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Introduction

Tundra ponds dominate many northern landscapes and provide 
productive habitat and refuge for microorganisms, plants, and animals 
in regions with extreme environmental conditions (Smol and Douglas, 
2007; Vincent et al., 2011). These important aquatic habitats exist, 
in large part, due to the presence of permafrost, which creates an 
impermeable barrier and limits the amount and rate that precipitation 
enters the subsurface (Rouse et al., 1997). As a consequence, water 
flows over land surfaces or through the shallow active layer and 
pools in depressions to form ponds (Woo and Winter, 1993). These 
shallow-water systems are among the most dynamic elements of 
permafrost landscapes (Jones et al., 2011). Because of their high 
surface area–to–depth ratio, they are highly responsive to variations in 
hydro-climatic conditions (Rouse et al., 1997). For example, periods 
of elevated evaporation without sufficient precipitation can lead to 
rapid water-level drawdown and markedly alter physical, chemical, 
and biological conditions and habitat availability (Smol and Douglas, 
2007). Thus, interactions among permafrost, the land surface, and 
climatic conditions play important roles in determining the genesis, 
development, and fate of tundra ponds, and the critical habitat 
they provide. To a large extent, these interactions are mediated by 
hydrological processes such as the transfer of water by precipitation, 
evaporation, and surface and subsurface flows (e.g., Rouse et al., 1997; 
Jones et al., 2011; Wolfe et al., 2011).

Although tundra ponds are responsive to variations in climate, 
it remains difficult to anticipate the direction of change in the water 
balance to ongoing climate warming. As the climate warms in 
Canada’s north, ice-free season duration will continue to increase 
(Prowse et al., 2011). Longer duration of ice-free conditions is 
expected to cause more negative pond water balances, because 
pond evaporation exceeds precipitation during the ice-free season 
in many regions (Rouse et al., 1997; Schindler and Smol, 2006). 
Thawing permafrost and accelerating thermokarst processes can 
also lead to alteration of pond surface area and depth, especially if 
they lead to sudden drainage via deepening of taliks under ponds 
(Woo et al., 1992) or lateral breach of shorelines (Turner et al., 
2010; Jones et al., 2011). But, permafrost thaw can also increase 
inflow to ponds.

Beyond raising temperature, climate warming also modifies 
patterns of precipitation due to shifting and decreased influence 
of cold, dry arctic air masses, accompanied by increased influence 
of warmer moisture-laden air masses (Rouse et al., 1997). For 
example, atmosphere-ocean models suggest that shrinking sea-
ice cover will result in increased precipitation over adjacent land 
areas (Gagnon and Gough, 2005). As a consequence, many regions 
are likely to experience marked changes in annual precipitation, 
the frequency and intensity of precipitation events, and the timing 
and relative proportions of rain and snow. Our ability to predict 
changes in precipitation remains less certain than for temperature, 

