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1 | INTRODUCTION

Ephemeral ponds can be found in the northeast region of North Amer-
ica and are also called temporary ponds or vernal ponds. These ponds

are small wetlands consisting of depressions of various shapes, depths,
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Abstract

Ephemeral ponds in cold and humid forested regions are often vulnerable because of
their small size and ephemeral nature. The aim of this study was to identify the geomor-
phological and meteorological drivers of ephemeral pond hydrology in the forests of
cold and humid climates. A multi-year study of 40 ponds was conducted in the Kenauk
forest located in the Canadian Shield of the Outaouais region (Quebec, Canada). Pond
bathymetry, mineral and organic sediment thickness, watershed area, slope, canopy
cover and maximum depth were measured in-situ. The spring hydroperiod (the period
during which there is water in the ponds between April and October) as well as the sur-
face and groundwater recession rates were measured throughout the study period,
from 2016 to 2020. Data from this study show that ponds located at lower altitudes in
the landscape are larger, receive water from a larger area, and have longer hydroperiods
than ponds located at higher altitudes. The results demonstrated a connection between
the ponds and the surrounding aquifer. Spring and early summer precipitation was
shown to affect hydroperiods the most, while summer precipitation influenced the pres-
ence of water in the ponds from April to October. Winter precipitation appear determi-
nant for pond recession rates. Simple multiple regression models were able to simulate
hydroperiods and hydroperiod indices relatively well, but pond recession rates were not
well represented by the models. This study brings original multi-year and multi-site data
identifying parameters and variables that determine ephemeral pond hydrology in cold
and humid climates. The results provide new insights into their resilience on the land-

scape and bring new arguments for their long-term protection.
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and positions across the landscape (Brooks & Hayashi, 2002;
Tiner, 2003). The seasonal wetlands in this region are active in the
spring following snowmelt and dry in early summer. The scientific litera-
ture recognizes that although they appear to be isolated from nearby

hydrosystems, ephemeral ponds are connected through runoff and
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groundwater flow exchanges (Bertassello et al., 2018; Hayashi
et al., 2016; Malzone et al., 2019; Pyzoha et al., 2008). Ephemeral
ponds are strong contributors to forest diversity. The ephemeral nature
of these ponds makes them particularly attractive breeding habitats for
woodland amphibians and invertebrates that can thrive there due to
the absence of fish (Calhoun et al, 2003; Colburn, 2004; Werner
et al., 2007). Although they are omnipresent in humid forests of cold
and humid climates, ephemeral ponds are vulnerable due to their size,
and apparent limited connectivity to forest hydrology. Because they
can be overlooked during the dry season, they are often not included in
wetlands maps. These ponds are therefore susceptible to disappearing,
either naturally or due to human interventions, and their disappearance
may go unnoticed (Hunter et al., 2017).

The last two decades has seen an increase in the scientific litera-
ture on ephemeral ponds. Local studies on ephemeral pond hydrology
have focused on the period following freshet during which the ponds
hold water, known as the hydroperiod. Studies have reported how the
ephemeral pond hydroperiod is influenced by meteorological condi-
tions such as precipitation and evapotranspiration, as well as geo-
graphical and geological conditions such as vegetation cover, basin
morphometry, topography, and geology (Bauder, 2005; Bertassello
et al, 2022; Brooks, 2004; Malzone et al., 2019; Skidds &
Golet, 2005). Local in-situ studies are often based on a small number
of ephemeral ponds, but some authors have conducted multi-site
studies (e.g., Bertassello et al., 2022; Skidds & Golet, 2005). Recent
studies have also focused on understanding their hydrology at the
local scale, for example, by using relatively simple water budget calcu-
lations (e.g., Bertassello et al., 2018; Pyke, 2005). Others have used
approaches such as machine-learning models and other modelling
techniques to predict ephemeral pond inundation (Cartwright
et al., 2021), water storage volume (Cui et al., 2021), and contribution
to wetland discharge (Klammler et al., 2020).

Many questions remain about ephemeral pond hydrology, especially
their connectivity to groundwater and the size of their contributing areas.
Multi-year field data are needed to monitor both surface water condi-
tions (in the ponds) and groundwater conditions (in the saturated geolog-
ical media). This type of study has been conducted in South Carolina,
United States (e.g., Pyzoha et al., 2008) as well as in the Prairie pothole
region (e.g., Hayashi et al., 2016), but there are few such studies. Recent
studies have focused on the hydrological functions of geographically iso-
lated wetlands at the landscape scale (e.g., Cohen et al., 2016; Evenson
et al., 2018; McLaughlin et al., 2014; Neff et al., 2020; Rains et al., 2016),
including water storage in surface depressions and water transmission to
overflows and underlying aquifers. However, a better understanding of
all the components of pond hydrology is necessary to assess more fully
their hydrological functions. Although some authors argue that pro-
longed multi-year hydrologic monitoring might not be necessary to
understand the suitability of the ponds as breeding habitats
(e.g., Skidds & Golet, 2005), many questions remain as to how geomor-
phologic and meteorologic conditions influence their hydrological vari-
ables. A growing number of studies are investigating the way in which
anthropogenic pressures and climate change are expected to impact
ephemeral ponds (e.g., Cui et al., 2021; Pyke, 2005). However, further

investigation is needed to determine whether the drivers of pond hydrol-
ogy contribute to pond hydrological resilience in a changing climate.

The aim of this study was to identify the geomorphological and
meteorological drivers of ephemeral pond hydrology in the forested
areas of northeast North America. To achieve this objective,
40 ephemeral ponds located in a forest in the Canadian Shield, in the
Outaouais region (Quebec, Canada), were studied over a five-year
period. This study provides a unique and original database on ephem-
eral pond hydrology. It also provides insights for future research to
improve the understanding of wetland dynamics at the landscape
scale, including for example a better identification and protection of
potential amphibian habitats and a better understanding of the vari-
ability and vulnerability of ephemeral pond hydrology.

