resistance of the understory when x= unsatuT . 

β = undersatcr  is the canopy resistance of the understory when x= satuT . 

β = mosssoilr /   is the soil or moss resistance as a function of VSWC when x= floorET  

In all cases, stomatal resistance β  is calculated as the reciprocal of stomatal conductance, using 

the Jarvis algorithm (see section 2.4).  

Unlike BEPS-TerrainLab V1.0 where a constant value for aerodynamic resistance (α ) was used 

irrespective of the vertical position of the evapotranspiring surface (overstory, understory or 

forest floor). BEPS-TerrainLab V2.0 calculates explicit α  values for different components using 

the approach given by Tague and Band (2004). A logarithmic wind speed decay profile is 

assumed for the top of the overstory canopy and an exponential wind speed decay profile is 

assumed within the canopy (Figure 2-A1). The overstory aerodynamic resistance oα  is 

calculated as follows: 
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Where, scz  is the screen height; od is the zero plane displacement of the overstory, assumed to 

be 0.7 oz , where oz is the overstory canopy height. oo
z is the roughness length, which is 

assumed to be 0.1 oz . Friction velocity is *u  .  

For the calculation of understory aerodynamic resistance, uα  an exponential wind profile is 

assumed. Friction velocity in this case is computed as:  
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Wind speed within the canopy is allowed to decay in an exponential manner until oz01.0  is 

reached, after which a logarithmic wind profile is assumed. The resulting aerodynamic 

resistance of the understory canopy having a height uz  > 0.1 0z  is calculated as: 
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cn  is a vegetation-specific wind attenuation coefficient and ud is the zero plane displacement of 

the understory. For vegetation layers that have a height less than 0.1 0z  (e.g., moss or soil 

surface), Equation A5 is repeated along with an additional term given below:  
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Figure 2-A1. Schematic representation of the vertical wind profile and aerodynamic resistances to the vertical 

scaler transfer within and above the canopy. 
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2.10.1.1.1. Spatial Upscaling of Evapotranspiration. 

In BEPS-TerrainLab V2.0, we assume that light and soil moisture are the governing 

factors that distinguish physiological status of the leaves within a canopy that result in 

variabilities in their stomatal conductances, sg (or stomatal resistances). Leaf-level processes are 

spatially upscaled to the canopy scale by weighting with their respective LAI fractions that 

correspond to a given light (sunlit or shaded) or soil moisture regime (saturated or 

unsaturated). Unlike the previous version of the model that used a big-leaf approach to calculate 

the ecosystem scale ET, we employ a modified sunlit-shaded leaf strategy and call it a four-leaf 

approach. This approach uses unique sg  specific to physiologically distinct leaves. Under 

saturated soil moisture conditions, sg  will be substantially lower than in unsaturated soil 

moisture conditions, provided that VSMC is not below the permanent wilting point. Leaf-level 

transpiration calculated using specific sg  for different radiation (sunlit or shaded) and moisture 

regimes (saturated and unsaturated) is upscaled by weighting with their respective LAI 

fractions. 

[ ] [ ])1(..)1(. ,,,, μμμμ −++−+= shadesatshadeshadeunsatshadesunsatsunsununsatsuno LAITLAITLAITLAITT  

 

),(
),(

),(
),(

,,,

,,,

,,,

,,,

θ
φ

θ
φ

unsatshadesshadnunsatshade

satshadesshadnsatshade

satsunssunnunsatsun

satsunssunnsatsun

gRfT
gRfT

gRfT
gRfT

=

=

=

=

           (A7) 

Where, oT is the overstory transpiration and the function f  is Penman Monteith equation, 

which uses surface-specific net radiation ( nR ) and sg (as a function of soil moisture,θ or φθ =s ). 
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However, for the understory canopy, we use a big-leaf approach to upscale transpiration, using 

canopy conductance undercg , , which is simply calculated as underunders LAIg × . However, the 

relative understory contribution from the saturated and unsaturated zones is considered in 

BEPS-TerrainLab V2.0. The understory transpiration can be expressed as given below: 

))1.(().( underunderunderunderunder TTT μμ −+=       (A8) 

 

2.10.1.1.2. Leaf Fractions in a Canopy Corresponding to Varying Water and Light Regimes 

To quantify the fraction of leaves in a canopy that correspond to different soil moisture 

regimes, we employ the Pipe Theory of Shinozaki (1964a and b) and assume that the shoots and 

roots are proportionally distributed. Fractions of roots lying in the saturated and unsaturated 

zones are directly used in Equations A7 and A8. We use a simple root decay coefficient χ  to 

determine the proportion of roots that are lying in the saturated and unsaturated zones. 

Depending on the position of the WTD and root geometry, these fractions are calculated 

following a simple empirical approach suggested by Gale and Grigal (1987).  

j1)( j
zf χμμ −==           (A9) 

where jμ is the root fraction in the unsaturated zone, and χ  is the root distribution coefficient, 

which is a species specific value and iz  is the WTD (in cm). A high value of χ  (e.g., 0.98) 

indicates a deep root system. A typical χ  value for the boreal forest is ~0.943 (Jackson et al., 

1996). For the present study, the understory root distribution coefficient underχ  was assumed to 

be 75% of the overstory value, implicitly describing the understory as shallow rooted plants. 

Refer to Table 1 for specific land-cover root distribution coefficients, which are typical of a 

boreal ecosystem.  
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To calculate the sunlit and shaded leaf fractions for a canopy, a function involving the 

canopy-clumping index and the solar zenith angle is used after Chen et al. (1999). Future 

improvements can be made by incorporating strategies to differentiate light regimes in 

understory and forest floors. 

 

2.10.1.1.3. Forest Floor Evapotranspiration 

The forest floor ET is the sum of moss transpiration and soil evaporation. Separation of 

soil evaporation and moss transpiration is complicated because the distribution of moss varies 

quite rapidly at sub-pixel scales. Creation of a watershed-scale moss distribution map is not 

practically feasible using the current spatial resolution (25 m), owing to large sub-pixel 

variability in moss distribution. To circumvent this issue, we prescribe a land-cover specific 

moss cover fraction,ξ  based on our field experience. The soil cover fraction will then be (1- ξ ). 

Since the area index of soil and moss together is united, no weighting term is necessary for 

upscaling it. 

( ) ( ))1.(. ξξ −+= soilmossfloor EEE         (A10) 

( )mosssoilfloornsoilmoss ggRfE :,/ =  

For mossET , the moss conductance is calculated using Williams and Flanagan (1998). For soil 

evaporation, soil conductance is calculated as a function of VSWC and is described in section 

2.4.  

 

2.10.1.2. Unsaturated Zone Hydrological Processes 

The unsaturated zone is the region above the WTD, where the VSWC is below 

saturation. Infiltration of throughfall, stemflow and snowmelt water occurs into the underlying 
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soil. The process of infiltration continues until the infiltration capacity, maxI  is reached. maxI is 

calculated based on the Green and Ampt (1911) approximation as shown below.  
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where surfK ground surface is the hydraulic conductivity, which is equivalent to the moss 

saturated hydraulic conductivity, and peatK is around 280 mm day-1, φ is porosity, 1−tθ is the 

previous day VSWC of the unsaturated zone, fS is the wetting front suction calculated 

according to Beckers and Alila (2004) , and cumI is the cumulative infiltration, which is assumed 

to be the sum of through-fall, stem-flow and snowmelt that reaches the soil surface Water above 

the infiltration capacity becomes surface runoff (saturation excess flow). However, surface 

runoff is rare in boreal forests unless saturation is attained. 

Percolation and Capillary rise are the vertical movements of water between the 

unsaturated and saturated zones. Percolation happens in the unsaturated zone when the VSWC 

in the unsaturated zone exceeds the field capacity. Water in the unsaturated zone having energy 

status above the field capacity moves vertically downward under the influence of gravity and 

reaches the saturated zone. In BEPS-TerrainLab V2.0, percolation is calculated similar to 

Wigmosta et al. (1994) or Chen et al. (2005). On a daily basis, capillary rise of water is possible 

from the saturated zone to the unsaturated zone under conditions of excessive surface dryness. 

These upward fluxes of water occur against gravity under conditions when unsaturated water 

content is below saturation. This creates a positive matric potential gradient in the upward 

direction. This process is modeled according to Eagleson (1978) similar to Chen et al. (2005). The 

unsaturated hydraulic conductivity and matric potential used for percolation and capillary rise 

are calculated using the closed form pedo-transfer function following Campbell et al. (1998). 
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Other forms of hydrological processes that govern the hydrological process in 

unsaturated zones include transpiration losses through overstory and understory roots that 

capture water. Forest floor evapotranspiration that includes moss transpiration and soil 

evaporation also reduces water from the unsaturated zone.  

 

2.10.1.3. Saturated Zone Hydrological Processes 

At a daily time step, one of the inputs of water into the saturated zone includes 

percolation. Another important process that determines the gain or loss of water to the 

saturated zone is the topographically driven sub-surface baseflow, which is a lateral 

phenomenon. In BEPS-TerrainLab V2.0, baseflow is modeled similar to Wigmosta et al. (1994), 

which is analogous to a depth-integrated Darcy’s equation.  
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where Q baseflow is the baseflow in m3 day-1; β is the local water table slope (analogous to hydraulic 

gradient) and ijT is the hydraulic transmissivity (m2 day-1), which is calculated as shown below. 
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Where, f is the depthKsat −  decay constant, which is a soil texture specific value for a given 

pixel, ij  the effective width of flow, w  is the contour width in the k  direction, and is assumed 

to be x5.0  in the cardinal direction of water flow and x398.0  in the diagonal direction (Quinn 

et al., 1991), and x is the grid size. The net sub-surface baseflow of a given pixel ij  to its down-

slope or up-slope neighbor is the difference between the total sub-surface inflow and total sub-

surface outflow (Figure 2-A2). 
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Figure 2-A2. Calculation of hydraulic head gradient using water-table slope. This approach seems to 

work well in boreal landscapes where the topographic differences are subtle.   

 

The sub-surface geology of the landscape has a critical role in governing the lateral 

movement of sub-surface water (ground water). In the Canadian Shield, where the study site is 

located, shallow soils underlain by impermeable crystalline bedrock represents the dominant 

sub-surface geology and thus, the confining layer often mimics the surface topography (Price et 

al., 2005). In this situation, WTD dynamics is a direct function of localized recharge, sub-surface 

fluxes and ET losses resulting in predictable and relatively simpler effects related to shorter 

term variation in weather (precipitation and ET). Thus, the dynamics of WTD and flow rates in 

these types of settings are simply a reflection of bedrock geomorphology consequent of shallow 

soils. However, application of this model to other regions where the soil is very deep (e.g. 

tropical regions where laterite soils predominate), the sub-surface geology is quite complex and 

topography induced ground water fluxes are more difficult to predict. Unique conditions such 

as “perched” ground water or “pseudo ground water” can further complicate the WTD and 
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sub-surface lateral water dynamics. Therefore, applicability of this model to such systems needs 

rigorous site-specific parameterizations or calibrations. However, in such locations where the 

WTD is very deep, the rooting zone mostly lies in the unsaturated zone and vadoze zone 

hydrological processes are likely to be the major controls on vegetation. 

Using the above mentioned parameterization alone, our initial efforts did not yield realistic 

baseflow values because we ignored the effects of the moss-peat complex that dominates boreal 

forest floors (Price et al., 1997). Moss-peat systems create a unique hydrological regime owing to its 

very high surface infiltration capacity, its ability to facilitate preferential flow and its very high 

water holding capacity. Moss-peat systems have unique hydraulic behaviors under extreme 

wetness conditions, i.e., hydrophilic versus hydrophobic. Moreover, the porosity of this substrate is 

near 80-85% and the water-holding capacity is five times greater than its dry weight (laboratory 

estimation, results not shown).  

The importance of preferential flow in humid forest floors and along topographic gradients 

has been recently recognized (e.g., Beckers and Alila, 2004; Weiler and Mcdonnell, 2007). In BEPS-

TerrainLab V2.0, we assume that as long as the WTD is below the moss-peat layer, i.e., in the 

mineral soil, no preferential flow occurs, and baseflow through the mineral soil is calculated in the 

conventional manner as given in Equation A15. However, when the WTD remains within the peat 

layer, the baseflow occurs through preferential pathways. To represent preferential flow in the 

moss-peat layer, we allocate a peat layer specific transmissivity, peatT  employing a peat-specific 

depthKs peat −  decay scheme. When the WTD is above a “peat depth criterion,” baseflow occurs 

using peatT , which is defined as a function of the peat saturated hydraulic conductivity, speatK , as 

shown below. 
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Figure 2-A3. Variation of saturated hydraulic conductivity (Kspeat) with soil-depth for a moss-peat system. 

This decay scheme is used to parameterize baseflow once the WTD reaches a land-cover specific “peat 

layer criteria”. This procedure implicitly captures the preferential flow of water on boreal landscapes.  

Values displayed here (each points) represent the average for five treatments for each depth. A constant 

head permeameter approach was used to measure Kspeat in the laboratory. 

 

We developed this parameterization based on laboratory measurements of saturated 

hydraulic conductivity for several moss-peat columns. In the summer of 2004, we collected peat 

cores from 5 locations around the EOBS tower, at three depths, i.e., 0-15 cm; 15-30 cm and 30-50 

cm using aluminum cores 10 cm in diameter and 35 cm long. Saturated hydraulic conductivity 

was estimated using the constant head permeameter method. From this data, a curve was fit to 

explain the variation of peatKs  with depth, as shown in Figure 2-A3. We derived two important 

points from this exercise. Surface peatKs  was measured as 258 ± 5 m day-1and the depthKs peat −  

decay constant obtained was 7.5048. 

Similar to the unsaturated zone, transpiration losses also occur from the saturated zone 

mediated through overstory and understory roots fractions. Once the saturated zone 
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hydrological processes are considered, the current day WTD is modified using an updating 

mechanism as shown below. 
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where, 1t+z  is the WTD in the current time step, t
ijz  is the WTD at the previous time step, φ  is 

the soil porosity and 1+tθ is the current day VSWC in the unsaturated zone and SΔ is the change 

in the unsaturated zone storage (m). 

Under conditions of excessive soil profile saturation, WTD can reach the surface and 

thereafter any water that is added to the soil profile “ponds” and drains off laterally as surface 

overland flow, SOLF ( surfaceR ). Although surfaceR  is generally considered a rare process in boreal 

landscapes due to high infiltration capacities associated with the moss-peat layer, from our field 

experience we know the existence of ephemeral surface water, especially in low lying areas of 

the watershed. To explicitly describe this process, we adopted a quasi-physical representation 

using a modified Manning’s approach proposed by Voinov et al. (1998) to route this ponded 

water laterally over the surface of the ground. Hortonian surface overland flow is often non-

existent in boreal landscapes and sub-surface baseflow is the dominant form of lateral water 

movement. From our field and modeling experience, we believe that a Hewlett type of run-off 

mechanism is most suited for hydrological modeling of zero-order forested boreal watersheds. 

The net water balance for a pixel can be summarized as: 

In the unsaturated zone, floorpeurface ETWWRISPW −−−+−−−=Δ satcrsevapunsat   (A16) 

In the saturated zone,  crsatpes WTRWW flowbaseat −−−=Δ      (A17) 

Net water balance of the soil profile (pixel) as a whole is the sum of the storage change in the 

unsaturated and saturated zones, which is determined by adding Equations A16 and A17,  
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floorsatunsatbaseflowsurfaceevap ETTTRRISPW −−−−−−−=Δ      (A 18) 

Here WΔ is the storage change of a soil profile.  

P  Precipitation 

S  All forms of sublimation 

evapI  All forms of canopy evaporation.  

baseflowR Surface overland flow 

surfaceR  Sub-surface baseflow 

unsatT  Transpiration loss from the unsaturated zone (overstory + understory) 

satT  Transpiration loss from the saturated zone (overstory + understory) 

floorE  Evaporation from the forest floor (moss+soil) 

peW  Percolation from the unsaturated to saturated zone 

crW  Capillary rise from the saturated to unsaturated zone 

 

2.10.1.4. Stomatal Conductance, Moss Conductance and Soil Conductance  

Stomatal dynamics play a key role in most of the ecophysiological processes because it is 

one of the primary links in the soil-plant-atmosphere continuum of mass and energy. A number 

of factors influence sg (Jarvis, 1976). These factors include meteorological variables (solar 

radiation, temperature, vapour pressure deficit, and CO2 concentration), plant parameters (leaf 

water potential, leaf stomatal density) and soil properties (soil water content or soil water 

potential). In BEPS-TerrainLab V2.0, we use the multiplicative approach proposed by Jarvis 

(1976) to constrain a maximum potential stomatal conductance, max,sg , for water vapour 
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transport. max,sg is a land-cover specific value (see Table 2-1). In this approach, various scalars 

(ranging from a minimum value of 0 to a maximum value of 1) that represent the dynamics of 

environmental factors are used to constrain max,sg to provide the sg .  

Although more sophisticated models of stomatal dynamics are available in the literature 

(e.g., Ball et al., 1987 or Leuning, 1997 ), we chose to adopt this approach for two reasons. Unlike 

other models that operate at finer temporal resolutions (e.g., half-hourly), BEPS-TerrainLab V2.0 

runs at a daily time step. Therefore, application of an elegant method for calculating sg  is 

impractical unless a sound temporal upscaling mechanism is developed for plant physiological 

behavior from instantaneous to daily time steps. Although it is possible to use daily mean 

values as inputs for mechanistic models of sg , we believe that it may not completely represent 

real plant physiological processes. The second issue relates to the spatial resolution of the 

modeling domain. On a distributed modeling scenario, employing a mechanistic stomatal 

conductance model is computationally challenging. A mechanistic sg model requires iterative 

calculations in order to update the ambient sg  for CO2 by equilibrating it with photosynthesis at 

the previous time step. This procedure is not practically feasible for distributed modeling where 

time-consuming iterations need to be avoided. Although one analytical solution was developed 

by Baldocchi (1994) to circumvent iterations, much effort is still needed to modify this solution 

for daily applications.  

Moreover, mechanistic sg models do not realistically relate the effects of soil water 

content. For example, Ball et al. (1987) utilize a scalar for soil moisture status, similar to the 

Jarvis’ multiplicative approach we adopt. Since the focus of the present study is to investigate 

the links between soil moisture status and its effect on C assimilation, we believe that the Jarvis 

algorithm is best suited for spatially explicit hydro-ecological modeling considering our current 
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computational constraints. We made a further modification to the Jarvis method by including a 

new scalar that represents the effect of another environmental factor, i.e., soil temperature 

following Heddeland and Lettenmaier (1995). In boreal regions, during spring or in the early 

summer, soil temperature remains much lower than air temperature. This condition makes the 

plant physiologically inactive and therefore, limits water uptake and growth (Bonan and 

Shugart, 1989). The modified Jarvis algorithm after the inclusion of a scalar )( sTf  for soil 

temperature can be summarized as shown below: 

[ ])()()()()(. swvpmaxs sas TffDfTfFfgg ××××= θ    (A19) 

In Equation A19, maxsg  is land-cover specific maximum stomatal pore conductance (see Table 2-

1). pF is the photosynthetic photon flux density (PPFD), aT is the mean temperature, vD is 

vapour pressure deficit and swθ  is the VSMC or saturated VSMC (assumed as porosity) 

depending on the physiological nature of leaves as described in section 2.10.1.1.1. The method 

for calculating these scalars can be found in Chen et al. (2005). The new scalar )( sTf  is 

calculated as shown in Figure 2-A4a. Soil temperature, sT , is calculated by solving the Fourier 

heat transfer equation using a semi-implicit Crank-Nicholson solution for a 5-layered soil 

(Govind et al., 2008d).  

Finally, the total conductance is calculated by considering the cuticular conductance 

cuticleg  and stomatal conductance sg in parallel and boundary layer conductance boundaryg  in 

series. Such that the total stomatal conductance (often simply referred as stomatal 

conductance, sg ) for water vapor exchange becomes: 

( )
scuticleboundary

scuticleboundary
total ggg

ggg
g

++
+×

=         (A20) 
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Figure 2-A4 (a) The soil temperature scalar )( sTf  used to constrain 
maxg for a wide range of soil 

temperature values. (b) Footprint average (all leaf types) simulated sg in comparison to measurements 

taken using an ADC LC-Pro-photosynthesis system in the growing season of 2004.  

 

The reciprocal of stomatal conductance, i.e., stomatal resistance calculated in this manner (m 

s-1) is directly used in equation A1 for ET calculations whereas for photosynthesis, the stomatal 

conductance (m s-1) is reduced by a factor of 0.625 to account for CO2 exchange. Figure 2-A4b 

shows a qualitative comparison of the simulated sg (average for all leaf-types) with the 

measurements (Bernier et al., 2005) taken at the footprint region using an ADC LC-Pro 

photosynthesis system in the growing season of 2004.  

However, for the moss layer, the conductance is calculated using a least squares regression after 

Williams and Flanagan (1998). 
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−
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      (A21) 

Where mossW is the water content of moss (ratio of fresh weight to dry weight), which is 

calculated empirically as a function of WTD, z  using the approach of Frolking et al. (2002). 



 92

zWmoss ×−= 5.128.8           (A22) 

The moss conductance for CO2 and water is differentiated according to Sonnentag et al. (2008) 

with a threshold mossW  value of 5.0. 

Soil surface conductance is calculated as.  
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where θ  is the ambient VSWC, wpθ and fcθ are the permanent wilting point and field capacity, 

respectively. 

 

2.10.1.5. Photosynthesis  

According to Farquhar et al. (1980), the process of photosynthesis of a C3 leaf at a given 

instant can be approximated as the minimum of Rubisco-limited and light-limited gross 

photosynthesis rates as shown below. 

djc RWWA −= ),min(          (A24) 
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=      and         
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=
5.105.4 i

i
j C

C
JW                 (A25) 

where, A  is the net photosynthesis, cW  and jW  are Rubisco-limited and light-limited gross 

photosynthesis rates in mmol m-2 s-1, respectively. dR is the dark respiration. mV is the maximum 

carboxylation rate in mmol m-2 s-1. iC is the intercellular CO2 concentration; K  is a function of 

enzyme kinetics. Γ is the CO2 compensation point without the effects of dark respiration. Both 
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Γ  and K  are temperature-dependent parameters (Chen et al., 1999). mV in Equation A25 can be 

expressed as a function of both temperature and leaf nitrogen content Bonan (1995).  

)().(.4.2. 10
)25(

25 NfTfVV
T

mm

−

=         (A26) 

In BEPS-TerrainLab V2.0, we temporally vary N dynamics based on explicit modeling of 

soil C dynamics and the resultant nitrogen mineralization. This necessitates a comprehensive 

initialization procedure to spin up current soil (simulation year) C-pools using a long-term 

modeling framework such as InTEC (Chen et al., 2000). Because of its distinct scope, soil C and 

N dynamics and its relationship to the local hydrological regime will be discussed elsewhere 

(Govind et al., 2008d).  

Chen et al. (1999a) developed an analytical solution to upscale temporally this 

instantaneous model by equating Equation A24 with )( CCg i − , another form of a 

photosynthesis equation (Leuning et al., 1990) for daily applications. Here, g is the conductance 

of CO2 through the pathway from the atmosphere outside of the leaf boundary layer (mmolmol-

2s1Pa-1) and iC and aC  are the intercellular and atmospheric CO2 concentrations, respectively. 

After accounting for the diurnal variation in g  as a function of several diurnally varying 

environmental controls, two equations result, which can be integrated further using the extreme 

values of g  as the boundary conditions.  
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In these equations, η  (≈1.27) is the correction factor that is applied to account for the 

assumption that the diurnal pattern of g  varies in a similar way to the solar zenith angle, SZA, 

which is a reasonable assumption because most of the environmental variables vary in 

accordance with SZA. For a complete derivation of this analytical solution, refer to Chen et al. 

(1999b).This temporally integrated model is adequate for daily calculations by simultaneously 

preserving the physiological meaning of photosynthesis as well as mathematical consistency. 

This temporally upscaled leaf level model is spatially upscaled in BEPS-TerrainLab V2.0 using a 

modification for the LAI fractions that correspond to different leaf physiological status in a 

manner similar to the spatial upscaling strategy adopted for ET upscaling (four-leaf approach) for 

overstory canopy and big-leaf approach for understory and moss. 
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 A, for each radiation and hydrologic regime within a canopy layer is calculated based on the 

function, f , which is shown Equation A24.  
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CHAPTER 3 

Effects of Sub-surface Baseflow on Photosynthesis and Evapotranspiration. 

 

3.1. Abstract 

Landscape scale hydrological processes can greatly alter the local-scale water balance 

and many ecological processes linked to it. We hypothesize that in humid forest ecosystems, 

sub-surface baseflow has significant influence on the spatial distribution of ecophysiological 

processes such as gross primary productivity (GPP) or evapotranspiration (ET).  To investigate 

this further, we conducted a numerical experiment using a further developed spatially explicit 

hydro-ecological model, BEPS-TerrainLab V2.0. We constructed three modeling scenarios 1) 

Explicit, where a realistic calculation of baseflow was employed considering topographic 

controls 2) Implict, where the baseflow calculations were based on a bucket modeling approach 

3) NoFlow, where the lateral water flow was turned off in the model. The results show large 

differences among the three scenarios for the simulated GPP and ET. The NoFlow generally 

underestimated GPP and ET while the Implicit scenario overestimated them. GPP was more 

sensitive to baseflow fluxes than ET because of the presence of compensatory mechanisms in 

the total ET. The key mechanisms controlling GPP and ET were manifested through changes in 

stomatal conductance ( sg ), nitrogen (N) availability, unique contributions from the forest floor 

and also due to an alteration in the spatial upscaling mechanisms. Further, we conducted a 

sensitivity analysis using 14 parameters that are common to both GPP and ET simulation. The 

sensitivity analysis revealed that the magnitudes of errors due to inaccurate hydrological 

representation are more serious than parameter inaccuracies. We conclude that current large 
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scale GPP and ET estimates that ignore hydrological controls could have significant errors 

because of the large topographic variations on the Earth’s surface.  

  

3.2. Introduction 

Terrestrial carbon (C) dynamics under climate change is a matter of speculation due to 

various uncertainties in the coupling of biogeochemical cycles that are not very well 

understood. The majority of terrestrial fresh water resources (including ice and snow) and soil 

C-stocks are distributed at high latitude boreal forests that have a major role in global climate 

change (Van Hees et al., 2005). Although on a long-term basis, C cycling in boreal forests is 

driven by climate and disturbances (Kurz and Apps, 1995), on a short-term basis, the inter-

annual variability of boreal forest biogeochemical processes is determined by variations in 

hydrological processes (Metcalfe and Buttle, 1999; Devito et al.,2005). Hydrological effects on 

boreal ecosystem productivity have been highlighted only quite recently (e.g., Ju et al., 2006; 

Pauwels and Wood 2000). 

Although at local scales, mostly matric and osmotic potentials govern soil-water flow, at 

landscape or watershed scales, topographical differences are the main cause for potential 

gradients (gravitational) that control water movement. In humid forested watersheds where the 

infiltration capacity is several times higher than the precipitation intensity, sub-surface baseflow 

is the most common form of lateral water transport. Considering the importance of sub-surface 

baseflow in humid forest ecosystems that generally have non-Hortonian run-off generation 

mechanisms, it is possible that simulation of soil-moisture using simplified schemes such as 

bucket modeling, or using surrogates such as remote sensing-derived soil-moisture products may 

not comprehensively explain the hydrologically-controlled ecophysiological and 

biogeochemical processes. The nature of the soil-water partitioning and the spatial and 
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temporal dynamics of ecophysiological processes in these ecosystems are determined by the  

manner in which lateral hydrological processes are conceptualized in modeling domains. 