Abstract
Due to shallow depth and high surface area–to–volume ratio, ponds of the Hudson Bay 
Lowlands are vulnerable to climatic and hydrological changes, but relations between hy-
drological processes and limnological conditions remain unknown. Here, we measured 
water balance and limnological variables (water chemistry, suspended sediments, chloro-
phyll-a) at 20 ponds near Churchill (Manitoba) three times during the ice-free season of 
2010 to explore relations among hydrological connectivity, basin morphometry, and water-
chemistry variations. Using principal components analysis, we identified that the ponds 
followed one of four distinctive “seasonal water chemistry trajectories” (SWCT1–4). Most 
of the ponds that lacked apparent hydrologic connectivity displayed SWCT1, characterized 
by rising alkalinity and ionic content between early June and late July due to evaporative 
concentration. In contrast, most ponds with apparent hydrological connectivity displayed 
SWCT2 or SWCT3, characterized by marked changes in suspended sediment and total 
nitrogen concentrations due to inflow that transferred allochthonous materials from the 
catchment. Ponds in SWCT2 likely possessed temporary hydrological connections dur-
ing periods of relatively high water supply and exhibited marked decline of suspended 
sediment and total nitrogen content when hydrological connection was lost. Most ponds 
in SWCT3 maintained active hydrological connections during all or most of the ice-free 
season and possessed relatively high suspended sediment and total nitrogen concentrations 
throughout the season. Ponds in SWCT4 possessed relatively stable water chemistry due to 
greater water depth and local features that reduced wind-induced sediment resuspension. 
We conclude that hydrological connectivity and basin morphometry exert important influ-
ence on seasonal pond water-chemistry dynamics.
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but changes in the timing, amount, and form of precipitation 
are anticipated to exert the strongest influence on limnological 
conditions of tundra ponds, via changes in pond water balance 
(e.g., Boudreau and Rouse, 1995; Macrae et al., 2004; Wolfe et 
al., 2011), biogeochemical cycles (Macrae et al., 2004; Bos and 
Pellatt, 2012), and habitat availability (Rouse et al., 1997; Mallory 
et al., 2010; Rautio et al., 2011). Unfortunately, linkages between 
hydrological processes and limnological conditions of shallow 
tundra ponds remain under-studied, even though such knowledge is 
critical to anticipate pond responses to climate-driven hydrological 
changes (Rouse et al., 1997).

The Hudson Bay Lowlands (HBL) occupy an extensive 
subarctic wetland landscape of low topographic relief, where 
concerns continue to grow about consequences of climate 
warming on tundra ponds (Vincent et al., 2011). The HBL 
encompasses 475,000 km2 along the eastern, southern, and 
western shores of Hudson Bay (Rouse, 1991; Griffis et al., 2000). 
Shallow (<1 m) tundra ponds are a dominant feature in this 
ecologically significant wetland landscape. They cover ~25% 
of the surface area in northwestern HBL and provide extensive 
shoreline habitat for nesting waterfowl, shorebirds, and other 
animals (Macrae et al., 2004). Instrumental records identify an 
overall trend of rising air temperature during the past 50 years 
(Dyke and Sladen, 2010; Gagnon and Gough, 2005), including 
both the eastern (Bhiry et al., 2011) and western (Macrae et 
al., 2014) shores of Hudson Bay. Temperatures cooled between 
the 1960s and mid-1990s (Chapman and Walsh, 1993; Gough et 
al., 2004; Rouse, 1991; Macrae et al., 2014) but have increased 
since then. Associated with the warming, sea-ice cover has 
declined (Hochheim and Barber, 2010; Gagnon and Gough, 
2005). Reduction of sea-ice cover and longer ice-free seasons 
on Hudson Bay are expected to alter the seasonal amounts and 
timing of rainfall to adjacent areas (Gagnon and Gough, 2005; 
Sauchyn and Kulshreshtha, 2008). Already, annual rainfall 
has increased by ~50% (1943–2008), based on measurements 
at the Churchill Airport meteorological station, with most of 
the increase occurring in late summer and fall (Macrae et al., 
2014). Dyke and Sladen (2010) suggested that with continued 
warming, permafrost degradation may occur in this region, 
leading to collapse of peat plateaus and expansion of fens. Also, 
they suggested that the number and size of ponds will likely 
increase as runoff accumulates in subsiding areas. This may 
lead to the coalescence of ponds, as has been observed in other 
areas of the HBL (e.g., Payette et al., 2004), or may lead to the 
drainage of water bodies (Turner et al., 2010). Collectively, these 
changes have the potential to modify surface and subsurface 
flows that control the water balances, limnological conditions, 
and biogeochemical cycling in ponds of the HBL (Macrae et al., 
2004; Wolfe et al., 2011; Macrae et al., 2014).

