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Abstract. Water is essential for all ecosystem services, yet a comprehensive assessment of total (overall) water 14 

contributions to ecosystem services production has never been attempted. Quantification of the many ecosystem 15 

services impacted by water demands integrated hydrological simulations that implicitly characterize subsurface and 16 

surface water exchange. In this study, we use a fully integrated hydrological model—HydroGeoSphere (HGS)—to 17 

capture changes in subsurface water, surface water, and evapotranspiration (green water) combined with the economic 18 

valuation approach to assess ecosystem services over an 18-year period (2000-2017) in a mixed-use but predominantly 19 

agricultural watershed in eastern Ontario, Canada. Using the green water volumes and ecosystem services values as 20 

inputs, we calculate the marginal productivity of water, which is $0.45 per m3 (in 2022 Canadian dollars). The 21 

valuation results show that maximum green water is used during the dry years, with a value of $1.16 billion during a 22 

severe drought that struck in 2012. The average product of water for ecosystem services declines during the dry years. 23 

Because subsurface water is a major contributor to the green water supply, it plays a critical role in sustaining 24 

ecosystem services during drought conditions. For instance, during the 2012 drought, the subsurface water 25 

contribution to green water was estimated at $743 million, making up 72% of the total value of green water used in 26 

that year. Conversely, the surface water contributions in green water provision over the modeling period are 27 

comparatively miniscule. This study informs watershed management on the sustainable use of subsurface water during 28 

droughts and provides an improved methodology for watershed-based integrated management of ecosystem services. 29 

1 Introduction 30 

The role of subsurface water (groundwater and soil water in the vadose zone) in socio-economic development is 31 

widely acknowledged (Foster and Chilton, 2003); its ecological contributions are, however, undervalued (Yang and 32 

Liu, 2020), despite being fundamental to the control of terrestrial ecological processes (Qiu et al., 2019). Subsurface 33 

water supports a potpourri of ecosystem services that range from provisioning to regulating, supporting, and cultural 34 

services (Griebler and Avramov, 2015). While water infiltration is a driver for subsurface water recharge, subsurface 35 
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water discharge is in-turn key for supporting terrestrial ecosystems (e.g., wetlands, forests, etc.) (Griebler and 36 

Avramov, 2015). Hence, subsurface water provides a buffer against weather stressors on vegetation and aquatic 37 

ecosystems and helps to maintain key processes that underpin ecosystem services (Qiu et al., 2019). To date, most 38 

ecosystem services research has focused on aboveground factors and processes (e.g., land use change), and very little 39 

focus has been given to the critical zone (e.g., shallow groundwater) and its influence on terrestrial ecosystem services 40 

(Richardson and Kumar, 2017; Qiu et al., 2019). In a few instances, previous research (e.g., Booth et al., 2016; Li et 41 

al., 2014) has attempted to link subsurface water with land cover, but only at a field scale and under static 42 

environmental conditions (Qiu et al., 2019). Given the difficulties with mapping large/watershed scale subsurface 43 

water resources, the contribution of subsurface water towards terrestrial ecosystem services has rarely been quantified. 44 

Furthermore, monetary/economic valuation of subsurface water contribution to terrestrial ecosystem services has 45 

never been attempted. 46 

While hydrologic ecosystem services studies are common in the literature (Ochoa and Urbina-Cardona, 2017), 47 

groundwater-focused ecosystem services assessments have rarely been undertaken. However, groundwater can be an 48 

important regulator of watershed hydrologic behavior and ecosystem health, especially in regions with a shallow water 49 

table, such as the Great Lakes Basin (Neff et al., 2005). In addition, the groundwater acts as a soil water source in 50 

areas of shallow water table (Chen and Hu, 2004). The importance of groundwater has been noted by Griebler and 51 

Avramov (2015) in their review of groundwater ecosystem services, where they highlight that groundwater plays a 52 

direct role in supplying different types of ecosystem services (Millenium Ecosystem Assessment (MEA), 2005); and 53 

they stress the need for a better quantitative understanding of groundwater processes in order to protect and manage 54 

groundwater ecosystem services. Furthermore, Mammola et al. (2019) emphasize that subterranean ecosystems are 55 

largely being overlooked in conservation policies. Based on a preliminary assessment of all the regions around the 56 

world where groundwater plays a critical role in ecosystem services (considering that 43 % of consumptive irrigation 57 

is sourced from groundwater (Siebert et al., 2010)), one has to wonder if the lack of focus on subsurface water 58 

ecosystem services is not due to lack of need, but in fact a lack of tools with which to conduct the required analysis.  59 

Using advanced hydrological models is a convenient approach to completely characterize all water storage and flux 60 

dynamics over large spatial scales. With groundwater ecosystem services’ increasing role in policy-making (Honeck 61 

et al., 2021) and sustainable groundwater resources management, additional tools are required in order to map them 62 

more accurately. At present, numerous modeling tools are available for ecosystem services mapping, such as 63 
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ARtificial Intelligence for Environment & Sustainability (ARIES), Co$ting Nature, Envision, and Integrated 64 

Valuation of Ecosystem Services and Tradeoffs (InVEST), with InVEST being by far the most prominent in the 65 

scientific literature (Ochoa and Urbina-Cardona, 2017). The only approach to completely characterize all water storage 66 

and flux dynamics over large spatial scales is through the use of sophisticated hydrological models. For mapping 67 

hydrological ecosystem services, it is essential to understand and capture complex hydrological processes (Sun et al., 68 