   To investigate the errors associated with spatially explicit ecophysiological simulations 

that ignore explicit modeling of soil water partitioning and sub-surface baseflow fluxes, we 

conducted a numerical experiment using a better-developed and validated hydro-ecological 

model, BEPS-TerrainLab V2.0 (Govind et al.,2008a). We analyzed the influence of baseflow on 

two main ecophysiological processes, gross primary productivity (GPP) and evapotranspiration 

(ET)  using various hydrological scenarios that differ in the mechanism of soil water 

partitioning consequent  of the differences  in the conceptualization of baseflow fluxes. These 

scenarios represent the current forms of hydrological representations that are used directly or 

indirectly in many ecosystem models.  Specific objectives of this study are: 

1) To investigate the effects of unrealistic hydrological regimes on the spatial and temporal 

distribution of GPP and ET through a simple modeling experiment. 

2) To identify the dominant mechanisms that create variations in the simulated GPP and ET. 

3) To analyze the sensitivity of some selected parameters used within BEPS-TerrainLab V2.0 to 

understand the potential error contribution associated with them vis-à-vis the errors created 

due to improper hydrological representation. 

 

3.3. Model Description 

BEPS-TerrainLab V2.0 is a spatially explicit hydro-ecological model that simulates C , N 

and hydrological cycles and the related feedback relationships in a tightly coupled manner. A 

detailed description of this model can be found in Govind et al. (2008a, this issue) and Govind 

et al. (2008d). This model employs a temporally and spatially upscaled photosynthesis sub-

model (Chen et al., 1999) to simulate daily GPP as a function of hydrologically controlled 
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stomatal conductance ( sg ) and plant N status in addition to comprehensive calculation of 

canopy radiation regimes. Most of the hydrological processes are explicitly modeled in BEPS-

TerrainLab V2.0 by solving a detailed water balance equation that considers lateral water fluxes, 

saturated and unsaturated zone hydrological processes, snow dynamics and ET, at a daily time 

step. ET is explicitly calculated as evaporation and transpiration using the Penman-Monteith 

equation for different canopy layers, moss or soil surfaces, in the modeling domain using 

surface specific radiation, and resistance terms. Soil temperature at various depths is calculated 

by numerically solving the Fourier heat transfer process. Explicit modeling soil C dynamics as a 

function of soil-water, soil temperature and variable CN ratios facilitates the modeling of 

biogeochemical processes such as N-mineralization (Govind et al., 2008d). This model was 

tested using two years of measurements of GPP, ET, water table depth (WTD), volumetric soil 

moisture content (Govind et al., 2008a, this issue), snow depth, soil temperature and net 

ecosystem exchange (Govind et al., 2008d). 

 

3.4. Site Description 

The numerical experiment was conducted in a boreal watershed located in north 

Quebec, Canada. This region falls under humid continental sub-arctic or boreal (taiga) climatic 

type. Vegetation in this boreal landscape consists of black spruce(Picea mariana) as the dominant 

tree species. Paper birch (Betula papyrifera Marsh.) and aspen (Populus balsamifera L.) can also be 

found in locations where a fire event has occurred in the recent past or along 

watercourses.Black spruce forest are often characterized by a thick moss ground cover 

comprising feather moss or lichens in the moderately drier areas and Sphagnum moss  in wetter 

locations. Landscape vegetation composition varies across the gentle topographic gradient. The 

Eastern Old Black Spruce site (EOBS) of the Fluxnet-Canada Research Network (FCRN), is 
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located in the watershed at 49.69oN and 74.34oW, which is ~50 km southeast of Lake 

Chibougamau and ~200 km northwest of the Lac St. Jean. Since mid-2003, an eddy covariance 

tower at EOBS has been making continuous high precision measurements of the fluxes of mass 

and energy between the landscape and the atmosphere. The fetch of the tower extends to 500m 

in all directions. Therefore, we used a circular area subtended by a 500m radius centered on the 

tower as “the footprint” for our data analyses (Govind et al., 2008a). The soil at this site is 

derived from glacio-fluvial deposits, and thus consists of poorly graded materials. The soil is 

predominantly a podzol, covered by an organic layer with an average depth of 26-30 cm and in 

humid areas, the soil is organic with an average organic layer of 125 cm (Giasson et al., 2006). 

 

3.5. Datasets Used  

In order to perform this numerical experiment, we used various spatial and 

meteorological datasets used in Govind et al. (2008a) for the year 2004. These spatial datasets 

include: 1. a land-cover map, 2. a leaf area index (LAI) map, 3. a hydrologically consistent 

digital elevation model (DEM), 4. soil texture map and, 5. an initial WTD map . All of these 

spatial datasets have a spatial resolution of 25 m with a UTM Zone 18N projection. Land-cover-

specific biophysical parameters and soil texture-specific hydraulic parameters were assigned 

based on Table 1 and Table 2 in Govind et al. (2008a), respectively. Daily meteorological 

variables such as maximum temperature, minimum temperature, dew point temperature, 

incoming shortwave radiation, wind speed, and precipitation (rain or snow) collected at one 

point (EOBS tower site) were uniquely assigned for all pixels in the modeling domain after 

correcting for the effects of elevation and slope on temperature and solar radiation, respectively.  
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3.6. Water Balance of a BEPS-TerrainLab V2.0 Modeling Unit (Pixel) 

Since the present study investigates the ecophysiological effects based on  the nature of 

soil water partitioning as a result of variations in sub-surface baseflow, it is important to 

understand how the local-scale water balance is conceptualized in a BEPS-TerrainLab V2.0 

modeling unit. This distributed eco-hydrological model performs calculations on a pixel-to-

pixel basis. The net water balance for a pixel at a daily time step can be summarized as shown 

below: 

In the unsaturated zone, floorpeurface ETTWWRIW −−−−+−=Δ unsatu,unsato,crsunsat   (1) 

Where, unsatWΔ is the storage change in the unsaturated zone 

  I  Net precipitation that reaches the soil surface and is composed of throughfall, 

stemflow, and snowmelt. This quantity is not affected by the type of scenario. 

surfaceR Saturation overland flow (SOLF) 

crW  Capillary rise from the saturated zone to the unsaturated zone. 

peW  Percolation from the unsaturated zone to the saturated zone. 

unsatoT ,  Overstory transpiration (water consumed by roots lying in the saturated zone). 

unsatuT , Understory transpiration (water consumed by roots lying in the saturated zone). 

floorE  Forest floor evaporation (weighted sum of soil and moss evaporation) or 

sublimation from forest floor snow.   

In the saturated zone,  crsatu,sato,pes WTTRWW flowbaseat −−−−=Δ     (2) 

Where, satWΔ Storage change in the saturated zone. 

baseflowR Sub-surface baseflow. 
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satoT ,   Overstory transpiration (water consumed by roots lying in the saturated zone). 

unsatuT , Understory transpiration (water consumed by roots lying in the saturated zone). 

The net water balance of the modeling unit as a whole is the sum of the storage change in the 

unsaturated and the saturated zones, WΔ i.e., Equations 1+2. 

floorsatuunsatusatounsatobaseflowsurface ETTTTRRIW −−−−−−−=Δ ,,,,      (3) 

  

3.7. Numerical Experiment  

At watershed scale, lateral hydrological processes could be either due to sub-surface 

baseflow or SOLF. Since non-Hortonian runoff generation mechanisms are more probable in 

boreal ecosystems, it is quite intuitive that in humid forested ecosystems when the annual 

precipitation is much larger than the annual evapotranspiration and the SOLF is rare, 

topographically driven baseflow play significant role in modifying the local-scale water balance. 

To investigate the differences in the simulated ecophysiological processes due to variations in 

soil hydrological regimes, we designed three modeling scenarios that only differed in the 

manner in which sub-surface baseflow calculations were conceptualized. All spatial and 

meteorological datasets and initialization procedures were kept constant. The scenarios were:  

1) Explicit – This is a realistic scenario that includes both forms of lateral water 

movement, i.e., sub-surface baseflow and SOLF that are calculated using topography and 

realistic run-off generation mechanisms as outlined in Govind et al. (2008a). This means that 

baseflow is calculated as a function of the slope of WTD (updated on a daily basis) using a 

depth integrated Darcy’s approach using peat or mineral soil specific transmissivity schemes. 

The baseflow calculated in this manner is exchanged with the neighboring pixels. When WTD 

reaches the ground surface, water gets “ponded” and is routed laterally on the ground surface 
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as SOLF, which enters the water balance calculation of neighboring pixels. This Explicit scenario 

represents the simulation made in Govind et al. (2008a) that represents the “reality”. Since this 

scenario explicitly calculates various hydrological processes similar to what happens in the 

field, we call it “Explicit”. 

2) Implicit-In this scenario, the baseflow is “accounted” assuming a bucket modeling 

scheme. Theoretically, when the soil-water potential lies between saturation (0 kPa) and field 

capacity (-330 kPa), its energy status is adequate for gravitational flow. In the Implicit scenario, 

we assume that when the soil water exceeds field capacity, water is prone to lateral movement 

in the form of sub-surface baseflow. This assumption is currently used directly or indirectly in 

ecological models that employ “available water content” to constrain ecophysiological 

processes. The baseflow in the Implicit scenario is calculated as: 

[ ]dQ fcimplicitb .θφ −=           (4) 

whereφ  is the porosity of the soil and fcθ  is the volumetric soil water content at the field 

capacity, d is the depth of the saturated zone, which is the difference between the maximum soil 

depth and WTD, measured from the soil surface. implicitQ  (mm) is the baseflow calculated using 

the Implicit scenario. The baseflow calculated in this way is directly used for daily water balance 

without being distributed to or being contributed from the neighboring pixels. Since there is no 

topographic constrain in this scenario, baseflow occurs freely and the soil always tends to 

maintain water status below the field capacity and it seldom saturates the whole soil profile 

unless a very heavy precipitation event occur and the soil storage capacity is much less (e.g. a 

very shallow soil profile). Thus, the probability of getting SOLF is almost negligible in this 

scenario. 



                                                                                

 109

3) NoFlow - This scenario assumes that there no topographically driven sub-surface 

baseflow between the pixels in the modeling domain. The infiltrated soil water either 

evaporates or transpires. When WTD reaches the soil surface, “ponding” occurs and thereafter 

topographically driven SOLF is initiated. SOLF further enters the water balance calculation of 

neighbouring pixels. Although sub-surface baseflow is “turned-off“ in the NoFlow scenario, 

lateral exchange of water among the neighbouring pixels occurs through SOLF. The point to be 

noted is that in the NoFlow scenario, SOLF occurs only after the entire soil profile is saturated. 

The increased soil saturation could create stress conditions to the vegetation leading to 

variations in the magnitude of ecophysiological processes. This is the type of hydrological 

representation that exists in ecological models that consider topographically driven water-flow 

but ignore the physiological effects of water partitioning within the soil profile.  

In this paper, occasionally the Implicit and the NoFlow scenarios are collectively referred 

to as “non-explicit scenarios”. Currently, regional scale ecological models mostly abstract 

hydrological controls using either form of non-explicit scenarios or their variants. Table 3-1 

shows the characteristic features of the three hydrological scenarios considered in this 

numerical experiment. Three unique model runs were conducted using the hydrological 

scenarios and the daily values of GPP and ET were summed to get annual GPP and annual ET. 

In this study, to investigate hydrological influence on GPP and ET, annual values were used for  

spatial analysis while EC-tower footprint average values were used for temporal analysis. We 

chose to use the average values simulated at the footprint of the EC tower to compare the 

variations among the scenarios because in a previous study (Govind et al., 2008a) the footprint 

average simulations (the Explicit scenario) were validated using eddy covariance data for two 

years, which provide additional confidence in the comparative analysis. 
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Table 3-1 Characteristic Features of the Three Hydrological Scenarios Considered in This 
Numerical Experiment  

          
Scenarios  

Features Explicit Implicit NoFlow 

Baseflow (BF) Realistic Accounted NA‡ 

Occurrence of SOLF 
 

Possible Rare Dominant 

Profile saturation Realistic Overly drained Overly wet 

Routing  of BF 

Routing of SOLF 

Present 

Present 

 Absent 

Absent 

Absent 

Present 

Effect of topography Considered Ignored Considered§ 

Direction of BF Inflow -Outflow Outflow NA‡ 

Pixels   involved 9 1 9 

Root saturation* 0<μ <1 ~μ =1 ~μ =0 

Nutrient availability Accurate Intensified Suppressed 

Ecological models Not yet common Common** Not common# 

‡ Not at all produced in this scenario 

 § SOLF drains off based on topography after soil storage is filled up. 

* Fraction of root saturation is quantified using the parameter )1( μ−  as a function of root geometry and 
WTD (see section 3.9.3) 

**e.g. Liu et al. (1997a) ; Potter et al. (2001); Heinsch et al. (2006); Coops et al. (2007) 

 # e.g. Some Land Surface Schemes in GCMs that consider topographically driven SOLF but not BF. 
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3.8. Results 

3.8.1 Variation of ET and GPP Sub-components under Hydrological Scenarios 

  Ecosystem ET and GPP are composed of various sub-components representing 

vegetation (overstory and understory) and forest floor (soil and moss). These sub-component 

contributions are likely to vary under different hydrological scenarios. Knowledge of the 

dynamics of ET and GPP sub-component contributions improve our understanding of the 

underlying hydro-ecological mechanisms. We analyzed the relative variations of these 

components using the simulated footprint average values for different scenarios.  

In all scenarios, canopy evaporation was simulated to be 58.2 mm, which was 5.5% of 

the annual precipitation (1,053 mm). This component did not change in any of the scenarios 

because canopy evaporation is not affected by soil water. Overstory transpiration (as the sum of 

sunlit-saturated, sunlit-unsaturated, shaded-saturated and shaded-unsaturated) showed pronounced 

differences among scenarios. In the Explicit scenario, overstory transpiration was simulated to 

be 118.6 mm whereas in the Implicit scenario, it increased to 125.8 mm and in the NoFlow 

scenario, it decreased to 98.3 mm. There were also significant differences in the simulated 

understory transpiration (more than overstory). Understory transpiration was 63.1 mm in the 

Explicit scenario, 85.4 mm in the Implicit scenario, and 77.6 mm in the NoFlow scenario, showing 

the high sensitivity of understory transpiration to soil moisture fluctuations. Forest floor 

evaporation varied quite differently as opposed to transpiration because of the combined effects 

of soil evaporation and moss transpiration. Forest floor evaporation was highest in the NoFlow 

scenario (100.7 mm) and lowest in the Implicit scenario (62.7 mm). Figures 3-1a and 3-1b show 

the relative magnitude of these differences. Simulations also suggest that transpiration is the 

major contributor to the total ET in real world situations followed by forest floor ET. 
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GPP sub-components also showed pronounced variations under different hydrological 

scenarios. The overstory GPP is comprised of sunlit-saturated, sunlit-unsaturated, shaded-saturated 

and shaded-unsaturated GPP sub-components, while the understory GPP is comprised of 

understory saturated and understory unsaturated sub-components (Govind et al., 2008a). 

                                 

Figure 3-1.  Variations among ET and GPP sub-component partitioning under various scenarios of 

baseflow calculations: (a) Differences in ET sub-component partitioning; and (b) Differences in GPP sub-

component partitioning.  

 

The footprint-averaged annual overstory GPP was 440, 536 and 410 12 −− yrgCm  under 

the Explicit, Implicit and the NoFlow scenarios, respectively. The contribution of understory GPP 

was 176, 228 and 143 12 −− yrgCm , under the Explicit, Implicit and the NoFlow scenarios, 

respectively. There was a striking reduction in the understory GPP in the NoFlow scenario and a 



                                                                                

 113

drastic increase in the Implicit scenario. Since the understory roots are shallower than the 

overstory roots, they are more sensitive to frequent root zone moisture fluctuations, under 

different scenarios. In the Explicit scenario, the moss GPP was 10.2 12 −− yrgCm , under the Implicit 

scenario it was 7.7, and in the NoFlow scenario it was 8.1 12 −− yrgCm , implying a subtle change in 

moss GPP. 

 

3.8.2. Temporal Dynamics of GPP and ET under Various Scenarios 

The seasonal patterns of GPP and ET simulated under the three scenarios are shown in 

the Figures 3-2a and 3-2b. In general, GPP was overestimated in the Implicit scenario and 

underestimated in the NoFlow scenario, in comparison to the Explicit scenario. The 

overestimation by the Implicit scenario was intense between days 150 to 200 coinciding with 

spring when the soil was generally saturated due to recharging of the soil profile by snowmelt 

water rapidly bringing the WTD closer to the soil surface. All the scenarios showed a decrease 

in GPP between the days 210 and 240. This was a dry period in 2004 and consequently the WTD 

declined in all the scenarios. This decline in soil moisture below the field capacity slightly 

reduced sg  and hence GPP. It is clear that the decline in GPP was smaller and slower in the 

NoFlow scenario and faster and pronounced for the Implicit scenario.   
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Figure 3-2 Annual variations of GPP and Total ET in the footpint area of the EOBS tower, under various 

hydrological scenarios. 

 

Figure 3-1b shows the temporal pattern of the footprint average total ET (as the sum of 

overstory and understory transpiration; canopy evaporation, sublimation and forest floor 

evaporation). Unlike GPP, all scenarios showed more or less similar magnitudes and trends for 

the total ET. In a strict sense, the NoFlow scenario slightly overestimated total ET during the 

spring and in the late summer in comparison to the Explicit scenario. We should consider that 

evapotranspiration has many sub-component processes (both physical and biological) that 

behave differently under various soil moisture conditions (Govind et al., 2008a). Although it can 

be generalized that the simulated total ET under the Implicit scenario is slightly higher than that 

of the Explicit scenario throughout the year, however in the spring, the Implicit scenario slightly 

underestimated total ET in comparison to the Explicit scenario. Although these temporal 

comparisons reflect some of the first-order differences in the footprint region, other regions of 

the watershed should be analyzed to clarify the underlying hydro-ecological responses.  

A comparison of the simulated ET and GPP under the different scenarios against the EC-

tower measurements reveals that the Explicit scenario is superior in comparison to either the 
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Implicit or the NoFlow scenarios (Table 3-2). The slopes of the simulations reveal that the NoFlow 

scenario slightly underestimates and the Implicit scenario overestimates ET. Statistically, the 

slopes of the simulated ET under the Explicit (1.04; p=0.062) and the NoFlow (0.97; p=0.257) 

scenarios are not significantly different from 1 (EC-measurements). However, in the Implicit 

scenario (1.05; p=0.041), the slope being significantly different from 1, the overestimation of ET 

by this scenario can be further justified. The RMSE was highest for the NoFlow scenario (0.387 

mm day-1) and lowest for the Explicit scenario (0.365 mm day-1) with the Implicit scenario having 

an intermediate level of error (0.363 mm day-1). The Nash-Shutcliffe Efficiency (NF-Effi.) was 

highest for the Explicit scenario (0.80) and lowest for the NoFlow (0.69) scenario with the Implicit 

scenario having an intermediate level of efficiency (0.76). 

 

Table 3-2.  Statistical measures of model performance under the three hydrological scenarios.  
 

Explicit NoFlow Implicit 
 

Scenarios 
 
Criteria ET GPP ET GPP ET GPP 

 
Slope (b1) 1.046 1.001 0.971 0.640 1.052 1.087 
p-value1 0.062 0.951 0.257 <0.001 0.041 <0.001 

 
R2 0.842 0.924 0.804 0.767 0.832 0.856 
p-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

 
RMSE 0.365 0.559 0.387 0.686 0.383 0.869 

 
NS-Effi. 0.80 0.91 0.69 0.58 0.73 0.76 

 
Regression Model  xbby o 1+=  

Null Hypothesis  1: 1 =bHo  

Alternative Hypothesis 1: 11 ≠bH  
Significance Level  0.05 

 
 
 

A comparison of the simulated GPP under the different scenarios against the EC-tower 

measurements reveals that the GPP is highly sensitive to hydrology than ET. The slopes of the 
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simulations reveal that the NoFlow scenario (0.64) underestimates and the Implicit scenario (1.09) 

slightly overestimates the seasonal GPP. Statistically, the slopes of the simulated GPP under the 

Explicit (1.00; p=0.951) is not significantly different from 1 (EC-measurements). However, for the 

NoFlow (0.64; p=<0.001) and the Implicit scenario (1.09; p=<0.001), the slope being significantly 

different from 1, the underestimation or overestimation of GPP under non-explicit hydrological 

scenarios is statistically justified. The RMSE was highest for the Implicit scenario (0.869 gC m-2 

day-1) and lowest for the Explicit scenario (0.559 gC m-2 day-1) with the Implicit scenario having 

an intermediate level of accuracy (0.689 gC m-2 day-1). The NF-Effi. was highest for the Explicit 

scenario (0.91) and lowest for the NoFlow (0.58) scenario with the Implicit scenario having an 

intermediate level of accuracy (0.76). 

 

3.8.3. Spatial Variability of GPP under Hydrological Scenarios 

A pixel-to-pixel comparison of the annual GPP simulated under the three scenarios 

(Explicit vs. NoFlow or Implicit) for the whole watershed (number of pixels n= 35,426) are shown 

in the Figures 3-3a and 3-3b, respectively. These plots demonstrate that the simulated GPP 

varied significantly under the three scenarios (deviation from the 1:1 line). Note that one unit on  

x or y-axis corresponds to a 200 22 −− yrgCm , which is a substantial amount of C. Variations in 

the annual GPP suggest that the NoFlow scenario greatly underestimated GPP  as opposed to 

the Explicit scenario (Figure 3-3a). The magnitude of underestimation was as high as -35%. 

There were also cases of overestimation of GPP as much as 10% of the realistic values. On an 

average for the whole watershed, GPP was underestimated by 1.5% in the NoFlow scenario. 
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Figure 3-3. A pixel to pixel comparison of annual GPP for the entire watershed under (a) the Explicit and 

the NoFlow scenarios and (b) the Explicit and the Implicit scenarios. (c) Spatial variation of the GPP 

difference between the Explicit and the NoFlow scenarios (Explicit- NoFlow). Note that the maximum 

positive difference (underestimation by the NoFlow scenario) is seen on the hillslopes where the baseflow 

is intense. (d) Spatial variation of the GPP difference between the Implicit and the Explicit scenarios 

(Implicit-Explicit). Note that the maximum positive difference is seen in most parts of the watershed 

where the surface is near flat.  
 

Comparison between Implicit vs. Explicit scenarios revealed an opposite trend. Figure 3-

3b shows a pixel-to-pixel plot of annual GPP simulated by the Implicit vs. Explicit scenarios. The 

Implicit scenario overestimated annual GPP by as much as 55% and the watershed average 

overestimation was as high as 16.4%, which is a large difference.  
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The spatial variability of these differences is better understood by visually interpreting a 

difference map using the annual GPP simulated under the Explicit and a “non-explicit” 

scenario. Figure 3-3c shows the difference between the annual GPP simulated using Explicit and 

NoFlow scenarios. Differences were large on the hill-slope locations of the watershed where the 

influence of sub-surface baseflow is quite high (red tones). On flatter locations, GPP differences 

were minimal owing to subtle topographic differences (blue tones). “Turning-off” sub-surface 

baseflow would not make much difference to the soil water status of flatter locations, and hence 

plant physiological conditions were not affected greatly. 

Annual GPP on hillslopes were generally underestimated under the Implicit scenario 

(blue tones) due to “less than normal” baseflow fluxes due to the absence of topographic 

control. In Figure 3-3d it can be seen that the overestimation under the Implicit scenario was as 

high as 341 12 −− yrgCm . The Implicit scenario generally overestimated annual GPP on flatter 

areas (red tones) because this scenario unrealistically maintained the soil moisture status at 

hyper-optimal levels which facilitated proper stomatal functioning and plant growth which 

resulted in higher annual GPP. Locations having a dominance of mixed or deciduous species 

showed a striking overestimation. For example, in the northwestern parts of the watershed 

where mixed forests are found on esker ridges, there is a significant overestimation of annual 

GPP because water was always maintained at optimal conditions that created hyper-optimal 

conditions for plant growth resulting in an overestimation of as much as 341 12 −− yrgCm . We 

believe that in this humid boreal ecosystem in eastern North America (annual 

precipitation=1053mm)  where the annual precipitation is greater than annual 

evapotranspiration soil water seldom falls below the permanent wilting point and plant stress 

conditions are more likely created due to water abundance than water scarcity.  
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On hill-slope locations (Figure 3-3d, blue tones) annual GPP was underestimated 

because the implicitly simulated baseflow fluxes were less than reality (Explicit) and this lead to 

conditions of slight soil saturation and a small reduction in annual GPP (30 12 −− yrgCm ).  

From these results it can be deduced that the errors created due to the Implicit scenario 

on GPP are more intense on flat areas and elevated-flat areas than on hillslopes and vice versa 

for the NoFlow scenario. We postulate that soil hydraulic properties (e.g., Ksat, field capacity, 

wilting point, etc.); the nature of the vegetation (LAI, clumping index, maximum stomatal 

conductance) and the mechanisms of biogeochemical cycling (soil C-pool dynamics and 

consequent N release) simultaneously govern the hydro-ecological response within a given 

topographic location.   

 

3.8.4. Spatial variability of ET under Various Scenarios 

A pixel-to-pixel comparison of the simulated annual total ET calculated under the 

Explicit and the NoFlow scenarios revealed that the deviation could be either positively or 

negatively biased (see Figure 3-4a). Annual total ET is the sum of annual overstory 

transpiration; annual understory transpiration; annual forest floor evaporation (moss and soil 

evaporation); annual canopy evaporation (not altered under various scenarios) and annual 

sublimation (not altered under various scenarios). Transpiration sub-components generally 

decline under soil saturation due to stomatal regulation whereas forest floor evaporation 

increase due to increase in soil saturation (a behavior distinct from vascular plants).  
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Figure 3-4. A pixel to pixel comparison of annual ET for the entire watershed under (a) Explicit and 

NoFlow scenarios and (b) Explicit  and Implicit  scenarios. (c) Spatial variation of the ET difference between 

the Explicit and NoFlow scenarios. Note that the maximum positive difference (underestimation by the 

NoFlow scenario) is seen on the depressions that are otherwise saturated with water. This is due to rapid 

reduction in soil and moss evaporation. (d) Spatial variation of the ET difference between Implicit and 

Explicit scenarios. Note that the maximum positive difference is seen in most flat parts of the watershed   

because of “more than normal” unrealistically created baseflow under the Implicit scenario that lowers 

soil water content to the field capacity. 
 

Under the NoFlow scenario, since the soil profile was generally saturated and WTD 

reaches the surface of the soil, forest floor evaporation increases, which compensates (or 

sometimes increases the magnitudes) for the reduction in transpiration on the annual total ET. 
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Due to these mutual compensating effects between the vascular plants and the forest floor, 

annual total ET simulated under the NoFlow scenario was only slightly lower (watershed 

average underestimation was 1.81%) in comparison to the Explicit scenario. Under the Implicit 

scenario, however, the annual total ET generally increased due to enhancements in plant 

transpiration. On locations such as depressions and streams, where unrealistically high 

baseflow was simulated, the soil moisture sharply declined which substantially reduced the 

forest floor evaporation which reduced the annual total ET (the transpiration component in the 

locations are lower). However, the overall effect of the Implicit scenario on the annual total ET is 

a slight overestimation of 3.5% in comparison to the Explicit scenario. 

