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Abstract. Hydrologic connectivity of wetlands is poorly characterized and understood. Our inability to quantify this connectivity
compromises our understanding of the potential impacts of wetland loss on watershed structure, function and water supplies. We
develop a computationally efficient physically-based subsurface-surface hydrological model to characterize both the subsurface
and surface hydrologic connectivity of “geographically isolated” wetlands and explore the time and length variations in these
connections to a river within the Prairie Pothole Region of North America. Despite a high density of geographically isolated
wetlands (i.e., wetlands without surface outlets), modeled connections show that these wetlands are not hydrologically isolated.
Hydrologic subsurface connectivity differs significantly from surface connectivity in terms of timing and length of connections.
Slow subsurface connections between wetlands and the downstream river originate from wetlands throughout the watershed,
whereas fast surface connections were limited to large events and originate from wetlands located near the river. This modeling
approach provides first ever insight on the nature of geographically isolated wetland subsurface and surface hydrological
connections to rivers, and provides valuable information to support watershed-scale decision making for water resource
management.
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1 Introduction

Enhanced protection of wetlands is urgently needed (Dixon et al., 2016). Geographically isolated wetlands (GIWSs) (Tiner, 2003)
are in particular need of protection, as they are typically small features yet represent a majority of wetlands in many landscapes
(Cohen et al., 2016). Geographical isolation does not imply hydrologic, biogeochemical or biological isolation (Mushet et al.,
2015;Leibowitz, 2015;Marton et al., 2015;Rains et al., 2015). Rather, GIW hydrologic connections vary in time and space, and
these connections can occur through persistent but slow velocity groundwater pathways (McLaughlin and Cohen, 2013) or
transient but fast surface water pathways via fill and spill mechanisms (Rains et al., 2006). Wetland ecosystem functions arise
from the cumulative effects of these diverse hydrologic connections (Cohen et al., 2016). For example, a lack of persistent
surface connection from wetlands to rivers leads to the restriction of material and organism exchanges in landscapes; this
restriction provides a wide range of GIW functions for surface water resources (US-EPA, 2015), including enhanced flood
regulation and surface water quality (Golden et al., 2014;Leibowitz, 2003). Subsurface connections of wetlands, on the other
hand, also affect surface water resources (Cook and Hauer, 2007;Euliss et al., 2004). For example, groundwater connections
between GIWSs and rivers can regulate the groundwater table, stabilize base flows and change base flow chemistry (McLaughlin
et al., 2014). Both surface and subsurface connections are crucial for the provision of important aquatic ecosystem services
(Winter and LaBaugh, 2003).
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The quantification of wetland connectivity (i.e., subsurface and surface connections among wetlands and between wetlands and
rivers) remains a significant scientific challenge (US-EPA, 2015;Cohen et al., 2016). Our inability to quantify wetland
connections compromises our understanding of (1) the role of the continuum in the timing and length of wetland connections on
landscape functions; (2) the effects of environmental stressors (e.g., climate and land use or land cover change) on this
continuum of wetland connections; and (3) the effects of human alterations of wetland connections on downstream waters. More
importantly, our inability to quantify wetland connectivity may lead to preferential protection of wetlands adjacent to rivers, and
preferential loss of wetlands more distant from rivers (Van Meter and Basu, 2015). Indeed, decisions to protect or drain GIWs
are often made based on their proximity to a major drainage network (Cohen et al., 2016). The quantification of wetland
connectivity is required to enable prioritization of wetland protection and restoration, where the optimum location of drainage or
restoration of wetlands and the hydrologic, biogeochemical and biological functions of each individual drained or restored
wetland can be evaluated.

Effective quantification of wetland connectivity requires a modeling tool that can explicitly take into account various types
(surface and subsurface) and lengths of wetland connectivity under different climate and land use or land cover scenarios.
Process-based modeling tools (e.g., SWAT) are useful for assessing aggregated impacts of wetland connectivity on watershed-
scale targets (e.g., watershed-scale phosphorus load or peak flow reduction) (Shrestha et al., 2012). However, these modeling
tools cannot explicitly consider individual wetlands and characterize their links to other wetlands and rivers, particularly in
wetland dominated systems (Golden et al., 2014); these considerations are necessary if one intends to prioritize protection and
restoration of individual wetlands. In contrast, numerical physically-based groundwater-surface water flow and transport
modeling tools have the ability to sufficiently incorporate subsurface and surface wetland connections (Golden et al., 2014).
These models, however, are typically grid-based (i.e., discrete) and require high level modeling expertise and high computational
power, particularly for the simulation of watershed-scale subsurface connections. This is particularly true when these models are
confronted with a range of wetland sizes; although a small sub-watershed system can be discretized so that a single wetland falls
within a single grid cell, incorporation of wetlands with a variety of sizes in larger wetland-dominated watersheds is challenging
and prone to discretization artifacts (Golden et al., 2014). Furthermore, watershed-scale tracking of water that flows from a
wetland to other local or regional surface waters within such grid-based modeling systems can be challenging and inefficient,
particularly when the size of grid spacing increases to reduce computational cost (c.f., Salamon et al. (2006)).