2 | STUDY AREA

The study area is the Kenauk Nature private forest (257 km?) in the
Outaouais region of southern Quebec, Canada (Figure 1) in the Gren-
ville geological province. The Canadian Shield bedrock is composed of
intrusive, magmatic, and metasedimentary Precambrian rocks (Hynes
et al.,, 2010) and is marked by many shallow depressions from past gla-
ciations. The area is covered with layers of discontinuous and continu-
ous Quaternary till and fluvioglacial and glaciomarine sediments
(Daigneault et al., 2012) in the lower elevations of the Kinonge River
valley. Bedrock outcrops cover 6% of the territory.
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FIGURE 1 Location of the study area within the Kenauk Nature
forest (Outaouais region, Québec and Canada) and instrumented
ephemeral ponds.
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FIGURE 2 Meteorological data for long-term conditions (1991-

2020) and for 2016-2020 showing (a) precipitation and temperature
and (b) potential evapotranspiration.

Elevations across the study area range from 65 to 420 m. Rivers
and lakes cover 10% of the study area, forests cover 77% (47% hard-
wood species, 22% mixed species, 8% of softwood species; Forget
et al,, 2006; Varin et al., 2015), and wetlands cover 13%. Wetland
types are primarily peatlands, but swamps are also abundant
(DUC, 2017). Bournival et al. (2017) estimated that ephemeral ponds
represent 0.7% of the area.

Precipitation and temperature data up to 2016 are available from
the Climate Quebec gridded dataset (Bergeron, 2016). An on-site
meteorological station located near the Papineau Lake outlet has been
providing daily precipitation and temperature data since 2016
(Figure 2). The 1991-2020 average annual precipitation (P) is
1090 mm, with 24% of the total precipitation falling as snow between
November and April. For the same period, the interannual average
temperature was 5.1°C, and the annual potential evapotranspiration
(PET) calculated with daily temperatures using the Oudin et al. (2005)
formula was 579 mm.

The five-year study period had relatively stable annual precipita-
tion, ranging between 964 mm (2020) and 1061 mm (2017). However,
monthly precipitation markedly varied between 2016 and 2020, with
very dry months (minimum of 17 mm in June 2020) and wet months
(maximum of 196 mm in October 2020). Average annual temperatures
ranged between 4.2°C (2019) and 6.1°C (2016 and 2017). Mean
monthly temperatures revealed that the coldest month was January
2019 (—12.3°C) and the warmest was July 2020 (21.8°C). Potential
evapotranspiration (PET) varied annually between 556 (2019) and
607 (2018) mm/yr, with a maximum monthly PET in July 2020
(136 mm). The complete monthly and annual values for P, tempera-
ture, and PET are listed in Table S1 (Supplementary Material).

3 | METHODS

3.1 | Ephemeral pond selection

Forty ephemeral ponds were monitored and characterized in this
study (Figure 1; Table S2, Supplementary Material). Six ponds were
selected and instrumented in spring 2016, 10 more were added in
2017, 14 were added in 2018 and 10 were added in 2019. Monitor-
ing stopped in July 2020. The ponds were selected based on five cri-
teria defined by Bournival et al. (2017). To be selected, the ponds
must (1) be isolated from any other surface water body (by >10 m),
(2) have an area < 5000 m?, (3) have water depths between 0.1 and
2 m, (4) contain no vegetation as this can indicate permanent inunda-
tion, and (5) have a mineral substrate that is covered by at least a
minimal layer of organic matter. Two ponds (HP7 and HP8) were
located very close together (<10 m apart), thus forming a pond
complex.

3.2 | Instrumentation and monitoring

Water levels were measured in all the ponds using piezometers, which
are 2.54 cm diameter PVC tubes with perforations in the lower 20 cm
(Figure 3). The piezometers that were installed on top of the organic
litter in the deepest area of each pond were called SW piezometers.
The piezometers were instrumented with Solinst level loggers that
monitored hourly water levels. For ponds S1-Sé, similar tubes were
used to instal piezometers in the mineral deposits using a manual
auger. Below the ponds (GWB piezometers), depths ranged between
93 and 270 cm from the bottom of the pond, and outside the pond
(GWO piezometers), depths ranged from 55 to 176 cm from the sur-
face. These piezometers were also instrumented with Solinst level log-
gers that monitored hourly groundwater levels. Data from a local
Solinst barometer were used to compensate for atmospheric pressure
for all water levels. Water level monitoring was interrupted between
November 2016 and April 2017, but in ponds where water levels
exceeded 0.2 m in late fall, loggers were not removed during the win-

ters that followed.
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FIGURE 3 Typical instrumentation of ephemeral ponds. Note
that only ponds S1-Sé6 are instrumented with GWB and GWO
piezometers.
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Pond morphometry and geomorphological

Sediment thickness was measured during the dry season (June to
August) using a 4 cm manual auger along a transect that followed the
longest axis of the ponds. The measured thickness of the mineral sedi-
ments and the organic matter represent the difference between the
topography and the bedrock, except at sites HP17, HP20, and HP31,
where the bedrock was too deep to be reached. At each site, four sur-
veys were conducted outside the ponds and seven to 11 surveys were
conducted below the ponds. Sediment types were determined visually
in-situ.

Pond bathymetry, necessary to determine pond volume and area,
was measured with a Leica TC805L total station. Many bathymetric
survey points were measured along transects that were perpendicular
to the longest pond axis, with distances between transects ranging
between 1.5 m (S1-Sé and HP1-HP10) and 6 m (HP11-HP35). The
bathymetric survey could not be completed at HP13 because of
the presence of vegetation inside the pond. The relative elevations
were associated with the regional topography using LiDAR data with
1 m horizontal resolution (absolute horizontal and vertical accuracy of
30 cm; Varin et al., 2021).