The spatial distribution of the differences in the simulated annual total ET under various 

scenarios is shown in Figures 3-4 c and d, respectively. Under the NoFlow scenario (Figure 3-4c), 

annual total ET was generally underestimated in comparison to the Explicit scenario (red or 

green tones). The most prominent differences were seen on the northwestern part of the 

watershed and in low-lying locations. These locations represent meso-scale topographic 

features formed due to glacial activity e.g. drumlins or eskers that have parallel ridges and 

depressions that exist side by side. These depressions normally accumulate water from the 

nearby ridges and the total annual ET mostly contributed by forest floor evaporation. Under the 

NoFlow scenario, these locations dried out due to the absence of baseflow contributions from 

surrounding regions (a “decoupling effect”) and total annual ET is reduced. A similar situation 

exists in depressions located in the southern part of the region near streams and rivulets. 

The Implicit scenario (Figure 3-4d) generally overestimated the annual total ET especially 

on flatter locations of the watershed, in comparison to the Explicit scenario (red tones). 

However, on locations where there are depressions (in the northwestern part) and rivulets 

(southeastern part), the overestimation is weaker. The soils at these locations become “drier 
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than usual” because of the combined effects of excessive baseflow fluxes and the absence of 

water from the surrounding areas (“a decoupling effect” analogous to what Devito et al. (2005) 

observed during dry periods in a similar environment). This decoupling effect resulted in a 

decreased soil saturation and low forest-floor evaporation. This condition resulted only in a 

weak increase in total annual ET even though there was a slight increase in transpiration (blue 

tones).  

From the magnitude of these differences, we can reason that unrealistic hydrological 

representations affect GPP more severely than ET. This is because GPP is affected by three 

hydro-ecologically controlled mechanisms: (1) Soil moisture controlled dynamics of ambient sg , 

(2) Soil moisture controlled alteration in plant N status as a function of soil organic matter 

decomposition; and (3) Soil moisture controlled modification in the proportion of roots that lie 

in saturated or unsaturated zones which proportionately affect the leaf physiological status. 

Hydro-ecological effects on the total ET are comparatively less intense because a decrease in 

transpiration would be compensated by an increase in forest floor evaporation and vice versa. 

Moreover, no biochemical controls (e.g., plant N) exists in the Penman-Monteith equation, 

which is used to calculate ET. 

 

3.8.5. Variation of Soil Water Balance under Hydrological Scenarios 

The mechanism of soil water balance under various scenarios considered in this study is 

unique, resulting in variations in rhizosphere hydrological regimes that affect ecophysiological 

mechanisms such as ET and GPP. Figure 3-5 shows the partitioning of soil-water (footprint 

average) during the modeling period of one year, for different scenarios. It is obvious that 

under the NoFlow scenario, where the sub-surface baseflow is “turned-off”, the main 

mechanism of lateral water flow is SOLF, which is almost 66% of the infiltrated water. In the 
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current model set up, SOLF occurs only after the soil profile is saturated up to the soil surface 

and the excess water that is ponded is subjected to topographically driven surface runoff 

(Hewlett’s hypothesis). This mechanism of profile saturation resulted in a positive change in 

soil water storage as much as 9.4% of the annual infiltrated water. The increased saturation of 

the soil profile causes a large fraction root to remain in the saturated zone (where φθ = , 

porosity), for most parts of the year.   

                                    

Figure 3-5. Nature of water balance under various hydrological scenarios in the footprint region of the 

EOBS tower in 2004. 
  

Since the soil remained saturated in the NoFlow scenario, sg declines and consequently 

the transpiration was reduced with a simultaneous increase in soil and moss surface 

conductance resulting in increased forest floor evaporation, in comparison to the Explicit 

scenario. However, the sum of transpiration and forest floor evaporation (24.5% of infiltrated 

water) is slightly lower than that in the Explicit scenario.  
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The Implicit scenario simulated baseflow without any topographical control. Soil water 

having energy status above the field capacity was allowed to “drain-off” which results in 

excessive draining even in flatter areas. Hence, the simulated baseflow was greater than that of 

the Explicit scenario. Since the soil profile is drained excessively, the WTD never rose to the soil 

surface, and therefore, no SOLF occured. The soil profile remained unsaturated for most parts 

of the year, creating conducive conditions for plant growth due to increased sg and plant N 

availability. This results in excessive transpiration although forest floor evaporation is reduced. 

However, the sum of transpiration and soil evaporation remains higher than that of the Explicit 

scenario. Excessive baseflow combined with excessive transpiration loss created a negative 

storage in the Implicit scenario of about -8.6% of the infiltrated water during the modeling time 

period of 365 days. 

Having seen that total runoff (SOLF+Baseflow) is more or less the same in all three 

scenarios, we speculate that the nature of soil-water partitioning controls biogeochemical and 

plant physiological mechanisms that greatly alter ecophysiological processes, even if we 

consider the lateral water fluxes on the lanfscape in a non-explicit manner.  

 

3.9. Discussion 

Physiologically, soil water status influences sg either by altering leaf-water potential or 

by changing the level of phytohormones produced by roots in response to soil-water status. 

There are several studies that demonstrate the effect of soil water-induced stress factors (excess 

or deficiency) that decreases the potential rate of sg . At one extreme, excess water reduces 

oxygen and elevates CO2 in the root zone, limiting water uptake and resulting in leaf-water 

deficits that cause stomatal closure. On the other, drought reduces the soil-water potential, 
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which affects the plant water relationship. At larger spatial scales, topography determines the 

hydrologic response and the spatio-temporal distribution of locations of soil saturation and 

unsaturation . Topography-governed lateral water fluxes could result in either sub-surface 

baseflow or SOLF. Of these, baseflow is a continuous and less interrupted phenomenon, which 

is several times more important than SOLF in boreal forests. Hence, sub-surface baseflow can 

play a significant role in altering the local-scale water balance.  

 

3.9.1. Stomatal Dynamics 

The magnitude of the ambient sg  governs the amount of C-that enters the plant for 

photosynthesis and the amount of water that leaves the plant as transpiration. The difference in 

simulated GPP and ET under various scenarios can be mainly attributed to stomatal dynamics 

that is affected by several environmental controls, of which soil water status is one of the most 

influential and dynamic one.  

                                    

Figure 3-6. Seasonal dynamics of the average sg  in the footprint region, under different scenarios. Note the 

pronounced underestimation by the NoFlow scenario and overestimation by the Implicit scenario in comparison to 

the Explicit scenario.  
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In BEPS-TerrainLab V2.0, there are four types of leaves within a given canopy (Govind 

et al., 2008a). They are sunlit-saturated, sunlit-unsaturated, shaded-saturated, and shaded-

unsaturated. All of these, depending on their light and soil moisture regimes, have different 

magnitudes of sg . Also, there are different plant species in the boreal landscape that have a 

wide range of maximum stomatal conductance values ( max,sg ).  

Various environmental controls such as light and water stress can constrain max,sg , 

resulting in a wide range of ambient sg values. For example, sg of a healthy black spruce  leaf 

may be similar to the sg of a stressed leaf of a deciduous species. Figure 3-6 shows the dynamics 

of the average sg  in the footprint area under different scenarios. In general, the sg  simulated 

by the NoFlow scenario is lower than that of the Explicit scenario while the Implicit scenario had 

higher values. These differences were large in the spring when the soil is saturated and 

baseflow fluxes are intense due to recharging of soil profile due to snow melt water.  

 

3.9.2. Nitrogen Mineralization  

Another factor that is responsible for creating variations in simulated GPP can be 

attributed to leaf N concentration. In this pristine ecosystem, differences in the leaf N 

concentration occurs due to changes in soil C-pool decomposition, which is influenced by 

various hydrological scenarios. This directly affects photosynthesis. Various soil C-pools, when 

they decompose (mainly due to heterotrophic respiration), release N that is available to plants 

for uptake. The rates of C-pool decomposition are mediated by many biotic and abiotic factors 

that are linked to the local hydrological regime. Leaf N concentration directly affects 

photosynthesis by altering the Vcmax , the maximum carboxylation rate in the temporally 

integrated Farquhar’s model used within BEPS-TerrainLab V2.0. Heterotrophic respiration was 
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unrealistically increased under the Implicit scenario as opposed to the NoFlow scenario due to 

conducive soil moisture and temperature conditions for microbial proliferation and soil organic 

pool decomposition. The detailed mechanism behind the modeling of soil C-pool 

decomposition and N mineralization under various hydrological scenarios is addressed in 

Govind et al. (2008d). 

               

Figure 3-7. Relationship between stomatal conductance and GPP simulated using the temporally 

integrated Farquhar model (Chen et al.,1999), at various levels of plant N, for a given  set of conditions. 

Both stomatal conductance and N availability are affected under various hydrological scenarios. 

 

The conceptual relationship between sg , N status and photosynthesis operating within 

the BEPS-TerrainLab V2.0 modeling domain is shown in the Figure 3-7. This relationship was 

plotted based on a set of hypothetical conditions with only sg and N as variables. Note the close 

synergism between sg  and plant N status in affecting photosynthesis. Both of these parameters 

are highly dependent on the local hydrological status. The scalar max/ NNa is the ratio of 

ambient plant N (%) to the maximum plant N (%). In BEPS-TerrainLab V2.0, soil N is calculated 

as shown in a generalized form below. 

),,,,( 9

1 depfixsa NNCTfN ∑= θ         (5) 
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Where, sT is the soil temperature, θ  is the volumetric soil water content, C  is the size of a soil C 

pool (9 in total), fixN  is N fixation by biological or physical processes (lightning induced or 

biological N fixation), depN is the dry and wet deposition. All of these parameters are 

determined by soil water status, except depN . 

 

3.9.3. Dynamics of Root Fractions within a Soil Saturation Regime 

Differences in the input and output components of soil-water balance result in variation 

of the WTD in a given pixel, which demarcates the separation of saturated and unsaturated 

zones. Unlike the unsaturated zone, in the saturated zone, all the soil pores are filled with water 

(θ =φ ). Different hydrological scenarios simulated unique combinations of soil saturated and 

unsaturated zones. 

 

Figure 3-8.  A schematic representation of the separation of roots into unsaturated and saturated fractions 

as a function of root geometry factor, β , and water table, z . These fractions are used to constrain the 

ecophysiology of leafs in a proportionate manner, in order to calculate the stomatal conductance sg . 
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The root geometry as modeled by the method outlined by Gale and Grigal (1987) and 

the position of WTD determines the fractions of roots lying in the saturated and unsaturated 

zone (see the conceptual sketch in Figure 3-8).Figure 3-9 b shows the variation of unsaturated 

root fraction,μ with WTD for different types of root geometries. As the water table rises (value 

decreases), the unsaturated fraction (μ ) decreases and the saturated root fraction 

)1( μ− increases. For shallow-rooted plants such as understory shrubs (e.g.,β =0.88), the 

unsaturated root fraction μ  reaches 100% for a WTD as shallow as 35 cm, and for deep-rooted 

plants such as the overstory trees (e.g.β =0.945) μ  reaches 100% only when WTD is as deep as 

80 cm. This mechanism has major implications for ecophysiological processes, which determine 

the magnitude of ET and GPP manifested through alterations in sg .  

 

 

Figure 3-9. (a). Nature of the soil water scalar for a wide range of soil moisture conditions , for different 

soil texture types. This scalar is used to constrain the maximum stomatal conductance max,sg  . (b). Nature 

of partitioning of the unsaturated (μ ) and saturated (1-μ ) root fractions as a function of water table 

position ( z cm from the surface) and the root decay constant (β ), a land cover specific  parameter 

describing the root geometry.  
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Under the NoFlow scenario, since the soil profile becomes excessively saturated, the 

unsaturated root fractionμ declines, resulting in an increase in the saturated root 

fraction )1( μ− . On the other hand, under the Implicit scenario, the opposite is true, i.e., μ  

increases (see Figure 3-8). We assume that these differences in root-wetting under various 

scenarios influence the leaf physiology in a proportionate manner based on the pipe theory 

(Shinozaki et al., 1964). The total LAI of a canopy can be divided into leaves that get water from 

the saturated zone ( satLAI ) and those that get water from the unsaturated zone ( unsatLAI ). The 

soil water scalar )(θf , that governs ambient sg  using the Jarvis’ multiplicative algorithm 

(Jarvis, 1976), is a function of the volumetric water content (θ ) of the unsaturated zone and 

porosity in the saturated zone. The application of this scalar results in higher stomatal 

conductance ( unsatsg , ) in leaves corresponding to unsaturated water content than in leaves that 

correspond to saturated water content ( satsg , ). Figure 3-9a shows the variation of )(θf  for a 

wide range of soil moisture conditions. Note nature of this scalar which linearly increases 

between the permanent wilting point and the field capacity and the reduction beyond the field 

capacity. 

 Apart from soil water regimes, radiation regimes (sunlit and shaded) could also govern 

stomatal dynamics. However, the proportion of sunlit and shaded leaves does not change under 

various hydrological scenarios considered here. Therefore, various scenarios show differences 

in simulated ecophysiological processes mainly due to the magnitude of μ  and μ−1  that are 

used as weighting parameters to upscale leaf-level processes to the canopy scale. This upscaling 

mechanism is a unique function of root geometry and these effects are implemented in the 

model in the following manner (especially the overstory canopy): 
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[ ] [ ])1(..)1(. ,,,, μμμμ −++−+= shadesatshadeshadeunsatshadesunsatsunsununsatsun LAITLAITLAITLAITT
 

[ ] [ ])1(..)1(. ,,,, μμμμ −++−+= shadesatshadeshadeunsatshadesunsatsunsununsatsun LAIALAIALAIALAIAA
   

T   = Canopy scale transpiration  

A  = Canopy scale photosynthesis, GPP. 

LAI   = Total Leaf Area Index    

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎥⎦
⎤

⎢⎣
⎡ Ω
−−=

θ
θ

Cos
LAICosLAI sun
..5.0exp1..2         (8) 

sunLAI is the sunlit LAI, θ =Solar Zenith Angle, Ω is Canopy Clumping Index. 

sunshade LAILAILAI −=          (9) 

shadeLAI is the shaded LAI 

 

3.10. Model Sensitivity to different Parameters for GPP and ET Simulations 

GPP and ET are the two main ecophysiological indicators that determine the 

characteristic features of a vegetated land surface in terms of surface energy balance and C 

dynamics. Although BEPS-TerrainLab V2.0 can simulate various ecological and hydrological 

processes with reasonable accuracy as demonstrated by two years of simulation study in 

Govind et al. (2008a), the model might still be vulnerable to uncertainties attributed to certain 

model parameters. Considering the non-linear effects of model parameters under various 

scenarios, and to reinforce the numerical experiment, we performed a sensitivity analysis of 

various parameters used within the model. Moreover, this also provides an opportunity to 

compare the errors in simulated ecophysiological processes because of hydrological 
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misrepresentation vis-à-vis the errors caused by the model parameters themselves. Having 

selected fourteen parameters that are common to both ET and GPP calculations, we performed a 

simple sensitivity analysis by altering their magnitudes by a fixed percentage (increase or 

decrease) and quantified their sensitivity to GPP and ET in terms of percentage change from 

realistic simulations.  

Table 3-3 shows the sensitivity of different parameters for the ET and GPP simulations. 

Each value shown in Table 3-3 is a unique model run that has the same inputs and parameter-

values except for the parameter under consideration. It is clear that ET and GPP are quite 

sensitive to a small error in LAI. A 25% decrease in LAI could underestimate annual ET and 

GPP by 5% and 7%, respectively. Whereas, a 25% increase in LAI could create an error of 11% 

and 12% overestimation of annual ET and GPP, respectively. The reason for the high sensitivity 

of LAI is that it is critical to a number of hydro-ecological processes that directly or indirectly 

affects ET and GPP. Considering its high sensitivity, it is highly recommended that reliable LAI 

data be used that is derived using remote sensing techniques in conjunction with ground 

measurements. Our strategy of deriving a watershed scale LAI map is quite comprehensive and 

involved remote sensing, ground measurements and laboratory analysis as outlined in Govind 

et al. (2008a) and Chen et al. (2006). We suggest eco-hydrologists or hydro-ecologists devote 

much attention to reliably quantifying LAI because this parameter is used in a number of eco-

hydrological processes (see Table 3-3). 

Errors in the clumping index (Ω ) can have a substantial influence on the magnitudes of 

simulated ET and GPP. The proportion of sunlit and shaded leaf fractions in a canopy is 

primarily governed by canopy architecture quantified usingΩ . A highly clumped canopy (such 

as in conifers) have more shaded leaves than sunlit leaves, at a given solar zenith angle, SZA. 
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Since the proportion of shaded leaves ( sunLAI ) increases in canopies with higherΩ , GPP 

increases due to increased contributions from direct radiation penetrating the canopy, and vice 

versa. However, since ET is mainly governed by net radiation, Ω  could have the opposite 

effect. Therefore, it is highly recommended to have accurate estimates of Ω  for hydro-

ecological simulations of different land-cover types using ground measurements and laboratory 

analyses in tandem (e.g., Chen et al., 2006). 

  Maximum stomatal conductance ( maxsg ) is another parameter that could considerably 

affect the ET and GPP simulations. In addition to various environmental controls, maxsg  is the 

primary biological parameter that determines the magnitude of the ambient sg . Another 

parameter that goes into the calculation of ambient sg is cuticular conductance cuticleg . It may 

also introduce significant error in the ecophysiological simulations because the total stomatal 

conductance is the combination of sg , cuticleg  and boundaryg . Although the magnitude of cuticleg  is 

very small, since cuticleg  is conceptualized to be parallel to sg , the total stomatal conductance is 

affected linearly. 

From our simple comparison, most of the parameters that we investigated significantly 

affected ET and GPP and GPP is more sensitive to these parameters than the ET. The smaller 

sensitivity for ET is because it has many sub-component processes that are either biological or 

physical in nature with unique mechanisms. However, for GPP, all sub-components that are 

highly regulated by hydrological controls are biological in nature.  

These results also point out that the maximum error caused by highly sensitive parameters such 

as LAI, max,sg ,Ω is less than the errors caused by hydrological misrepresentation (e.g., 16.4% 

overestimation in the Implicit scenario).  
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3.11. Summary and Conclusions 

Among modelers and experimentalists, there is a growing interest in comprehending the 

relationships between hydrological and biological processes in ecosystems. To advance our 

understanding of landscape-scale C cycling in conjunction with climate change, we need to 

couple hydrological and ecophysiological processes in our models. In this context, we carried 

out a modeling experiment to demonstrate the importance of hydrological processes in C 

cycling in a boreal ecosystem. Based on our modeling experience, we draw the following 

conclusions: 

1. Generally, GPP calculated under the assumptions of no lateral baseflow underestimated 

values in comparison to reality. The highest underestimations are seen on hill slopes, as 

opposed to flat areas and low lands. On the other hand, simplified bucket model 

representations of hydrological processes overestimate GPP due to the rapid increase in sg  and 

nutrient availability due to optimal soil moisture conditions. The overestimations are intense on 

flat regions where excessive drainage conditions are simulated as opposed to hill-slopes. 

2. The dynamics of ET are quite different from those of GPP under different hydrological 

representations. This is because of the presence of sub-component processes that behave 

differently under various soil moisture conditions and are compensatory in nature.  

3. Various hydrological representations result in differences in the position of the WTD and 

therefore, in variations in the proportions of rhizosphere saturation. This proportionately alters 

sg and the upscaling mechanism of leaf-level processes to the canopy scale. Consequently, large 

differences in canopy scale transpiration and photosynthesis are seen under various 

hydrological representations. 
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4. The sensitivity analysis reveals that some parameters used for eco-hydrological modeling are 

highly sensitive for ecophysiological simulations justifying the importance of the creation of 

these datasets with rigorous ground and laboratory measurements.  

5. Since a misrepresentation of model parameters creates smaller errors in GPP and ET in 

comparison to hydrological misrepresentation, the importance of explicit hydrological 

representations in process-based ecological modeling efforts is highlighted.  

These conclusions reinforces that explicit modeling of hydrological processes is a critical 

requirement to realistically simulate ecophysiological and biogeochemical processes. 
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CHAPTER 4. 

Reconstruction of Carbon Pools of a Boreal Ecosystem under the Influence of Climate 

Change, CO2 Fertilization, N Deposition and Disturbance. 

 

4.1. Abstract 

Spatially explicit simulation of biogeochemical processes is imperative to better 

understand landscape scale patterns of terrestrial carbon (C) cycle. However, these simulations 

require explicit information on the spatial distribution of current sizes of various C-pools.  

Current sizes of ecosystem C-pools result from the integrated effects of historical events such as 

climate change, CO2 fertilization, N deposition and various disturbances. In this study, we use a 

long-term carbon balance model, InTEC, to reconstruct the historical C-balance in a mature black 

spruce ecosystem in central Quebec, Canada. The simulation showed that in this boreal landscape 

mature black spruce stands have stabilized in terms of their productivity and are currently 

oscillating in its status as a weak C-sink to weak C-source depending on the inter-annual 

variation of the hydro-meteorological conditions. However, stands that were disturbed in the 

recent decades, comprising mostly of deciduous species, act as significant C-sinks.  The simulated 

magnitudes of C-pools in the aboveground biomass and soils generally compared well with the 

measurements taken at 12 inventory plots located in the watershed in 2003.  The largest 

discrepancies were found in recently disturbed stands (for aboveground C-pools) or where moss 

necro-mass was abundant (for soil C-pools). The reconstructed C-pools serve as valuable datasets 

for spatially explicit biogeochemical modeling at finer time-steps using intensive process based 

hydro-ecological models which could reduce the current uncertainties in terrestrial C-balance. 
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4.2. Introduction 

 Studies have shown that the effects of global warming may change the status of 

the terrestrial biosphere from a C-sink to a C-source by the middle of this century (Cox et al.,  

2000; Cramer et al.,  2001).  Many studies suggest that disturbance history has large effects on the 

current dynamics of terrestrial C along with inter-annual differences in climate and changes in 

atmospheric CO2 concentration (Thornton et al., 2002). Inter-annual variations in the balance 

between photosynthesis and ecosystem respiration can result in large changes in net C-exchange 

between the biosphere and the atmosphere. This is especially true in mature forest stands where 

the systems are often close to C-neutral condition. On a long term basis, the sizes of C-pools  

present in the vegetation biomass and soil of an ecosystem depend on the disturbance history 

(Sun et al., 2004a; Sun et al., 2004b), atmospheric CO2 concentration (Chen et al., 2000a; Johnson et 

al., 2000; Alexandrov et al., 2003), nitrogen (N) deposition rate (Turunen et al., 2004), stand age 

(Gower et al., 1996; Peltoniemi et al., 2004), soil texture (Torn et al., 1997), drainage class (Rapalee 

et al., 1998), and climate (Apps et al., 2000; Black et al., 2000; Barr et al., 2002; Griffis et al., 2003).  

Inter-annual dynamics of terrestrial biomes can be studied using coordinated 

measurements and modeling that operate at various spatial and temporal scales and resolutions. 

Although temporally precise flux measurements are available for some sites, extrapolating this 

information to landscape or regional scales requires the use of models that can simulate C-balance 

for wide ranges of spatial and temporal scales with various degrees of sophistication. However, 

there are many inconsistencies existing among the simulations conducted by various models, 

even though the fundamental physics that describe biophysical processes are similar. The first 

major inconsistency lies in how well various ecosystem C-pools are initialized prior to running 

the model because they are the substrates for various biogeochemical processes. Since most of the 

soil organic transformations do not necessarily follow zero-order kinetics, we need to assume 
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Monod kinetics (first order kinetics) that warrants accurate sizes of various C-pools (Shibu et al. 

2006). It is therefore quite intuitive that differences in the sizes of C-substrates could explain the 

differences in model simulations. This warrants the need for accurate sizes of current C-pools that 

are reconstructed based on long-term effects of climate change, disturbance history (natural or 

anthropogenic), changes in atmospheric CO2 concentration, effects of N-deposition and the 

associated synergistic effects (feedback relationships). 

 Most of the point-scale (or lumped) ecological models initialize the current sizes of C-

pools by running the model for centuries until all C-pool sizes become stabilized. This strategy 

overlooks the historical trends in the disturbance and non-disturbance factors, resulting in 

unrealistic C-pool sizes. Furthermore, many point scale models that are sophisticated in 

conceptualizing various processes fail to represent the spatial heterogeneity necessary for 

accurate landscape-level simulations because of computational challenges. A spatially explicit 

reconstruction of various components of the C-cycle is therefore a necessary step for increasing 

the confidence in regional or global C balance estimation (Chen et al., 2003). The use of remote 

sensing is an alternative way to obtain the spatial distribution of current sizes of above ground C-

stocks of an ecosystem especially using LIDAR or RADAR technology. However, these 

techniques cannot provide detailed information on the magnitudes of soil C-pools which is the 

more important considering its role in heterotrophic respiration, which has more uncertainties 

than autotrophic respiration. Moreover, remote sensing based approaches mostly relate signals to 

ground based estimates using empirical relationships which may not necessarily work well in a 

wide range of spatial and temporal domains.  

In this study, first we use a long-term ecosystem C balance model, the Integrated 

Terrestrial Ecosystem Carbon Balance Model (InTEC, Chen et al., 2000), to reconstruct the 

terrestrial C-balance of a mature black spruce ecosystem in a spatially explicit manner, 
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considering the combined effects of disturbance and non-disturbance factors (climate change, CO2 

fertilization and N deposition). Further, we validate and analyze the reconstructed C-pools 

(biomass and soil) with different measurements made in the recent years (eddy covariance, 

indirect measurements of plant area index (PAI), and forest inventory-plot measurements).  

                           

Figure 4-1. Strategy adopted for spatially explicit short-term modeling of biogeochemical cycles using 

BEPS-TerrainLab V2.0 with C- pools initialized through long-term modeling using InTEC. 
 
 

We believe that C-pools reconstructed in this manner could further be used as precursors 

for  intensive, spatially-explicit simulation of biogeochemical cycles at finer time-steps using  

coupled process based hydro-ecological models such as BEPS-TerrainLab V2.0 (Govind et al.,  

2008a; Govind et al.,  2008d). A synergistic combination of a short-term intensive modeling 

(having a tight coupling of ecophysiological, hydrological and biogeochemical processes) on one 

hand and a long-term modeling that considers disturbance (natural and anthropogenic) and non-

disturbance (climate change, atmospheric CO2 concentration and N-deposition) factors (Figure 4-



 143

1),in tandem, is likely to reduce the current uncertainties associated with terrestrial C cycling 

processes and could further improve our bottom-up modeling strategies. 

 

4.3. Model and Theory 

 The present study employs the Integrated Terrestrial Ecosystem Carbon Balance Model 

(InTEC, Chen et al., 2000)  for the spatially-explicit simulation of long-term ecosystem C cycling 

processes at an annual time step under a combined climate change and disturbance scenario. 

Previously, InTEC was used to simulate regional scale (Canadian landmass) historical C-cycling 

(Chen et al.,  2000; Chen et al.,  2000a; Chen et al.,  2000b; Ju and Chen, 2005; Ju et al.,  2006b). Its 

ability to reconstruct ecosystem C-pools along with their C:N ratios has not been fully exploited. 

This model simulates the gross primary productivity (GPP) employing a leaf-level biochemical 

model (Farquhar et al.,  1980) and simulates the soil C and N cycles using a modified version of 

the CENTURY model (Parton et al.,  1993). Since InTEC runs at an annual time step at large 

spatial scales, rigorous mathematical upscaling strategies are adopted to upscale biophysical 

processes in space (canopy scale) and time (annual). InTEC considers the long term changes in the 

atmospheric CO2 concentration and N-deposition which affects annual photosynthesis by 

processes such as CO2 fertilization and soil N cycling which affect plant physiological status.  