There is currently no physically-based model that adequately captures watershed-scale wetland connectivity. Recently, Ameli
and Craig (2014) developed a grid-free physically-based integrated flow and transport scheme for simulation of 3D groundwater-
surface water interactions. This 3D grid-free model is scale-independent, implying that it has the potential to efficiently simulate
“watershed-scale” (or even larger scale) groundwater-surface water interaction and subsurface connections among individual
wetlands and between each wetland and regional surface waters without domain discretization artifacts. Here, we use this model
to map watershed-scale subsurface connections, and then link this model with a physically-based transient surface flow routing
simulator to map watershed-scale surface connections.

Specifically, for a large watershed dominated with GIWs within the prairie pothole region (PPR) of North America, we: (1)
Assess the performance of the 3D groundwater-surface water interaction model at regional scales against ground-based
(hydrometric, tracer, isotopic) measurements; (2) Compare the distribution of time and length characteristics of simulated
wetland subsurface vs. surface connections; (3) Explore if the shortest distance of a wetland to other surface water bodies is an
appropriate indicator of wetland connectivity; and (4) Explore if our findings can be extended to the other parts of PPR. Our
wetland connectivity modeling approach fills a fundamental gap toward advancing the science and management of wetland

hydrologic, biogeochemical and biological connectivity in landscapes.
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2 Material and methods
2.1 Experimental watershed

The Beaverhill watershed comprises 4,405 km? and is situated on the north-western edge of the Prairie Pothole Region (PPR)
(Fig. 1). The watershed is centered on the Cooking Lake moraine and drains into the North Saskatchewan River near Edmonton,
Alberta, Canada. The watershed is dominated by natural forest within the moraine and agriculture (predominately grassland and
pastureland) outside the moraine, with a considerable amount of urban and industrial development near the North Saskatchewan
River and the city of Edmonton (Serran and Creed, 2015). The Cooking Lake moraine was recently recognized as a biosphere
reserve by UNESCO and contains Beaverhill Lake located in the eastern portion of the watershed, which is recognized as a
wetland of international importance by the RAMSAR convention on wetlands.

The climate, geology and topography have collectively created a hydrological system dominated by numerous lakes and
wetlands as well as only a few intermittent or slow-moving streams. The climate is continental with cold winters and warm
summers. Based on the 40-year (1974-2014) climatic data collected at the Edmonton International Airport, the average January
temperature is -13.5 °C and the average July temperatures is 15.9 °C. Average annual precipitation is 483 mm, of which almost
70% falls as rain between May and September, a period when the potential evapotranspiration is as large as 450 mm. This means
that there is generally little surface runoff, although snow can be an important contributor to local runoff into a wetland when the
snow melts in the spring.

The geology is dominated by glacial deposits resulting from the Pleistocene continental glaciers. Three till sequences with
variable thickness were left as a result of the last glaciation. The higher permeability shallow till often extends from the land
surface down to below the average position of the water table. For example, within the St. Denis National Wildlife Area located
500 km east of the Beaverhill watershed, van der Kamp and Hayashi (2009) reported a thickness of 4-5 m with an approximate
range of saturated hydraulic conductivity between 2 x 10 to 2 m/d, and a saturated hydraulic conductivity of less than 2 x 103
m/d below this layer. While the transmission rate of water from the shallow to deeper geological deposits is slow, the moraine
still serves as an important source of groundwater recharge in the area, with the annual groundwater recharge rate within the
Beaverhill moraine estimated to vary spatially from 5 x 10-° m/d to 1.9 x 10 m/d (Barker et al., 2011;Sass et al., 2014). The
surficial bedrock geology is predominantly characterized by the Horseshoe Canyon Formation that is composed of fine to
medium grained sediments, inter-fingered within muddy, transgressive sediments (Barker et al., 2011). The lithology of the
surficial bedrock suggests that Ca and Mg are dominant weathering-derived products at the Beaverhill watershed.

The topographic relief ranges from a high of 812 m a.s.l. in the moraine to a low of 586 m a.s.l. along the North Saskatchewan
River, and reflects glacial depositional processes comprising knob, kettle and hummocky formations in the moraine surrounded
by flat to rolling areas in lower elevations.

2.2 Mapping wetlands

A total of 130,157 wetlands were delineated based on the assumption that there is a strong association between terrain
depressions and wetland occurrence. A Light Detection and Ranging (LiDAR) DEM captured in 2009 with a horizontal
resolution of 3 m and an estimated vertical accuracy of 15 cm was used to map the probability of depression using the approach
offered by Lindsay and Creed (2005). The depression probability map was then segmented into image objects using the multi-
resolution segmentation algorithm (Baatz and Schépe, 2000). Average depression probability values were used to classify objects
as wetland or non-wetland, and adjacent wetland objects were dissolved into integrated wetland features (Serran and Creed,

2015). Note that this method delineated both potential wetlands without surface outlets (i.e., GIWSs) and with surface outlets;
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given the sparsity of permanent streams in the watershed most of the delineated wetlands can be considered a priori as GIWSs.

This is consistent with the observation of GIW predominance in the PPR (Cohen et al., 2016).