Pond areas and volumes were calculated in ArcGIS at 0.1 m water
depth intervals using bathymetry data. Together with the monitored
water levels, these data provided the necessary information to esti-
mate pond depths, maximum surface areas, and volumes. Brooks and
Hayashi (2002) suggested using these values in Equation (1) to derive
a basin profile parameter p that represents pond geometry for ponds

in bedrock depressions similar to those in this study. Equation (1) was

used with the field-measured values of Viax, Amax and dmax to derive

p values for each pond:

Amax X dmax
Vinax = 17%7 1)

where V. is the maximum pond volume (m?3), Anax is the maximum
pond area (m?), dyax is the maximum water depth in the pond (m), and
p is the shape parameter (p < 1 is convex, p > 1 is concave, and p = 1
is a straight slope).

Watershed areas (WA) that contribute to the pond were calcu-
lated using the Hydrology Tools in the ArcGIS 10.5 software package
with the LiDAR data. Pond altitude and the average slope of the pond
watershed were also derived from the LiDAR data.

The percentage of canopy cover was measured between June
and August, in 2016 or 2019, using a spherical densiometer. For each
pond, five locations were selected for collecting measurements, one
at the pond centre and four near the edge of the pond. A reading was
taken in all four cardinal directions at each location (Palik et al., 2007).
The canopy cover was calculated from the average readings from all

locations.

3.4 | Hydrological variables

The spring hydroperiod (SHP) refers to the period starting at the
spring freshet during which the ponds hold water and which ends
in late spring or early summer. In this study, the end of the SHP
was the first day of the year when the water level in the pond fell
below 0.02 m. To estimate the fraction of the year during which
the ponds were active, the hydroperiod index (HPi) was calculated
as the number of days during which the pond contained standing
water divided by the number of days between April 1st and
October 15th. This period was selected as it included the moni-
tored months for all the ponds between 2016 and 2019 (2020 is
excluded from HPi calculations because monitoring stopped in
July). An HPi equal to one represents a pond that never dried dur-
ing this period, while an HPi of O represents a pond that did not
hold any water that year.

The recession rate (RR) is the midnight-to-midnight water level
change, calculated following the method from Chandler et al. (2017).
Surface water RR values were calculated using all available data
between April 1st and October 15th. Groundwater recession rates
were calculated only after the pond became dry and include reces-
sions that lasted longer than 48 hours after a water level increase.
Normalized recession rates (NRR) were calculated following Malzone
et al. (2019) as the ratio between RR and potential evapotranspiration
(PET). The PET was calculated using the formula from Oudin et al.
(2005) based on daily temperature data. The normalization was
applied to surface water levels (NRR;,,, SW piezometers) and ground-
water levels (NRRg,,, GWB piezometers in ponds S1 to Sé), with the
hypothesis that evapotranspiration can affect both reservoirs. Values

of NRR,,, >1 indicate pond recession rates larger than PET, meaning
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the pond emptied more rapidly than it would have if evapotranspira-

tion were the only pond outflow:

_ RRow

NRRsw ="per - 2
_ RRgy,

NRRgy = b - (3)

Daily vertical (i,) and horizontal (i) hydraulic gradients between
the aquifer and the pond were calculated for ponds S1 to Sé6 to pro-
vide an estimate of groundwater-surface water flow exchange. The
vertical hydraulic gradients (i,) were calculated by dividing the differ-
ence between the average daily head in the GWB piezometer (hgws)
and the average daily water level in the SW piezometer (hsy) by the
vertical distance between the surface water level and the mid-screen
elevation of the GWB piezometer (L,). The horizontal hydraulic gradi-
ents (i) were calculated by dividing the difference between the aver-
age daily head in the GWO piezometer (hgwo) and the average daily
water level in the SW piezometer by the horizontal distance between
the two measurements (L,). Positive hydraulic gradients indicate

potential groundwater flow from the aquifer to the pond.

_ hews —hsw

iy = T (4)
v
i = hGWOLh_ hsw ' (5)

3.5 | Correlation and multiple linear regression
The Multi Linear Regression (MLR) model provides several benefits
for the analysis of multidimensional systems where the response vari-
able is regulated by the interaction of a variety of unrelated factors,
such as physical characteristics of the pond, as well as meteorological
conditions. The MLR model can also reveal the relative ability of each
explanatory variable to explain the variations of the response variable.

To construct the MLR model for SHP prediction, the following
conditions were met: (1) a linear relationship existed between the
explanatory variables and the hydrological variables (preliminary tests
were performed, but are not shown here; other model forms were
tested but showed no clear evidence of superiority); (2) there was no
multicollinearity, meaning the physical and meteorological variables
were not correlated with each other; (3) the observations were inde-
pendent of each other; (4) the homoscedasticity hypothesis applied,
meaning the variance of the residuals did not follow a specific pattern;
and (5) the multivariate normality hypothesis applied, meaning MLR
residuals followed a normal distribution. The MLR analyses were per-
formed using the Python statmodels software package (R Core
Team, 2020).