Hydro-limnological responses of tundra ponds in the 
HBL to climate warming remain unknown, but initial studies 
suggest responses will be diverse and dependent upon individual 
basin characteristics and the timing and degree of hydrological 
connectivity (Macrae et al., 2004; Wolfe et al., 2011). Macrae et 
al. (2004) identified that hydrological connection between ponds 
and the surrounding terrestrial landscape strongly influenced pond-
water carbon cycling, as ponds transitioned from net sources to net 
sinks of CO

2
 as hydrological connectivity to the terrestrial landscape 

was lost. Wolfe et al. (2011) tracked seasonal patterns of change in 
water balance of ponds using isotopes and found that differences in 
hydrological connectivity strongly influenced pond water balances, 
with evaporation exerting a strong influence on water levels during 

the ice-free season in ponds that lacked hydrological connection 
with their catchment. But, evaporation losses were offset by inflows 
in ponds with continuous hydrological connections via surface and 
subsurface flows. Although these studies have greatly increased 
our understanding of the hydrological factors that influence 
water balance and carbon exchange of tundra ponds in the HBL, 
knowledge remains insufficient to anticipate a potentially broader 
range of limnological responses to climate-mediated alteration of 
hydrological processes.

In northwestern HBL, most limnological studies are quite 
recent and have generally employed short-term spatial surveys 
to describe the limnological status of ponds and explore patterns 
of variation in water-chemistry variables. For example, Bos and 
Pellatt (2012) conducted one-time sampling of 32 ponds within and 
adjacent to Wapusk National Park in July 2004, Rautio et al. (2011) 
sampled three ponds near the Churchill Northern Studies Centre 
during July of 2005, and Symons et al. (2012) sampled 21 basins 
within Wapusk National Park in July of 2009. Collectively, their 
results demonstrate that the ponds in northwestern HBL are shallow 
(mostly ≤1 m), well mixed, dilute, alkaline, and oligotrophic. 
Using seven-day incubations, Symons et al. (2012) found that 
phytoplankton growth was limited by phosphorus (P) in 26% of 
the ponds, by nitrogen (N) in 13% of the ponds, and co-limited 
by N and P in 26% of the ponds. Notably, phytoplankton was not 
limited by N or P in 38% of the ponds, despite low concentrations 
of nutrients in the water. These studies, however, did not involve 
repeated sampling of water-chemistry variables in the ponds to 
determine patterns of water-chemistry variation during the ice-
free season, and they did not assess relations between hydrological 
processes and water chemistry. However, the presence or absence 
of hydrological connections between ponds and their catchments 
exerts strong control on pond water balances (Wolfe et al., 2011) 
and carbon cycling and pH (Macrae et al., 2004) and so also have 
strong potential to regulate seasonal patterns of water-chemistry 
variation.

Here, we measured hydrological variations and limnological 
variables (water chemistry, suspended sediments, chlorophyll-a) 
during the ice-free season of 2010 at 20 shallow ponds within the 
Churchill Wildlife Management Area (CWMA), near Churchill, 
Manitoba, in northwestern HBL, to explore relations among 
hydrological connectivity, basin morphometry, and limnological 
conditions. We determined the presence and absence of 
hydrological connections based on visual detection of water flow 
paths in oblique aerial photos collected during summer of 2011 
and observations during sampling. This study is exploratory given 
the relatively low number of study sites and the low number of 
sampling episodes (one year with three sampling episodes).

Study Area
The HBL extends inland from the eastern, southern, and western 

shores of Hudson Bay and James Bay to an elevation of less than 
200 m above sea level (Rouse, 1991). The HBL is unique because 
it is the southernmost region in North America with permafrost 
(Rouse, 1991). The presence of permafrost results in abundant 
bogs, fens, and ponds (Roulet et al., 1992; Woo and Winter, 1993; 
Hamilton et al., 1994; Chapin et al., 2000; Payette et al., 2004). The 
Arctic treeline boundary also occurs within the HBL, where the 
terrestrial vegetation shifts from boreal forest in the south to Arctic 
tundra in the north (Duguay and Lafleur, 2003). The HBL has been 
undergoing isostatic rebound since the retreat of the Laurentide ice 
sheet. The HBL is underlain by Ordovician and Silurian limestone 
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and dolomite, beneath which Precambrian rocks such as sedimentary 
gneiss, granitoid, and volcanic rocks are found (Dredge, 1992). A 
layer composed of a mixture of marine silts and Pleistocene glacial 
till is found on top of the bedrock, which is overlain by peat that 
ranges in depth from a minimum of a few centimeters by the coast 
of Hudson Bay to a maximum of ~1 m adjacent to the most inland 
locations of our study ponds (Dredge, 1992).