2.3 Modelling wetland connectivity

A 3D steady-state groundwater-surface water interaction model was used to simulate watershed-scale subsurface flow and
velocity fields as well as infiltration rate (Sect. 2.3.1). The mathematical formulation and boundary conditions used in the model
as well as the incorporation of the map of wetlands within the model algorithm are explained in Supplement A. The calculated
infiltration rate was combined with meteorological data in a 2-D transient overland flow model to simulate surface flow routing
(via a fill and spill mechanism) and to simulate watershed-scale surface water level and velocity fields (Sect. 2.3.2). Note that the
semi-coupled subsurface-surface model presented here cannot thoroughly consider potential feedbacks between subsurface flow
and surface flow routing, including the spatial and temporal variability of surface flow transmission loss to subsurface domain.
Finally, continuous watershed-scale maps of subsurface and surface velocity were generated and coupled with the wetland map
to track water movement and to determine if water issued from an individual wetland reached a discharge surface water body
(e.g., North Saskatchewan River) via subsurface or surface pathways (Sect. 2.3.3). Note that to characterize the map of
connectivity to North Saskatchewan River, we assumed a 500 m buffer around the original line segment of the River which was

obtained from a standard hydrography dataset.

2.3.1 Groundwater-Surface water interaction model

The 3D groundwater-surface water interaction model used a free boundary condition to determine the location of the water table.
This condition was iteratively imposed using a recharge-water table depth relation scheme (Ameli and Craig 2014) that creates a
spatially variable recharge rate and enables delineation of discharge areas where the water table reaches the land surface. This
scheme assumed a steady-state subsurface flow and a hydraulic connection between groundwater and wetland water levels. The
assumption of steady-state subsurface flow is supported by empirical water table observations collected from the closest
piezometer at the Vegreville Environment Centre station (located 60 km east of the Beaverhill watershed), where the water table
varied with a coefficient of variation of < 1% in 2009, and a coefficient of variation of < 4% over 32 years (August 1985-July
2016) (Fig. 2). The assumption of hydraulic connection between groundwater and wetland water levels is supported by
previously reported empirical observations at the St. Denis National Wildlife Area, 500 km east of the Beaverhill watershed, that
showed a maximum difference of less than 10 cm between the groundwater level at a piezometer located 7 m from the wetland
edge and the wetland water level (van der Kamp and Hayashi, 2009).

The model was calibrated using saturated hydraulic conductivities of the two-layer unconfined aquifer and actual infiltration rate
(see Supplement A for more details). The model performance was assessed for its ability to map groundwater discharge vs.
recharge areas and subsurface connections using multiple lines of corroborating hydrometric, chemical and isotopic evidence.
First, we compared the simulated groundwater discharge and recharge areas to one derived from hydrometric measurements. We
used measurements of hydraulic heads in 1,413 artesian groundwater wells installed in the bedrock and screened 30 to 80 m
below the land surface (Fig. 1) and used an ordinary kriging approach to map the potentiometric surface throughout the entire
watershed for summer 2009. Groundwater discharge and recharge areas are inferred as areas wherein potentiometric surface is
above and below land surface, respectively (Barker et al. (2011).

Second, we determined if the simulated groundwater discharge and recharge areas had different chemical signatures. It is known
that the concentration of weathering-derived products (such as Ca and Mg), chemical measures affected by weathering processes
(such as alkalinity and electric conductivity, EC) and total dissolved solids (TDS) can be enhanced along the subsurface flow
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pathways as transit time and therefore contact time with rock of water increases (e.g., Burns et al., 2003;Maher and Druhan,
2014;Godsey et al., 2009;Cook and Hauer, 2007). This implies that the concentration of Ca, Mg, alkalinity, EC and TDS in
groundwater wells and surface water bodies (e.g., wetlands, lakes) located within discharge areas will be higher than recharge
areas (Cook and Hauer, 2007;Euliss et al., 2004;Barker et al., 2011). We mapped Ca, Mg, alkalinity, EC and TDS measurements
of 121 shallow (< 10 m deep) groundwater wells located throughout the watershed provided by Alberta Water Well Information
Database (Fig. 1), and for 208 surface waters including lakes and wetlands located throughout the watershed (Fig. 1) in summer
2009. For the latter, water samples were collected at a depth of 1 meter using an integrated sampling tube at the center of small,
shallow wetlands and 100 meters from the shores of large, deep lakes. A non-parametric Wilcoxon rank sum test was then used
to see if Ca, Mg, alkalinity, EC and TDS concentrations or values were significantly different (higher) at groundwater wells and
wetlands located in discharge areas compare to recharge areas based on comparing the p values of the statistical tests to the
significance level of 0.10. At any p values larger (smaller) than 0.10 we accept that the concentrations at discharge and recharge
areas are (are not) from distributions with equal medians.

Third, we determined if the simulated discharge and recharge surface water bodies had different isotopic signatures. It is known
that 180 and 2H signatures vary between discharge and recharge areas; indeed, discharge waters that have more old water will
have different isotopic signatures than recharge waters that have new water only, either from direct precipitation or indirect
precipitation via overland flow (McGuire and McDonnell, 2006;Kirchner, 2016;McDonnell and Beven, 2014). This implies that
the average isotopic concentration (ratio %o) in discharge wetlands shows greater deviation from the average watershed
concentration of surface waters than the deviation of recharge wetlands. We mapped isotopic 80 and ?H signatures in samples
collected for the same 208 surface waters for which the chemical tracers were sampled (Fig. 1) in summer 2009, and used

Wilcoxon rank sum test to assess the potential differences in isotopic signatures between discharge and recharge wetlands.