The approach used was explicitly modulated to identify the sim-
plest MLR models to verify causal relationships between explanatory
variables and hydrological variables. A Student's t-test (stats package

in R; R Core Team, 2020) was used to differentiate annual averages

for SHP and HPi and site averages for i, and i,. Correlations between
morphometry and geomorphological parameters (the correlations
referred to herein as physical parameters) were quantified using a
Spearman rank correlation coefficient (r5), which was also used to
assess the correlation between physical parameters and hydrological
variables (SHP, HPi, NRR;,,, NRR, ir and i,). A similar procedure was
applied to assess the correlation between precipitation (P) and net
precipitation (Pnet = P—PET) and hydrological variables. Correlations
with individual months and with groups of successive months for P
and Pnet were tested. Note that the correlation between Pnet and
NRR,,, and NRR,, was not assessed, as PET is used in Equation (2).
Statistical tests were conducted using the Hmisc (Spearman correla-
tion) and stats (Student's t-test) packages (R Core Team, 2020). A mul-
tiple linear regression (MLR) model was thus developed using a
combination of the meteorological variable and of the physical param-
eter that separately have the highest correlations (r) with the mod-

elled hydrological variable:
hydro,q = a(metyar) + B(Physpar) + ¢, (6)

where hydro,,, represents one hydrological variable, met,,, represents
the meteorological variable, and phys,, represents the physical
parameter. Terms a and g are the coefficients of the multiple regres-
sion, and ¢ represents the variations of hydro,, that are not repre-
sented by either met,q. or phys,,,.

4 | RESULTS

41 |
settings

Pond morphometry and geomorphological

The ponds were located at altitudes ranging between 168 m (HP20)
and 366 m (HP7). They were found in bedrock depressions that were
elongated along one axis. Except for ponds S3, HP35, and HPé, all the
sites had an outlet where overflow occurred when the ponds were
filled. The bedrock depressions were covered by a layer of organic
matter and mineral sediments of variable thicknesses (Table S2, Sup-
plementary Material). The thickness of organic matter at the bottom
of the ponds varied from 12 cm (HPé) to 124 cm (HP17), with the
maximum thickness typically occurring in the center of the pond and
gradually thinning towards the edges. Mineral sediments included clay
(at sites located below 212 m in ponds S2, S5, HP17, HP20, HP25,
and HP26), silt, and fine, medium, and coarse sand. Mineral sediments
were absent below the organic matter at site HP27.

The maximum pond area (Amq) ranged from 23.4 m? (HP7) to
1808.8 m? (HP26), while the maximum pond volume (Vinq,) varied
between 1.3 m® (HP4) and 710.4 m® (S3). The maximum water levels
(dmax) Were generally observed between April and June, ranging from
0.12 m (HP27) to 2.09 m (S3). The maximum pond perimeter (Perpqy)
varied between 25.1 m (HP7) and 414.6 m (HP26) (Table S2, Supple-
mentary Material). The basin profile coefficient p varied between 0.54

(HP2, convex slope) and 4.70 (HP27, concave slope).
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The volume-area relationships of the ponds (Figure 4) showed
remarkable differences between ponds with low volumes and large surface
areas (e.g., HP26) and those with high volumes and small surface areas
(e.g., S3). Pond watershed areas (WAs) ranged between 373 m? (S4) and
17 973 m? (HP24). The average slopes of the watersheds ranged from 4.4°
(HP24) to 20.3° (HP4). The ratios between the watershed area and the
maximum pond area (WA/A,,..,) ranged from 3.6 (HP27) to 170.7 (HP4).

In general, trees were located outside the ponds and around pond
margins where water depths remained shallow. Canopy cover varied
between 40% (HP14) and 92% (HP9).

4.2 | Pond hydrology
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Supplementary Material). The ponds probably remained active
throughout the winter but because of the ice and snow cover, winter
water levels (when available) were excluded from the analysis. The
ponds generally reached their maximum water levels (dpyq) at
the onset of spring rain and snowmelt, which occurred on April 15th
(2016), March 29th (2017), April 14th (2018), April 06th (2019), and
March 27th (2020). Subsequently, the ponds gradually emptied
through the months of May and June and were generally dry by the
end of June. The ponds temporarily refilled during summer after sig-
nificant rainfall events but then rapidly emptied again. All ponds
became dry during the summer, even in the wettest year in 2017.
During a particularly dry summer in 2019, the ponds did not refill for
approximately 3 months. Conversely, during a wet summer in 2016,
the ponds frequently became temporary refilled. Interestingly, ponds
S1 to Sé6 also had marked differences in surface and groundwater level
fluctuations (Figure 5). For example, S3 which is the largest pond with
a GWB piezometer, had the more variable surface water levels while
the smallest pond S4 had the least variable surface water levels. Site
S2, one of the two ponds where clay was observed in the sediments,
had the shallowest groundwater levels.

Because three (S2, S3, and S6) out of six ponds were already dry
when monitoring started in May and early June 2016, SHP values for
that year were only available for three ponds. SHP was also not calcu-
lated for HP2 in 2017 due to technical difficulties (see Table S2 Sup-
plementary Material). The median values for SHPs were 63 days
(2016), 85 days (2017), 80 days (2018), 89 days (2019) and 60 days
(2020) for all sites, with a minimum SHP of 22 days (HP9 in 2020) and
a maximum SHP of 139 days (S3 in 2017) (Figure 6éa). Average SHPs
varied significantly from year to year, but they were significantly
lower in 2020 compared to 2017, 2018 and 2019 (Student's t-
test, p < 0.05).

The HPi medians were 0.80 (2016), 0.68 (2017), 0.77 (2018), and
0.48 (2019) (Figure 6b; Table 52, Supplementary Material), with a min-
imum of 0.39 (HPé6 in 2019) and a maximum of 0.96 (S3 in 2018)
(Figure 5 and Figure S1). Average HPi values did not vary significantly
from year to year, except in 2019, which had a significantly lower HPi
compared to previous years (Student's t-test, p < 0.05).

4.3 | Pond-groundwater connectivity
GWB piezometers for ponds S1-S6 (Figure 5) showed that groundwa-
ter levels were highest between April and the end of June, and
between mid-October and the end of December. Groundwater level
variations were similar for all the years and for all the ponds, except
S2. At site S2, the GWB piezometer intercepted low-permeability clay
sediments, which seems to have induced a delayed signal after precip-
itation and snowmelt. During a dry period in July and August 2019,
the water table dropped below the loggers at sites S1, S3, S4, S5, and
Sé6, leading to the temporary interruption of groundwater level
monitoring.