Disturbances are considered explicitly in this model as processes that directly release C into the 

atmosphere and modify the terrestrial C balance. The net C budget of a forest ecosystem is 

modeled based on the inter-annual variability in the disturbance and non-disturbance factors. C-

fluxes in the form of dissolved organic carbon (DOC) and methane fluxes are not considered in 

the InTEC model. Since these fluxes are very small compared to the C fluxes due to 

photosynthesis, respiration or due to disturbance events, DOC fluxes are not generally considered 

(Schimmel 1995). Moreover, since DOC fluxes are small compared to the total C stocks present in 
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the ecosystem is often not considered in the annual net ecosystem productivity (NEP) calculations 

(Janssens et al.  2003). (Figure 4-2). 

                         

                 Figure 4-2.A schematic representation of the InTEC modeling framework (Chen et al., 2000).  
 

Since InTEC’s modeling philosophy is quite different from conventional models, it is 

important to briefly describe some of the important steps involved in this modeling procedure, in 

a sequential manner. More details can be found in Chen et al. (2003). The uniqueness of this 

model is the inclusion of a strategy to reduce the errors in net ecosystem productivity (NEP) 

simulations by assuming a dynamic equilibrium between NPP and hR  in the pre-industrial 

period. This assumption ensures that the C balance estimated for the recent years is the 

accumulated effects of all the factors that affect terrestrial C-cycle since the pre-industrial period 

(Chen et al., 2003).  

Before running InTEC, reference year NPP and evapotranspiration (ET) maps are created 

based on the spatially explicit biophysical  and meteorological data sets collected in the current 

time (e.g. 2004 in this study), using a rigorous process based modelling approach that runs at 
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finer time-steps. Many methods are available to simulate the reference year NPP or ET. Some 

common methods include the use of a remote sensing -based ecological model such as BEPS (Liu 

et al., 1997), hydro-ecological model such as BEPS-TerrainLab (Chen et al., 2005; Chen et al., 2007) 

or hydro-ecological model with biogeochemical processes such as BEPS-TerrainLab V2.0 (Govind 

et al., 2008a).The simulation of the reference year NPP is an important step that determinines the 

accuracy of the long-term C cycle modeling using InTEC. Chen et al. (2003) demonstrate that a 

small error in the reference year NPP ( refNPP ) can introduce significant errors in the 

reconstructed annual NPP or NBP and thus the accuracy of the reconstructed C-pool sizes. 

Therefore, qualities of reference year NPP and ET maps are critical for simulations using InTEC. 

Further, a historical baseline NPP time series is reconstructed for each pixel in the 

modeling domain based on the NPP-stand age relationship. The coefficients of the NPP-stand age 

relationship are determined using historical mean annual temperature (a surrogate of the “site 

index” used in forestry), as shown below. 
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Figure 4-3. A conceptual diagram showing the long-term C-balance modeling strategy adopted within 

InTEC. Note how the current estimates of NPP (NPPref) is used to retrospectively estimate NPP at the 

equilibrium age (NPP= Rh) under pre-industrial climate, which is further used for prospective modeling. The 

sketch shown here is applicable for an undisturbed forest stand. For disturbed stands, re-growth is 

considered.  However NPP is assumed to be NPP at equilibrium age with effects only of climate change. 
 
 
 
 

Further, a historical NPP modification curve is constructed for each pixel based on 

meteorological forcing, N-deposition and historical variations of CO2 concentration. Combining 

the historical NPP and its modification functions, a “realistic” NPP ( iNPP ) time-series is created. 

This is accomplished by satisfying the criteria that the reconstructed NPP agree with refNPP using 

an iterative procedure. From this iteration, 0NPP , the NPP at the equilibrium age is determined. 

At the equilibrium age, it is assumed that NPP( 0NPP ) is at dynamic equilibrium with 

heterotrophic respiration ( hR ) i.e. all the C in the ecosystem is used for hR (Figure 4-3). 
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Using 0NPP , the sizes of pre-initial soil C-pools are estimated through a spin-up procedure under 

the equilibrium assumption. 

iNPP  is prospectively calculated using response functions for disturbance ( distφ ), non-

disturbance factors ( distnon−φ ) and 0NPP . During prospective modeling, the stand age increases 

progressively affecting the forest productivity and the overall ecosystem C-balance. In the years 

when a disturbance event occurs, the stand age is reduced to 0 and in the following years the 

vegetation regenerates in the above mentioned manner. The prospective simulation methodology 

can be summarized as  
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In the above equation  iNPP  is the NPP in the ith year; NPP0 is the NPP at equilibrium age, 

F(ai) and F(ao) are normalized productivity of a forest at ages a0 (the starting year) and ai (the ith 

year), respectively(Chen et al., 2003) and this ratio represents the response function, distφ . )(iχ is 

the integrated effects of non-disturbance factors on NPP. These non-disturbance factors include 

effect of climate, CO2 fertilization and N availability (Chen et al., 2000a).  

Annually iNPP  is partitioned into four biomass C-pools (wood, foliage, fine-root and 

coarse root) which further get decomposed into nine soil C-pools updating  the existing sizes of 

C-pools. Autotrophic and hR  are calculated as a function of the existing C-pool sizes and abiotic 

factors such as temperature, moisture and the influence of soil texture causing decomposition of 

C-pools. In the process of C-pool decomposition, N is mineralized and consequently the C:N 

ratios of individual C-pools change. From the reconstructed annual iNPP , annual net ecosystem 
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Productivity NEP and net biome productivity NBP are obtained by deducting hR  and losses of C 

due to disturbance events, respectively.  

 

   Table 4-1. Description of various conceptual carbon pools considered in the InTEC model. 
 

Pool 
No 

Ecosystem C-pool Symbol          Fate Remarks 

 Biomass C-pools    
 Above Ground Biomass C-pools    
1 Wood C-pool 

wC  cdC  Tree trunk, stems, twigs. 

2 Foliage C-pool 
lC  ssdC  Leaves, flowers, cones 

 Below Ground Biomass C-pools    
3 Fine-root C-pool 

frC  fsdC  Dynamic. 

4 Coarse-root C-pool 
crC  cdC  Large Roots. 

 
 Soil C-pools    
 Surface Soil C-pools    
6 Surface Structural C-pool 

ssdC  sC , smC , 2COfree  Dead leaves. 

7 Surface Metabolic C-pool 
smdC  smC , 2COfree  Mostly Surface organic 

acids. 
8 Surface Microbial C-pool 

smC  sC , 2COfree  Surface Fungi and Bacteria. 

9 Coarse & Dead wood detritus C-pool 
cdC  sC , smC , 2COfree  Both surface and sub- 

surface soil C-pool. 
 Sub-surface Soil C-pools    
10 Soil Microbial C-pool 

mC  pC , sC , 2COfree  Bacteria, Fungi, VAM. 

11 Fine-root structural litter C-pool 
fsdC  sC , mC , 2COfree  Fine-root Detritus. 

11 Fine-root metabolic C-pool 
fmdC  mC , 2COfree  Soil enzymes, metabolites. 

12 Slow C-pool 
sC  pC , mC , 2COfree  Part of Humus, Humic and 

Fulvic acids. 
13 Passive C-pool 

pC  mC , 2COfree  Mostly recalcitrant Humus. 
 

 
 

The C-pools spun up in this manner can be further used by detailed process-based hydro-

ecological models such as BEPS-Terrainlab V2.0 that runs at finer temporal resolutions to either 

simulate seasonal biogeochemical processes or to generate a further improved annual NPP 
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( refNPP ) for further refining InTEC simulations as shown in Figure 4-1. Table 4-1 shows the 

description of various C-pools (biomass and soil) conceptualized in the InTEC modeling domain. 

 

4.4. Site Description  

This long term simulation was conducted for a boreal watershed located in north-central 

Quebec, Canada. The climate of this region is cold temperate with a mean annual temperature of 

0oC and a mean annual precipitation of 961.3 mm (Environment Canada, 2006). The soil is a ferro-

humic to humic podzol, covered by an organic layer with an average depth of ~30 cm. In humid 

areas, the soil is predominantly organic with an average depth of 125 cm (Giasson et al., 2006). 

Drainage is good to moderate and the water table is usually below 50 cm deep.  This region has 

an average growing degree-days of around 1800-2000 °C.  

At the landscape scale, vegetation species compositions vary across the gentle topographic 

gradient. On elevated parts of the landscape such as eskers, deciduous to mixed forest stands are 

found. On flatter locations to low lands, there is a species transition from black spruce–moss 

dominated stands to wetlands dominated by different moss species and stunted black spruce 

trees. Currently, the vegetation of the study site consists of an overstorey dominated by black 

spruce (Picea mariana) in coniferous sites, aspen (Poplus sp.) or birch (Betula sp) in deciduous and 

mixed forests, and sporadic occurrence of jack pine (Pinus banksiana Lamb.), tamarack (Larix 

larandicina Du Roi) and balsam fir (Abies balsamea). The understory is mostly dominated by 

Labrador tea, Salix sp.. The forest floor in coniferous stands consists of a thick moss layer 

(Bergeron et al., 2007), dominated by feather moss or lichens in moderately dry areas and 

Sphagum sp. in relatively wetter locations.  
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Figure 4-4. Location of the study site, Chibougamau watershed, which includes the Eastern Old Black 

Spruce (EOBS) tower site of FCRN where near-continuous high-frequency measurements of carbon, water 

and energy fluxes are being made using the eddy covariance technique. The scale shown in the figure 

applies to the watershed. 

 

The Eastern Old Black Spruce (EOBS) eddy covariance flux tower site of Fluxnet-Canada 

Research Network (FCRN) is located at 49.69oN and 74.342oW in the southwestern part of this 

boreal watershed (Figure 4-4). The eddy covariance (EC) technique is being used at the EOBS site, 

and near-continuous 30-minute CO2, water and energy fluxes measurements have been made 

since June 2003. Predominant wind comes from the S-SW, both during day and night. The 

footprint of the EC tower is a circular area with 500m radius centered on the tower (Kljun et al., 

2004). In the footprint region, the vegetation is mostly mature black spruce trees. 
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4.5. Spatial Data Set Preparation 

Several spatially explicit datasets are required to run the InTEC model. These datasets 

include a current land-cover map, current leaf are index (LAI) map, soil texture, current stand age 

map, reference year NPP and reference year ET maps, and a N deposition map. The details of the 

preparation of these datasets are given below. 

        

Figure 4-5. Various spatial datasets required to drive InTEC at annual time steps. These datasets include (A) 

Validated reference year land cover map, obtained from the Canadian Forest Service (EOSD project); (B) 

Reference year leaf area index (LAI) map derived from remote sensing imagery using an algorithm derived 

from ground based LAI measurements;(C) Current forest stand age map derived using photogrammetry, 

satellite remote sensing and GIS; (D) Soil texture derived from soil deposit dataset (Quebec Ministry of 

Natural Resources), land cover type (CFS-LFC) and intensive point analysis; (E) Reference year 

evapotranspiration from Govind et al. (2008 a); and (F) Reference year NPP from the hydro-ecological 

simulation conducted by Govind et al. (2008a). All the data sets have a spatial resolution of 25 x 25 m. 

Projection is UTM Zone 18N. The scale of the ~40km2 watershed is shown in Figure 4-4. 
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4.5.1. Land Cover Map 

A land cover map is required to apply land-cover-specific coefficients for various 

biogeochemical cycling processes in the InTEC model. A land cover map was obtained from the 

Earth Observation for Sustainable Development of Forests (EOSD) project, a collaborative effort 

between the Canadian Forest Service, (Laurentian Forestry Centre, Sainte Foy, Quebec) and the 

Canadian Space Agency. This land cover product was available at 25 m resolution (Figure 4-5A), 

which necessitates that all the other spatial input datasets be resampled to 25 m resolution and 

reprojected to UTM zone 18N.  

 

4.5.2. Reference Year Leaf Area Index Map  

Within InTEC, LAI in each year is simulated as the ratio of C content of foliage biomass 

and specific leaf area. The role of the reference year LAI is to constrain the historical changes in 

LAI simulated by the model. A reference year LAI at watershed scale was derived by inverting a 

site specific LAI-NDVI algorithm over a high resolution NDVI product obtained using Landsat 

imagery  subjected to various corrections. In the summer of 2003 and 2004, we measured LAI 

using indirect techniques along a 400 m east-west transect in the EOBS footprint. Following the 

procedures given in Chen et al. (2002) and Chen et al. (2006), LAI values measured along the 

transect were correlated with satellite-derived NDVI values to determine a site specific LAI-NDVI 

algorithm. A watershed scale LAI product (Figure 4-5B) was derived by inverting this algorithm 

based on remote sensing derived NDVI.  
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4.5.3. Disturbance History and Current Stand Age Map 

The spatial distribution of current age of stands in the modeling domain is an important 

factor that determines the long term trends in the ecosystem C dynamics simulated by the InTEC 

model (Chen et al., 2003). Current age implies current productivity and time when the last 

disturbance occurred. With a known NPP-age relationship, it is possible to create a baseline NPP 

history. In the model, all forms of disturbances that remove significant amounts of biomass are 

assumed to be caused by forest fire (refer appendix for details). For disturbance events such as 

clear-cuts or infrastructure development, this assumption is reasonable because all these 

disturbance-types are associated with the complete removal of living biomass. However, for 

disturbances such as partial cutting or insect damage, we followed a different strategy by 

proportionately weighting the NPP simulated under completely disturbed and undisturbed 

conditions. 

 The current age of disturbed stands is the age since the last disturbance event. However, 

for undisturbed stands, it is the sum of the age in 1920 and the time period between initial year 

(1920) and current year (2005). For the present study, stand ages were interpreted from a 

collection of aerial photos archived at the Ministère des Ressources Naturelles et de la Faune du 

Québec (since 1928). The year, extent and the type of subsequent disturbances were also 

interpreted from later sets of aerial photographs. The disturbance types were classified as clear-

cut, partial cut, insect defoliation or infrastructure. Unfortunately, aerial photographs were 

available only for the southern half of the watershed. However, the availability of a detailed GIS 

forestry database (covering the whole modeling domain) from the Canadian Forest Service 

Laurentian Forestry Centre (hereafter, CFS-LFC) that have information on disturbance type and 

the availability of high a resolution land cover product (section 4.5.1) facilitated the identification 

of forest stands that faced similar disturbance time in the northern portion of the watershed using 
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a look-up table procedure. In areas where disturbance polygons were absent, it was assumed to 

be undisturbed. A current age map was thus created (Figure 4-5C). 

 

4.5.4. Reference Year NPP and ET Maps  

A reference year (2004) NPP and ET are required to run the InTEC model. Reference year 

(2004) NPP and ET maps were produced using a spatially explicit model that considers various 

hydrological, ecophysiological and biogeochemical processes in a tightly coupled manner, BEPS-

TerrainLab V2.0 (Govind et al., 2008a). The BEPS-TerrainLab V2.0 model runs at daily time-steps. 

In BEPS-TerrainLab V2.0, photosysnthesis (GPP) is calculated as the sum of overstory, understory 

and the moss layer using a leaf-level instantaneous biogeochemical model that is temporally and 

spatially upscaled to canopy scale at a daily time-step. Explicit hydrology and biogeochemical 

representations control plant physiological status through alterations in daily stomatal 

conductance and plant nutrition (N). The canopy radiative transfer mechanism also determines 

the plant physiological status. Daily autrotrophic respiration is deducted from GPP to derive 

daily NPP. Ecosystem scale ET is calculated as the sum of soil evaporation, moss transpiration, 

understory and overstory transpiration and canopy evaporation and sublimation of snow using 

surface specific resistances and net radiation that go into the Penman-Monteith equation.  

These leaf level processes are spatially upscaled to canopy scales using fractions of LAI 

that are physiologically different. The simulation that produced reference year NPP model was 

extensively tested for its performance by comparing the seasonal dynamics of several 

ecophysiological parameters such as gross primary productivity, ET, ecosystem respiration, 

water-table, snow-depth, and volumetric water content for two years at daily time steps (GPP 

r2=0.91, RMSE=0.45gC m2 day-1 and ET r2=0.83,  RMSE=0.35 mm day-1). We computed annual 
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NPP by summing up simulations made at daily time steps using BEPS-TerrainLab V2.0. Figure 4-

5E and Figure 4-5F show the reference year ET and NPP, respectively.  

 

4.5.5. Soil Texture Map 

Soil texture is an important variable for terrestrial C cycle modeling since it governs the 

hydraulic properties, a critical input for hydro-ecological modeling of the reference year NPP and 

a highly sensitive parameter used in InTEC. Soil texture plays a critical role in determining the 

decomposition rates of various soil C-pools, including the soil microbial C-pool ( mC ), slow soil 

organic C-pool ( sC ) and passive C-pools ( pC ). See Table 4-A1 for details. A watershed scale soil 

texture map was derived based on a look-up table procedure that combines information on land 

cover type (EOSD product), intensive soil textural analysis at the various locations in the footprint 

region and surficial deposit data (Quebec Ministry of Natural Resources).  

 

4.5.6. Data on N-Deposition 

Information regarding N deposition (sum of wet and dry deposition) is required to 

realistically calculate terrestrial C cycle processes because soil N plays a critical role in 

biogeochemical processes. Since spatially explicit information on N deposition is absent for the 

study area at fine spatial resolution and N deposition is likely to be less variable in this forest 

ecosystem, we used an average N deposition value for the whole modeling domain (0.3 g m-2 y-1). 

This average value was obtained from a Canada-wide interpolated N deposition map created by 

Chen et al. (2003) using the measured N deposition data collected by Ro et al. (1995) for 29 

stations spread across the Canadian landmass.  Assuming this value as the reference year N 

deposition in 2004, we temporally interpolated N deposition for each modeling year with respect 
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to the reference year N deposition value according to the temporal pattern of Canada’s 

greenhouse gas emission rate, as shown below: 
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where Ndep (g N m-2 y-1).) is the N deposition rate in year i , G (Tg C y-1).) is the greenhouse gas 

emission rate. The values 0i , refi and  i  represent the initial, the reference, and the year in 

consideration, respectively. 

 

4.5.7. Meteorological Data 

Long term hydro-meteorological data are required to run InTEC between 1920 and 2005 

because they form the primary controls on the inter-annual variability of the terrestrial C cycle, in 

addition to vegetation and controls. In this study, we used the annual average temperature and 

precipitation collected from the Chapais meteorological observatory that meets the WMO 

standards (Lat. /Long. 49°47' N; 74°51' W; elevation 396 amsl), which is located near the EOBS 

tower site. Since InTEC simulation needs specific meteorological parameters such as spring and 

growing season temperatures, daily hydro-meteorological values are required to calculate them. 

To this end, stochastic simulations of daily air temperature and precipitation from 

monthly values were made according to Régnière and St-Amant (2007). Annual spring 

temperature for each year was calculated as the mean of DOY 85 to 145 (Figure 4-6C). For annual 

growing season temperature, for each year, the mean temperature between DOY 85 and 240 was 

taken (Figure 4-6E). The annual precipitation was the sum of the daily mean precipitation data 

(Figure 4-6F). The historical trend in the variation in CO2 concentration is required to run the 

process model of photosynthesis. To this end, the historical CO2 concentration was assumed to be 
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that of SRES-A2 emission scenario of the IPCC. We used a CO2 concentration between 1920 and 

2005 from this emission scenario (Figure 6A). 

 

Figure 4-6. Temporal patterns of the non disturbance factors used for reconstructing the C balance using the 

InTEC model. (a) Temporal pattern of CO2 concentration according to SRES-A2 emission scenario. (b) Rate 

of green house gas emission. (c) Mean annual spring temperature as the average of daily mean 

temperatures between DOY 85 to 125. (d) Mean annual temperature as the average of daily mean 

temperatures between DOY 1 to 365. (e) Mean annual growing season temperature as the average of daily 

mean temperatures between DOY 85 to 240.(f) Mean annual precipitation as the sum of daily sum of 

precipitation between DOY 1 to 365. 
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4.6. Measurement of Ecosystem C-Stocks. 

4.6.1. Measurement of Biomass C-Stocks. 

 In 2003, C-stock measurements were made by the CFS-LFC at several inventory plots 

spread around the EC tower at EOBS (Figure 4-7). The establishment of inventory plots was 

conducted using aerial photography and high a resolution land-cover map employing a 

randomized sampling scheme, using a GIS. In the field, the distribution of the ground-plot 

locations was made in such a way that every significant stand type in the footprint region was 

properly represented.  Thus, 12 inventory plots each having an area of 400 m2 were demarcated in 

a 78 hectare area as shown in the Figure 4-7.  

 

 

Figure 4-7. Locations of the CFS inventory plots in the footprint region of the FCRN’s EOBS tower site 
 

In each plot, complete tree inventories were made by measuring the diameter at breast 

height (DBH) and several other parameters. Further, C contents in the biomasses of trees were 

computed using local species-specific allometric equations (Table 4-2) assuming a C content of 
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50%. The InTEC simulated aboveground C-pools were compared to the inventory plot-based 

biomass C-stocks for the year 2003. 

 

Table 4-2. Species specific allometric equations used to convert DBH to tree biomass 

Species Allometric Equation (kg/tree)                               Source 

Black Spruce Picea mariana ( )096332.042887.2 ×= DBHBiomass              Lambert et al. (2005) 

Jack Pine Pinus banksiana ( )195698.02037314.2 ×= DBHBiomass            Lambert et al. (2005) 

White Birch Betula papyrifera ( )16024.03304.2 ×= DBHBiomass                 Lambert et al. (2005) 

Aspen Pinus banksiana ( )13263.035102.2 ×= DBHBiomass                Lambert et al. (2005) 

Balsam fir Abies balsamia ( )10372.033184.2 ×= DBHBiomass                Lambert et al. (2005) 

Speckled Alder Alnus incana ( )2612.02087.2 ×= DBHBiomass                   Ter-Mikaelan (1997) 

Salix sp. Salix sp        ( )( )[ ]
1000

2314.74392.13937.0)(exp +×
=

DBHLnBiomass      Jenkins et al. (2003)  

 

 

4.6.2. Measurement of Soil C-Stocks. 

In 2003, the CFS-LFC measured soil C stocks at four selected inventory plots located in the 

foot print region of the EOBS tower(in 17T, 24T, 36T, and 39T). For a representative spatial 

coverage, soil horizons were sampled at four to eight points within each inventory plot. The soil 

samples were analyzed in the laboratory for organic, mineral soil C and soil surface detritus C, 

using a LECO CR12 Total C analyzer. The soil C stocks thus analyzed did not include C contained 

in the living root biomass. We used this measured soil C-stock data to validate the simulated soil 

C-pools.  
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4.7. Indirect Measurements of PAI as a Surrogate of Above Ground Biomass 

Plant Area Index (PAI) represents the coverage of above ground biomass per unit area 

and thus includes information on the amount of foliage and wood biomass. To further ascertain 

the accuracy of the simulated aboveground biomass C, we planned to correlate the simulated 

aboveground biomass in 2003 with the measurements of PAI were taken along an east-west 

transect from the EOBS tower and at all the CFS-LFC inventory plots. PAI was indirectly 

estimated using a combination of digital hemispherical photography and a plant canopy analyzer 

(LAI-2000) in the growing season of 2003 (Chen et al., 2006). The transect measurements were 

made at 10 m intervals on a westbound 400 m transect starting from the EOBS tower location (see 

the cyan-colored line in Figure 4-7) and also at all the inventory plots. To correlate the PAI 

measurements with the above ground biomass C-pools of an InTEC pixel having a 25m 

resolution, the 10 m measurements were averaged to match with the modeling domain’s spatial 

resolution (25 m). 

 

4.8. Results and Discussion 

4.8.1. Dynamics of Ecosystem C Processes 

Figure 4-8 shows the historical trend of the three main ecosystem parameters (NPP, NBP 

and AGB) simulated at the EOBS footprint region in comparison to a disturbed site that is located 

in another part of the landscape (at 74o19’ 54.5” W and 49o 42’ 38.2”N).  Panels A, C and E show 

the historical trend in the EOBS footprint average values whereas Panels B, D and F illustrate the 

reconstructed ecosystem parameters for a disturbed site(clear-cut in 1963) for NPP, NBP and 

above ground biomass (AGB), respectively. The modeled NPP, NBP and AGB time-series suggest 

that in the recent years, the productivity of the EOBS stand has stabilized, an age related effect of 
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these mature black spruce stands. Our results are consistent with some of the measurement 

studies conducted in a similar ecosystem that used a chrononosequence-based approach 

demonstrating the saturation of productivity in mature black spruce stands (e.g. Bond-Lamberty 

et al., 2004; Wang et al., 2003). Age effect on NPP is an important aspect for long-term terrestrial 

C-cycling and has been studied quite extensively in several field measurements (Gower et al., 

1997; Ryan et al., 1997).  Panels B, D show how InTEC simulates the re-growth and C-balance 

following a disturbance event. It can be seen that although the regeneration of the stand occurred 

rapidly, the system remained a C-source for at least 20 years and then turned into a C-sink 

because the soil C-pools continue to decompose at much greater rates than photosynthetic C 

fixation. 

 In the recent years (e.g. 2004), the annual NPP at the EOBS site was simulated to be 288.1 

gC m-2. To test the accuracy of this annual NPP estimate, we used the EC measurements available 

in the recent years assuming NPP to be 47% of GPP derived from the flux measurements. 

Landsberg and Waring (1997) advocate that the errors created as a result of simplifying the 

autotrophic respiration term (as 47% of GPP) are smaller than errors that result from the 

calculation of autotrophic respiration under a wide range of environmental conditions. Recent 

studies also suggested that the NPP to GPP ratio may not be affected by an increased temperature 

and elevated CO2 concentration (Cheng et al., 2000; Peng et al. 2002). Comparison of annual NPP 

simulated (288.1 gC m-2) and EC-derived NPP (278.2 gC m-2 ) shows that InTEC captures the 2004 

footprint average NPP quite reasonably. These values are also consistent with the field 

measurements taken in a similar ecosystem ( Bond-Lamberty et al., 2004; Wang et al., 2003). 
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 Figure 4-8  Reconstructed ecosystem C fluxes and biomass simulated by the InTEC model. (A) EOBS tower 

footprint-averaged historical NPP. (B) Footprint average historical NPP of a disturbed (1963) site at 74o19’ 

54.5” W and 49o 42’ 38.2”N. (C) EOBS tower footprint-averaged historical NBP. (E) EOBS tower footprint-

averaged aboveground biomass C. (D) Average historical NBP of a disturbed (1963) site.  (F) Average 

aboveground biomass C of the disturbed (1963) site, demonstrating the model’s ability to reproduce the 

disturbance effects on C balance. 

 

Year 2005 is a prospective simulation year, i.e. a year beyond the reference year.  For the 

year 2005, NPP was simulated to be of 335 gC m-2 yr-1 whereas EC measurements suggested 320 

gC m-2 yr-1. Although the comparison reveals some discrepancy, it should be noted that the 2005 
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primary productivity was much higher than 2004. A similar trend of higher primary production 

(GPP) was observed in 2005 using a hydro-ecological simulation study conducted by Govind et 

al. (2007a) at a daily time step. A higher GPP was observed in this year because the ecosystem 

began to dry up in late June and lasted until late September which resulted in soil moisture 

remaining below field capacity but still well above the permanent wilting point creating 

conducive growth conditions. In this humid boreal ecosystem, water is not limiting and drying 

enhances the physiological status resulting in increased stomatal conductance due to less 

saturated soil conditions and also due to increased N availability (due to increased decomposition 

of soil C stocks). This explains the higher primary production in 2005. 