2.3.2 Surface “Fill and Spill” overland flow model

The 2D transient fill and spill surface flow routing approach within the numerical physically-based HydroGeoSphere model
(Therrien et al., 2008) was used to simulate watershed-scale surface water level and overland flow routing and ultimately to
determine the surface connectivity of wetlands using a transient water particle tracking scheme. The 2D surface of the watershed
was discretized into 22,383 grid points (43,836 triangular elements). A critical depth boundary condition was assigned to the grid
points representing the North Saskatchewan River. A no-flow boundary condition was also assigned to the watershed boundaries.
The 2D overland flow model was calibrated using the Manning roughness coefficients (Manning et al., 1890) in x and y
directions (ny and ny) as well as rill depth. The former is an empirically derived coefficient, which is dependent on surface
roughness and surface cover, and the latter represents the depth that must be filled at each point before any lateral surface flow
can occur. Frei and Fleckenstein (2014) suggested that the implementation of an acceptable uniform value for rill depth within
the HydroGeoSphere overland flow simulator leads to an accurate prediction of watershed-scale surface flow routing. The
calibration was made to match observed and simulated stream flow at the Beaverhill Creek monitoring station during a period
when stream flow measurements were available (April 1 to August 1 1983). The inputs to the model included daily precipitation,
evapotranspiration (after Morton 1978, Morton 1983) and snow water equivalent (after Sturm et al. 2010) from data collected at
the Vegreville Environment Centre meteorological station (60 km east of the Beaverhill Lake) as well as the steady-state
infiltration rate obtained using the 3D groundwater-surface water interaction model.

The calibrated 2D overland flow model was then used to simulate surface flow routing from April 1 to August 1 2013 using

meteorological data for this period as inputs to the model. The chosen time period includes the largest cumulative net water
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(precipitation-minus evapotranspiration) depth observed at the Vegreville station since 2000, reflecting the maximum probability

of occurrence of surface flow and therefore surface connections among wetlands since 2000.

2.3.3 Subsurface and surface wetland connections

The continuous maps of subsurface and transient surface velocity were used to track water particles and generate a connectivity
map using a water particle tracking approach (e.g., Ameli et al., 2016¢;Ameli et al., 2016a). Continuous subsurface velocity
within the entire watershed was calculated using Eq. (A.4). Continuous surface water velocity was approximated by interpolating
the transient velocities calculated at each grid point. A Fourier-based interpolation scheme with 10,000 Fourier series terms was
used to complete the interpolation process and generate the continuous surface velocity map for the entire watershed; the overall
correlation coefficient between estimated velocities using the interpolation method and modeled velocities using
HydroGeoSphere at all spatial grids and time steps was r>=89% (p < 0.001).

Water particle release points in the tracking approach were placed uniformly with 500 m spacing along the land surface. This
placement meant that there was a possibility that not all wetland connections were captured (i.e., water particle release points and
small wetlands in between the 500 m placement would have been missed); nonetheless, it allowed for a consistent comparison of
the general trend in subsurface and surface connections of wetlands. The generated connections were used to estimate subsurface
and surface transit times (z) and flowpath lengths (I) that were then fitted with a Gamma distribution (which provided the best fit,

data not shown) to generate the transit time distribution (TTD) and flowpath length distribution (FLD):

@ oy A" _achy
TTD(T) = W o & FLD(l) = m e lo (1)

where 7, and [, are the mean transit time and length of connection, I'(a) is the Gamma function and a is the Gamma shape
parameter. The simulated subsurface and surface connections were tested by correlating the simulated mean transit time (MTT)
of water particles discharged into wetlands and the concentration of chemical tracers (Ca, Mg, EC and TDS) in wetlands and
determining if wetlands with longer transit times had higher concentrations or values of Ca, Mg, alkalinity, EC and TDS.

The time and length characteristics of the simulated subsurface and surface connections of wetlands were then compared. To
determine if the distance of a wetland to other surface water bodies is an appropriate indicator of wetland connectivity, we
compared the distribution of the simulated length of subsurface and surface connections to the distribution of observed shortest
distances between wetlands and the North Saskatchewan River. To do this comparison, we used Quantile-Quantile plot which is
a graphical non-parametric method for comparing probability distributions of two unpaired samples by plotting their quantiles
against each other. If the two distributions being compared are statistically similar, the theoretical line of the Quantile-Quantile

plot will be y = X and the quantile pairs will approximately lie on this line. If the distributions are not statistically similar, the

theoretical line of the Quantile-Quantile plot will be a linear line, but not the y = X. We also used Quantile-Quantile plots to
assess whether the surface and subsurface length of connectivity among wetlands have statistically similar distribution as the
distribution of shortest distances among nearest wetland neighbor. The generalizability of our findings to the entire PPR was
assessed by comparing climate, geology and topography of the Beaverhill watershed to the other parts of the prairie potholes

regions of North America.
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3. Results
3.1 Groundwater-Surface water interaction model

The calibrated values of the saturated hydraulic conductivities are 10"* m/d and 10-3 m/d for the top and bottom layers
respectively. The calibrated value for infiltration rate (which here is equal to maximum groundwater recharge rate) is 1 x 10
m/d.

The simulated groundwater discharge/recharge map is consistent with the map of groundwater discharge/recharge inferred from
measured hydraulic head (potentiometric surface) in peizometric wells (Fig. 3). Figure 3a shows the spatial distribution of
groundwater discharge (negative) and recharge (positive) fluxes along the land surface obtained using the groundwater-surface
water interaction model. Figure 3b shows the distance of potentiometric surface from the land surface, with negative values
(above land surface) represent discharge areas and positive values (below land surface) represent recharge areas, with the larger
negative (or positive) values equal to larger discharge (or recharge) potential. The correlation coefficient between simulated
groundwater fluxes at the land surface and the distance of potentiometric surface above and below land surface is 75% (p <
0.001).