The median values of the normalized recession rates for the pond
water levels (NRR,,) varied between 2.6 (HP17) and 12.4 (HP6)
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FIGURE 6 Boxplots of (a) spring hydroperiods (SHP) and

(b) hydroperiod indices (HPi) of the studied ponds between 2016 and
2020. Three ponds were monitored in 2016, 15 in 2017, 30 in 2018,
40in 2019 and 14 in 2020. Years with the same symbol (¥, **, ***)
have averages that are significantly different (Student's t-

test, p < 0.05).

(Table S3 Supplementary Material). HP17 had the least varied NRR;,,
values, while values for HP23 were the most varied (Figure 7).
NRR,,, values were >1 for all the ponds.

The median horizontal hydraulic gradients (i,) between 2016 and
2020 varied between 0.01 (S6), indicating lateral inflow from the sedi-
ments to the pond, and —0.03 (S4), indicating lateral outflow from the
pond to the sediments (Figure 8). Pond S4 had the largest range for iy,
while pond S3 has the smallest range. The average i, values over the
study period for sites S1 to S6 were significantly different between
sites (Student's t-test, p < 0.05), except for sites S3 and Sé.

The median vertical hydraulic gradients (i,) between 2016 and
2020 varied between 0.10 (S6é), indicating upward flow from the sedi-
ments to the pond, and —0.23 (S5), indicating downward flow from
the pond to the sediments (Figure 8). Pond S2 had the largest range
for i, values between the 25% and 75%, likely due to the position of
the piezometer in the clay sediments. Pond Sé stood out with positive
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FIGURE 7 Boxplots of normalized recession rates for surface water levels (NRR;,, for SW piezometers) and groundwater levels (NRRy,, for
GWaB piezometers) at all the ponds. The dashed horizontal line represents NRR,, = 1 for which the pond recession rate equals PET.
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FIGURE 8 Boxplots of horizontal hydraulic gradients (i) between
SW and GWO piezometers and of vertical hydraulic gradients (i,)
between SW and GWB piezometers at ponds S1-Sé. The horizontal
grey line represents iy, or i, = O.

median i, and i, values, indicating dominating lateral inflow and verti-
cal inflow. The average i, values over the study period for sites S1-S6
were significantly different between sites (Student's t-test, p < 0.05),

except between sites S1 and S3 and sites S4 and S5.

44 | Explanatory factors

Correlations between physical parameters (altitude, organic matter
thickness, sediment thickness, Aax, Vimaxs Permaxs b, WA, slope, WA/
Amax, Canopy cover, and dnq) showed that many of the physical
parameters were significantly correlated (Figure S2). The ponds
located at the lowest altitude had the maximum sediment thickness,
the largest Anax Vimaxs Permax, WA, and an average watershed slope.
The organic matter layer was thickest in ponds with the smallest dp,ax.
The ponds with large Anax Vimax Permax Values were those with the

thickest sediments. The largest ponds (high An.) had higher Via.,

Permax, Permax/Amaxs b, and WA values as well as smaller WA/A,.ax and
smaller canopy cover. The ponds with the largest volumes (high V)
also had the longest Per,,,x and the highest d,,.., as well as the lowest
WA/Aax, canopy cover and dpx. The basin profile parameter p was
largest when WA/A.x was small. Unsurprisingly, WA was positively
correlated with WA/A,..x, but also inversely correlated with canopy
cover.

Correlations between physical parameters and hydrological vari-
ables SHP, HPi, NRR;,,, NRRy,, i and i, for all the years revealed that
many variables are significantly correlated (Figure S3). SHP and HPi
were sometimes positively correlated with sediment thickness, Apax,
Vinaxs Permax, and WA, and negatively correlated with canopy cover.
NRR,, was largest for ponds with small areas (low A,.,) and short
perimeters (low Per,q) in 2018 and 2019. It was also largest for
ponds with the smallest contributing area (WA), but only in 2018.
NRRq,, was positively correlated with canopy cover in 2018 and with
dmax in 2017 and 2019. NRR,,, had few correlations with physical
parameters. The high correlations observed in 2016 could be due to
the limited number of monitored ponds that year. From 2017
to 2020, NRRy,, did not show any statistically significant correlations
with the physical parameters. Both i, and i, showed few significant
correlations with the physical parameters. However, in 2017 and
2018, i, was positively correlated with WA/A,..x and in 2018, i, was
negatively correlated with p.

Correlations between meteorological variables and the six hydro-
logical variables for all years revealed many statistically significant
results for SHP, HPi and NRRs,, (Figure S4). NRRg,, i, and i, showed
almost no correlations with meteorological variables and were not
pursued further. Higher P or Pnet values yielded longer SHPs, with
similar significant correlations for different groups of successive
months, but the highest correlation was found for spring months
(i.e., from February-April to May-June, r, = 0.61 or 0.62). The results
show that smaller HPi values resulted from more P or Pnet for the
groups of successive months starting in early spring to mid-summer

(i.e., April-May, April-June, April-July, and May-June, r, = —0.34).
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For the other groups of months that started later and extended later
into the summer, higher P or Pnet led to higher HPi values. This indi-
cates that the precipitation in spring and summer influences HPi dif-
ferently. The results also show that NRR,, decreased when P
increased, with the highest correlations for groups of successive win-
ter months (i.e., January-April and February-April, r, = —0.39).