2017). However, ecosystem services specific models, such as the InVEST Water Yield Model, have limited capability 69 

to simulate hydrological processes efficiently (Redhead et al. 2016). The hydrologic tools built into the ecosystem 70 

services models are usually focused on one water compartment and/or are too simplistic to properly characterize 71 

hydrologically mediated ecosystem services (Dennedy-Frank et al., 2016; Vigerstol and Aukema, 2011). Still, models 72 

like SWAT and many other hydrological models, such as Variable Infiltration Capacity (VIC) and Finite Element 73 

subsurface FLOW (FEFLOW) models, are unable to simulate integrated subsurface-surface water systems. Within 74 

the hydrologic modelling community, it is acknowledged that structurally complex, fully-integrated subsurface–75 

surface water models are the current state-of-the-art for capturing the interplay between subsurface and surface water 76 

systems, however, this class of models has not yet been applied towards ecosystem services valuation. 77 

Another key hydrological and ecological process is evapotranspiration, which can be largely supported by the 78 

availability of groundwater (Jin et al., 2017; Condon et al., 2020). Changes in evapotranspiration rates determine water 79 

availability and ecosystem health at a watershed scale (Zhao et al., 2022). Thus, subsurface water availability is vital 80 

for ecosystem functioning and subsequent ecosystem services. Under drought conditions, subsurface water can 81 

become critically important for sustaining evapotranspiration (Condon et al., 2020). Therefore, mapping the 82 

connection between subsurface water and evapotranspiration is imperative for sustainable water and ecosystem 83 

services management (Yang et al., 2015), especially in cases where growing climate variability is expected to result 84 

in increasingly erratic precipitation patterns (Taylor et al., 2013). A few of the current hydrological models can weakly 85 

capture the subsurface water dynamics and subsurface-surface water interactions (Clark et al., 2015). Because 86 

HydroGeoSphere (HGS) is an integrated subsurface-surface model, it can be used to dynamically integrate key 87 

components of the terrestrial hydrologic cycle such as evaporation from bare soil and water bodies, vegetation-88 

dependent transpiration with root uptake, snowmelt and soil freeze/thaw dynamics.   89 

Evapotranspiration represents large fluxes of both water and energy across the land surface–atmosphere boundary and 90 

is closely related to terrestrial ecosystem production (Tan et al., 2021). Water managers perceive evapotranspiration 91 
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as a water loss; however, it is an essential process for regulating the hydrologic cycle and providing terrestrial 92 

ecosystem services (An and Verhoeven, 2019). Evapotranspiration is also called green water—the fraction of the 93 

rainfall on the land that eventually returns to the atmosphere as evapotranspiration—which is a source of nutrition for 94 

vegetation/ecosystems and plays a key role in producing ecosystem services (Zisopoulou et al., 2022; Schyns et al., 95 

2019).  Green water is evapotranspired during biomass production, and thus supports and maintains terrestrial 96 

ecosystems (Lowe et al., 2022). Hence, evapotranspiration is pivotal in the growth and functioning of ecosystems (Liu 97 

and El-Kassaby, 2017) and plays a major role in providing ecosystem services through biomass production. It is also 98 

a key process by which to model/map terrestrial ecosystem services production. To capture the interaction between 99 

evapotranspiration and subsurface and surface waters, fully-integrated subsurface–surface water models are well 100 

suited. 101 

In this study, we introduce the HydroGeoSphere (HGS), a fully-integrated subsurface– surface water model, as a tool 102 

for mapping and quantifying subsurface and surface water contributions to terrestrial ecosystem services at the 103 

watershed scale (~4000 km2).  Furthermore, the results from the HGS modelling are extended to an economic valuation 104 

of water contributions to ecosystem services. Until now, fully integrated subsurface-surface models such as HGS have 105 

not been demonstrated in the scientific literature as tools for modeling ecosystem services, and the economic value of 106 

subsurface water has been overlooked in ecosystem services valuation assessments. To address this omission, we 107 

demonstrate the model for a watershed in a humid temperate climate in eastern Ontario, Canada, with a generally 108 

shallow (1-3m) water table. Furthermore, using the simulation results, we value the contribution of subsurface and 109 

surface water storages to evapotranspiration and subsequently to terrestrial ecosystem services. As such, the work 110 

herein provides an important and novel contribution to the science of ecosystem service valuation in terms of both 111 

conceptual and methodological understanding. This work identifies the level of complexity required in a model to 112 

quantify water ecosystem services, especially from shallow water regions. 113 

2 Materials and Methods 114 

2.1 Study Area 115 

The South Nation watershed (SNW), located in eastern Ontario, Canada, covers approximately 3,830 km2 (Fig. 1). 116 

There is approximately 100 m of vertical relief in the land surface, and the relief is relatively flat (Fig. 1A). It is 117 

primarily an agriculture-focused watershed, with relatively low population density. The towns of Casselman, Russell, 118 
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and Winchester have respective populations of 3,548, 16,520 and 2,394 based on the 2016 Canada census. The eastern 119 

flank of the city of Ottawa is encroaching on the Northwest corner of the watershed, in many headwater areas. The 120 

SNW stream network is approximately 6,489 km long and consists of 1,606 km of Strahler order 3+, 1,548 km of 121 