For this study, 20 ponds were selected from within CWMA 
in northwestern HBL to capture a representative range of 
hydroecological conditions in the region (Fig. 1), based on 
information provided by Macrae et al. (2004). Ponds in this 
study are <1.2 m deep and freeze completely in winter. Most of 
these ponds possess thick deposits of organic-rich sediments, 
which also freeze in winter (Macrae et al., 2004). The ponds 

FIGURE 1.  Map illustrating locations of the 20 shallow tundra ponds located within the Churchill Wildlife Management Area of western 
Hudson Bay Lowlands that were selected for analyses of water chemistry and water isotope composition in this study.
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TABLE 1

Geographic location (latitude, longitude), surface area (ha), mean depth (m), and surface area-to-depth ratio for the 20 study  
ponds within the Churchill Wildlife Management Area.

Pond
Latitude 
(°East)

Longitude 
(°North)

Surface area 
(ha)

Mean depth 
(m)

Surface/Depth 
ratio (ha/m)

Arc 58.73667 93.79161 0.84 0.24 3.53

Box 58.74269 93.82088 1.65 0.36 4.58

Coast L. 58.75735 93.83584 82.02 1.20 68.35

Coast P. 58.75690 93.83566 0.09 0.40 0.23

Erin 58.72095 93.83947 0.85 0.60 1.42

Godwit 58.74312 93.81702 0.90 0.20 4.48

Golf 58.75279 93.96760 13.21 1.00 13.21

Homer 58.73422 93.80011 0.54 0.65 0.83

Island 58.74797 93.81999 0.07 0.16 0.42

Larch 58.72431 93.84403 0.44 0.27 1.61

Left 58.74554 93.82204 0.08 0.20 0.40

Lumpy 58.73658 93.79311 3.00 0.20 15.38

Notch 58.73616 93.79958 0.52 0.29 1.78

Orange 58.72828 93.83379 0.09 0.16 0.56

Plugged 58.73204 93.79546 3.68 0.53 6.98

Recover 58.74545 93.82011 0.11 0.18 0.61

Serene 58.64030 93.82250 0.45 1.00 0.45

Some 58.74433 93.82076 1.13 0.45 2.52

Strange 58.72649 93.83848 0.57 0.26 2.15

Swept 58.73684 93.80054 16.59 0.60 27.65

Mean 6.34 0.447 7.86

Median 0.70 0.33 1.97

Min 0.07 0.16 0.23

Max 82.02 1.20 68.35

are underlain by continuous permafrost, and to our knowledge 
taliks do not exist beneath them. The active layer is limited to 
0.4 m below the surface in peat plateaus and ~0.8–1.0 m below 
the surface in fens (Macrae et al., 2004). As a consequence, 
most runoff to ponds is through peat rather than through mineral 
sediments. Pond freeze-up usually occurs during October to 
November, and break-up typically occurs in May or June (Duguay 
et al., 2003; Macrae et al., 2014). Due to their shallow depth, 
ponds in this region are well mixed and isothermal throughout 
the ice-free season (Stewart and Rouse, 1976; Bos and Pellatt, 
2012). The ponds were selected to span a range of hydrological 
“connectivity” (connected via channel fens versus isolated in 
peat plateaus) that exist in the landscape (Wolfe et al., 2011). All 
of the study ponds are situated near Hudson Bay and lie within 
the Hudson Plains ecozone. Most of the ponds are located where 
catchment vegetation consists of peat bogs supporting a heath-
lichen community and channel fens that are dominated by sedges 
and graminoids (Table 1). Four ponds (Erin, Larch, Orange, and 
Strange) are situated slightly farther inland within a transitional 
zone characterized by a mixture of polygonal peat plateaus and 

sedge fens. Here, the vegetation consists of sparse cover by 
small shrubs (e.g., Betula glandulosa, dwarf Salix species) and 
coniferous trees (Picea mariana, P. glauca, and Larix laricina) 
that are stunted and sparsely arranged in Krumholtz formation. 
Serene Pond is located farthest inland within the spruce-lichen 
forest, where the vegetation is taller and denser than at the other 
study ponds. Overall, 19 of the 20 study ponds are situated less 
than 6 km south of the Hudson Bay coast, whereas Serene Pond 
lies 16 km south of the coast.