Permax Was selected as the phys,,, because it had the highest cor-
relation with SHP, HPi, and NRR,,. Because the results showed that
Pnet did not improve the simulation of SHP or HPi and because it was
not tested for NRR;,, P was used as the met,,,. Groups of successive
months with the highest r; values were tested in the MLR analysis.
The March-June period resulted in the highest r, values for the SHP
MLR model, while June-August was the best period for the HPi MLR
model. The January-April period resulted in the highest r, values for
the NRRy,, MLR model. The best NRR,,, model was found when using
the logarithm of NRR,. The results from the null hypothesis Pr(>|t|)
for all three MLR models and their ability to predict the hydrological
variables of the ponds were examined. Combinations of the maximum
pond perimeter and precipitation for a given period were found to
perform significantly better than the simple regression model based
on physical parameters or meteorological variables individually
(Table 1). The standardized regression coefficients showed that in the
three MLR models, met,,. had a greater effect on MLR (more than
two times in the SHP MLR and the HPi MLR) than phys,q,. This indi-
cates that the hydrological response of the pond is more influenced
by precipitation than by maximum pond perimeter. Equations (7), (8),
and (9) represent the resulting MLR models.

SHP = 0.156 PTOT mar—jun +0.091 Per max (7)

+12.33 (R2 —047,p=2x 10*14) .

HPi = 0.0025 PTOT jun_ug +0.0007 Per pmax (8)
- 0420(R2 —0.60,p=2x 10*16) .

log (NRRgy) = —0.0019 PTOT an_ppr — 0.0008 Per pay (9)

+ 1.59(R2 —031,p=5x 10*9).

The observed SHP and HPi were reproduced reasonably well by
the MLR models (Figure 9), but the model for NRR,,, was not able to

reproduce satisfactorily observed values.

5 | DISCUSSION

5.1 | Links between pond morphometry and
geomorphology

The ponds had contrasting maximum areas, ranging from small basins
(HP7) to relatively large basins (HP26). Pond depths were relatively
small, reflecting that ponds are generally found in low depressions of
the bedrock. As expected and shown also by Brooks and Hayashi
(2002), larger ponds held more water. The watershed areas that con-

tributed water to the ponds were highly contrasted but remained

TABLE 1 Results of the multiple linear regression analyis (MLR) of the spring hydroperiod (SHP), hydroperiod index (HPi), and normalized
recession rate of surface water (NRR;,,) using precipitation and maximum pond perimeter as explanatory factors (according to Equations 7, 8
and 9).
met,q, physpar
Hydrological variable Pr(>|t|) Standardized regression coefficient (B) Pr(>|t]) Standardized regression coefficient (B)
SHP 0.0001 0.61 0.0001 0.30
HPi 0.0001 0.73 0.0001 0.30
NRRq,, 0.0001 -0.42 0.0001 0.31
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FIGURE 9 Relationship between measured and simulated MLR values for (a) SHP, (b) HPi and (c) NRR,,. The dashed grey line represents the
1:1 line and the solid black line represents the linear correlation between observed and simulated variables.
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relatively small. Interestingly, the watershed areas for some ponds
were very small compared to the maximum pond area, that is, WA/
Apnax (€.8., minimum 3.6 at HP27), while others had a much larger ratio
(e.g., maximum 170.7 at HP4). Although this ratio was not correlated
with altitude, the larger WAs were found in the lower portions of the
landscape, which was somewhat expected as ponds located at higher
altitudes are also closer to the head of the hydrological watersheds.

The minimum values of the basin profile parameters were similar
to those reported in Brooks and Hayashi (2002), but the largest values
(e.g., 4.7 at HP27) were higher than those reported by those authors
(2.2). The basin profile parameter was not correlated to physical
parameters other than those used in Equation (1), indicating that
ponds of all sizes and locations had varied basin profiles. The volume-
area relationships of the studied ponds were quite diverse, suggesting
that information about pond bathymetry is needed to understand
pond storage capacity. A simple geometrical representation such as
that suggested by Qi et al. (2019) to simulate wetlands storage vol-
umes would not represent the volume-area relationships
encountered here.

The high canopy cover over most ponds (median of 82%) was
likely influenced by the mostly unaltered conditions in the Kenauk for-
est. Some ponds might have less canopy cover due to past logging
activities around the pond, but this effect is relatively small since a
limited number of ponds were affected by logging activities in the last
decades (HP6, HP11, HP12, HP13, HP14, HP16, HP19, HP21, HP22,
HP24). It is important to note that decreasing canopy cover has been
reported for larger ponds in other studies, in areas without any log-
ging activities (Skidds & Golet, 2005; Rhode Island).

The sizes, depths, volumes, and perimeters of the ponds are simi-
lar to those of Brooks and Hayashi (2002). Interestingly, sediment
thickness, organic matter thickness, watershed size, and canopy cover
are seldom reported in the scientific literature. In addition, few studies
have reported on ephemeral ponds in the Canadian Shield or other

similar igneous fractured bedrocks.

5.2 | Ephemeral pond hydrology

Studies conducted in regions with similar climatic conditions, such as
in the northeastern United States, reported very similar annual pond
cycles of spring filling to capacity, early summer drying, intermittent
rewetting throughout the summer, and refilling in the fall
(Brooks, 2004; Straka, 2017). Other studies have shown that ephem-
eral ponds can remain filled throughout the summer, during particu-
larly wet years (e.g., Batzer et al., 2004). In this current study, even
with the humid months of April and May 2017, all the ponds became
dry over the summer.

A sufficiently long SHP is crucial for amphibians to allow for the
metamorphosis of larvae before ponds become dry (Amburgey
et al., 2012). In this study, the median SHPs were all equal to or higher
than 60 days, but lower SHPs were observed in 2016, 2018, 2019 and
2020, with values as low as 22 days (2020) and 33 days (2018) moni-
tored at HP9. The minimum duration of SHP for amphibian

reproduction to be viable in latitudes such as those of the study area
are extremely limited. Studies from the United States report values
ranging from 32 to 45days for American Toads (Skelly &
Werner, 1990) to 73-113 days for Wood Frogs (Berven, 1990).
COSEWIC (2008) report that the Western Chorus Frog in Canada
needs 55-115 days between hatching and complete metamorphosis.
Although not all these amphibians can be found in the study area, the
shortest SHPs observed in this study are likely not sufficient for the
successful reproduction of many amphibian species during some
years. These results further underline that multi-year and multi-site
studies are important for assessing the habitat potential for
amphibians.