The performance of the model was also assessed using chemical and isotopic tracer data. The concentrations or values of
chemical tracers (Ca, Mg, EC and TDS) of water in shallow groundwater wells are different between the simulated discharge and
recharge areas (p < 0.10) (Table 1). The average concentrations of chemical tracers are higher in the simulated discharge areas
than the simulated recharge areas. In addition, the concentrations or values of all chemical tracers (except Mg) in simulated
discharge wetlands are different from simulated recharge wetlands (p < 0.10) (Table 2). The average concentrations of all
chemical tracers are higher in the simulated discharge wetlands than the simulated recharge wetlands. Higher concentrations of
weathering products reflect the existence of longer pathlines with larger transit times within simulated discharge areas.

The average concentrations of isotopic tracers (*30 and 2H) in simulated discharge and recharge wetlands are significantly
different (p < 0.001) (Table 2). Also for 180 (2H), the average isotopic concentration in simulated discharge areas deviates 3 %o
(8%o), whereas the average isotopic concentration in simulated recharge areas deviates only 0.9 %o (3%o0) compared to the
watershed average isotopic concentrations. This reflects a mixture of old and new waters in simulated discharge wetlands, but
mostly new waters in simulated recharge wetlands. Figure 4 shows the distribution of simulated discharge and recharge wetlands
throughout the watershed, revealing the predominance of recharge wetlands within the moraine and discharge wetlands outside

of the moraine.

3.2 Surface “Fill and Spill” overland flow model

The manually calibrated values of the uniformly-distributed Manning roughness coefficient is 0.05 (equal in both x and y
directions) and the rill storage height is 0.001 m. Figure 5a shows that the simulated vs. observed stream flow at the Beaverhill
creek near the mouth measurement station for the major summer rainfall period from April 1 to August 1 1983 are significantly
correlated (r?= 0.87, p < 0.001). Two statistical tests, including Wilcoxon Rank Sum (equality of median) and Levene (equality
of variance), also suggest that the median and variance of both simulated and observed hydrographs are similar (p values are 0.44
and 0.95, respectively. Figure 5 suggests a small contribution of base flow (almost zero from early spring to end of June) to
observed stream flow; this justifies the calibration of the overland flow model with the observed stream flow at the Beaverhill

Creek stream flow monitoring station.
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3.3 Wetland connectivity
3.3.1 Subsurface connections

The subsurface connectivity map (Fig. 6a) indicates that recharge wetlands of a wide range of distances from the North
Saskatchewan River can be connected to the river (red lines). These wetlands range from those located in the moraine, where the
length of connectivity to the river is up to 30 km, as well as those located in the vicinity of the river, where the length of
connectivity to the river is less than 5 km. The total steady-state groundwater contribution of these recharge wetlands to the
North Saskatchewan River is 312.5 m?/d. Furthermore, water particles released from the recharge wetlands located in the
moraine traverse from hundreds of meters (as small as 100 m) and reach discharge wetlands located in the moraine, or tens of
kilometers (up to 36 km) and reach Beaverhill lake as well as discharge wetlands located outside of the moraine (blue lines).
There is also possibility for subsurface connections between recharge wetlands located at the east of the watershed to the
Beaverhill Lake (data not shown).

3.3.2 Surface connections

The North Saskatchewan River receives a majority of its wetland-originated surface waters from wetlands located in the riparian
area of the river. For the period from April 1 to August 2013, when the largest net surface water fluxes since 2000 occurred, the
length of the surface connections ranged from 50 m to 8 km (Fig. 6b), with the total surface water contribution from these
wetlands being on average 413 m®/d. Within the moraine, surface connections among wetlands are primarily between
neighboring wetlands. For the period from April 1 to August 2013, the length of connection ranged from 25 m to 7 km (Fig. 6b);
only one water particle released from wetlands in the moraine reached outside the moraine during this period.

3.3.3 Timing and length of subsurface and surface connections

Subsurface connections between wetlands and the North Saskatchewan River (Fig. 7a) and from wetlands located in moraine to
other wetlands in the watershed (Fig. 7b) showed a significantly slower and longer time scale compared to surface connections.
The average time of the subsurface connections between wetlands and North Saskatchewan River was orders of magnitude
longer than the average time of the surface connections. Similarly, the average length of subsurface connections of wetlands to
the North Saskatchewan River was longer than the average length of surface connections. And among wetlands, the average of
both time and length of subsurface connections were longer compared to surface connections.

Figure 8 shows the relation between simulated mean transit time of each discharge wetland and observed concentration and
values of Ca, Mg, EC and TDS of the discharge wetland. We expected that the concentration of weathering-derived products and
TDS and the value of EC within discharge wetlands would be positively correlated to the mean transit time of water particles
discharged into the wetland. Figure 8 shows a strong positive correlation between simulated mean transit time and the
concentration or value of the different constituents within the discharge wetlands.