Strahler order 2, and 3,335 km of Strahler order 1 features (Fig. 2A). Many of the low order features are either 122 

completely manmade agricultural drainage ditches, or straightened natural watercourses designed to drain the 123 

agricultural landscape. 124 

Soil drainage conditions across the watershed are primarily imperfect, poor, or very poor (Fig. 3A), although some 125 

disconnected pockets are considered well drained (SLC, 2010). The wide extent of poorly drained soils in the SNW 126 

is an integral reason for the intensive land drainage activities. Tile drainage is extensively employed to enhance 127 

agricultural productivity and to facilitate cropping activities in these soils. Approximately 960 km2 (or 25 %) of the 128 

watershed is tile-drained (Fig. 4A). From 2004 to 2016, 290 km2 of land was tile drained. Across most of the SNW, 129 

the soils are underlain by Quaternary deposits, primarily of glacial, glacial marine, fluvial, and colluvial origin 130 

(Ontario Geological Survey, 2010). These sediments are composed of sand, silt, clay, gravel, and glacial till, and range 131 

in thickness from 0 m to approximately 90 m across the watershed. Eight soils have been identified in the SNW (SLC, 132 

2010), mainly composed of clay loam and sandy loam textures (Fig. 3A(a)). Localized areas associated with incised 133 

bedrock channels and Quaternary esker deposits are important sources of groundwater for both ecological function 134 

and human/livestock supply, and most of the rural residents in the SNW rely on groundwater for domestic and farm 135 

use.  136 

The SNW is characterized by relatively wet temperate climate with ample amounts of snow in winter and warm 137 

summers. The annual average temperature is just over 5 C, with average summer highs reaching 26°C in July and 138 

average winter lows reaching -14°C in January (https://climate.weather.gc.ca/climate_normals). Present day 139 

landcover (Fig. 1) consists of 38% cropland, 29% forest, 20% grassland, 7% urban, 5% wetland, and 1% water. The 140 

dairy industry is a big part of the SNW economy, and the grassland areas provide grazing area to feed the cattle. 141 
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 142 

Figure 1: Location of the South Nation Watershed (SNW) in North America. The figure in the inset (right) shows the 143 

land use types in the SNW. 144 

2.2 Capturing changes in water storages using HGS Model 145 

As HGS is a fully integrated model, it generates simulation outputs for all components of the terrestrial hydrologic 146 

cycle (Fig. 2) in a completely transient format, thus alleviating a common limitation of ecosystem services models in 147 

that they do not account for transient behavior (Vigerstol and Aukema, 2011). Furthermore, HGS outputs can also be 148 

generated for the entire model domain (i.e., the watershed) or refined for smaller spatial scales such as subwatersheds, 149 

with the downscale limit being that of an individual finite element within the Finite Element Method (FEM).  150 
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 151 

Figure 2: Key components of terrestrial hydrological cycle mapped by the HGS model 152 

However, it should be noted that the integrity of the HGS outputs are also dependent on the model scale, in that, for 153 

example, a model of a 150,000 km2 river basin is best suited to answer big picture questions (i.e., basin water balance, 154 

climate change impacts, regional groundwater), while a model built for the SNW can be used to address questions 155 

pertaining to localized processes (i.e., individual wetland influences, groundwater recharge and discharge patterns, 156 

flood extent, local aquifer conditions, local soil moisture conditions). If even more localized insights are required, 157 

HGS models can be resolved down to field or plot scale, where highly detailed questions pertaining to things such as 158 

riparian zones, soil structure, manure application, and tile drainage influences on water quantity and quality can be 159 

evaluated. However, for field or plot scale insights, the model domain typically would be no larger than 10 – 20 km2. 160 

Thus, HGS is a scalable and robust model. We use the model to capture watershed surface water outflow, actual 161 

evapotranspiration (ETa) (which are correlated to biomass production), subsurface water storage, and land surface 162 

water storage (reflective of how much water is held in wetlands and reservoirs). 163 

2.2.1 Model construction 164 

2.2.1.1 Finite Element Mesh (FEM) 165 

The HGS model utilizes a 3-D unstructured finite element mesh (FEM) that extends across the full 3830 km2 area of 166 

the SNW. Within the structure of the FEM are 1-D river/stream channel features, a 2-D overland flow domain 167 
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(reflecting land surface topography), and a 3-D subsurface flow domain (reflecting hydrostratigraphy). The FEM for 168 

the SNW model resolves all Strahler 2+ stream/river features as control lines in the mesh. FEM node spacing (element 169 

edge length) was maintained at 100 m along the control lines, while away from the control lines the node spacing 170 

extends up to 300 m. On each FEM layer there is a total of 86,740 nodes and 171,609 finite elements. Accordingly, 171 

over the eight subsurface mesh sheets (seven subsurface layers); the FEM contains 693,920 nodes and 1,201,263 3-D 172 

finite elements. In addition, the surface layer contains an additional 86,740 nodes and 171,609 2-D finite elements. 173 

2.2.1.2 Hydrostratigraphy 174 

The seven subsurface layers represent (from the top down) three soil layers, three Quaternary geology layers, and one 175 

bedrock layer. The soil layers extend from 0–0.25 m, 0.25–0.5 m, and 0.5–1 m depth relative to the top surface, which 176 

is defined using the Ontario Integrated Hydrology digital elevation model (Ontario Integrated Hydrology Data: 177 

Elevation and mapped water features for provincial scale hydrology applications). The hydraulic properties for the 178 

soil layers vary spatially according to the soil polygons defined in the Soil Landscapes of Canada (SLC, Soil 179 

Landscapes of Canada Working Group, 2010), and are defined in two steps as follows: (1) properties extracted from 180 