Interestingly, SHP was significantly longer where there were
thicker layers of inorganic sediments at the pond bottom (for years
2017 and 2019). This could be due to the relatively low permeability
of basal sediments that likely hold water in the pond. The larger
ponds also had larger watershed areas and longer SHPs. In contrast
to other studies (Germandia & Pedrola-Monfort, 2010; Skidds &
Golet, 2005), SHP was not correlated with maximum pond depth in
this study. Results from this study show that pond depth was not
related to SHP and that pond depth increased the pond recession
rate. It is possible that the deeper ponds in the Canadian Shield are
more likely to connect with groundwater through sediments and
fractured bedrock than they would be in an alluvial plain. Here, the
larger WAs appear to contribute to longer SHPs, probably because
the bigger contributing area provides more groundwater and hypo-
dermic flow to the pond in early summer. Interestingly, no correla-
tions were found between SHP and the basin profile coefficient (p),
in contrast to results from Brooks and Hayashi (2002). Perhaps some
complex pond geometries were not adequately represented by the
simple basin profile parameter. Canopy cover was inversely corre-
lated with SHP and pond size. Although the water absorption by the
trees could be a contributing factor, the smaller ponds may also have
simply had shorter SHPs because they hold less water (Batzer
et al., 2004).

Average SHPs did not markedly vary throughout the study period.
Nevertheless, SHPs in 2020 were significantly shorter than in 2017,
2018 and 2019, and SHPs in 2019 were longer than in 2016, 2017
and 2018. These results are directly linked to P and Pnet, which were
particularly low in 2020 and high in 2019. Interestingly, 2019 had the
longest average SHP but the shortest HPi, which is a direct result of
2019 having the wettest spring and the driest July and August of the
study period (cf. Table S1). This underlines the importance of continu-
ous monitoring of water levels throughout the period during which
there is water in the ponds. Studies have reported that other meteo-
rological variables such as the pattern and timing of rain event inten-
sity, winter conditions for snow accumulation, and soil frost have also
been identified as contributing factors to pond hydrology
(Brooks, 2009), but these data were not available in this study. Few
values for HPi exist in the literature, making it difficult to estimate
how representative these values are. Except for 2019 (48%), HPi
values indicated that the ponds were active more than half the time

between early April and mid-October.
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NRRs,, and NRRg, varied markedly between ponds, but NRRs,
remained >1 throughout the study period confirming that PET was
not the only process responsible for the water level decreases mea-
sured at the SW piezometers. Chandler et al. (2017) found similar
results in Florida ponds and suggested that groundwater fluxes from
the pond to the aquifer might drive water level declines. NRR;,, values
lower than NRRg,, (except for at S2) are somewhat misleading since
NRRg,, does not include the effect of effective porosity (not measured
here) on groundwater level changes. With pond sediment effective
porosity of 0.3, median NRRg,, varies between 0.93 (S2) and 3.9 (S4),
while an effective porosity of 0.1 leads to NRRg, between 0.31
(S2) and 1.3 (S4). These estimations suggest that actual groundwater
recession rates are probably smaller than surface water recession
rates. The uncertainty in sediment effective porosity does not allow
to estimate whether groundwater recession rates are equal or larger
than PET. However, it seems probable that PET probably has only a
limited effect on groundwater recession rates in this cold and humid
climate. Interestingly, groundwater recession rates were very small at
S2, probably due to the fine clay sediments in the S2 GWB piezome-
ter. The smaller ponds had higher NRRq,, values. They also had denser
canopy cover, which could contribute to further increases in NRRs,,
due to tree transpiration and decreasing groundwater levels. Due to
accessibility constraints, pond instrumentation did not include frac-
tured bedrock monitoring wells close to the ponds. Having only
groundwater levels in sediment piezometers may have somewhat
biased the results, as sediments and fractured bedrock do not react
the same way to snowmelt and recharge.

The dominating negative i, and iy, values for ponds S1 to S5 indi-
cate that groundwater flowed mostly from the pond to the aquifer.
For Sé, the opposite was observed, with most hydraulic gradients
flowing from the aquifer to the pond. However, this is difficult to
explain based on the physical parameters of this pond. Positive i, and
in occurred sporadically at ponds S1 to S5, especially during the spring
period when groundwater levels were highest. The results showed
only limited correlations between hydraulic gradients and physical
pond parameters.

The correlation analysis showed that total precipitation in spring
and early summer (March to June) had the largest effect on SHP. HPi
was better explained by summer (June to August) precipitation com-
pared to other periods, which is logical considering summer reactiva-
tion largely influences HPi. NRR,,, was mostly influenced, albeit only
to a limited extent, by winter precipitation (January-April). This might
be because winter precipitation is an important driver of snowmelt
water input to the hydrosystem, replenishing surface and groundwa-
ter reservoirs that reduce recession rates. However, considering that
the MLR model for NRRy, was not able to represent satisfactorily
observed values, winter precipitation might not be a true causal factor
of pond recession rates.