Figure 9a shows that the distribution of simulated lengths of surface connections between wetlands and the North Saskatchewan
River is similar to the distribution of observed shortest distances of wetland to nearest major stream (the theoretical lines
between distributions are x =y, green line). Similarly, the distribution of simulated lengths of surface connections among
wetlands is similar to the distribution of observed shortest distances of wetlands to their nearest wetland neighbor (Fig. 9b).
However, the distribution of simulated lengths of subsurface connections differs considerably from the aforementioned observed

shortest distances (theoretical lines between corresponding distributions were not x =y, red lines).
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3.4 Extendibility to the entire PPR

Figure 9 shows that the distributions of observed shortest distance of wetlands to their nearest wetland neighbor and shortest
distance of wetlands to nearest major stream are similar between Beaverhill watershed and a large portion of prairie potholes in
North America (black line). Table 3 compares average monthly climatic measures in the Beaverhill watershed to the entire PPR.
There is no significant difference in the median and variance of temperature between Beaverhill watershed and the entire PPR at
significance levels of 0.05 and 0.10, respectively. There is no significant difference in the median and variance of precipitation
minus evapotranspiration between the Beaverhill watershed and the entire PPR (p > 0.10). While there is a difference in the
median snow water equivalent between Beaverhill watershed and the entire PPR (p < 0.10), there is no significant difference in
the variance of SWE (p = 0.92). The geology of the Beaverhill watershed is also consistent with the geology of the entire PPR
(Table 4). These similarities may suggest that the behavior of subsurface and surface connections of wetlands within the

Beaverhill watershed can be extended to the other parts of the PPR.

4 Discussion

Hydrologic connectivity of wetlands determines in part their hydrologic, biogeochemical and biological functions. Hydrologic
connectivity, however, is poorly understood and modeled (Cohen et al., 2016). While existing models may theoretically be able
to emulate aggregate behaviour of wetland connectivity, very few of these models have been designed with connectivity in mind,
and thus are not able to determine the local and regional interactions between wetlands and other hydrologic features in wetland-
dominated landscapes.

Here, we couple a steady-state groundwater-surface water interaction model with a transient surface flow routing model to assess
wetland connectivity in a large wetland-dominated watershed within the Prairie Pothole Region (PPR). The modeling approach
uses a partial coupling of subsurface and surface flow processes, as it ignores the spatial-temporal variability of surface flow
transmission loss to the subsurface. Nonetheless, the modeling approach enables answers to long-standing questions on
watershed-scale surface and subsurface connections of wetlands that far outweigh its limitations.

Model performance

The calibrated parameters of the groundwater-surface water interaction model including saturated hydraulic conductivities of the
subsurface and recharge rate were consistent with observations within or close to the Beaverhill watershed. The groundwater-
surface water interaction model predicts reasonably groundwater discharge/recharge areas along the land surface compared to
groundwater discharge/recharge areas inferred from hydraulic head measurements, chemical tracers and isotopic signatures. The
“fill and spill” overland flow model predicted observed stream flow close to the Beaverhill watershed outlet with acceptable

accuracy.

Timing and length of connection

The coupled model was used to map wetland connectivity and quantify the continuum of time and length variations of this
connectivity. Our results reveal that wetlands in the Beaverhill watershed, with a high density of geographically isolated
wetlands (GIWSs), are not hydrologically isolated. Furthermore, the subsurface and surface connections show diverse number,
timing and length. The number of wetlands connected to the major drainage network (here the North Saskatchewan River) from
subsurface pathways was significantly larger than the number of wetlands connected from surface pathways, even in response to

large precipitation events (Fig. 6). Fast surface connections originated from the wetlands located near the river (with a maximum
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distance of 8 km) whereas slow subsurface connections originated from a wide range of close and distant wetlands with a
maximum distance of 30 km from the river. Indeed, model simulations reveal that regional surface waters integrate the entire
continuum of time and length variations of connectivity, not just rapid or surface-connected flowpaths located at the top of this
continuum.

Watershed hydrologic, biogeochemical and biological functions in wetland-dominated landscapes such as the Beaverhill
watershed in the PPR are influenced by the transit times, velocities (rates) and mode (pathways) of hydrologic connection
(Bracken and Croke, 2007;Cohen et al., 2016). Wetlands that connect rapidly (but not persistently) to the river via surface fill-
and-spill mechanism constrain peak flow volumes, delay peak timing, and retain sediments (Craft and Casey, 2000). However,
wetlands that connect to the river only via slower subsurface flowpaths regulate water table depth (Lane et al., 2015), maintain
base flow and recession rate of river hydrographs (McLaughlin et al., 2014;Golden et al., 2015), and retain and transform
pollutants (Marton et al., 2015). Furthermore, long transit times and lengths of subsurface connections impact biogeochemical
processes in the vicinity of the river and enhance the concentration of solutes discharged into the river (Min et al., 2010;Ameli et
al., 2016b), by facilitating completion of kinetically-limited reactions and enhance retention, sorption and transformation of
nutrients (Min et al., 2010), metals (Mays and Edwards, 2001) and likely pesticides (Ameli, 2016), all of which influence aquatic
ecosystem structure and function (e.g., Euliss et al., 2004;Cook and Hauer, 2007). Figure 10 depicts the simulated cumulative
probability of transit time distribution of North Saskatchewan River (ensemble of surface and subsurface wetland-originated

contributions), and summarizes the potential ecosystem services of each portion of this continuum.