SLC are used in conjunction with the Rosetta pedotransfer functions (Schaap et al., 2001) to obtain estimates for 181 

hydraulic conductivity, water retention and relative permeability, residual saturation, and porosity parameters, and (2) 182 

hydraulic conductivity, water retention and relative permeability parameters are manually tuned during model 183 

calibration. The three Quaternary layers are of variable thickness, where the layer interfaces represent contrasting 184 

lithology using a simplified version of the 3-D geological model produced by Logan et al., (2009). Hydraulic 185 

properties for the Quaternary materials are assigned based on lithology. Underlying the Quaternary layers is a single 186 

layer of uniform hydraulic conductivity representative of the Phanerozoic bedrock. When assembled, the model layers 187 

depict a 3-D subsurface realization of the SNW hydrostratigraphy (Fig. 3). 188 
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 189 

Figure 3:  Three-dimensional perspective of the South Nation HydroGeoSphere model, and the hydrostratigraphic 190 

layering (inset). Note the 100x vertical exaggeration. 191 

2.2.1.3 Land Surface Configuration 192 

The land surface in the HGS model represents land cover distribution defined by the gridded, 30 m resolution, 2017 193 

Annual Crop Inventory dataset (Annual Space-Based Crop Inventory for Canada, 2017), that is refined to six 194 

categories (water, urban, wetland, grassland, cropland, and forest). Root depth for the cropland (1 m), forest (2.9 m), 195 

wetland (1 m), grassland (2.1 m), and urban (1 m) landcovers was held static over the simulation interval. Spatially 196 

distributed leaf area index (LAI) is a transient parameter represented by the 8-day composite, 500 m resolution 197 

MOD15A2H v006 data product (MYD15A2H MODIS/Aqua Leaf Area Index/FPAR 8-Day L4 Global 500m SIN 198 
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Grid. NASA LP DAAC). Each landcover category also utilized a unique value for surface roughness (Manning’s n 199 

coefficient), ranging from 0.001 (urban) to 0.03 s/m1/3 (forest). 200 

2.2.1.4 Climatology 201 

Time-varying and spatially distributed climate data with daily temporal resolution is used as forcing for the liquid 202 

water influx (LWF) and potential evapotranspiration (PET) boundary conditions in the HGS model for the 2000 to 203 

2018 simulation interval. LWF is derived from precipitation obtained from McKenney et al. (2011) in combination 204 

with snow water equivalent (SWE) estimates from the ERA5-Land land-surface reanalysis (Muñoz-Sabater et al., 205 

2021), where LWF is the sum of liquid precipitation (rain) and snowmelt (daily changes in SWE).  206 

Potential evapotranspiration (PET) is used to calculate ETa within HGS. PET primarily depends on the surface 207 

radiation budget, temperature, humidity, and near-surface wind speed (Allen et al., 1998); however, out of these 208 

variables, only minimum and maximum temperature are readily available for the full SNW. Hence, PET forcing for 209 

the SNW model is calculated with the Hogg method (Hogg, 1997). This is consistent with Erler et al. (2019) and Xu 210 

et al. (2021), who reported good agreement with the observed water balance in the Great Lakes region when using the 211 

Hogg method. The Hogg method is based on the FAO Penman-Monteith approach (Allen et al. 1998), where the 212 

radiation budget and humidity are approximated as a function of daily minimum and maximum temperature (and wind 213 

is assumed to be constant).  214 

2.2.2 Model Performance Evaluation 215 

The performance of the SNW HGS model is evaluated using observed surface water flow rates and groundwater levels 216 

from across the watershed. The observation data is derived from surface water flow monitoring conducted at 9 Water 217 

Survey of Canada (WSC) hydrometric stations (Figure 4a) and 10 Provincial Groundwater Monitoring Network wells 218 

(Figure 4b). The Nash-Sutcliffe Efficiency (NSE) and Percent Bias (Pbias) metrics (Moriasi et al., 2007) are used to 219 

evaluate surface water flow simulation performance, while the coefficient of determination (R2) is used to evaluate 220 

groundwater simulation performance. 221 
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 222 

Figure 4. Distribution of (a) Water Survey of Canada surface water flow gauges, and (b) Provincial Groundwater 223 

Monitoring Network wells across the South Nation watershed. 224 

2.3 Ecosystem services water productivity 225 

We use the benefit transfer method to derive the unit values of ecosystems in the SNW. The value transfer method, 226 

which is a widely used and quick technique for assessing the economic value of ecosystem services, relies on 227 

secondary data obtained through the implementation of various other economic valuation methods (Aziz, 2021). A 228 

local study by L’Ecuyer-Sauvageau et al. (2021) assembles the values for 13 ecosystem services: agricultural services, 229 

global climate regulation, air quality, water provision, waste treatment, erosion control, pollination, habitat for 230 

biodiversity, natural hazard prevention, pest management, nutrient cycling, landscape aesthetics, and recreational 231 

activities. Because of unavailability of data, raw material, genetic diversity, spiritual, cultural and heritage identity 232 

services are excluded from the analysis. These unit values have been correspondingly generated by major ecosystems 233 

in the adjacent Ottawa-Gatineau region using market price, replacement cost, and benefit transfer methods. The unit 234 

values for ecosystem services are gathered based on similarities of ecologic and socio-economic conditions between 235 

the studied and policy sites, and converted using the purchasing power parity (L’Ecuyer-Sauvageau et al., 2021). After 236 
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adjusting these values for inflation, we calculate the value of ecosystem services in the SNW for the simulation period 237 

using the following equation. 238 

𝐸𝑉𝑡 = ∑ (𝐴𝑘 × 𝑈𝑉𝑘)
𝑛
𝑘=1 ∗ 𝑉𝐼   (1) 239 

𝐴𝑘= Area of land use 𝑘 240 

𝑈𝑉𝑘= Unit value of ecosystem services for land use 𝑘 241 

𝑉𝐼= Vegetation indicator, a ratio of yearly to average net primary production=NPPyear/NPPmean 242 