With regard to NEP (specifically NBP), this ecosystem is near C-neutral for mature conifer 

stands. Inter-annual variability in temperature, light, precipitation, duration of growing season, 

etc., made the annual NEP values oscillate between a weak C-source and a weak C-sink. For the 

year 2004, InTEC simulated a footprint-averaged NEP value of 8 gC m-2 as against 6± 12 gC m-2 

from the measured values.  However in 2005, our simulation showed a footprint average NEP 

value of 30 gC m-2  as opposed to the EC-measured value of 0± 3 gC m-2 .  We speculate that this 

discrepancy was mainly due to an underestimation of ecosystem respiration ( ah RR + ) on an 

annual basis. Since 2005 was relatively dry, the soil moisture remained conducive for 

heterotrophic metabolism resulting in a higher hR that brought down the ecosystem to a C-neutral 

state even though the primary production remained high. The underestimation of hR  by the 

model could be mainly attributed to the temporal resolution (annual) adopted by the InTEC 

model which is too coarse to capture extreme conditions that happen at finer temporal resolution 

(e.g. daily or sub-daily). For example, while analyzing daily simulations of NEP in a hydro-

ecological modeling study conducted for the same site (Govind et al., 2008d), it was noted that 
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even during the mid-growing season, on some days, the ecosystem behaved as a strong C-source. 

These were warm-dry days when the total ecosystem respiration was much higher than 

photosynthesis. Thus, it seems that models such as InTEC that runs at an annual time-step, 

although adequate for long-term modeling of C-balance of an ecosystem, it  could have some 

uncertainties while simulating the C-balance of  C-neutral ecosystems (old-forests) where the 

inter-annual variations in hydro-meteorological conditions that strongly influence the 

ecosystem’s status between a weak C-source or a weak C-sink.  

Despite the discrepancies that arise due to differences in the temporal resolutions in both 

the approaches (modeling and EC-measurements), we should consider the fact that the main 

purpose of InTEC was to reconstruct the long-term ecosystem C balance and get a reasonable 

estimate of the magnitudes of different C-pools in a spatially explicit manner. 

 

4.8.2. Dynamics of Ecosystem C-Pools      

4.8.2.1. Temporal Dynamics of Ecosystem C-Pools   

Figure 4-9 shows the temporal dynamics of various ecosystem C-pools in the EOBS 

footprint region simulated by the model. It is obvious that over the years, the sizes of different C-

pools had a different dynamic. Temporal variation of biomass C-pools such as wood ( wC ), coarse-

root ( crC ), fine-root ( frC ) and foliage ( lC ) are displayed in panels A, B, C and D, respectively. All 

of the biomass C-pools showed a general increase with time. Since the current age of the footprint 

region is around 120 years, the biomass C-pool sizes showed a general saturation effect. A 

saturation of biomass C-pool was observed because a major portion of the C assimilated by 

photosynthesis was used for growth and maintenance respiration as the stands matured, similar 

to the saturation of NPP discussed in section 4.6.1.  
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A similarity in the temporal variations can be observed among all the biomass C-pools 

because  they were all derived from annual NPP using constant allocation coefficients that vary 

for each land-cover types (refer Table 4-A1). Among the biomass C-pools, frC   showed a higher 

inter-annual variability followed by lC . Kalyn and Van Rees (2006) using a minirhizoctron 

demonstrated that in boreal ecosystems, fine root dynamics is greatly influential because  of rapid 

decomposition of fine roots relative to aboveground counterparts. There are many studies that 

demonstrate that the inter-annual dynamics of fine-root and leaf biomasses are strongly linked to 

the inter-annual variability of environmental controls (Nadelhoffer et al., 1985; Kurz and 

Kimmins, 1987; Yin et al.,  1989; Gower and Vitousek, 1989). The large inter-annual variability of 

foliage C-pool is mainly attributed to the presence of deciduous stands. There are studies that 

demonstrate higher inter-annual variability of LAI (Barr et al.,  2004) and fine root biomass for 

deciduous species (Steele et al., 1997 ; King et al., 2001 ). The EOBS footprint region has both 

deciduous and conifer stands and this could explain the large inter-annual variability seen in 

panels C and D.  The turnover coefficients for frC  and lC   are almost 10 times larger than that of 

wC and crC (see Table 4-A1).  
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Figure 4-9.  Temporal variation of the footprint averaged  (A) woody biomass C-pool, wC ; (B) coarse root 

biomass C-pool, crC ; (C) fine root biomass C-pool, frC ;  (D) foliage biomass C-pool, lC ; (E)  coarse and 

dead wood detritus C-pool, cdC ; (F) surface structural C-pool, ssdC ; (G) surface metabolic C-pool, smdC ;  

(H) fine root structural litter C-pool , fsdC ; (I) fine root metabolic C-pool, fmdC ; (J) surface microbial C-

pool, smC ;   (K) soil microbial C-pool, mC ; and (L) Slow C-pool, sC . 

 
 

The reconstruction showed that in the initial years of EOBS stand growth, wC and crC  

progressively increased at increasing rates with lesser inter-annual variability in comparison to 

frC  and lC  (panels A and B in Figure 4-9). Lesser inter-annual variability of  wC  and crC  

compared to other biomass C-pools is due to small decomposition and constant rate of allocation 

that builds their sizes in a steady manner. The smaller decomposition rates are mainly due to 

increased lignin and cellulose contents that are relatively less susceptible to decomposition. One 

source of uncertainty to this reconstruction is the assumption of constant allocation coefficients 
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used to partition NPP into leafs, wood, coarse-root and fine-root. With climate change, age, and 

CO2 fertilization effects, these allocation coefficients should alter and are likely to influence the 

current levels of ecosystem C stock sizes. Many studies (Dickson, 1989; Gaudinski et al.,  2001; 

Gower et al.,  2001) have shown that with age, the NPP allocation patterns can change. 

The soil C-pools followed somewhat different trends as opposed to biomass C-pools. For 

example, the dead wood and coarse-root detritus C-pool, cdC readily depleted in the initial years 

of stand establishment .This is because the majority of cdC  decomposed into its intermediate 

products, the slow soil organic matter pool, sC , and surface microbial pool, mC along with the 

liberation of free CO2 due to heterotrophic respiration. In the initial stages of stand establishment, 

cdC production was smaller compared to its decomposition rate which explains the decrease of 

cdC  in the initial years. As the age of these black spruce stands increased, cdC accumulated on the 

forest floor due to mortality of various plant parts such as the snags and coarse wood. The current 

size of cdC  pool was about 1500 gC m-2 in 2003. Since there was a continuous production and 

mortality of foliage and fine roots even during the initial years, there was a steady increase in the 

surface structural C-pool, ssdC , and the fine-root structural C-pool, fsdC  that were derived from 

lC and frC , respectively (panels F and H in Figure 4-9). It can be seen that inter-annual variability 

of fsdC  was more than ssdC which further implies the dynamic nature of its precursor C-

pool, frC (mortality and re-growth). Depending on the lignin contents and abiotic decomposition 

factors, ssdC and fsdC , got partly transformed to their metabolic counter parts, smdC and fmdC and 

microbial C-pools, smC and mC , respectively. The current magnitudes of fsdC and ssdC  was about 

450 and 375 gC m-2. The sum of all the soil surface detritus C-pools cdC  ssdC fsdC  combined 
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together accounted as much as 23.25 tC ha-1 which is comparable to the measurements taken on a 

black spruce chronosequence by Wang et al. (2003) in a very similar context. 

In the InTEC model, metabolic C-pools refer to C present in active bio-molecules such as 

enzymes, root exudates, etc. Influences of abiotic factors such as soil temperature and soil 

moisture were the main controls that govern the dynamic nature of these metabolic C-pools 

(panels G and I in Figure 4-9). Metabolic C-pools form the major portion of the dynamic portion 

of the C balance due to small residence times. However, studies on the dynamics of the 

ecosystem-scale metabolic C-fraction is very little. These C-pools also play a significant role in the 

dynamics of Dissolved Organic Carbon (DOC) and Dissolved Organic Carbon (DON).  The sizes 

of the simulated metabolic C-pools, smdC and fmdC , were rather small and were in the order of 

only 5-10 gC m-2 which are plausible magnitudes under natural conditions (Landgraf et al.,  2005; 

Kielland et al.,  2007).  

 The magnitudes of the microbial C-pools that exist on soil surface ( smC ) and within the 

soil profile ( mC ) showed trends similar to their precursor C-pools, smC and mC . While smC  was 

mostly derived from ssdC  and smdC , mC  was derived from several precursor C-pools (refer Table 

A1 for the decomposition products of each C-pool). Multiple-sources of mC explains its large built 

up in the soil in comparison to smC . The higher values of mC is possible in boreal ecosystems 

where the growing season is short. In the non-growing season, the near-surface soil temperature 

is not conducive for microbial proliferation and it is quite probable that microbial population 

thrives in the sub-soil. There are studies that demonstrate that much of the winter-time soil 

respiration originates from deeper layers of the soil rather than at the soil surface, which implies 

higher microbial proliferation in the deeper layers in boreal ecosystems. 
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The slow ( sC ) and passive ( pC ) soil C-pools represent the inert forms of soil C. Among 

these two C-pools, pC is more recalcitrant than sC . These C-pools represent humus and humic 

substances, the most significant and recalcitrant portion of the soil organic matter. At the EOBS 

site, sC showed a slight decrease until the mid sixties after which it began to build up in the soil. 

This continuous increase in sC  could be explained by the simultaneous increase in mean annual 

temperature and atmospheric CO2 concentration (Figure 4-6) that had increased  photosynthesis 

and NPP that are the precursors for all the ecosystem C-pools. A higher NPP have resulted in 

greater amounts of C inputs to the soil. Increased soil temperature during this period had 

increased soil C decomposition that resulted in an increased C-pool turnover and increased C 

transfer to the recalcitrant form, which resulted in the built up of sC . From the Table 4-A1, it can 

be identified that sC is formed as an intermediate decomposition product of a number of other 

soil C-pools such as cdC , ssdC , fsdC  and mC ,that are positively related to the annual variations in 

NPP. Despite its large size pC  changed only very slightly over this temporal span (~9 gC m-2 yr-1 

in 86 years). This implies its ( pC ) high stability in comparison to all other soil C-pools ( pC time 

series not displayed). Currently, the size of pC  is around 1453 gC m-2 yr-1. There was a slight 

decrease in  pC  during the time period because its precursor C-pool, sC  decomposed more into 

the soil microbial C-pool, mC  which also showed an increase since the mid sixties. Table 4-1 and 

Table 4-A1 show the nature and dynamics of various ecosystem C-pools and rates of 

decomposition. This table is useful to interpret the long term dynamics of these C-pools under 

climate change considering the fate of various C-pools in the ecosystem.  

From the discussion so far, it is plausible to link the effects of climate change on the long-

term C-balance as simulated by InTEC. Under climate change and the consequent amplification of 
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high latitude temperatures, it is currently believed that boreal ecosystem will sequester larger 

amounts of C due to enhancement in photosynthesis. However, some recent studies indicate a 

negative relationship between increasing growing season temperatures and C-assimilation in 

many spruce species (Brooks et al., 1998, D'Arrigo et al., 2004, Dang & Lieffers, 1989). Tjoelker et 

al. (1999a) and Way & Sage (2008) postulate that the inhibition of growth at high temperatures is 

associated with reduced net CO2 assimilation and high respiration rates. This modification of 

photosynthesis and respiration in high latitude forest ecosystems under elevated temperatures 

could have great implications for the accuracies of long-term simulations of C-cycle using models 

such as InTEC. Piao et al. (2008) proposed that the changes in the seasonal C-cycling in the 

northern hemisphere are mainly due to warmer autumn temperatures (rather than the extended 

spring)  which enhance respiration in comparison to photosynthesis. Considering the anomalous 

nature of the influence of elevated temperature (or increased growing season) on terrestrial C-

cycling, there is a great need to improve our understanding of the mechanistic controls on the 

predicted photosynthetic and respiratory fluxes (Miller, 2008) owing to the uncertainty regarding 

the physiological mechanisms controlling photosynthesis above the thermal optimum ( Way & 

Sage 2008). It is hence essential to incorporate such mechanisms into the InTEC model especially 

when it is employed to simulate terrestrial C-dynamics under future climates. 

 

4.8.2.2. Spatial Distribution of Ecosystem C-Pools   

  The spatial distributions of various ecosystem C-pools spun up using InTEC (for the year 

2003 are displayed in the Figure 4-10). For simplicity, we display the sum of C-pools that fall 

under a particular category, i.e. aboveground biomass; belowground biomass; surface soil and 

sub-soil C-pools, respectively. The spatial distributions of the C-pools reflect factors such as forest 

growth, age-effects, disturbance and non-disturbance factors all of which affect the current (2003) 



 171

magnitudes (sizes) and nature (C:N ratio) of individual C-pool in an integrated manner. From the 

spatial distributions of both aboveground and belowground biomass C-pools, we can generalize 

that in the mixed forest stands, biomass C-pools that comprise of wood, foliage, coarse-root, and 

fine-root, are generally higher than that of coniferous stands or wetlands. Currently, mixed forest 

stands in this boreal landscape are dominated by aspen or sometimes jack pine trees that were 

established quickly following a disturbance event such as fire or clear-cut. Predominantly 

deciduous or mixed stands generally have high NPP (average= 440 gC m-2) compared to black 

spruce stands (average= 220 gC m-2) due to a variety of reasons (physiological, morphological, 

edaphic, hydrological and topographic) that contribute to higher values of above and below-

ground biomass C-pools. Aspen dominated stands have higher biomass C-pools due to their 

higher photosynthetic efficiency, LAI and other plant physiological parameters such as maximum 

stomatal conductance, higher leaf N concentration. Deciduous species have more dynamic C-

cycling in comparison to coniferous or wetlands. This C-cycling nature is represented in the 

modeling domain through higher values of C-pool allocation and decomposition coefficients in 

comparison to coniferous or wetland stands.  Since biomass C-pools build up due to annual NPP 

increments (if no disturbance occur), the differences of above ground biomass among the land-

cover types increase with time. This is the reason for the large range of biomass variability on this 

boreal landscape. This points out the fact that the quality of spatial datasets such as land-cover, 

LAI, soil-type will all affect the accuracy of the spatial distribution of the simulated biomass. 

Moreover, the errors propagate exponentially with time (or age) because biomass is accumulative 

in nature. Although mixed forest stands are younger, they show higher biomass implying higher 

annual primary production in the deciduous forest stands as opposed to coniferous stands. 

 Current age is another factor that can critically determine the spatial patterns of C stocks. 

Current age in the InTEC model implies the productivity of a stand through the response 
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function ( distφ ). This determines the timing of disturbance in the recent past. The accuracy of the 

current age map is therefore critical to the simulated results. We therefore believe that efforts to 

map stand age and disturbance regimes of terrestrial ecosystems should be given higher priority 

by employing a fusion of remote sensing techniques, field studies and modeling, in various 

research networks. 

 Wetlands, in general, showed lower C-pools in comparison to upland forested regions. 

This is primarily because of the lower annual NPP production in wetlands (150-200 gC m-2 yr-1). 

However, the unique aspect of wetlands is that it showed lower, but a consistent accumulation of 

C stocks over time. There is little age-related effects on wetland productivity.  Because soils C-

pools are primarily derived from biomass C-pools, the spatial distributions of soil C-pools 

resemble that of biomass C-pools, especially the surface-soil C-pools. Due to high moisture 

conditions that curb soil C-decomposition in wetlands, these locations have higher magnitudes of 

undecomposed surface soil C-pools (sum of cdC , ssdC smdC , smC  ). The simulated spatial 

distributions show that sizes of surface soil C-pools in wetlands are almost as high as that of 

deciduous forests even though biomass production in the former was far less than the latter. 

Increased soil saturation in wetlands greatly reduces the decomposition of biomass C-pools that 

lead to accumulation of C-pools on the surface soil. Many measurement studies have 

demonstrated that lack of oxygen limits the decomposition of soil organic carbon in poorly 

drained soils due to microbial activity (Davidson and Lefebvre, 1993, Schuur and Trumbore, 2006, 

Sun et al.,  2004 ) leading to accumulation of soil C-pools on the surface soil. The surface 

accumulation of C in wetlands results in reduced sizes of sub-soil C-pools as opposed to other 

land-cover types where sub-soil C-pools are generally high because of humus production. 
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Figure 4-10.  (A)  Aboveground biomass as the sum of woody biomass C-pool ( wC ) and foliage biomass C-

pool( lC ); (B) Belowground biomass as the sum of coarse root biomass C-pool ( crC ) and fine root biomass 

C-pool ( frC );    ( C) soil surface C-pools as the sum of coarse and dead wood detritus C-pool ( cdC ), surface 

structural C-pool ( ssdC ), surface metabolic C-pool( smdC ), and surface microbial C-pool ( smC );  and (D) Soil 

C-pools as the sum of fine root structural litter C-pool ( fsdC ), fine root metabolic C-pool ( fmdC ), soil 

microbial C-pool ( mC ), slow C pool ( sC ), and passive C-pool ( pC ). 
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Although we captured the first order trends of C-pool distribution in wetlands, we believe 

that there is room for improvement because of the unique wetland-specific biogeochemical 

processes such as DOC fluxes, methane production and anoxia-based biogeochemistry. Lowering 

the decomposition coefficients alone will not comprehensively explain the unique C-dynamics of 

wetlands (peatlands). Future works should incorporate wetland specific biogeochemical 

processes within the InTEC framework. Work in this direction has already been started (e.g.Ju et 

al., 2006a). This warrants the need for spatially explicit hydro-thermal considerations in order to 

improve our long-term terrestrial C-modelling endeavours that incorporates geomorphologic 

information (e.g. topography and bed rock geology) and landscape scale hydrological processes 

that determines local-scale hydrological regimes and biogeochemical processes. 

 

4.8.3. Validation of Current Biomass C-Pools 

  Table 4-3 shows the comparison between the InTEC simulated aboveground biomass C 

with the measurements taken at the CFS-LFC inventory plots.  Overall, the aboveground biomass 

simulated by InTEC agrees reasonably with the inventory plot measurements (R2=0.78 and 

RMSE=0.96 kgC m-2 yr-1).The scale at which these comparisons were made are not far apart. The 

inventory plots have an area of 400 m2 which is comparable with the pixel size (625 m2) of an 

InTEC modeling unit (pixel). There is a general tendency for the model to underestimate the 

aboveground biomass C. This is especially true in plots 16T, 17T and 51T, where the 

underestimation was almost 2 kgC m-2 yr-1. 
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Table 4-3. Comparison of InTEC simulated above ground biomass (2003) with inventory plot 
measurements 
 

NFI_Pl
ot  ID 

Latitude Longitude Species Measured 
kgC m-2 

Modeled 
kgC m-2 

5T 49o41’17.90’’ 
 

74o20’38.07’’ 
 

Pm, Bp, Pt, Ssp 3.32 4.27 

9T 49o41’21.49’’ 
 

74o20’41.86’’ 
 

Pm, Ai, Pt, Ssp 3.21 2.47 

11T 49o41’24.99’’ 
 

74o20’47.01’’ 
 

Pm, Pib, Ai, Ssp 1.68 1.48 

16T 49o41’27.33’’ 74o20’35.83’’ 
 

Pm, Pib 8.31 6.20 

17T 49o41’33.66’’ 
 

74o20’34.61’’ 
 

Pm, Pib 6.59 5.35 

24T 49o41’36.29’’ 
 

74o20’28.70’’ 
 

Pm, Pib 4.52 4.71 

25T 49o41’37.49’’ 
 

74o20’35.31’’ 
 

Pm 3.41 3.21 

36T 49o41’25.98’’ 
 

74o20’30.79’’ 
 

Pm, Pib 2.45 2.97 

39T 49o41’30.75’’ 
 

74o20’20.19’’ 
 

Pm, Pib 3.56 2.80 

42T 49o41’28.64’’ 
 

74o20’11.86’’ 
 

Pm, Ssp 3.90 2.67 

48T 49o41’41.93’’ 
 

74o20’49.27’’ 
 

Pm, Pib 5.75 5.88 

51T 49o41’44.36’’ 74o20’39.11’’ Pm, Pib 4.94 3.83 
Pm=Picea mariana; Pib=Pinus banksiana;  Bp= Betula papyrifera; Pt= Populus tremula ;  Ssp= Salix sp.  

 Ai= Alnus incana 

 

These discrepancies can be attributed to several reasons. The biomass equations that are 

used to calculate biomass in the inventory plots have a general tendency to overestimate, 

especially for the hardwood species (Lambert et al., 2005). This could explain the model’s 

underestimation in plots 16T, 17T and 51T where significant fraction of deciduous species are 

found. Secondly, the assumption that C-content of biomass is 50% may not be fully valid under 

field conditions. The C-fraction of biomass could vary depending on plant nutrition and site 

characteristics. Some studies show that C-content in wood ranges between 47-50% (Thomas and 

Malczewski, 2007) while others show that C-content of wood and leaves are 50% and 45%, 
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respectively (Ajtay et al., 1977). Therefore, an assumption of 50% C in biomass can sometimes 

overestimate C-content, especially in locations where the foliage contributions are high. 

Nevertheless, many measurement studies have been using this as a fundamental assumption to 

do terrestrial C-budgeting from biomass estimates. Another factor that can cause discrepancy is 

the mismatch of spatial scales involved. The inventory plot size is 400 m2 and the area covered by 

a pixel in the modeling domain is 625 m2. This means that more averaging-out occurs within a 

given InTEC pixel as opposed to an inventory plot to which comparisons were made.  

 During 2004 and 2005 field campaigns, we visited the plots 16T and 17T, and observed 

that these locations have very high stand density and prominent understory growth that 

consisted mainly of deciduous species. The height of  understory trees were almost half of that of 

overstory. In the EOSD land cover classification; these locations are classified as “dense 

coniferous stands”. In the land-cover input dataset used to run the InTEC model, we do not 

consider stand density as additional information, which could further explain the 

underestimation in plots 16T and 17T. Future long-term modeling endeavors should incorporate 

attributes such as stand density for realistic simulation of terrestrial C-cycle. The inventory plots 

that lie in the southwestern part of the footprint (5T, 9T and 11T) lie close to locations that 

experienced a disturbance event (clear-cut) in 1963. During our field campaigns we observed that 

these three plots predominantly comprise of young regenerating black spruce. Regenerating black 

spruce stands generally show very slow growth as opposed to other plant species and that is why 

lower aboveground biomass C was noted in these locations 

Figure 4-11 shows a linear relationship between the simulated aboveground biomass and 

the measured PAI, indicating that the spatial variability of aboveground biomass in the field was 

reasonably captured by the model. We opted to use PAI instead of the LAI because it is indicative 

of the amount of both foliage and wood per unit ground area rather than LAI, which is indicative 



 177

only of the leaf area. The moderate correlation could be attributed partly due to variability in 

woody and foliage fractions that affect the PAI at each point.   

 

                     

Figure 4-11. Correlation between the simulated aboveground biomass C and the average plant area index 

measured by digital hemispherical photography and plant canopy analyzer (LAI 2000) in 2003 along a 

westbound transact from the EOBS tower and at the 12 NFI plots. 

 
 

Figure 4-12 shows the digital hemispherical photographs taken at the inventory plots. It is 

obvious that location 16T has the largest amount of biomass and canopy closure as opposed to 

11T, which has a relatively open canopy and a greater contribution from foliage biomass than 

from woody biomass (young stand). Plot 36T also has a lower biomass as opposed to 16T. Similar 

to 11T, this plot also has an open canopy. However, the difference between 36T and 11T is with 

respect to their ages. In 36T, even if the PAI was lower, there is greater contribution of the woody 

biomass in comparison to foliage biomass which makes the total aboveground biomass higher 

than that of 11T. 
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Figure 4-12. Digital hemispherical photographs taken at the 12 NFI plots for calculating plant area index in 

conjunction with plant canopy analyzer (LAI-2000). Note the relatively high biomass in 16T and 17T as 

opposed to relatively open canopy in 11T. 
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4.8.4. Validation of Current Soil C-Pool Sizes 

A comparison of the simulated soil C in 2003 (as the sum of all the non-vegetation biomass 

soil C-pools, cdC , ssdC , smdC , smC , fmdC fsdC , mC , sC and pC  ) with the measured soil C-stocks in 

2003 is shown in the Table 4-4. The simulated soil C-pools agree quite well with the 

measurements. The EOBS footprint average soil C-pool was simulated to be 10.01 kgC m-2 as 

against 10.40 kgC m-2 measured for the year 2003. There was an underestimation in the plots 17T 

and 24T and an overestimation in the plots 36T and 39T. This discrepancy can be explained by 

errors involved while upscaling point measurements to the plot scale, even though the 

measurements are representative of a 400 m2 area. 

During our 2004 and 2005 field campaigns, we visited these sites and noted that the forest 

floors at 17T and 24T have a predominant moss-layer along with its necro-mass. We speculate 

that the moss necro-mass might contribute to a large amount of soil C in the organic layer. There 

are studies that demonstrate the importance of bryophyte NPP in high latitude boreal ecosystems 

(Frolking, 1997; Bisbee et al., 2001 and Bond-Lamberty et al., 2004). Although our reference year 

NPP map that was simulated using BEPS-TerrainLab V2.0 (Govind et al., 2008 a) describes the 

contribution of moss towards stand level C, this information alone is insufficient to describe the 

current accumulation of soil C contributed by moss layer because in the InTEC model, the stand 

level annual NPP is not partitioned into moss biomass. The historical trends in moss growth 

could be different from that of vascular plants such as the lack of age-effects, influence of forest 

floor radiation regime as a function of overstory growth etc. In boreal ecosystems, unique 

characteristics of moss could create some discrepancy in the historical soil C dynamics while 

using models such as InTEC. Another explanation for the discrepancies in soil C-pools could be 

because of ignoring forms of C fluxes such as import and export of DOC and methane fluxes. 
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Sizable quantities of DOC could be exchanged between soil complexes along with 

topographically driven lateral water fluxes (Hornberger et al., 1994; Aitkenhead-Peterson et al.,  

2007)  

 

Table 4-4 Comparison of modeled and measured soil C-pools in the foot print region of EOBS tower site 

NFI-Plot  
ID 

Latitude Longitude Measured 
kgC m-2 

Modeled 
kgC m-2 

     
17T 49o41’33.66’’ 

 
74o20’34.61’’ 
 

11.22 10.06 

24T 49o41’36.29’’ 
 

74o20’28.70’’ 
 

14.44 12.68 

36T 49o41’25.98’’ 
 

74o20’30.79’’ 
 

8.93 9.81 

39T 49o41’30.75’’ 
 

74o20’20.19’’ 
 

6.98 7.51 

 

 

4.9. Summary and Conclusions 

Intensive biogeochemical modeling at fine spatial and temporal resolutions requires 

accurate information on current ecosystem C-pools because their sizes and C:N ratios govern the 

substrate quality for many biogeochemical processes. C-pools have to be accurate both in terms of 

their sizes (quantity) and C:N ratios (quality). Incorrectly initialized ecosystem C-pools and their 

C:N ratios could create errors in the simulated ecological and biogeochemical processes. 