Distance not a proxy for connectivity

Our results show that all wetlands located within a distance of 30 km can affect the quantity and quality of water in the North
Saskatchewan River. Quantification of the contribution of wetlands to the river suggests that slow subsurface flow contribution
to the river flow is substantial (312.5 m3/d) and comparable to the surface flow contribution (413 m?/d). In addition, although the
distribution of length of surface connections between wetlands and the river is correlated with the distribution of the shortest
distance between wetlands and the nearest major stream network feature, subsurface connections to the river had a weak
relationship with the shortest distance between wetlands and the major stream network (Fig. 9a), and a broad range of proximal
and distal wetlands can be connected to the river (Fig. 6a). This implies that decisions to protect GIWs based only on distance of
the wetland to a river (e.g., 2015 U.S. Clean Water Rule (Federal Register 80: 37054-37127)), can underestimate the contribution
of surface and subsurface contributions of water to the river. These findings can be extended to the entire PPR, since the climate,

geology and topography can be considered similar throughout the PPR.

Guidelines for wetland protection, removal and restoration

Human alteration has changed the natural continuum and timing of hydrologic connectivity (Min et al., 2010;Pringle, 2003).
Given that the aforementioned ecosystem services accrue from a continuum of transit times, the cumulative impact of such
alteration can be significant (Johnston, 1991;Zedler, 2003). Current wetland management strategies in the PPR are likely to lead
to loss of wetlands (particularly GIWSs) located far from regional surface waters (Van Meter and Basu, 2015;Serran and Creed,
2015). Removing these wetlands can increase surface pathways towards rivers with potential consequences of flooding and
eutrophication during large events. For example, the loss of GIWSs in watersheds including the Beaverhill watershed has been
implicated as one cause of the increase in phosphorus loading to the Lake Winnipeg, located 1,300 km east of the Beaverhill
watershed, leading to the eutrophication events and 2013 listing of Lake Winnipeg as the most threatened lake in the world
(Ulrich et al., 2016).

10
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Our modeling approach can explicitly assess and evaluate the hydrologic connectivity of individual wetlands, providing
scientists and conservation authorities with information to understand and manage the potential response of the entire watershed
to direct and indirect changes such as wetland drainage or restoration. Furthermore, coupling robust hydrologic connectivity
models with biogeochemical and biological data can (1) improve our understanding of landscape hydrologic connectivity and its
impact on the structure and function of wetlands, and (2) aid in the assessment of feedbacks between hydrology, biogeochemistry

and biology.

5 Conclusion

A semi-coupled subsurface-surface model was developed to assess the continuum of time and distance variations of hydrologic
connectivity of wetlands in a large watershed with a high density of geographically-isolated wetlands in the Prairie Pothole
Region. The model showed that wetlands are not hydrologically isolated, and that the surface and subsurface hydrologic
connections vary significantly in terms of their timing and length. Contributions of slow, subsurface connections from both
proximal and distal wetlands to the river are substantial and comparable to the contributions of fast, surface connections.
Prioritization of protection of wetlands that relies on shortest distance of wetland to the river or surface connections alone can
lead to unintended consequences in terms of loss of attending wetland ecosystem functions, services and their benefits to society.
The subsurface-surface model is computationally efficient, enabling upscaling to the entire Prairie Pothole Region (and
elsewhere) to assess wetland connectivity that was heretofore difficult to quantify, and providing guidance on the development of
watershed management and conservation plans (e.g., wetlands drainage/restoration) under different climate and land

management scenarios.
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Table 1: Average concentration of chemical tracers in hydrologically-simulated groundwater discharge and recharge areas, as well as
p-values of non-parametric Wilcoxon rank sum test (equality of median) used to assess the differences in shallow groundwater
chemistry between simulated groundwater discharge and recharge areas. p-values less than 0.10 depicts a statistically significant
deference between chemistry of simulated groundwater discharge and recharge areas.

Ca(mg/l) Mg(mg/1) TDS(mg/l) EC(uS/cm)

Discharge 123 46 1189 1631
Recharge 102 43 995 1443
p-value 0.09 0.02 0.09 0.05
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Table 2: Average concentration of chemical and isotopic tracers in hydrologically-simulated discharge and recharge wetlands, as well
as p-values of non-parametric Wilcoxon rank sum test (equality of median) used to assess the differences in wetland chemistry and
isotopic signatures between simulated discharge and recharge wetlands. The reported values in the parenthesis for 80 (and 2H) are the
relative difference between average isotopic concentrations (ratio) in simulated discharge or recharge wetlands from average
watershed concentration.

ca(mg/l) Mg(mg/l) TDS(mg/l) EC(uS/cm) ALK(mEq/l) 180 (%o) 2H (%o)
Discharge 65 42 1144 1502 241 -8.90 (3) -105.37 (8)
Recharge 59 34 721 923 195 -6.28 (0.9) -91.55 (3)
p-value 0.08 0.14 0.07 0.06 0.07 <0.001 <0.001
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Table 3: p-values of Wilcoxon rank sum and Levene tests that were used to assess the similarities in median and variance, respectively,
between monthly-averaged climatic measures in the Beaverhill watershed and the entire Prairie Pothole Region. These statistical
analyses were conducted based on 31 years (from 1981 to 2011) precipitation minus actual evapotranspiration (P-ET), snow water
equivalent (SWE) and air temperature data. p-values greater than 0.10 indicate a similarity between climatic measures at a

5 significance level of 0.10.