We use net primary production as an indicator to characterize the vegetation vigor (Xu et al., 2012) and to adjust the 243 

values of ecosystem services over time in the SNW. The relative vegetation indicator (VI) is the ratio of yearly NPP 244 

and the mean NPP over the selected period.  The Moderate Resolution Imaging Spectroradiometer (MODIS) data 245 

(https://appeears.earthdatacloud.nasa.gov/) for NPP (at 500m resolution) is collected from 2000 to 2017. Using the 246 

spatial analyst tool of ArcGIS and raster data for NPP, we calculate yearly mean values of NPP over the selected time 247 

period. The average NPP values from 2000-2017 for the SNW are given in Table 1.  248 

We then calculate the average ecosystem services water productivity using ecosystem services values and green water 249 

volumes in equation 2: 250 

𝑉𝑊 = (𝐸𝑉𝑡)/(𝑋𝑤)   (2) 251 

𝑉𝑤 is the average product of water ($ per m3), 𝑋𝑤 is the total volume of ETa/green water used in a year ‘t’. 252 

2.4 Valuation of subsurface water contribution towards ecosystem services supply 253 

Firstly, we develop a water production function for ecosystem services supply using total values of the watershed over 254 

the 18-year period and corresponding volumes of green water consumed. Because ecosystem services value is 255 

proportional to biomass production (Costanza et al., 1998), the values are modified over the time using relative 256 

changes in biomass of ecosystems in the watershed (Xu and Xiao, 2022). The slope of the production function 257 

represents the ecosystem services marginal water productivity (𝑀𝑃𝑤). Secondly, the HGS model captures the volumes 258 

of subsurface and surface water used in supporting ETa. Using the volumes of storages consumed for ETa and 𝑀𝑃𝑤, 259 

the economic value of storages is calculated for ecosystem services supply (Eq.3). 260 

𝑉𝑖 = 𝑋𝑤𝑖 ∗ 𝑀𝑃𝑤   (3) 261 

Where 𝑉𝑖 is the value of water storage 𝑖 towards ecosystem services supply, 𝑋𝑤𝑖  is the volume of water storage 𝑖 used 262 

towards green water supply, 𝑀𝑃𝑤 is the marginal productivity of water. 263 
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3 Results  264 

3.1 HGS outputs 265 

For the 2000 to 2018 simulation interval, the HGS model is able to reproduce surface water flow rates at the nine 266 

WSC hydrometric stations across the SNW with good accuracy. Based on daily evaluation frequency, NSE ranged 267 

from 0.59 to 0.70, with a mean of 0.66; while PBias ranged from -17.4 % to 17.1 %, with a mean of 3.9 %. Groundwater 268 

levels were also reproduced across the SNW with reasonable accuracy for the 2000 to 2018 interval. The R2 between 269 

simulated and observed water levels in the 10 observation wells is 0.98, with the simulated values having a mean value 270 

2.8 m higher than the observed values. 271 

HGS outputs (Fig. 5) represent conditions associated with continuous simulation of the SNW over 2000 to 2017 time 272 

interval, and the calibration metrics are also based over the same time interval. Included are watershed surface water 273 

outflow, ETa rates (which are correlated to biomass production), subsurface water storage (groundwater storage plus 274 

soil moisture storage) and land surface water storage.  These storage zones recharge and discharge over time, but the 275 

biggest dip is shown in 2012—the drought year.  276 
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 277 

Figure 5: Time series outputs from the South Nation watershed HydroGeoSphere (HGS) simulation over the 2003-to-278 

2018-time interval. (a) stream flow at a representative gauge location, (b) watershed evapotranspiration, (c) watershed 279 

subsurface water storage, and (d) watershed land surface water storage. 280 

We aggregate the daily values to yearly values to counter the lag affects. The numeric data for the variables presented 281 

in Fig. 5 is given in the Table 1A. The mean change is calculated to analyze the fluctuations in the storages over time 282 
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(Fig. 6). The year 2012 (the drought year) shows the maximum increase in evapotranspiration and a high dip in the 283 

subsurface water storage. 284 

 285 

Figure 6: Mean changes in surface and subsurface water storages, ETa, and precipitation over time 286 

3.2 Valuation of ecosystem services, and average and marginal water productivity 287 

The unit values developed for major land use types in the SNW are given in table 1 288 

Table 1: Land use types and unit values for the SNW 289 

Land Use Area (hectare) Unit value ($/hectare/year) 

Water 1,299 165 

Urban 25,734 1,177 

Wetlands 16,709 71,273 

Native Grasslands 7,6961 4,152 

Croplands 154,810 1,666 

Forest 107,470 4,993 

 290 
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Using the unit values (Table 1) and land use area, we calculate a total value of $2.33 billion per year for 13 ecosystem 291 

services in the SNW and the value is further modified for each year using the NPP values in Eq. 2. The estimates for 292 

average product of water are point estimates for each year based on the value of ecosystem services and green water 293 

volume for the corresponding year. The NPP data, ES values, ETa and average water product in the SNW for each 294 

year are given in the Table 2. 295 

Table 2: Mean NPP, ecosystem services (ES) values and average water product for the SNW from 2000 to 2017 296 

Year Mean NPP (Kg C/m2/year) ES Value  

(x109 $/year) 