Although measured values are the best estimates, it is not practical to measure ecosystem C-pools 

in a spatially distributed manner at high spatial resolutions. Moreover, since temporally fine 

inventory plot measurements are almost inexistent, chronosequence studies are useful for 

understanding the forest C-dynamics (Law et al.  2003; Law et al.  2001; Law et al.  2004) and is a 

good strategy to use space in lieu of time (Baldocchi, 2008) to understand long-term C-dynamics 

of terrestrial ecosystems. However, secondary site characteristics (characteristics other than stand 



 181

age) can influence the site productivity could complicate our understanding of forest productivity 

in time. The best strategy therefore is to integrate long-term simulation models that uses 

information from detailed process based short-term models and site and chronosequence 

measurements, in tandem. In this study, a reconstruction of the ecosystem C balance under the 

influence of climate and atmospheric (CO2 and N deposition) changes and disturbances was 

undertaken using a process model that ran for very long temporal spans.  

 Historical trends of the C balance along with other ecosystem parameters such as NPP, 

NEP, aboveground biomass, etc., were simulated by the InTEC model for a boreal landscape. This 

study showed that in mature stands where black spruce trees dominate, the current productivity 

is rather low and the ecosystem is almost C neutral. In recent years, the EOBS site was oscillating 

between being a weak C-sink to weak C-source depending on the inter-annual variation of the 

hydro-meteorological conditions. Mid-aged stands dominated by aspen stands currently behave 

as C-sinks. This study also reconstructed most of the ecosystem C-pools in the vegetation and 

soil. The comparison of the aboveground biomass (as the sum of  foliage and wood) as simulated 

in 2003 with the biomass estimated at the 12 CFS-LFC inventory plots located in the footprint 

region revealed that the aboveground C simulated by the InTEC model were reasonably accurate. 

In relatively dense stands there was a slight underestimation in comparison to the allometry-

derived stand biomass. Simulated aboveground C was found to be linearly related to the 

measured plant area index. Similarly, the model was able to simulate the soil C-pools with 

reasonable accuracy.  

There was a trend of slight underestimation of the soil C simulated by the model. We 

speculate that this underestimation was either due to the scale mismatch between the model and 

measurements or due to the contribution of moss necro-mass, which is currently not included in 

the model in terms of its turnover to soil organic matter.  
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Various cohorts of vegetation can co-exist within a given forest stand creating the 

possibility of the occurrence of a wide range of growth patterns within a given stand (Wang et al., 

2003). Moreover, on a long-term basis, the contribution of moss and minor understory species in 

the black spruce forest stand can affect the C balance in a different manner than the overstory due 

to various controls such as canopy radiative transfer and canopy hydrological processes. Despite 

these short comings, the importance of this work lies in the reconstruction of the historical C 

balance and spinning up the current sizes of ecosystem C-pools in a spatially explicit manner.  

These serve as requisite datasets for intensive process-based distributed hydrological and 

biogeochemical models running at finer time-steps. 

 

4.10. Appendix 1 

xCN    CN ratio of C-pool x , e.g. crCN  is the CN ratio of coarse-root biomass C-pool 

Cx  C content in C-pool x  in 2−gCm , e.g. crC  is the carbon content of coarse-root biomass pool 

mF  Partitioning coefficient for the decomposition of leaf and fine-root litters into their 

corresponding metabolic C-pools. 

yf  Fraction of NPP allocated to a particular biomass pool y  

Sub-scripts denoting various C-pools. 

a    C released to the atmosphere  

cr   Coarse-root biomass pool 

fr   Fine-root biomass pool 

l     Leaf biomass pool 

w    Wood biomass pool 

cd    Coarse structural detritus pool 
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fd   Fine structural detritus pool 

md   Metabolic detritus pool 

m   Microbial pool 

p   Passive soil C-carbon pool 

s   Slow soil C-pool 

yxk ,  Transfer coefficient of C from pool x  to y in a year 

xξ  C loss from pool x  due to fire (gC/m2/yr) 

Ratio of foliage burnt  lξ =1   

Ratio of wood/stem burnt  wξ =0.25 

Ratio of root burnt   rξ =0 

Ratio of surface litter burnt  slbξ =1  

Ratio of woody litter burnt  cdξ =0.02 

Equations of carbon pool decomposition at annual time steps. Under conditions of no 

disturbance, such as fire or clear-cutting, the biomass pools change in the following manner. 

[ ]
[ ]cdw

iwcdwiw
iw k

CkNPPf
C

,

1,
, 1

..
+

−
=Δ −        (A1) 

[ ]
[ ]cdcr

icrcdcricr
icr k

CkNPPf
C

,

1,
, 1

..
+

−
=Δ −        (A2) 

[ ]
[ ]fmdl

ilfmdlil
il k

CkNPPf
C

,

1,
, 1

..
+

−
=Δ −        (A3) 

[ ]
[ ]fmdfr

ifrfmdfrifr
ifr k

CkNPPf
C

,

1,
, 1

..
+

−
=Δ −        (A4) 



 184

When disturbance occurs, these are estimated as the sum of 100% foliage C and 25% of woody C. 

The remaining biomass C is transferred to the corresponding soil C-pools via the pathways built 

in the model. The following equations show the dynamics of soil C-pools under undisturbed and 

disturbed scenarios. 

Change in the dead wood and coarse detritus (undisturbed case) 
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Change in the dead wood and coarse detritus (disturbed case) 
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Change in the surface structural pool (undisturbed case) 
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Change in the surface structural pool (disturbed case) 
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Change in the surface metabolic pool (undisturbed case) 
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Change in the surface metabolic pool (disturbed case) 
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Change in the fine-root structural pool (undisturbed case) 
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Change in the fine-root structural pool (disturbed case) 
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Change in the fine-root metabolic pool (undisturbed case) 
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Change in the fine-root metabolic pool (disturbed case) 
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Disturbance does not directly affect the remaining C-pools because they are in the soil.  

Change in the surface microbial pool 
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Change in the soil microbial pool 
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Change in the slow carbon pool    
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Change in the passive carbon pool 
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Table 4-A1 Ecosystem C-pools and their decomposition products and rates of decomposition 

A  is a factor that represents the influence of soil temperature and soil moisture in a combined manner. lL  is the lignin fraction of leafs. 

frL is the lignin fraction of fine roots. wL is the lignin fraction of dead wood and coarse root. sT is the fraction of sand and silt. cT is the 

fraction of clay . Functions ( 111−f ) represents various pool or decomposition specific coefficients.(C)Coniferous forests; (D) Decidous forests; 
(M) Mixed forests and (W) Wetlands. 
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CHAPTER-5 

Spatially Explicit Simulation of Hydrologically Controlled Carbon and Nitrogen 

Cycles and Associated Feedback Mechanisms in a Boreal Ecosystem. 

 

5.1. Abstract 

Ecosystem models that simulate terrestrial carbon (C) dynamics usually ignore the effects 

of hydrological controls that govern biogeochemical processes. It is quite possible that 

topographically-driven, sub-surface baseflow fluxes significantly influence the spatial 

distribution of C-sources and sinks because of their large contribution to the local water balance 

that affect many biogeochemical processes. To investigate this, we simulated the biogeochemical 

processes along with the associated feedback mechanisms in a boreal forest ecosystem using a 

spatially explicit hydro-ecological model, BEPS-TerrainLab V2.0. The simulated the net ecosystem 

productivity (NEP) and ecosystem respiration were validated with high frequency eddy 

covariance measurements for two years. The model was able to explain 80% of the variability in 

NEP and 84% of the variability in total ecosystem respiration.  This was achieved mainly because 

the model was able to adequately simulate the dynamics of snowpack, the resultant winter-

summer soil temperature patterns, the dynamics of soil and vegetation C and nitrogen (N) 

cycling,  and various ecophysiological and hydrological processes. Once we felt confident in the 

model’s ability, we investigated the influence of topographically driven sub-surface baseflow on 

soil C and N cycling and on the spatiotemporal patterns of terrestrial C-sources and sinks using 

three hydrological modeling scenarios:  1) Explicit, where a realistic calculation of baseflow is 

employed considering topographic controls 2) Implict, where the baseflow calculations were 

based on a bucket modeling approach 3) NoFlow, where the lateral water flow was turned off in 

the model.In general, the Implicit and the NoFlow scenarios overestimated NEP, as opposed to the 
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Explicit scenario. The key processes controlling the NEP differences were attributed to the 

combined effects of variations in photosynthesis (due to changes in stomatal conductance and 

nitrogen (N) availability), heterotrophic respiration, and autotrophic respiration, all of which 

occur simultaneously and affect the NEP. Feedback relationships were also found to exacerbate 

the differences. We identified six types of NEP-differences (biases), of which the most commonly 

found was due to an underestimation of the existing C sources. Our results indicate that lateral water 

flow does play a significant role in the terrestrial C source sink distribution due to its direct and 

indirect effects on biogeochemical processes.                                 

 

5.2. Introduction 

The global C-cycle is closely linked to climate, hydrology, and nutrient cycles because of 

their effects on terrestrial primary production (Porporato et al., 2003). However, the interactions 

between these environmental conditions at various spatio-temporal scales are quite variable 

creating uncertainties in their behavior under future climate. There are many environmental 

factors that control the interaction between the biogeochemical cycles and the associated feedback 

mechanisms among them. Of these, hydrological controls on terrestrial C-cycling processes are 

likely to be the most dominant because these controls are multi-faceted and range widely in the 

form of plant water stress (excess or deficit),  effects on soil chemistry , heterotrophic respiration, 

controls on methane production, and transport of dissolved organic C (DOC) etc., to name a few. 

Thus, a simultaneous and realistic representation of all these mechanisms is required to describe 

the non-linear relationships among various processes.   

Surface topography creates hydraulic head differences, which control the lateral water 

movement over a landscape. Currently, topographic effects on surface or sub-surface 

hydrological processes are often not explicitly represented to model regional scale C-balance of 
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ecosystems (Grant, 2004). A study conducted by Govind et al.  (2008b) demonstrated that 

topographically–driven, lateral sub-surface baseflow can significantly alter photosynthesis by 

mediating through the differences in stomatal dynamics and N availability.  Therefore, models 

that overlook topographic effects on soil water, nutrient, and temperature are likely to have 

several types of systematic errors in their terrestrial C-source or sink estimates. Despite the 

proclivity for these models to include errors, a number of regional studies have been performed 

using abstract representations of soil moisture to predict complex ecosystem processes such as 

terrestrial C-cycling. These approaches might have pronounced bias compared to reality. 

  Many measurement and modeling studies have demonstrated that northern boreal forests, 

which cover about 11% of the earth’s land surface, are a terrestrial C-sink. (Thompson et al., 1996; 

Chen et al., 2003).  In order to investigate the hydrological effects on ecosystem C and N cycling 

and the associated feedback relationships in boreal ecosystems, we developed a spatially-explicit 

hydro-ecological model, BEPS-TerrainLab V2.0 (Govind et al.,  2008a). To represent realistically 

the hydrological regime within each modeling unit (pixel), a detailed water balance equation is 

solved in a spatially explicit manner, with inter-pixel connectivity using surface and sub-surface 

lateral water fluxes. After testing the model’s performance for predicting ecophysiological and 

hydrological processes, Govind et al.  (2008a) demonstrated that the most important hydrological 

process in boreal ecosystems is topographically-driven, sub-surface baseflow, which is almost 60-

65% of the infiltrated water, followed by evapotranspiration (ET).  

Terrestrial C sources and sinks are not only determined by primary production, but also 

by other processes such as respiration and the dynamics of soil C and N that are much more 

complex than gross primary productivity (GPP) or ET.  In this paper, we introduce the 

biogeochemical aspects of BEPS-TerrainLab V2.0 and test its ability to simulate various 

biogeochemical processes in a boreal ecosystem in eastern Canada. In the current model set up, 
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we assume that no C is lost from the ecosystem as dissolved organic C or methane. Thus, the 

difference between the GPP and the daily total ecosystem respiration results in net ecosystem 

productivity (NEP). Further, we investigate the influence of sub-surface baseflow on soil C and N 

cycles and its implications for the simulated NEP, soil organic matter decomposition, and N 

availability, by using three scenarios that represent the existing hydrological representations in 

ecological models. 

  

5.3. Model Description 

BEPS-TerrainLab V2.0 is a hydro-ecological model that simulates the coupled 

hydrological, eco-physiological, and biogeochemical processes and the associated feedback 

mechanisms in a spatially explicit manner (Figure 5-1).  A complete description of the 

hydrological and ecophysiological processes simulated by BEPS-TerrainLab V2.0 can be found in 

Govind et al. (2008a). Details of various ecosystem C and N cycles as affected by various 

environmental controls are described in this paper. This model runs at a daily time step and the 

modeling period is generally one or two years. Therefore, it used for simulating short-term 

ecosystem (soil and biomass) C-dynamics as controlled by abiotic factors such as soil temperature 

and moisture.  

Most of the hydro-ecological processes such as ET, canopy interception, root control on 

soil water uptake, snowmelt, soil water transport, percolation, capillary rise, and topography-

induced lateral water distribution across the terrain are used to solve the local scale water 

balance. GPP is modeled by the process-based Farquhar model that employs a spatial and 

temporal upscaling strategy (Chen et al.,1999). 
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Figure 5-1. Schematic representation of a BEPS-TerrainLab V2.0 modeling unit adopted from Govind et al. 

(2008a).The belowground biogeochemical processes and their feedback relationships as influenced by 

hydrology and soil temperature is the focus of this paper. 
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A Penman-Monteith formulation is used to used to calculate leaf or surface scale ET. 

Spatial upscaling of leaf level ecophysiological processes are carried out using a four leaf scheme 

that uses leaf area index fractions as weighting factors that correspond to different leaf 

illuminations (sunlit or shaded) and soil moisture regimes (saturated and unsaturated). 

Parameters (net radiation, stomatal conductance etc.) specific to different radiation and soil water 

regimes are used to simulate leaf-level ET and GPP for multi layer canopies (overstory, 

understory, and moss layer).    

 

5.3.1. Carbon Cycling Processes within BEPS-Terrainlab V2.0 

5.3.1.1. Autotrophic Respiration 

A part of the C assimilated in the form of GPP is used daily by plants for growth ( gR ) and 

maintenance respiration ( mR ), which are known together as autotrophic respiration ( aR ).Various 

components of the vegetation (leaf, stem, and root) at various levels (overstory, understory, and 

moss) has aR losses. In BEPS-TerrainLab V2.0, gR  is assumed to be 25% of the GPP for all land 

cover types (Chen et al.,  1999; Liu et al.,  1999 Ju et al.,  2006).   mR  is temperature-dependent for 

each of the plant components (leaf, stem, and root) which is modeled as  

∑ ∑
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Here i  refers to different plant-parts such as leaf, stem, coarse-root, or fine-root; M  is the 

biomass C-pool size associated with a biomass type; imr ,  is the biomass C-pool specific respiration 

rate at base temperature bT  ( Co ); and T is the ambient air temperature for leaves and stems or 

soil temperature for fine-roots and coarse-roots. In BEPS-TerrainLab V2.0, aR  is explicitly 

calculated as the sum of overstory, understory, and moss components within each land cover 
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type.  The remainder of the C residing after accounting for aR is the net primary productivity, 

NPP, which is further partitioned into leaf, wood, coarse root, and fine root biomass C-pools. 

 

5.3.1.2. Heterotrophic Respiration 

In BEPS-TerrainLab V2.0, heterotrophic respiration is comprehensively calculated in a 

manner similar to the CENTURY model of Parton et al. (1993) with several modifications as 

suggested by Ju and Chen, (2005) and Ju et al., (2007). Unlike other models, the soil C-cycling 

processes in BEPS-TerrainLab V2.0 run at a daily time step. The soils C-dynamics in an ecosystem 

are based on various conceptual C-pools. The biomass C-pools as described in the previous 

section are decomposed directly or indirectly to nine soil C-pools, i.e., (1) Surface Structural 

Litter, ssdC  (2) Soil Structural Litter, fsdC  (3) Woody Litter, cdC  (4) Surface Metabolic Litter, smdC  

(5) Soil Metabolic Litter, fmdC   (6) Surface Microbial, smC  (7) Soil Microbial, mC   (8) Slow C-pool, 

sC   and (9) Passive C-pool, pC . Based on various environmental controls such as soil moisture 

and temperature and the inherent physico-chemical nature of individual C-pools that define their 

decomposition rates and C:N ratios, the sizes of individual soil C-pools are updated on a daily 

basis due to heterotrophic respiration or inter-conversion between various soil C-pools.  The total 

heterotrophic respiration is the sum of C released to the atmosphere as CO2 from all the soil C-

pools during their decomposition as shown below. 

∑
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where 
ijk  (day-1) is the rate of C released from the thj  soil C-pool on the day i  to the 

atmosphere, and 
ijC  is the size of the thj  C-pool. The actual decomposition rates of individual 

soil C-pools are determined by constraining the potential decomposition rates using scalars that 
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correspond to various environmental controls such as soil temperature, moisture, soil texture, N 

availability, and lignin contents as summarized below. 
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In the above equation, jK  is the maximum decomposition rate of the thj pool, which is a 

landcover-specific parameter (refer Table 5-1). Various scalars that represent environmental 

controls on the maximum decomposition rate include: iA , the combined abiotic effect of soil 

temperature and moisture on soil C decomposition; η , the effect of soil texture on soil microbial 

turnover; L , the impact of lignin content for structural litter decomposition and ξ , the modifier 

for the effect of N availability on C decomposition of various pools. iA  is calculated as shown 

below as the product of soil moisture ( siM ) and soil temperature ( miT ) effects. Figure 5-2 shows 

the nature of siM and miT . 

imisi TMA ×=                                                                                                              (4) 

The soil moisture effect siM , is calculated as a function of volumetric soil moisture content,θ . 
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In BEPS-TerrainLab V2.0, iθ is simulated using a comprehensive hydrological modeling strategy 

by solving a detailed water balance equation in a spatially explicit manner. Most of the hydro-

ecological processes are considered in this water balance equation, including the topographically-

driven, sub-surface baseflow that contributes or distributes water to or from neighboring pixels



   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 

 
20

2

   
   

   
   

   
   

   
   

 



                                                 

 203

 

 a pixel in consideration ensuring that landscape scale hydrological processes affect local scale 

water balance. The soil temperature effect is described as shown below: 
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Here, iTs  is the soil temperature, which plays a critical role in determining the rate of 

decomposition of the soil C-pools (Parton et al., 1993).                                                                                       

     

 Figure 5-2. Nature of (a) Soil temperature scalar for heterotrophic respiration. (b) Soil moisture scalar for 
heterotrophic respiration. 
 

 

Since soil temperature is a critical parameter in simulating biogeochemical processes, in 

BEPS-TerrainLab v2.0., iTs is comprehensively calculated employing a semi-implicit solution of 

Fourier’s one-dimensional heat transfer equation. We consider 6 layers (one snow layer and 5 soil 

layers) for the heat transfer process. The Fourier’s heat transfer equation shown below is solved 

using an implicit solution, as shown in equation 8. 
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In these equations (7 and 8), iC is the volumetric soil heat capacity ( 13 −− CJm o
), and λ is 

the thermal conductivity ( 11 −− CWm o
). These two variables vary spatially and temporally and are 

calculated on a daily basis.  d is the vertical depth of a layer and t  is the time step and f is the 

weight associated with the implicit solution. Snow depth plays an important role in determining 

the winter soil temperature in boreal ecosystems. The snow depth is modeled by temporally 

varying the snow density and snow water equivalent, as affected by the physical processes of 

snowmelt (radiation melt or temperature melt) and snow sublimation. 

On a daily basis, a small fraction of C is lost (decomposed) or added (from other C-pools).  

These processes alter the size of a soil C-pools as shown below 

iii CxCxCx Δ+= −1           (9) 

where 1−iCx is the size of the C-pool x  on the previous day, 1−i . iCxΔ is the change in the pool x 

on a daily basis. The procedure to calculate iCxΔ for each soil C-pool is different and depends on 

various environmental constraints and precursors. The equations for calculating iCxΔ are shown 

in the Appendix 1. For the first day in 2004, 1−iCx will be the ecosystem C-pool sizes in 2003.  

 

5.3.2. Soil Nitrogen Cycle within BEPS-TerrainLab V2.0 

Soil N dynamics and the availability of N to plants are determined by three processes as 

shown below.  
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minNNNN fixdepavail ++=         (10) 

These processes are: 1. Dry and wet deposition of N from the atmosphere ( depN ); 2. Biological N-

fixation by certain microorganisms present in the rhizosphere ( fixN ); and 3. N-mineralization due 

to soil C-pool decomposition that is controlled by factors such as soil moisture and temperature 

( minN ). In BEPS-TerrainLab V 2.0, fixN  (atmospheric and biological combined) is empirically 

calculated as a function of daily precipitation and the current size of the soil and surface microbial 

C-pools. This method is analogous to Ju et al. (2007), where N-fixation is parameterized at annual 

time steps. In order to downscale temporally and use it for daily calculations, we replaced the 

annual precipitation and annual mean temperature in the original equation with the daily 

precipitation and temperature. 
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Here, 
ifixN  is the N-fixation in gN m-2 day-1. The coefficient 1c  determines the fixation rate (in this 

study we used a value of 4.10x10-4 gN m-2 day-1). The variable isT  is the daily mean soil 

temperature, iP   is daily precipitation (in m), and ismC  and  imC  are the sizes of surface and soil 

microbial C-pools, respectively, on the day, i . 

Based on various environmental controls, the nine soil C-pools change their size and C:N 

ratios as a result of heterotrophic respiration and inter-pool conversions.  During their 

decomposition process, N-mineralization occurs, which increases the available N in the soil 

affecting the plant N status and photosynthesis.  This source of available soil N is important for 

plant growth.  Although inorganic forms of N (from the primary or secondary minerals) can also 
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contribute towards the total available N, it is not a significant factor in humid pristine boreal 

ecosystems. 

 

5.3.3. Feedback Relationships within BEPS-TerrainLab V2.0 

There are a number of feedback mechanisms in nature that make it difficult to comprehend 

various natural phenomena based on empirical studies alone. In BEPS-TerrainLab V2.0, a number 

of feedback relationships operate. Some of the important feedback relationships that directly 

relate to this work are given below. 

1. Increase in plant-N increases photosynthesis, which increases soil C through biomass C-

inputs. This increases soil C mineralization and, hence, more plant-N (positive feedback). 

2. Increase in soil water decreases transpiration. This further increases soil water,  resulting 

in a further decrease of transpiration(positive feedback). 

3. Decrease in respiration increases biomass C, which leads to an increase in respiration 

(negative feedback). 

 

5.4. Site Description  

The simulation of the coupled biogeochemical and the related feedback mechanisms was 

conducted on a boreal landscape located southeast of Lake Chibougamau in north-central 

Quebec, Canada (Figure 5-3). Biogeographically, this region falls under the Dfc  Köppen climate 

classification with a mean annual temperature of 0oC and a mean annual precipitation of 961.3 

mm (Environment Canada, 2006). The vegetation of the study site consists of an overstorey, 

dominated by black spruce (Picea mariana), aspen (Poplus sp.), and birch (Betula sp). Jack pine 

(Pinus banksiana Lamb.) and tamarack (Larix larandicina) are sporadically distributed. The 

understorey is mostly dominated by Labrador tea or Salix sp. The forest floor consists of a thick 
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moss layer, dominated by feather moss and Sphagnum sp. in wetter areas and lichens in 

moderately drier areas (Bergeron et al., 2007). This landscape has a gentle slope of < 5%, which is 

typical of the Canadian Shield. The vegetation species composition varies across the gentle 

topographic gradient with deciduous and mixed forests in the elevated locations such as eskers 

and coniferous species in flatter locations.   

 

                              

Figure 5-3. Location of the study site, Chibougamau watershed, which includes the Eastern Old Black 

Spruce (EOBS) tower site of FCRN where continuous high precision measurements of fluxes of mass and 

energy are being made using eddy covariance technique. 
 

Since the soil is derived from glacio-fluvial deposits, they are mostly ferro-humic to humic 

podzol having a prominent organic layer with an average depth of 30 cm.  In humid areas, the 

soil is predominantly organic with an average organic layer thickness of ~125 cm (Giasson et al., 

2006).  
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5.5. Flux Measurements 

The Eastern Old Black Spruce (EOBS) tower site of Fluxnet-Canada Research Network 

(FCRN) is located at 49.69oN and 74.342oW in the southwestern part of this boreal watershed. The 

eddy covariance (EC) technique is being used at EOBS site to make continuous measurements of 

CO2 and energy fluxes since mid-2003. These datasets serve for the validation of various 

ecosystem model simulations. EC instrumentation comprises of a three-dimensional sonic 

anemometer and a closed and an open-path infrared gas analyzer (IRGA) that are mounted on a 

24m scaffold tower. Along with continuous half hourly flux measurements of energy and CO2, 

the tower also supports several instruments for measuring continuous meteorological data. 

Rainfall is measured using tipping bucket rain gauges, and total precipitation is measured using a 

Geonor T200B rain gauge. WTD is monitored using electronic piezometers. More details on flux 

and meteorological measurements can be found in Bergeron et al. (2007).  

Wind comes predominantly from the south and northwest, both during the day and night. 

The fetch extends to 500m in all directions.  Using an inverse Lagrangian model, Kljun et al. 

(2004) conducted a flux footprint analysis and estimated that the site’s fetch contributed at least 

90% of the measured flux in the dominant wind directions.  Therefore, we used a circular area 

subtended by a 500m radius centered on the tower as “the footprint” for our data analyses. Since 

BEPS-TerrinLab V 2.0 runs at daily time steps, we temporally upscaled the meteorological forcing 

and ecosystem flux measurements taken at half hourly intervals to a daily time-step between 

January 2004 and December 2005.  
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5.6. Spatial and Meteorological Input Dataset and Initialization of C-Pools 

  For this study, we used the spatial and meteorological datasets of Govind et al. 

(2008a). The spatial datasets include: 1. Land cover, 2. Leaf area index (LAI), 3. Digital elevation 

model (DEM), 4. Soil texture  5. Initial water table depth (WTD), 6. Initialized ecosystem C-pools 

and their C:N ratios(four biomass C-pools and nine soil C-pools i.e. 26 maps) and 7. A watershed 

boundary derived using DEM. All of these spatial data sets have a spatial resolution of 25m with 

an UTM Zone 18N projection. Daily meteorological variables such as maximum temperature, 

minimum temperature, dew point temperature, incoming shortwave radiation, windspeed, and 

precipitation (rain or snow) collected at one point (EOBS tower site)  were assigned for all the 

pixels in the modeling domain after correcting for the effects of elevation and slope on 

temperature and solar radiation, respectively. Daily meteorological measurements taken at half 

hourly intervals were temporally integrated over a 24 hr period. Since this boreal landscape has 

large heterogeneity with respect to land cover and soil, biophysical and hydraulic parameters 

were assigned in a spatially explicit manner. Tables 1 and 2 of Govind et al. (2008a) i.e. Tables 2-2 

and 2-1 of Chapter 1 show the land cover and soil texture specific parameters for hydro-ecological 

modeling, respectively. Parameters used for biogeochemical modeling are shown in Table 5-1.  

To initialize the size and C:N ratios of C-pools in 2003, a comprehensive initialization 

procedure was employed assuming that the current sizes and C:N ratios of various ecosystem C-

pools result from long-term accumulation of plants and soil C as a function of both natural and 

human-induced disturbance factors (fire, deforestation, land use change, infrastructure 

development, insect, and disease) and non-disturbance factors (climate change, CO2 fertilization, 

N deposition). To this end, we used a comprehensive C-pool initialization procedure using a  

long-term C cycle model, InTEC (Chen et a., 2000) under conditions of climate change, CO2 
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change, and N-deposition, with consideration of disturbance effect on forest age, from 1920 to 

2005 and spun up  all the ecosystem C-pools (biomass and soil C-pools) in a spatially explicit 

manner (see Govind et al.,  2008c). These spun-up C-pools were validated with inventory plot 

measurements taken by the Canadian Forest Service in 2003. This initialization procedure is a 

necessary step for modeling biogeochemical processes in this forest boreal ecosystem, even 

though the simulation period extended only for two years.  