Wilcoxon rank sum Levene
P-ET 0.38 0.44
SWE 0.02 0.92
Temperature 0.08 0.19
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Table 4: Comparison of the average values of geological features between Beaverhuill watershed and the entire PPR.

PPR Beaverhill
Mean Porosity (%) 0.15 0.14
Mean Permeability No Permafrost (log(k)) -14.94 -15.13
Mean Permeability Permafrost (log(k)) -14.94 -15.13
Mean Permeability Standard Deviation 1.79 1.82
Bedrock Geology - Sedimentary Rocks (% Area) 96.90% 97.67%
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Figure 1: Beaverhill watershed, Alberta, Canada. The location of 1,413 artesian groundwater wells installed in the bedrock and
screened 30 to 80 m below the land surface are shown (green dots). Black dots depict the location of 208 lakes, wetlands and ponds
wherein chemistry and isotopic measurements were taken. Red dots depict the location of 121 shallow (< 10 m deep) groundwater wells
5 wherein groundwater chemistry measurements were taken. The inset shows the map of the Prairie Pothole region of North America.
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Figure 2: Observed time series of groundwater depth from August 1985 to July 2016 at the VVegreville Environment Centre stations
located 60 km east of the Beaverhill watershed. The inset shows the time series of groundwater depth in 2009. CV refers to the
5 coefficient of variation of groundwater depth data during the given time.
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Figure 3: Comparison between simulated and inferred groundwater discharge/recharge areas. (a) Simulated groundwater discharge
(blue surfaces with negative groundwater fluxes) and recharge (red surfaces with positive groundwater fluxes) areas. (b) Inferred
groundwater discharge (blue surfaces) and recharge (red surfaces) areas from the potentiometric surface generated using

5 measurements from 1,413 artesian wells. Areas where the presences of the Artesian wells were sparse (i.e., at the Beaverhill lake and in
the vicinity of North Saskatchewan River, see Figure 1) were extracted.
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Figure 4: Spatial distribution of simulated discharge (blue) and recharge (red) wetlands throughout the watershed. Green line depicts
the boundary of Beaverhill moraine.
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Figure 5: Simulated and observed stream flow at the Beaverhill Creek monitoring station. a) Performance of the developed overland
flow model in the simulation of stream flow against observed stream flow from April 1 to August 1 1983, when stream flow observations
were available. The correlation coefficient between observed and simulated hydrographs was 87%. Puiicoxon @and PLevene refer to the P
5 values of Wilcoxon and Levene tests used to assess the similarity in median and variance between two hydrographs. b) Simulated

hydrograph from April 1 to August 1 2013.
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Figure 6: Hydrologic connectivity among wetlands (blue lines) and between wetlands and North Saskatchewan River (red lines). a)
Map of subsurface connections, only particles released from recharge wetlands located in the moraine and reached the Beaverhill lake
and discharge wetlands (blue lines), and particles discharged into North Saskatchewan River from recharge wetlands (red lines) are
shown. b) Map of surface connections during the study period, only surface connections between wetlands and North Saskatchewan
River (red lines), and connections among wetlands within the Moraine (blue lines) are shown.
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Figure 7: Fitted probability density function of subsurface or surface connection transit times (left panel) and lengths (right panel) a)
between wetlands and North Saskatchewan River, and b) from wetlands located in the moraine and other wetlands throughout the
watershed. lo and 1o refer to the average length and transit time, respectively. Line colors are consistent with pathlines shown in Figure

5 6.

25



Hydrol. Earth Syst. Sci. Discuss., doi:10.5194/hess-2016-404, 2016
Manuscript under review for journal Hydrol. Earth Syst. Sci.
Published: 15 August 2016

Hydrology and
Earth System
Sciences

(© Author(s) 2016. CC-BY 3.0 License. Discussions

TDS (mg/l)

Mg (mg/l)

400
) 3
. £ 200
©
. * O
0
1 2 3
@ x 10°
. 3
S
w
; 2
- .« ° O
o w
i 2 2 0 1 2 3
% (@) x 10 t, (d) X 10°

Figure 8: Relation between simulated mean transit time (o) of each discharge wetland and the concentration of various chemical
constituents in the wetland. Here, the pathlines discharged into each wetland and their associated transit times were calculated by back
tracking from 100 uniformly-distributed particle release points located at each discharge wetland.
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Figure 9: Quantile-Quantile (Q-Q) plot comparing the distributions of observed shortest distances between surface water bodies and
simulated lengths of connections in the Beaverhill watershed. (a) Standardized wetland-stream distance (observed shortest distances of
wetland to nearest major stream) in the Beaverhill watershed (BH) vs. standardized simulated lengths of (red) subsurface connections
5 or (green) surface connections between wetlands and North Saskatchewan River, and vs. (black) standardized wetland-stream distance
in prairie potholes in North Dakota (ND). (b) Standardized wetland-wetland distance (observed shortest distances of wetlands to their
nearest wetland neighbor) in the Beaverhill watershed (BH) vs. standardized simulated lengths of (red) subsurface connections or
(green) surface connections among wetlands, and vs. (black) standardized observed wetland-wetland distance in prairie potholes in

North Dakota (ND).
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Figure 10: Cumulative probability of transit time distribution of water particles discharged from wetlands into North Saskatchewan
River. The potential ecosystem services of each portion were also shown
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