ETa (x109 

m3) 

Average product of water 

($/m3) 

2000 0.59 2.26 2.09 1.08 

2001 0.65 2.49 2.48 1.00 

2002 0.6 2.30 2.31 0.99 

2003 0.6 2.30 2.26 1.01 

2004 0.62 2.37 2.20 1.08 

2005 0.63 2.41 2.42 1.00 

2006 0.58 2.22 2.29 0.97 

2007 0.63 2.41 2.39 1.01 

2008 0.6 2.30 2.24 1.03 

2009 0.58 2.22 2.14 1.04 

2010 0.64 2.45 2.45 1.00 

2011 0.6 2.30 2.40 0.96 

2012 0.63 2.41 2.59 0.93 

2013 0.58 2.22 2.27 0.98 

2014 0.59 2.26 2.19 1.03 

2015 0.65 2.49 2.45 1.02 

2016 0.6 2.30 2.52 0.91 

2017 0.59 2.26 2.27 0.99 

For the ecosystem services marginal water productivity, we develop a production function using ETa and ES values 297 

for the SNW (Fig. 7). The slope of the production function is marginal productivity of water, which is $0.45/m3 in the 298 

SNW. 299 
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 300 

Figure 7: Ecosystem services water production function in the SNW 301 

To assess the contribution of subsurface water towards ecosystem services, we calculate the average ecosystem 302 

services water productivity at the watershed scale. The average product of water over the modeling period of 18 years 303 

ranges from $0.91-1.08 per m3 (Fig. 8). During the drought periods (years 2001, 2012 and 2016), the average product 304 

of water declines and is minimum. The average product shows efficiency in use of water across the modeling period. 305 

It is the maximum for year 2000, meaning the conditions (other variables like precipitation) were favoring the 306 

maximum production of ecosystem services with the lowest water consumption in that year.  307 
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 308 

Figure 8: Average product of water for ecosystem services in the SNW 309 

3.3 Valuation of green, subsurface, and surface waters 310 

Using the marginal water productivity and ETa in the SNW, we calculate the value of green water over the modelling 311 

period (Fig. 9). 312 

 313 

Figure 9: Value of green water in the SNW 314 
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We use the subsurface water evapotranspiration and surface water evaporation to calculate the contribution of these 315 

two storages towards ETa. Finally, these contributions in terms of water volume are valued using the marginal value 316 

of water to account for subsurface and surface water inputs to the green water supply. 317 

 318 

Figure 10: Contribution of subsurface and surface water towards green water supply in the SNW. (Note the break in 319 

y-axis from 50 to 500) 320 

4 Discussion 321 

ETa is a key phenomenon that sustains terrestrial ecosystem functions such as biomass production, and thus helps to 322 

supply a variety of ecosystem services. As a fully integrated model, HGS generates simulation outputs for all 323 

components of the terrestrial hydrologic cycle in a completely transient format, thus alleviating a common limitation 324 

of most water models in that they do not account for transient behavior (Vigerstol and Aukema, 2011). We use HGS 325 

to capture fluctuations in subsurface water and surface water storages, which can be used to quantify the role of these 326 

storages in sustaining ETa and subsequent ecosystem services. Then we compute the change in these zones with respect 327 

to mean storage.  Our modelling results show that ETa is mainly supported by subsurface water storage/fluctuations 328 

with respect to magnitude/quantity of water consumed. 329 
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To further compare the fluctuations in different storage zones on a common scale, we compute the standard scores 330 

(that is, the change in a storage/standard deviation) for each zone over time (Fig. 11). The standard scores show that 331 

ETa is supported by both surface and subsurface water storages during the drought periods. However, the contribution 332 

of subsurface water by volume during dry periods is much bigger than that of surface water. That is, the subsurface 333 

water shores up the surface water during droughts.  334 

 335 

Figure 11: Change in standard scores of water storages/hydrological variables over the modeling period. The scores 336 

for an anomaly year (2012) are bordered. 337 

The comparison of years 2001 and 2012 (with less precipitation than mean) shows that the ETa was less but outflow 338 

was more in year 2001 than in 2012 (Fig. 5(a)). Thus, the drawdown in subsurface water in 2001 maintained the flows 339 

in water bodies and streams in the watershed. The different response of subsurface water to two droughts (in years 340 

2001 and 2012) in the watershed depends on the amounts of precipitation and other climatic conditions (e.g., 341 

temperature, atmospheric moisture demand, etc.) in the corresponding years (Zhao et al., 2022). During drought 342 

periods, water demand for ETa increases in most parts of the world due to high atmospheric moisture demand, resulting 343 

in ecosystem stress and depletion of (subsurface and surface) water storages (Zhao et al., 2022). Similar to worldwide 344 

trends described in Zhao et al. (2022), the ETa rates in our study increase during dry periods. Given the complexities 345 
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involved in linking ETa with surface and subsurface water storages, the impact of variations in ETa rates on ecosystem 346 

services during droughts remains unknown.  347 

Our study is seminal in capturing the ecosystem services values with changing water supply/balance in a watershed 348 

over a period of time. Few studies in the literature (e.g., Loheide, 2008; Su et al., 2022) have only estimated 349 

groundwater evapotranspiration by linking  water table fluctuation and changes in evapotranspiration. However, given 350 

the flow of groundwater to soil vadose zone and surface water bodies, this approach of using water table fluctuations 351 

is unable to yield accurate estimation of groundwater contribution towards sustaining evapotranspiration. The more 352 

sophisticated HGS approach, by computing the subsurface water evaporation and transpiration, and surface water 353 

evaporation, can assess the connections between ETa and water storages more robustly. 354 