 

5.7. Modeling Experiments 

We hypothesize that since the lateral sub-surface baseflow is the most predominant 

hydrological process (~65% of annual precipitation) that redistributes the infiltrated water in a 

humid boreal landscape, it can significantly affect the local scale hydrological regime and 

consequently biogeochemical processes along with associated feedback mechanisms. In order to 

investigate the effect of topographically driven sub-surface baseflow on the spatial distribution of 

C-sources and sinks (NEP), we conducted a numerical experiment using three modeling scenarios 

that differ in the manner in which baseflow is represented. Different scenarios used for this 

numerical experiment are denoted as “Explicit”,”Implicit”and”NoFlow”. A detailed description of 

these scenarios is given in Govind et al. (2008b).  

The Explicit scenario has baseflow calculated using topographic controls and has a realistic 

soil water balance. The Implicit scenario calculates baseflow using a bucket-modeling approach 

assuming that soil water above the field capacity drains-off as lateral flow.  This scenario neither 

has topographical control nor has interaction between the neighboring pixels. This methodology 

is commonly used in most of the existing ecological models where explicit hydrological 

description is absent. The third scenario, i.e. the NoFlow, completely ignores the topographically-

driven lateral sub-surface baseflow. The only possible pathway of lateral water movement is 
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surface overland flow (SOLF). However, SOLF occurs only after the entire soil profile is saturated 

with water. This method is employed in those models that consider topography driven lateral 

water flow but ignores the physiological and biogeochemical impacts of soil saturation.  In all the 

three scenarios, we used the same spatial datasets, meteorological forcing and land cover-specific 

coefficients for hydrological, ecological, or biogeochemical processes.  In this paper, the Implicit 

and NoFlow scenarios are generally referred to as Non-Explicit scenario. 

 

5.8. Results and Discussion 

5.8.1. Snow Depth and Soil Temperature 

At the EOBS site, around 25% of the annual precipitation is in the form of snowfall, 

creating an average snowpack thickness of up to 80cm in the month of March. Snowpack, 

depending on its density, acts as an efficient insulator that favors edaphic life in the long boreal 

winter. 

 

Figure 5-4. Temporal dynamics of the snow depth and near-surface (20 cm) soil temperature measured and 

modeled. 
 
 

The simulated dynamics of snowpack thickness and the consequent soil temperature is 

shown in Figure 5-4 for the years 2004 and 2005.  Although we used a quasi-physical approach to 
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model snow dynamics at daily time steps, we were able to capture the seasonal pattern. Much of 

the discrepancies in the simulated snow depth were seen towards the spring season, especially in 

2005 when the model was highly sensitive to air temperature, rain or radiation, which causes 

rapid snow ablation. However in reality during this time, there was a large snowpack built-up.  

The model captured the annual trend of the dynamics of snow depth with reasonable accuracy 

(r2=0.90, RMSE = 0.07 m day-1, 2 years). Simulation of snow depth facilitated adequate calculation 

of winter soil temperature which subsequently affected the simulation of biogeochemical 

processes. It can be seen from the Figure 5-4 that soil temperature was more or less constant 

throughout the winter season when the snowpack was present over the soil surface as an 

insulating layer.  

With the inclusion of the multi-layer, one dimensional heat transfer procedure that is 

solved using a numerical solution, the model was able to capture the annual trend of the near-

surface soil temperature (20cm) with reasonable accuracy (R2=0.92   RMSE 0.5 oC day-1, 2 years).  

The inclusion of one snow layer and five soil layers to implement this numerical solution that 

utilises temporally, spatially, and vertically varying thermal properties for a modeling domain 

that consists of ~60,000 pixels is computationally pragmatic. However, for large modeling 

domains having finer spatial resolutions, the number of soil layers needs to be reduced or the 

spatial resolution should be made coarser.  

 

5.8.2. Spatio-temporal Patterns of NEP and Respiration  

The spatial distributions of the watershed scale annual NEP for the years 2004 and 2005 

are shown in Figure 5-5. The spatial distributions demonstrate that locations that generally are 

dominated with mixed forest act as C-sinks (positive NEP values), whereas mature black spruce 

stands act as a weak C-source, weak C-sink, or C-neutral. Wetlands behave as a very small C-
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sink, similar to mature forest stands. The spatial distribution of annual NEP reveals that middle 

aged mixed-forest stands are currently acting as significant C-sinks (locations with red tone),  

while mature coniferous stands (mostly black spruce) exhibit an almost C-neutral behavior. The 

range of the modeled NEP on this boreal landscape was quite large, i.e., -100 to +375 gC m-2 yr-1, 

implying a large spatial variability in biogeochemical processes.  

 

                         

            Figure 5-5. Spatial distribution of the annual NEP simulated for the years, 2004 and 2005             
      
 

Unlike the spatial distribution of the annual GPP as shown in Govind et al. (2008a), annual 

NEP show only a weak congruence with the LAI or land-cover distribution.  Age of a stand has a 

great influence in determining the magnitude of annual NEP. We identified that comparatively 

younger, fast-growing, middle-aged stands with positive values of annual NEP are generally 

associated with aspen-dominated locations that were established after a disturbance event in the 

recent past. The spatial distribution of annual NEP suggests that C-cycling is strongly dependent 

on a variety of environmental factors thst are antagonistically or synergistically linked. The 

simulated temporal pattern of the NEP at the EOBS tower footprint is shown in Figure 5-6 in 

comparison to the eddy covariance measurements of net ecosystem exchange made in 2004 and 



                                                 

 214

2005. The model is able to capture the temporal pattern of NEP with reasonable accuracy 

(R2=0.80, RMSE =0.63 gC m-2 day-1, 2 years).  The temporal pattern reveals that the ecosystem 

behaved as a C-source in the winter and a C-sink in the growing season. In 2004, the annual NEP 

in the footprint region was simulated to be 11 gC m-2 yr-1 (6≤12 gC m-2 yr-1, measured by EC 

technique), and in 2005, it was simulated to be -2.0 gC m-2 yr-1  (0≤ 3 gC m-2 yr-1, measured).   

During the growing season, on some days, the ecosystem behaved as a strong C-source. 

This indicates that the total respiration is more than photosynthesis. These conditions usually 

occurred during warm, dry conditions (between DOY 150- 220 in 2004 and DOY 140-225 in 2005) 

when the ecosystem respiration exceeds GPP. In this humid boreal ecosystem, drier periods 

favored photosynthesis because of increased primary production due to increased stomatal 

conductance and N availability (Govind et al., 2008a).  However, high temperature also increased 

ecosystem respiration (Ra and Rh) even more than the primary production, making the system a 

net C-source.   However, on an annual basis, the amount of sources and sinks is nearly similar, 

making the system almost C-neutral on an annual basis.   

We also need to consider some feedback mechanisms that are strengthened as a result of 

temporal variations in ecosystem respiration, photosynthesis, and ET to fully understand the C-

balance of this humid boreal ecosystem. aR is primarily determined by the temperature and the 

magnitude and physico-chemical nature of various biomass C-pools. However, hR  is determined 

by various controls such as soil temperature, moisture, and size of soil C-pools. Increased 

decomposition of soil C-pools under warm-dry conditions result in increased soil N 

mineralization resulting in increased leaf N.  This increased N, in turn, affects primary production 

due to an increase in the maximum carboxylation rate. Thus, increased NEP immediately after 

dry periods could be partially attributed to increased N mineralization. 
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Figure 5-6. Comparison of measured and simulated (A) GPP (B) NEP (B) and (C) Ecosystem respiration (all 

5 day moving averages shown for visual clarity) at the footprint region of the EOBS tower site, for two 

years 2004 and 2005. 

 

Between the two years, seasonally, 2004 showed smaller shifts in the ecosystem status as a 

C-sink to C-source, resulting in a net sink of around 11 gC m-2 yr-1. However, in 2005, although 

the annual GPP was high, annual NEP was reduced by increased respiration due to prolonged 

warm-dry periods. This resulted in changing the ecosystem’s status as a weak C-source (-2 gC m-2 

yr-1). 

  The total ecosystem respiration is a highly fluctuating and influential portion of the C-

balance that determines the NEP of an ecosystem. It is dynamic because of the presence of several 
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sub-component processes (growth gR , maintenance mR  and heterotrophic hR  respirations) and 

the associated feedback mechanisms (e.g. N mineralization) that directly or indirectly modify the 

magnitude of the total respiration. Depending on the environmental controls (soil moisture and 

temperature), magnitudes, and physico-chemical nature (C:N ratios) of various ecosystem C-

pools, the simulated total ecosystem respiration showed spatio-temporal variations that 

significantly affected the NEP. In Figure 5-5c, the simulated total respiration is compared to EC 

derived respiration for the years 2004 and 2005. During the winter season, when the air 

temperature is very low, primary production is almost negligible. However, the daily magnitude 

of total respiration is significant. During this time, near surface soil temperature (20 cm) remains 

almost uniform (near 0-1oC) due to the thermal insulation imparted by the snowpack facilitating 

active soil respiration, even if the air temperature dropped as low as -30 oC. The model is able to 

capture the annual trend of total ecosystem respiration with reasonable accuracy (R2=0.84, 

RMSE= 0.54 gC m-2 day-1, 2 years).  

The annual ecosystem respiration at the EOBS footprint region was almost as large as the 

annual GPP, making the ecosystem almost C-neutral. The high respiration can be attributed to the 

age effects of the stand having increased aR and hR . From the measurement data collected from 

six coniferous boreal sites, Lavigne et al., (1997) reported for black spruce ecosystems, soil 

respiration accounts for as much as 48-71% of total ecosystem respiration. Black et al. (2005) also 

reported that the contribution from soil respiration can be as high as 80, 67, and 83% for boreal 

aspen, black spruce, and jack pine sites, respectively. These studies highlight the importance of 

soil respiration in determining the fate of C-cycling in boreal ecosystems. We realize that the 

presence of thick snowpack in the winter season in a boreal ecosystem has a great role in 
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determining the winter soil respiration that determines the annual NEP.  Thus, modeling snow 

dynamics is critical to simulate soil temperature, heterotrophic respiration, and NEP.  

 

5.8.3. Differences in the Simulated NEP under Hydrological Scenarios. 

In order to investigate the role of topographically-driven baseflow in determining the 

local scale biogeochemical dynamics of C-sources or sinks, we analyzed the NEP simulated by 

various scenarios. Figure 5-7 shows the deviations in the simulated NEP under the Implicit and 

the NoFlow scenarios in comparison to the Explicit scenario. The plot is a pixel-to-pixel 

comparison of annual NEP simulated under these three scenarios (the Explicit vs. Implicit or 

Noflow scenarios) for the whole watershed (n= 35426). The plots clearly demonstrate that there are 

pronounced differences under these three hydrologically distinct scenarios (deviation from the 

1:1 line).  In general, both the Non-Explicit scenarios over-estimated annual NEP in comparison to 

the Explicit scenario.   

The trend shown here is different from what Govind et al. (2008b) demonstrated for GPP 

where it is overestimated under the Implicit scenario and underestimated under the NoFlow 

scenario. Since NEP depends on many processes such as photosynthesis, respiration (autotrophic 

and heterotrophic), N mineralization, stomatal dynamics, and the associated feedback 

mechanisms, it is impossible to give a single reason for the observed differences in the simulated 

NEP under the Non-Explicit scenarios. It is probable that ecosystem respiration is greatly subdued 

under the NoFlow scenario, making the ecosystem a net C sink in spite of the lowered 

photosynthesis as a result of lowered stomatal conductance and N-mineralization.  The deviation 

created by the NoFlow scenario resembles the type of bias inherently present in ecological models 

where only topographically driven SOLF is considered and impacts of soil-water partitioning on 

physiological and biogeochemical processes are ignored.  
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Figure 5-7. Plots between the NEP simulated under different baseflow scenarios. Left panel is the plot 

between the Implicit and the Explicit scenarios and right panel is between the NoFlow and the Explicit 

scenarios. In both, the line on slope=1 is the Explicit scenario, and departure from this line is considered as 

the bias.   
 

The Implicit scenario also showed a general overestimation of the annual NEP in 

comparison to the Explicit scenario. This could be because of increased photosynthetic C-gains 

(from optimal stomatal conductance and increased N-availability) that dominated over increased 

respiratory C-losses (due to increased soil C-pool decomposition or increased autotrophic 

respiration). Implicit accounting of sub-surface baseflow assumes that within a soil profile if soil 

water has energy status above the field capacity, it is prone to gravitational flow. Baseflow in this 

type of calculation is not constrained by the topography. Thus, even on  relatively flat areas 

where the slope is almost zero, soil moisture conditions remained conducive for both plant 

growth and soil C-pool decomposition  because the volumetric water content in the soil profile 

always remained between the permanent wilting point( pwpθ ) and field capacity( fcθ ). 
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  Figures 5-8a and 5-8c show the spatial distributions of the differences of the annual NEP 

as simulated by the Non-Explicit scenarios in comparison to the Explicit scenario. It is quite 

apparent that differences in the annual NEP were prominent in both the two Non-Explicit 

scenarios. These differences could be attributed to various landscape scale attributes such as 

topographic location, species composition, soil physical properties, etc. Topographic differences 

determine the WTD gradients that govern sub-surface baseflow. Baseflow fluxes are generally 

high on hill-slopes rather than on flat areas and the NEP differences among the scenarios are 

intense on hill slope locations than on flatter areas.  

The spatial distribution of NEP differences between the Implicit and the Explicit scenarios 

(Explicit-Implicit) show that there is a marked overestimation by the Implicit scenario (dark blue 

tone, since low values represent overestimation). On flatter and soil-saturation-prone locations, 

NEP is substantially overestimated.  Where the vegetation type is deciduous, photosynthesis and 

N-availability synergistically increases further enhancing NEP.  On the other hand, on hill slope 

locations, the Implicit scenario create lesser baseflow fluxes than what Explicit scenario would 

simulate, leading to slight underestimations (red tone). Note that the maximum underestimation 

by the Implicit scenario on hill slopes is as low as 0.1 gC m-2 yr-1, which indicates that the Implicit 

scenario only has weak tendency to underestimate NEP.  

The spatial distribution of the annual NEP difference between the NoFlow and the Explicit 

scenarios also shows there was an overestimation (pixels with blue tones). This is because the 

respiratory losses in most of the locations are suppressed due to soil saturation. However, some 

locations show marked underestimation of NEP (locations with red tones).  Land cover-specific 

ecophysiological parameters such as maximum stomatal conductance, clumping index, root 

depth, and architecture in combination with the effects of soil water determine the photosynthesis 

and, hence, the NEP.  
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Figure 5-8.   The spatial distribution of NEP bias under various hydrological scenarios. (A) by the Implicit 

scenario and (D) by the NoFlow scenario. Panels B and D show the spatial distribution of NEP difference-

types for the Implicit and the No Flow scenarios, respectively.   

  
It is insufficient to interpret the influence of sub-surface baseflow on NEP by relying only 

on the NEP difference maps. This is because various factors affect NEP simultaneously and 

differently. In the scatter plots shown in Figure 5-7, it is possible to delineate the NEP differences 

into six types of NEP.  Each type has a different reason for its occurrence. The reasons can be 

summarized as: 

Type 1: This type of NEP-difference occurs when the NEP simulated by the Non-Explicit scenario 

is larger than the Explicit scenario. This is a case of intensification of an existing C-sink and arises 

either due to increase in photosynthesis (GPP) or reduction in ecosystem respiration. 
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Type 2: This type of NEP-difference occurs when the NEP simulated by the Non-Explicit scenario 

is less than the Explicit NEP. This is a case of weakening C-sinks and arises either due to reduced 

GPP or increased ecosystem respiration. 

Type 3: This type of NEP-difference occurs when the NEP simulated by the Non-Explicit scenario 

results in a complete reversal of C-sinks (mostly weak sinks) to C-sources.  

Type 4: This type of NEP-difference occurs when the NEP simulated by the Non-Explicit scenario 

intensifies existing C-sources and mainly occurs due to increased heterotrophic respiration and 

reduced photosynthesis.  

Type 5: This type of NEP-difference occurs when the NEP simulated by the Non-Explicit scenario 

weaken the C sources but still remains as a C-source and mainly occurs due to a small decrease in 

heterotrophic respiration or small increase in photosynthesis. Type 5 differences are likely to be 

found on flat regions having mature (old growth) vegetation that are mostly weak C-sources. 

Type 6: This type of NEP-difference occurs when the NEP simulated by the Non-Explicit scenario 

results in a complete reversal of C-sources (mostly weak sources) to C-sinks and occurs mainly 

because of an increase in photosynthesis due to an increase in stomatal conductance or N-

availability. 

We mapped the NEP-difference types as shown in Figures 5-8b and 5-8d for the two Non- 

Explicit scenarios. It is obvious that Type 5 and Type 1 are the dominant forms under the Implicit 

scenario and Type 5, Type 1, and Type 2 in the NoFlow scenario.  From these figures, it is clear 

that the differences in NEP on a landscape as a result of unrealistic hydrological representations 

can have various reasons for their existence. Figure 5-9 shows the relative contribution of 

different types of biases under the different Non- Explicit scenarios. It is clear that Type 5, Type 1, 

and Type 6 are the dominant types of errors. This suggests that ecological models that use Non-
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Explicit forms of hydrological representation inherently could contain these types of errors in 

their NEP estimates. 

                                        

Figure 5-9. Relative occurrence of various NEP-difference types under different hydrological scenarios. 

Note that in both the Non Explicit scenarios, Type 5 is the dominant type. 
 

5.8.4. Mechanisms of Hydrological Control on NEP 

In the previous section, we demonstrated through the numerical experiment that local 

hydrological regimes can control the spatial distribution of terrestrial C-sources or sinks as 

affected by two important, hydrologically-controlled biogeochemical processes, i.e., 

photosynthesis and respiration. These processes are characterized by opposite directions of C-flux 

between the biosphere and the atmosphere. Factors such as the soil thermal regime and N-control 

on soil C-pool decomposition are some of the indirect effects of hydrological controls that govern 

NEP.  Many processes have to be considered simultaneously while analyzing the NEP -

differences as a result of variations in environmental, ecophysiological, biogeochemical, and 

hydrological processes in different scenarios. Table 5-2 summarizes the mechanisms of NEP-

differences under various scenarios.  In this table, NEPΔ , GPPΔ , RaΔ  and RhΔ  represent 
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percentage change in NEP, GPP, Ra, and Rh as a result of Non-Explicit hydrological 

representation from that of its Explicit (real) values. Due to non-linearities and feedback 

relationships, these changes are not additive in nature. From the Table 5-2, it can be seen that a 

Type 5 bias is mainly responsible for increased NEP in both Implicit and the NoFlow scenarios, and 

the reasons for its occurrence are different.  For the Implicit scenario, a Type 5 bias accounts for 

44.5% of the pixel population. This bias occurs due to a decrease in the magnitudes of C-sources. 

Under the NoFlow scenario, a Type 5 bias is still the dominant cause for differences from the 

Explicit scenario (41% of the pixel population).  

 

Table 5-2. Differences in the magnitudes of various C-fluxes within various NEP-difference as a result of 
Non-Explicit hydrological representation. 
 

Bias 
Type 

ΔNEP 
(as %) 

ΔGPP 
(as %) 

ΔRa 
(as %) 

ΔRh 
(as %) 

Dominant mechanism Probability of 
occurrence * 

Implicit 

1 +60.1 +16.3 +8.3 +8.7 P dominated sink increase 31.2 
2 -5.1 +31.3 +37.9 +37.3 R  dominated sink  decrease 0.6 
3 -245.1 +119.5 +128.7 +131.9 R  dominated sink to source 0.4 
4 -17.4 +57.5 +52.7 +52.1 R dominated source increase 2.9 
5 +52.4 +15.0 +7.3 +5.1 P dominated source decrease 44.5 
6 +166.0 +25.9 +12.3 +9.6 P dominated source to sink 20.5 
 
NoFlow 
1 +43.8 -21.7 -29.7 -31.7 P dominated sink increase 18.0 
2 -24.2 -32.3 -33.2 -35.5 R  dominated sink  decrease 13.4 
3 -172.5 -30.5 -24.5 -28.9 R  dominated sink to source 0.8 
4 -42.1 -18.9 -13.1 -18.0 R dominated source increase 2.1 
5 +68.6 -35.9 -39.9 -40.7 R dominated source decrease 41.0 
6 +138.0 -29.6 -38.2 -39.8 P dominated source to sink 24.8 
       

                     P is Photosynthesis and R is Respiration   * as percentage of n=35425 pixels 

 

In the Implicit scenario, a Type 5 bias occurs due to a 15% increase in photosynthesis. 

However, under the NoFlow scenario, the increased C-sink is due to the large suppression of the 

total respiration (40%), even if the photosynthesis is reduced as much as 35%. The net effect in 
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both scenarios is a weakening of the existing C-sources (NEP becoming less negative). This 

reveals that ecological models having Non-Explict hydrological representation could have larger 

errors in determining the magnitudes of existing C-sources than the C-sinks. 

 

5.8.5. Dynamics of Ecosystem C-Pools under Various Hydrological Scenarios 

Although both photosynthesis and respiration determine the magnitudes of NEP, it is 

important to understand the nature of C-dynamics under various hydrological scenarios. Sizes of 

the soil C-pools affect the magnitude of NEP because of their roles in determining Rh or N-

mineralization. Hence, we were interested to investigate the dynamics of various soil C-pools 

under hydrological scenarios. Moreover, uncertainties associated with the terrestrial C-cycle 

under climate change are mainly associated with the behavior of C-stocks in the soil (Cox et al., 

2001). The temporal dynamics of various biomass and soil C-pools are shown in the Figure 5-10, 

averaged for the whole watershed.  It is apparent that the differences among the scenarios are 

identifiable soon after the spring (~ DOY=150) when soil is saturated with snow-melt water and 

when the sub-surface baseflow begins.         

Soil C-pools, smfsdfmdsmdssdcd CCCCCCC ,,,,,,   and mC  accumulate under the NoFlow 

scenario and tend to deplete under the Implicit scenario. This is because the soil moisture regime 

in the former case is hypo-optimal for hR or pool decomposition, whereas it is hyper-optimal for 

the latter case. Only the passive soil organic C-pool ( Cp ) showed a different trend and was the 

least in the NoFlow scenario. This is theoretically plausible because Cp is a conceptual pool that 

represents the most recalcitrant form of soil C comprising of humus which is the last product of 

organic matter decomposition. Since in the Implicit scenario the C-cycling is intense, Cp  

accumulates as opposed to the NoFlow scenario. Soil organic C decomposition under saturated 
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conditions (anaerobic) is considerably lower than under aerobic conditions. In the absence of 

oxygen, oxidation of soil C to CO2 is incomplete, and much of the C remains as an intermediate 

products of decomposition.  

 

 

 

 

Figure 5-10. Temporal dynamics of various ecosystem C-pools under hydrological scenarios. The C-pools 

shown here are Woody biomass pool ( wC ), Foliage biomass pool ( lC ), Coarse root biomass pool ( crC ), 

Fine root biomass pool ( frC ), Coarse detritus pool ( cdC ), Surface structural pool ( ssdC ), Surface metabolic 

pool ( smdC ), Surface microbial pool ( smC ), Soil structural litter pool ( fsdC ),Soil metabolic pool ( fmdC ), Soil 

microbial pool ( mC ), Slow C pool( sC ), and Passive C pool( pC ) 

 
 
Temporal dynamics of biomass C-pools (
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scenarios reveal that the NoFlow conditions result in lower biomass C-pools, and the Implicit 
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scenario results in higher biomass C-pools. The magnitude of the biomass C-pools and their 

variations under different scenarios looks similar because all of these C-pools are derived from 

NPP at a constant rate of biomass pool allocation. The seasonality of biomass allocation is not 

currently dynamic in BEPS-TerrainLab V2.0. The hydrological controls that directly affect the 

dynamics of biomass C-pools are: (1) change in stomatal conductance (2) variation in the 

autotrophic respiration, which is a function of the biomass C-pool itself and (3) N-mineralization.  

 

                                  

         Figure 5-11.   Temporal dynamics the total soil C-pools (sum of all the pools) under various 

hydrological scenarios.   
 

Figure 5-11 demonstrates how the soil C-stocks (sum of all soil C-pools) build up in the 

NoFlow scenario. Under saturated conditions, these ecosystems behave similarly to temperate 

wetlands where the decomposition of soil organic matter is very limited. This behavior is 

consistent with the measurements made by Nakane et al. (1997), who reported the existence of 

twice as much soil C in places where the water table was shallow as opposed to places where the 

water table was deep (0.4m).  However, under the Implicit scenario, the soil C-pools decompose 
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faster in the growing season, although sufficient replenishment of these C-pools occurs with 

increased photosynthesis and NPP. 

 

5.8.6. Nutrient (N) Availability and Associated Feedback Mechanisms. 

Nitrogen is required for plant growth because it is the primary constituent of important 

bio-molecules such as chlorophyll and enzymes. N-control on the C-cycle is represented in BEPS-

Terrainlab V2.0 through  leaf-N that affects the maximum carboxylation rate used in the 

photosynthesis model.  Although a substantial amount of N is present in the soil organic matter, a 

majority of this is unavailable to plants. Since BEPS-Terrain Lab V2.0 simulates the seasonal 

patterns of individual soil C-pool in a comprehensive manner, it is also possible to simulate the 

dynamics of their C:N ratios (refer Appendix 2 for the equations).  

                      

Figure 5-12. Temporal dynamics of leaf-N content under various hydrological scenarios. Note the 

pronounced N limitation under the NoFlow scenario which is primarily due to reduced soil C 

decomposition and N mineralization. 
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This facilitates the calculation of N-mineralization that occurs as a result of soil C-pool 

decomposition. Together with the N deposited from the atmosphere and biological N fixation, a 

part of the mineralized N is available to plants. This continuum of N cycling in the soil is strongly 

controlled by hydrological processes. Our results are consistent with the measurement studies 

conducted by Devito et al. (1999) who reported that annual rates of net N mineralization 

higher in forest soils of the deciduous and conifer-mixed stands than in peatland soils. 

The Implicit scenario mimics conditions that are seen in deciduous forests while the NoFlow 

scenario creates soil water regimes similar to a peatland.  

Figure 5-12 shows the seasonal pattern of the leaf-N under various scenarios. Under all the 

scenarios, leaf-N remains minimal in the winter seasons, owing to weak decomposition of soil C- 

pools and N-availability. In the NoFlow scenario, the soil water balance is altered in such a way 

that the soil profile gets excessively saturated from the absence of topographically driven 

baseflow.  Throughout the year, soil C-pools accumulate without decomposition, reducing N-

mineralization. However, under the Implicit scenario, there is excessive of drainage even on flat 

locations and low lying areas of the landscape creating optimal conditions for N-mineralization 

and that directly affects the plant growth by increasing the maximum carboxylation rate, Vcmax, 

and thus overestimating the biomass. This increased biomass further increases soil organic matter 

and N mineralization, creating a positive feedback mechanism.   