The MLR models reproduced relatively well SHP and HPi, but the
R? values were not exceptionally high. When comparing simulated
and observed values (Figure 9), it is interesting to note that points
from different years follow distinct linear relationships. This can be

interpreted as an indication that the explanatory variables were not

able to capture the spatial variability between ponds during a given
year. This might be related to precipitation gradients on the study area
but could not be verified because of a lack of local precipitation data.
That the MLR model was not able to reproduce satisfactorily NRR;,,
could be due to the complexity of the recession process which
includes percolation into a variably saturated heterogenous media.
The MLR models are simplistic in nature as they consider only one
meteorological variable and one physical parameter. However, the
available data from this study, with their inter-site and inter-year vari-
ability, did not justify the use of more complex MLR models.
Hydrological models, either simple or more complex, can help us
to better understand the hydrological connectivity between ephem-
eral ponds and their larger-scale hydrological functions (Lee
et al., 2020; Montrone et al., 2019). Although models aimed at simu-
lating regional flowrates at river outlets are often not designed to rep-
resent processes at the scale of ephemeral ponds, they can be
modified to represent specific pond process (e.g., Bizhanimanzar et al.,
submitted). Although models can be computationally expensive and
require detailed pond and watershed data that are often unavailable,
they can provide valuable insight into pond watershed flows and the
hydrological variables and interactions that cannot be measured

in-situ.

5.3 | Insights for pond protection

Although this study used multi-year monitoring data from several
ponds, 5 years is a relatively short period of time for this type of
assessment. When the MLR models were applied using monthly pre-
cipitation data for a 54-year period between 1961 and 2015 for the
minimum pond size (25 m), 26% of the years had SHPs below 60 days.
For the median pond size (122 m), this percentage fell to 7%, while for
the maximum pond size (414 m), all the ponds in all years (100%) had
SHPs above 60-days. This indicates that during a dry spring period,
the smallest ponds that are often found at higher elevations of water-
sheds can run dry, but larger ponds that are located at lower eleva-
tions can remain active. HPi reached a value of one (i.e., nondrying
pond during a specific year) only once in those 54 years for the smal-
lest pond and the median-size pond, but the largest ponds were fully
saturated for 17% of those years. Although these are approximate
values, they suggest that the largest ponds may not be ephemeral dur-
ing the wettest summers. Due to the lack of statistical representativity
of the MLR model for NRR;,,, these values were not estimated for the
1961-2015 period.

The connections observed between groundwater and ponds are
indications that groundwater inflow exists in many ponds and that
ephemeral pond hydrology is directly linked to the size of the pond
watershed area. This implies that it is important to protect the under-
ground areas that contribute to the ponds by protecting groundwater
recharge areas, limiting ditches that redirect surface flow, and limiting
groundwater pumping. Conversely, hydraulic gradients from the
ponds to the sediments are indications that those ponds also help sus-

tain groundwater levels in the aquifer. Protecting ephemeral ponds
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could thus be beneficial for groundwater resources (McLaughlin
et al., 2014).

The results from this study in conjunction with the predicted
increase in spring and fall precipitation (Ouranos, 2023) suggest that
SHP and HPi values will increase while NRR,,, is expected to decrease.
This might mean more years that are suitable for amphibian reproduc-
tive success, but it also means more years during which the ponds do
not dry, leading to more predators. Aquifer-pond connectivity may
also increase, as well a forest-scale connectivity due to higher ground-
water levels. Climate-induced shifts have been observed in the past in
the Prairie Pothole Region (McKenna et al., 2017), with wetter condi-
tions causing ecosystem shifts. However, the future climate is highly
uncertain, and if precipitation increase does not compensate for the
increase in evapotranspiration due to higher temperatures, less
recharge and dryer conditions could occur (Dubois et al., 2022).

Sustained changes in the hydroperiod could directly affect
amphibian reproduction and breeding success or the composition of
ephemeral ponds (Brooks, 2009). Protecting ephemeral ponds of dif-
ferent sizes and at different locations in the landscape may help sus-
tain their hydrological and ecosystem functions when hydrological
conditions change (Cohen et al., 2016; Evenson et al., 2018).
Protecting pond clusters that have a range of SHPs could also help
cross-reproduction between ponds (Nagel et al., 2021). This can also
contribute to ensuring refugia in changing climatic conditions, increas-
ing reproductive success for pond-dependent species (Cartwright
et al., 2021). Similar conclusions were reached by Bertassello et al.
(2022) who underlined that an increased number of wetlands reduces
the variability in amphibian occupancy and contributes the persistence
of the Northern Leopard Frog population. Habitat suitability also
depends on indirect pressures such as the drainage surrounding the
ponds, regional groundwater pumping, changes in land use, changes in
water quality, and existing legal protection (Cartwright et al., 2021;
Rains et al., 2016).

6 | CONCLUSION

This aim of this study was to identify the geomorphological and mete-
orological drivers of ephemeral pond hydrology through in-situ char-
acterization and monitoring of 40 ponds in a forest in the Canadian
Shield. The ponds were located in the Kenauk forest in the Outaouais
region (Quebec, Canada). The ponds were described according to their
geomorphological features and monitored for 1-5 years to quantify
their spring hydroperiod, hydroperiod index, and recession rates.

This study provides a unique dataset for a large number of ponds
over many years in the Canadian Shield forest, an area where
ponds are seldom studied. This extensive field-based study confirmed
previously reported observations that larger ponds have longer hydro-
periods. New data from this study revealed that ponds located at
lower altitudes are larger, receive water from a larger area, and have
longer hydroperiods than ponds located at higher altitudes. Pond
shape did not influence pond hydrology, but mineral sediment thick-

ness increased the hydroperiod. Evapotranspiration was not the only

factor that influenced the pond recession rate and a connection
between the ponds and the surrounding saturated geology was dem-
onstrated. Spring and early summer precipitation affected hydroper-
iods, summer precipitation affected hydroperiod indices, and winter
precipitation affected pond recession rates. The multiple regression
models were able to simulate hydroperiods and hydroperiod indices
relatively well, but pond recession rates were less well reproduced.
This study is one of the few to record the daily fluctuations of
hydrological variables in ephemeral ponds over several years. As such,
it provides a unique and original database that contributes towards a
better understanding of the dynamics of these wetlands, for both
meteorological and geomorphological factors. The novel insights from
this work will help better understand and protect ephemeral ponds in

the forests of cold and humid climates.
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