The fluctuations in storages show that, in general, subsurface water storage repletes when ETa is negative and depletes 355 

when ETa is positive. The years 2001 and 2012, drought years, are anomalies: ETa is relatively higher than during the 356 

wet years (high precipitation). The ETa in drought years was mainly supported by the drawdown (by volume) in the 357 

subsurface water storage below the mean level. Fluctuations in the subsurface water storage across the 18 years are 358 

consistent with the changes in the precipitation, that is with above-average precipitation, the subsurface water storage 359 

increases and vice-versa. On the other hand, increase in ETa leads to reduction in subsurface storage and vice-versa. 360 

The maximum recharge in the subsurface water storage occurs in the year 2002, immediately following a 2001 severe 361 

dry period (within a 100-year time span) (Wheaton et al., 2008); 2002 was a year with less than average precipitation.  362 

In regards to the economic valuation of water components, green water mainly benefits people at local scales (by 363 

supporting biomass and ecosystem services in the area) whereas the benefits of blue water are seen at a wider basin 364 

scale (Falkenmark and Rockström, 2010). Incorporating green-blue water resources at a watershed scale helps 365 

integrate the role of water in land use and other terrestrial ecosystem functions.  Therefore, for better management of 366 

regional water resources, the use of fine-grained models becomes imperative to valuate the contributions of major 367 

inland water storages towards green water supply. We develop a water production function using total green water 368 

volumes and total values of SNW for 13 ecosystem services: agricultural services (net benefits from the crops or 369 

agricultural products), global climate regulation, air quality, water provision, waste treatment, erosion control, 370 

pollination, habitat for biodiversity, natural hazard prevention, pest management, nutrient cycling, landscape 371 

aesthetics, and recreational activities. The ecosystem water production function yields a marginal value of $ 0.45 per 372 

m3 of green water/ ETa (Fig. 7). Globally, Lowe et al. (2022) estimated the average marginal product of water at 373 
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$0.083 per m3 for crop production only. Additional ETa supplies ecosystem services at a constant rate; however, 374 

because the linear segment has a positive vertical intercept, the average ecosystem services water productivity 375 

decreases with increase in ETa as the slope of the ray from origin through a point on production function diminishes 376 

(Wichelns, 2014). On one hand, the water productivity will be maximum at the smallest amount of water 377 

used/consumed but, on the other hand, it will also produce the smallest value of ecosystem services in the watershed. 378 

Higher amounts of water are evapotranspired in the drought years mainly due to drought-associated meteorological 379 

conditions such as increase in temperatures (Zhao et al., 2022). However, NPP does not reduce during the drought 380 

periods, a finding consistent with other studies on temperate watersheds  (e.g., Hosen et al., 2019; Sun et al., 2016). 381 

Our results show that the drought-induced water stress increases the ETa rates in the watershed, similar to Zhao et al. 382 

(2022) and Diao et al. (2021). The increase in ETa associated with a little higher of NPP for drought years across the 383 

modeling period lowers the ecosystem services water productivity during the dry periods in the watershed (Fig. 8).  384 

In the SNW, more of green water is used during the dry years with less precipitation. Therefore, the green water has 385 

a maximum value of $1,165 million for year 2012—a drought year (Fig. 9). In this value, the subsurface and surface 386 

water contributions are $835.6 and $26.5 million, respectively (Fig. 10). The maximum contribution of the subsurface 387 

water is also for the year 2012 and then in 2001, both drought years. Contrarily, the surface water contributes a 388 

maximum of $35.2 million in year 2010—a relatively wet year. Because surface water availability declines during 389 

droughts, its contribution towards green water supply diminishes. Over the 18-year modeling period in the SNW, the 390 

subsurface water contribution towards green water supply varies from 52% to 73%, whereas surface water contribution 391 

ranges from 2% to 3.6%. One reason that further adds to reduction in the surface contribution may be the tile drainage 392 

in the watershed (Miller and Lyon, 2021). Nonetheless, the critical role that the subsurface water provides in sustaining 393 

ecosystem services during dry periods in the watershed is evident. 394 

Our methodology provides a basis for setting up a new model to assess the subsurface water contribution in other 395 

places. The results and values used in the study are not transferable to other sites/watersheds. The marginal product 396 

of water is a site-specific entity which will be different for other watersheds because both ecosystem services value 397 

and ETa will change depending on land cover (mainly), NPP, precipitation, and soil types. Nevertheless, given the 398 

dynamicity of the storages and their link to terrestrial ecosystem services, this valuation approach will yield reliable 399 

results provided the entire methodology (modelling of water storages and ETa, and valuation of ecosystem services) 400 

is conducted accurately for other locations/sites/watersheds. 401 
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5 Conclusions 402 

Subsurface water plays a key role in the supply of terrestrial ecosystem services. Until now, subsurface water has 403 

never been comprehensively valued for its contribution towards ecosystem services supply in a watershed. The 404 

primary impediment has been complexities involved in modeling of interdependencies in hydrologic fluxes such as 405 

connection between subsurface water discharge and green water use. Despite known connectivity, subsurface, land 406 

and atmosphere water storages were modeled independently prior to the introduction of fully integrated hydrologic 407 

models. In our work in the SNW, we take the innovative approach of using the HGS model and ecosystem services 408 

valuation technique to monetize the contributions of surface and subsurface waters to the green water supply over a 409 

period of 18 years (2000-2017). The results show that droughts are a major trigger to increase the green water use in 410 

the watershed. At the same time, a bigger portion of the green water is supplied by the subsurface water, ranging from 411 