 

5.9. Summary and Conclusions 

In order to understand better the strong coupling between water, C, and N cycles in 

terrestrial ecosystems in a spatially explicit manner, we developed a hydro-ecological model, 

BEPS-TerrainLab V2.0. We ran this model over a boreal landscape in North Central Quebec and 

compared the simulations with various measurements. Additionally, we conducted a modeling 
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experiment to understand better the hydrological influence on C and N cycling and the associated 

feedback mechanisms. From this study we draw the following conclusions. 

1. The seasonal dynamics of modeled NEP and total ecosystem  respiration at a daily time 

step agreed well with the eddy covariance measurements indicating that BEPS-TerrainLab V2.0 

can capture these biogeochemical processes with reasonable accuracy and can be used further as 

a predictive tool. 

2. The main factor governing the accuracy of the simulated NEP was the accuracy of the 

simulated GPP and respiration processes. While the former depends mainly on hydrologically-

controlled stomatal dynamics and the leaf-N content, the latter was attributed to several factors 

that directly or indirectly depend on the soil water and temperature regimes in addition to the 

dynamics of various ecosystem C-pools. 

3. The accuracy of heterotrophic respiration and N mineralization is thermally controlled. It 

is therefore essential to precisely model boreal edaphic thermal regimes in order to accurately 

map C-sources and sinks. This warrants the inclusion of snow dynamics and proper soil heat 

transfer schemes in models that simulate C-dynamics in boreal ecosystems.  

4. In order to model comprehensively the soil C-dynamics in conjunction with other 

biogeochemical cycles, we believe that a proper initialization of current ecosystem C-pools is an 

essential requirement.  

5. In general, hydrological simulations without the explicit consideration of sub-surface 

baseflow overestimate NEP. Generally, six types of NEP differences can be created due to 

simplified forms of hydrological representations. This occurs because of variations in 

ecophysiological and biogeochemical processes with the nature of the soil-water balance. The 

most common bias that could be created due to simplified hydrological representation is an 

underestimation of the existing C-sources. 
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6.  Soil C-dynamics are significantly altered under simplified hydrological representations. 

Soil C-pools accumulate faster when the soil saturates due to decrease in respiration or deplete 

when soil moisture is maintained below field-capacity.  This has significance in the N-availability, 

which indirectly affects primary production and C cycling.  

In conclusion, we saw that hydrology plays a critical role in determining the spatio-

temporal distribution of C-sources and sinks. Therefore, it is imperative to simulate realistic 

hydrological regimes within ecological models to accurately map spatio-temporal patterns of C-

sources or sinks. Our results suggest that the lateral sub-surface flow does play a significant role 

in boreal C-distribution. Although the landscape we worked on is a humid boreal forest 

ecosystem where non-Hortinian run-off mechanisms predominate, we believe that even in drier 

ecosystems such differences can be observed if realistic hydrological representations are not 

implemented in ecosystem models.  

 

5.10. Appendix 1 

xCN    C:N ratio of pools x.   e.g. crCN  C:N ratio of coarse root biomass pool 

Cx  C content in pool x in 2−gCm . e.g. crC  carbon content of coarse root biomass pool 

mF  Partitioning fraction of leaf and fine-root litterfall into metabolic detritus C pool. 

f  Fraction of NPP allocated to a particular biomass pool 

depN  Net N déposition 12 −− daygNm  

avN   Available N    12 −− daygNm  

fixN    N fixation       12 −− daygNm  

minN  N mineralization  12 −− daygNm  
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upN   N uptake by plants  12 −− daygNm  

lossN   N loss  12 −− daygNm  

lN   Actual leaf N content  12 −− daygNm  

Subscripts denoting various C pools. 

a    C released to the atmosphere  

cr   Coarse root biomass pool 

fr   Fine root biomass pool 

l     Leaf biomass pool 

w    Wood biomass pool 

cd    Coarse root and dead wood structural detritus pool 

fd   Fine root structural detritus pool 

md   Metabolic detritus pool 

m   Microbial pool 

p   Passive soil C pool 

s   Slow soil C pool 

 

5.10.1. Daily change in Ecosystem Carbon Pool 

Using the soil C pool initialized using InTEC model for the year 2003, the daily dynamics of 2004 

soil C pool is modeled using BEPS-TerrainLab V2.0 using an update mechanism as described 

earlier. The daily change in individual pool size is a function of decomposition rate manifested by 

hydrothermal controls and feedback relationships.  

Daily change in woody biomass pool 

1, .. −−=Δ iwcdwiwiw CkNPPfC          (A1) 
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Daily change in coarse root biomass pool 

1,. −−=Δ icrcdcricricr CkNPPfC         (A2) 

Daily change in foliar biomass pool 

1, .. −−=Δ ilsllilil CkNPPfC          (A3) 

Daily change in fine root biomass pool 

1, ..
−

−=Δ
ifrflfrifrifr CkNPPfC         (A4) 

Daily change in coarse detritus from woody and coarse root  pool 

[ ]⎥
⎦

⎤
⎢
⎣

⎡
++−

+++
+

=Δ −
−− ).(
))(1(
)..(

,,,1
,,,

1,1,
scdmcdacdicd

scdmcdacd

icrcdcriwcdw
icd kkkC

kkk
CkCk

C     (A5) 

Daily change in surface structural pool 
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Daily change in surface metabolic pool 
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Daily change in soil structural Litter pool 
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Daily change in soil metabolic pool 
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Daily change in surface microbial pool 
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Daily change in soil microbial pool 
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Daily change in slow C pool 
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Daily change in passive C pool 
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5.11. Appendix 2 

5.11.1. Soil Nitrogen Dynamics 

N mineralization is simulated based on the decomposition of soil C pools. In the process of soil C 

pool decomposition, amount of N mineralized depends on the C:N ratio of individual pools. 

Although we assume a constant C:N ratio for surface and soil microbial C pool at 12 because they 

are living beings, the dynamics of C:N ratio of C contained in non living materials is however, 

quite variable. They are calculated as follows: 

Dynamics of Foliar biomass pool C N ratio 
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Dynamics of Fine root biomass pool C N ratio 



                                                 

 234

( )[ ]

( )

⎥
⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢
⎢

⎣

⎡

⎟⎟
⎟
⎟
⎟
⎟

⎠

⎞

⎜⎜
⎜
⎜
⎜
⎜

⎝

⎛

⎥
⎦

⎤
⎢
⎣

⎡ +
+

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎥

⎦

⎤
⎢
⎣

⎡
×⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ −

+−
=

−−−

−−

−

−−

111

11

1

11

.1

..1

iw

crw

ifr

fr

il

l

iup

i

fr

i

ifrfr

ifrifrfr

ifr

CN
ff

CN
f

CN
f

N
CNfr

f
CNfr

Ck

NPPfCk
CN    (A15) 

 

 

 

Dynamics of wood biomass pool C N ratio  
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Dynamics of coarse detritus pool C N ratio 
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 Dynamics of  surface structural pool C N ratio 
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Dynamics of surface metabolic pool C N ratio 
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Dynamics of soil structural litter pool C N ratio 
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Dynamics of soil metabolic pool C N ratio 
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Dynamics of soil slow organic pool C N ratio 
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Dynamics of passive soil C pool C N ratio 
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imF  is the partitioning fraction of leaf and fine-root pools to metabolic C pool 

( )
ifrilim CNCNF +××−= 018.06.085.0        (A24) 
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Consequent of the dynamics of the C:N ratios, the N mineralization is calculated as follows. 
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CHAPTER  6. 
 

Summary and Conclusions 

 

Currently there is much speculation surrounding the global carbon (C) balance, with 

considerable uncertainty associated with the terrestrial C cycling processes. Under the conditions 

of a rapidly changing climate, we need to understand better the magnitude of terrestrial C and its 

inter-annual variability. The dynamics of the terrestrial C-cycle depend on a number of 

environmental factors and have strong links to other biogeochemical or biogeophysical cycles, 

especially the hydrological cycle. Hence, a systems approach is required to understand precisely 

the C-cycle as it is affected by hydrological controls directly or indirectly, along with the 

associated feedback mechanisms.  

For this research project, a modeling approach was used to investigate the links between 

C-cycling and hydrological processes. A process-based, spatially-distributed, hydro-ecological 

model, BEPS-TerrainLab V2.0 was further developed modifying a previously existing hydro-

ecological model, BEPS-TerrainLab V1.0 (Chen et al., 2005, Chen et al., 2007). Several processes 

and modifications were added to the model which resulted in a stronger coupling of 

hydrological, biogeochemical, and eco-physiological processes. This model was tested with 

different high-frequency and high-precision measurements of carbon, water fluxes and various 

other parameters for two years. The comparisons revealed that the model can simulate various 

ecophysiological, hydrological and biogeochemical processes adequately.  Further, BEPS-

TerrainLab V2.0 was used as a tool to investigate the links between meso-scale hydrology, 

biogeochemistry, and eco-physiology. 
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6.1. Lessons Learned from this Research. 

Boreal forests are unique in terms of hydrology, C-cycling and biogeochemical processes. 

In an attempt to model the coupled hydrological and C-cycling processes in a humid boreal 

ecosystem in eastern Canada, several facets were revealed and further challenges were identified. 

They are briefed below. 

6.1.1. Understanding the Hydro-ecology of Humid Boreal Forests using BEPS-TerrainLab V2.0 

Forest floors in boreal ecosystems are predominately covered by a moss-peat layer. Lateral 

water fluxes take preferential pathways through this highly permeable layer that comprise of 

both living and non-living parts. Realizing the importance of moss in boreal hydrological 

processes, a simple parameterization scheme was developed based on laboratory measurements 

of moss/peat hydraulic properties. This parameterization adequately simulated the baseflow 

fluxes which when tested against two other hydrological parameterizations appeared to provide 

better ecophysiological and biogeochemical estimates indicating that hydrological processes 

should be incorporated in C cycle models.  More laboratory studies on moss/peat hydraulic 

properties are hence necessary for effective hydro-ecological modeling in boreal ecosystems.  

  Upscaling  leaf-level ecophysiological processes to canopy scales by simultaneously 

considering fractions of LAI that correspond to different moisture and light regimes when used as  

weighting factors seemed to perform well and is a novel spatial upscaling approach. This quasi-

physiological strategy could upscale the plant physiological process in a manner more effective 

than that of its predecessors. More detailed plant physiological upscaling strategies could be 

developed in similar lines by following a nested approach with fractions of LAI and their 

respective stomatal conductance as the basic idea.  
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This study showed that explicit modeling of aerodynamic resistance for each canopy layer 

(over-story, under-story, and moss/soil surface) can improve the simulation of ET at watershed 

scale. The magnitudes of the simulated ET play a great role in determining the local water balance 

and, therefore, C cycling in boreal ecosystems where the canopy is more open.  

In humid boreal ecosystems such as eastern Canada, topographically-driven sub-surface 

baseflow is the main mechanism of ground water redistribution, which was almost 63-65% of the 

infiltrated soil water. Surface overland flow was rare because of the high infiltration capacity of 

boreal soil surfaces. Only under conditions of soil saturation or ground water ridging did surface 

overland flow occur.  Hence it is concluded that proper accounting of sub-surface baseflow is 

critical to improve our understanding of how hydro-ecological connectivity is established at local 

scales. It was observed that the accuracy of DEM is the most critical factor for reliable baseflow 

simulations, which in turn determine the accuracy of the simulated hydrological processes. 

6.1.2. Effect of Sub-surface Baseflow on Ecophysiological Processes 

 A numerical experiment was conducted to assess the importance of landscape scale 

lateral hydrological processes on local scale C-cycling using three modeling scenarios that 

primarily differed in the way lateral sub-surface baseflow was conceptualized. The results of the 

experiment showed that large differences were created in the simulated GPP under unrealistic 

hydrological representations. The spatial distributions of these biases depend on the type of 

scenario and the nature of the local water balance within each modeling unit. It was observed that 

if we neglect sub-surface baseflow (e.g., no lateral flow is allowed until the soil profile is 

saturated), GPP was underestimated on hill slopes as opposed to flat areas in comparison to 

realistic simulations. On the other hand, an implicit methodology having no topographic control 

overestimates GPP in flat regions and depressions in comparison to realistic simulations. The 

dynamics of ET are quite different from those of GPP under different hydrological 
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representations. In general, ET is both positively and negatively biased under unrealistic 

hydrological representations. This is because of the presence of sub-component processes that 

behave differently under various soil moisture conditions.  The primary reasons for these biases 

(GPP and ET) were attributed to variations in stomatal conductance, N availability, and 

differences in the upscaling mechanism which is conceptualized as a function of the root zone 

water contents that affect the physiological status of leaves. 

In order to ascertain the relative error contribution of various model parameters towards 

GPP and ET vis-à-vis the errors caused by hydrological misrepresentation, a sensitivity analysis 

was conducted using 14 parameters that are common to both ET and GPP calculation. This 

analysis revealed that the most sensitive parameters that affects the magnitudes of the simulated 

GPP and ET were LAI, clumping index, maxsg , cuticleg , ratio of overstory to understory maxsg , soil 

porosity, saturated hydraulic conductivity, and sK , in the order of precedence. Although this 

sensitivity analysis highlights the importance of accurate parameter values, since the magnitude 

of the errors in GPP or ET created due to parameter values was lower than what hydrological 

misrepresentation would produce, the importance of hydrology in C-cycle modeling is further 

reinforced. 

6.1.3. Long-term Dynamics of C-cycling Processes 

In order to test the ability of BEPS-Terrainlab V2.0 to simulate biogeochemical processes, 

explicit C or N cycles were incorporated within BEPS-TerrainLab V2.0. The biogeochemical 

module facilitated the simulation of the dynamics of various C and N-pools between the 

vegetation and the soil facilitating a comprehensive representation of processes such as 

heterotrophic respiration and N mineralization which paved the way for realistic calculations of 

NEP (C-source or sink) at a daily time step. Before simulating various biogeochemical processes, 
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much effort was put to comprehensively spin-up the current magnitudes of various ecosystem C-

pool sizes and their CN ratios. This was achieved by reconstructing historical ecosystem C-

balances using the InTEC model under a climate change, CO2 change, N-deposition, and various 

disturbance events that occurred on this landscape in the recent past. These spun-up C-pools 

were validated with inventory plot measurements of above-ground biomass C-pools and soil C-

pools, in addition to plant area index as an indicator of the amount of above ground biomass. The 

comparison showed that using InTEC model, about 80% in the variability of the current 

distribution of various C-pools could be achieved and that the C-pools estimated in this manner 

were adequate for further biogeochemical modeling at daily time steps by BEPS-TerrainLab V2.0. 

6.1.4. Effect of Sub-surface Baseflow on Biogeochemical Processes 

The seasonal dynamics of NEP and total respiration simulated by BEPS-TerrainLab V2.0 

were comparable to the eddy covariance measurements, demonstrating that the model was 

capable of simulating these ecological processes with reasonable accuracy and can be further used 

as a predictive tool. The study showed that the main factors governing the accuracy of the 

simulated NEP were the accuracy of the simulated GPP and ecosystem respiration. While the 

former depended mainly on hydrologically-controlled stomatal dynamics and the leaf N-content 

that modify the ambient photosynthesis rate, the accuracy of the latter process was attributed to 

several factors that directly or indirectly depend on the soil hydrothermal conditions that 

determines the dynamics of various ecosystem C pools and its decomposition. The accuracy of 

heterotrophic respiration and N-mineralization is thermally controlled. Therefore, it is essential to 

accurately model boreal soil thermal regimes in order to simulate its biogeochemical processes. 

This necessitates explicit modeling of snow dynamics and the consequential soil heat flow in 

order to capture the boreal winter biogeochemical processes. Winter biogeochemical processes 

have a great influence on the annual magnitudes of ecosystem C fluxes.  
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Further investigation was conducted using the same numerical experiment mentioned 

above to explore the effect of sub-surface baseflow on C-sources and sinks (NEP). It was 

concluded that unrealistic hydrological representations overestimate NEP. However, the reasons 

for the overestimations were different under the various scenarios. Six types of biases were 

identified in the simulated NEP as a result of hydrological misrepresentation. These biases occur 

because of differences  in the proportion of photosynthesis, respiration, and the associated 

feedback mechanisms. The most common type of NEP bias created due to unrealistic 

hydrological representation was an underestimation of the existing C-sources. This is a significant 

finding because it throws light on the fact that that our current bottom-up modeling endeavors 

that do not include explicit hydrological processes could underestimate the sizes of C sources on 

the Earth’s surface. Soil C-dynamics is significantly altered under unrealistic hydrological 

scenarios. It was found out that generally, soil C-pools accumulate if we neglect sub-surface 

baseflow and deplete under implicit formulations of sub-surface baseflow. The dynamics of soil 

C-pools have great significance on the N-availability that indirectly affects primary production.  

From these results it can be concluded that hydrology plays a critical role in determining 

the spatio-temporal distribution of C sources and sinks. Therefore, it is imperative to simulate 

realistic hydrological regimes within ecological models to realistically simulate spatio-temporal 

patterns of C sources or sinks. Results of this study suggest that topographically-driven, lateral 

water flow and its consequent alteration of soil water balance do play a significant role in the 

terrestrial C distribution. Therefore, it is appropriate to conclude that regional or global scale 

terrestrial C-estimates could have significant errors if proper hydrological constraints from the 

large topographic variation on the Earth’s surface are not considered in the modeling of 

ecological processes.  
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6.2. Uncertainties in the Simulated Results 

Although the current modeling exercise was carried out using a systems approach and 

simulations were validated using high-precision continuous measurements, there could still be 

room for uncertainties associated with this study. The source of uncertainties can be attributed to 

several factors. These are detailed below. 

6.2.1. Parameters and Coefficients used in BEPS-TerrainLab V2.0 and InTEC. 

In almost all existing simulation models, various coefficients are used to parameterize 

natural processes. Even if these coefficients are applied in a spatially distributed manner as a 

function of plant functional type or soil texture, it may not be a true representation of the reality. 

Parameter values were mostly obtained from the literature that are either based on laboratory or 

field measurements or based on other modeling studies. Considering the large size of the 

modeling unit (625 m2), within which much heterogeneity can exist, it is still somewhat uncertain 

to use field-measured parameters for meso-scale calculations. It is plausible that these parameter 

values could vary for different situations and can create uncertainty in the simulations. This 

warrants the need for parameter estimation and rigorous sensitivity analysis using various 

techniques (Wang et al.,  2001; Peddle et al.,  2004). Such an exercise will help to identify the most 

sensitive parameter that needs to be accurately parameterized. There are various parameter 

estimation techniques, such as data assimilation using ensemble Kalman filters (Jones et al.,  2004; 

Williams et al.,  2005) to estimate the optimal parameter values. In an ideal modeling context, one 

should do such an analysis prior to running the model over an ecosystem. 

6.2.2. Quality of Input Datasets Used in BEPS-TerrainLab V2.0 and InTEC. 

There could be some errors associated with spatial inputs that are used for running BEPS-

TerrainLab V2.0. These datasets originate from several sources and have different spatial 

resolutions. Therefore, they were resampled with a common spatial resolution before using them 
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as inputs. This resampling procedure is likely to cause some form of abstraction of the original 

information. In this study, much effort was devoted to minimizing such errors. For example, with 

land cover as a qualitative spatial data, resampling a land cover map is likely to create many 

errors. This was the motivation for choosing to resample all other datasets at the spatial 

resolution of the land cover map. Additionally, DEM is a critical spatial input that determines the 

accuracy of lateral hydrological processes. Although this study utilized a hydrologically 

consistent DEM, the spatial interpolation algorithms that are used to create DEMs using ground 

control points and could include some minor inconsistencies with reality. This error could have 

some effect on the simulated C-cycling process. Moreover, the ground control points used for the 

creation of DEM are usually collected using indirect methods, where some errors are also 

plausible. 

6.2.3. Quality of Long-term Meteorological Records Used in InTEC. 

This research work utilized long-term meteorological records to simulate the historical 

trends in the ecosystem C-balance. However, it is plausible that there could be minor errors 

associated with these meteorological datasets that might slightly affect the reconstructed C 

balance. Even for daily simulations, errors in meteorological data is plausible when it is 

temporally upscaled (half hourly to daily), due to issues such as missing values. A study by 

Matsushita et al. (2004) using a sophisticated sensitivity analysis technique called the Extension of 

Fourier Amplitude Sensitivity Test (EFAST) using the BEPS model demonstrated that the 

required accuracy for daily maximum temperature is ≤2.9oC, for daily minimum temperature is 

≤2.0oC, for daily global solar radiation its is ≤2.5 MJ m-2 day-1, and for daily specific humidity it is 

≤3.4 g kg-1 in order to estimate NPP with an overall confidence coefficient of 95%. 
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6.2.4. Quasi-empiricism Existing in Process Models. 

None of the currently existing process models are purely physical in nature. There are 

many instances where empirical approaches are employed to describe biophysical processes. This 

is because these processes are either not well studied by field or laboratory measurements or they 

are too highly complex in nature for us to comprehend them mathematically. Some of the 

empirical formulations currently existing in BEPS-Terrainlab V2.0 are similar to other process 

models. They are given below. 

2. Pedo-transfer function that is used to calculate unsaturated hydraulic conductivity from 

saturated hydraulic conductivity. 

3. Interception of precipitation by canopy using an interception coefficient 

4. Calculation of Vcmax using temperature and nitrogen scalars. 

5. Soil surface conductance as a function of soil water content 

6. Moss surface conductance. 

The empirical description of these processes leads to site-specific nature and warrants calibration 

of the model before actual use to reduce uncertainties in simulations. 

 

6.3. Current Modeling Gaps or Topics for Future Research  

There are several opportunities to further improve our understanding of how the 

terrestrial C-cycle, hydrology, and other biogeochemical cycles interact. These are the topics that 

can be incorporated in future bottom-up modeling endeavors or improving the present model. 

These topics are briefly described below.   

6.3.1. Simulation of other Forms of Hydrologically Controlled C-Fluxes. 

In the current model set up, the C-balance in forest ecosystems assumes that there is no C-

flux associated with dissolved organic C (DOC) or methane emission. However, in reality, DOC is 
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transported along with lateral flow of water (Schiff et al.,  1997; Shibata et al.,  2003). From the 

current research, it was seen that 65% of the soil water is fractionated as sub-surface baseflow. It 

is plausible that the assumption of negligible DOC or other mechanisms of C-flux such as 

methane emission (Miyata et al.,  2000; Zhuang et al.,  2004) may not be valid. It is necessary to 

create new conceptualizations to represent these forms of C-fluxes in boreal ecosystems. With the 

spatially-explicit biogeochemical module that exists closely with the distributed hydrological 

processes within BEPS-Terrainlab V2.0, it is not difficult to simulate these types of C fluxes in the 

future.  

6.3.2. Multilayer Soil Water Scheme Replacing the Two Layered Approach 

Although BEPS-TerrainLab V2.0 has five conceptual soil layers for heat flow, only two 

conceptual soil layers currently exist with respect to soil water movement, i.e., saturated and 

unsaturated zones. Although this assumption is adequate for boreal shield applications where the 

water table is shallow, in order to use this model in places that have deep ground water (e.g. arid 

and semi-arid regions), we need to improve representations of the unsaturated zone hydrological 

processes by incorporating multi-layered unsaturated soil. This conceptualization of soil layers 

for soil moisture can be considered in conjunction with soil heat flow for explicitly calculating 

hydrothermal regimes. Hydrogeological approaches should be adopted to model ground water 

fluxes in places were complex sub-surface geology exists.  

6.3.3. Root Water Uptake Schemes 

In order to better represent plant water relations, it will be more realistic to have a multi-

layered soil that conceptually has roots having mechanistic or quasi-mechanistic soil water 

uptake scheme constraining the dynamics of leaf water potential and stomatal conductance. 

Multi-layer soil having an explicit root water uptake scheme and a stomatal conductance model 
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that employs the Ball-Berry approach would be an ideal conceptualization of representing plant 

water relations to represent the soil-plant-atmosphere continuum of heat and mass. 

6.3.4. Temporal upscaling of the Penman- Monteith equation 

Theoretically, the Penman-Monteith equation is an instantaneous conceptualization of the 

vegetation-controlled surface energy balance. In this model, stomatal resistance or bulk surface 

resistance prevents water from escaping the boundary layer in spite of having other conducive 

conditions such as available energy or vapor pressure deficit. Hitherto scientists have been using 

this model for daily applications using daily mean values for the parameters that go into this 

equation. This is intuitively erroneous. We need to develop a temporal scaling algorithm that 

takes into consideration the diurnal variations in available radiation, vapor pressure deficit, 

stomatal resistance, and slope of the vapor pressure curve.  

6.3.5. C-allocation Mechanism in InTEC and BEPS-TerrainLab V2.0. 

The InTEC model is an efficient tool to reconstruct the sizes and nature (CN ratios) of 

various ecosystem C-pools in space and time. However, in this model, the C-allocations to 

various biomass pools are assumed to be constant even under varied plant physiological, 

meteorological, and CO2 conditions. There are many studies that have shown that the allocation 

of biomass C change with age and environmental variables. Similarly, in BEPS-TerrainLab V2.0., 

the seasonal allocations of NPP to various biomass pools are kept constant. Studies have shown 

that the allocation of C to biomass pools also seasonally changes.  

 

6.4. Contribution to Science 

This research has made some new contributions to science by improving our 

understanding of how biogeochemical cycles interact with hydrological cycles at meso-scales or 

higher. Currently we rely on Atmospheric General Circulation models (AGCMs), which are 
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constructed based on sound physical or statistical principles to understand how climates change. 

Many of the existing AGCMs simulate the dynamics of terrestrial C or hydrological processes, 

which govern the climate using Land Surface Schemes, LSS (Sellers et al., 1997). Most of the 

existing LSS do not explicitly consider topographically-driven hydrological processes. Instead 

they use “bucket schemes” or have topographically driven saturation excess overland flow, 

overlooking the ecophysiological and biogeochemical consequences of unrealistic soil-water 

status. Although these simplified schemes are capable of simulating the trend and magnitudes of 

lateral hydrological responses, the fact that they abstract the fundamental mechanism 

(topographic control) and that they neglect the redistribution of water among hydrologically 

connected areas in the landscape could create substantial errors in the simulated global 

biogeochemical cycles (especially C). This is an issue that is mostly overlooked today and could 

further question the reliability of our climate predictions. Currently, we tend to believe that the 

effects of global warming may switch the status of the terrestrial biosphere from C-sinks to 

sources in the middle of this century (Cox et al.,  2000; Cramer et al.,  2001). However, if the lateral 

hydrological processes dominate due to increased melting of ice and snow in high latitude 

permafrost regions as a result of global warming (Zimov et al.,  2006), it could lead to increased 

soil saturation, which could further suppress the currently anticipated rates of soil C-

decomposition, leading to an increase in the existing C-sinks. Some recent GCM simulations 

demonstrate that historical variations in continental run-off altered stomatal conductance of 

global vegetation that had a positive feedback on the climate (Gedney et al.,  2006) and vice versa 

(Betts et al.,  2007). These studies hint that hydrologically-controlled ecological processes could 

affect biogeochemical cycles and hence the climate. Explicit hydrological representations, if 

realistically included within LSS, could give a better idea of the spatial distributions of terrestrial 

C-sources or sinks which could improve our climate predictions. 
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Climate change prediction needs to incorporate explicit consideration of Earth’s 

topography because water and light are the major controls on plant growth that sequesters 

atmospheric CO2. With the availability of cutting edge computing facilities such as the Earth 

Simulator (Normile, 2002), it is possible to incorporate topographic controls in our models. This 

research demonstrates to the scientific community that it is necessary that our land surface 

schemes within climate models are “rugged”, in order to mimic Earth system processes more 

realistically.  
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