52% to 73% over the modeling period. The maximum green water value corresponded to year 2012 with severe 412 

drought conditions and equals $1,165 million. More importantly, 72% of the green water value during the drought 413 

comes from the subsurface water contribution. Similarly, in other dry periods, years 2001 and 2016, the subsurface 414 

contribution makes 69% and 73% of the total green water values, respectively. Thus, the subsurface water plays a key 415 

role in supplying green water and sustaining ecosystem services during critical periods in the watershed. This analysis 416 

can help in better managing and allocating the subsurface water resources under climate uncertainties at a watershed 417 

scale.  418 
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Appendix 583 

The annual outputs (ETa, surface water, subsurface water, precipitation and outflow) from the HGS model are given 584 

in Table 1A. 585 
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 Table A1: HGS outputs from the SNW simulation  

Year ETa 

(m3) 

Surface 

water (m3) 

Subsurface 

water (m3) 

Precipitati

on (m3) 

Outflo

w (m3) 

Surfac

e 

evapor

ation 

(m3) 

Subsur

face 

evapor

ation 

(m3) 

Subsurf

ace 

transpir

ation 

(m3) 

2000 2,085,53

4,445 

69,424,628 222,709,069,4

60 

4,199,527,

096 

76,327,

719 

75,020,

473 

184,37

4,990 

945,999,

818 

2001 2,477,00

4,097 

54,513,422 222,240,461,9

50 

3,003,497,

233 

32,382,

847 

49,049,

150 

193,68

4,126 

1,525,26

3,969 

2002 2,309,98

4,877 

61,588,887 222,788,771,4

12 

3,598,706,

939 

50,743,

315 

49,496,

381 

137,24

6,184 

150,943

1,700 

2003 2,264,69

6,091 

68,998,342 222,524,086,3

05 

4,253,877,

105 

64,623,

628 

63,041,

934 

155,34

5,628 

1,263,07

3,935 

2004 2,197,97

4,479 

67,358,376 222,569,571,6

66 

3,631,932,

688 

47,291,

949 

56,472,

059 

186,21

7,551 

1,224,54

5,264 

2005 2,416,95

8,064 

67,153,617 222,566,818,8

92 

3,988,298,

138 

48,434,

304 

62,293,

999 

203,74

5,742 

1407,71

8,083 

2006 2,293,95

0,204 

74,422,486 222,666,754,3

61 

4,538,849,

536 

77,813,

027 

73,310,

604 

176,40

6,194 

1,175,39

0,417 

2007 2,385,26

0,383 

65,967,543 222,611,557,1

49 

3,679,748,

277 

47,306,

909 

55,442,

956 

193,05

4,015 

1,352,24

7,667 

2008 2,236,13

9,918 

79,130,070 222,736,726,6

08 

5,070,858,

236 

75,918,

796 

63,243,

999 

153,50

5,172 

1,001,91

2,242 

2009 2,142,95

6,266 

72,673,133 222,733,824,1

27 

3,753,041,

839 

73,573,

865 

74,320,

182 

175,80

8,767 

1,034,71

8,786 

2010 2,450,48

0,102 

67,043,193 222,626,541,1

97 

3,686,832,

140 

67,076,

288 

78,166,

506 

204,92

8,373 

1,337,19

4,629 

2011 2,398,27

5,129 

63,710,702 222,487,837,8

13 

3,743,641,

761 

47,912,

738 

56,432,

877 

170,45

9,783 

1,404,94

3,119 
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2012 2,589,09

4,745 

52,013,667 222,334,569,7

69 

2,864,258,

811 

26,234,

849 

58,974,

276 

223,34

8,145 

1,633,46

5,101 

2013 2,269,22

8,484 

64,978,113 222,458,625,7

10 

3,700,833,

331 

54,270,

475 

67,961,

698 

205,25

3,614 

1,227,71

2,022 

2014 2,193,04

1,030 

69,944,514 222,574,462,5

08 

3,974,971,

693 

44,803,

342 

67,115,

318 

170,74

0,982 

1,220,17

9,455 

2015 2,449,70

2,370 

62,201,787 222,466,595,8

16 

3,374,434,

139 

14,781,

188 

64,640,

268 

227,93

7,634 

1,407,05

2,424 

2016 2,516,78

0,613 

59,120,794 222,402,665,8

68 

3,747,4429

09 

40,697,

558 

53,448,

526 

220,31

3,313 

1,610,08

7,162 

2017 2,273,90

3,311 

80,775,412 222,688,809,4

35 

5,228,987,

865 

63,739,

372 

77,841,

432 

192,36

9,477 

1,176,49

7,385 

 

 

 

The SNW has approximately 110 m of vertical relief from its highest point in the southwest corner to its outlet at the Ottawa 590 

River at its northern most point (Fig. 1A). 
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Figure 1A: Land surface elevation of the SNW 

 595 
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Figure 2A. Stream network distribution across the South Nation watershed, consisting of 1606 km of Strahler 3+ streams, 1548 

km of Strahler 2 streams, and 3335 km of Strahler 1 streams(Ontario Ministry of Natural Resources and Forestry 2013). 
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Figure 3A. (a) Soil distribution, and (b) soil drainage status across the South Nation watershed. 600 

 

Figure 4A. Tile drainage distribution across the South Nation watershed (data provided by South Nation Conservation 

Authority). 
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Figure 5A: Net Primary Productivity (NPP) data for SNW (based on MODIS data). 605 
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