Compared to climate normals for 1971–2000 (Environment 
Canada, 2011a, 2011b), temperatures during 2010 were warmer 
in January through April and October through December (Fig. 2). 
Relative humidity was higher than the climate normals during all 
months of 2010, except for May and June. Prior to the ice-free season 
of 2010, winter snowfall was below climate normals (January–
April). From May through September of 2010, monthly precipitation 
was comparable to the climate normals, except for below-average 
precipitation in June and above-average rainfall in August. A large 
rain event on 24 August (~105 mm) caused the monthly total to 
become more than double that of the climate normal (Fig. 2).
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FIGURE 2.  Comparison of (a) mean monthly air temperature, 
(b) mean monthly relative humidity, and (c) monthly precipitation 
during 2010 with climate normal data for the period 1971–2000 
recorded at the airport at Churchill, Manitoba (Meteorological 
Station 5060601; Environment Canada, 2011a, 2011b).

Methods

FIELD AND LABORATORY

To assess the seasonal variability in hydrological and 
water-chemistry conditions, water samples and limnological 
measurements were obtained from near the center of each of the 
20 study ponds on 5 June, 28 July, and 20 September, 2010. Ponds 

in the region became ice-free during the last days of May (Light, 
2011). These sampling dates were selected to capture temporal 
variations during the ice-free season, including the influence of 
snowmelt (early June), dry conditions during mid-summer (late 
July), and late-summer precipitation (mid-September). This 
pattern is typical of the Churchill region (Rouse, 1998; Macrae et 
al., 2004).

At each pond, water temperature, pH, and conductivity 
were measured in situ using a YSI 600QS handheld multimeter 
positioned ~10 cm below the water surface. Water samples 
were collected from ~10-cm water depth for laboratory analysis 
of suspended sediments (total [TSS], and inorganic [ISS] and 
organic [OSS] fractions), chlorophyll-a (Chl-a), water chemistry 
(alkalinity, pH, and concentrations of major nutrients and ions), 
and water isotope composition. An inflatable kayak was used 
to obtain the measurements and water samples. For analysis of 
suspended sediments, measured volumes of pond water were 
filtered at the field base (Churchill Northern Studies Centre) 
through pre-combusted (1 h @ 550 °C), pre-weighed Whatman® 
GF/C filters (pore size 1.2 μm). For analysis of Chl-a, measured 
volumes of pond water were filtered through Whatman® GF/F 
filters (pore size 0.7 μm). Immediately after filtration, all filters 
were stored frozen until analysis at the University of Waterloo. The 
filters were then analyzed for suspended sediments using standard 
methods (Lind, 1974), and for Chl-a concentrations using standard 
fluorometric techniques (Parsons and Strickland, 1963; SCOR/
UNESCO, 1966).

Chemical analyses of the water samples included alkalinity 
and concentrations of total phosphorus (TP), soluble reactive 
phosphorus (SRP), nitrate and nitrite (NO

3
– + NO

2
–), ammonium 

(NH
4
+), total Kjeldahl nitrogen (TKN), and major ions (Cl–, SO

4
2–, 

Na+, K+, Mg2+, Ca2+). For analysis of dissolved chemical species 
(SRP, NO

3
– + NO

2
–, NH

4
+), water samples were filtered through a 

0.45-μm cellulose acetate filter at the field base and kept at 4 °C in 
the dark until analysis. Subsamples for determination of phosphorus 
were preserved with H

2
SO

4
 (0.2% final concentration). Water-

chemistry analyses were performed using standard colorimetric 
techniques (Bran Luebbe AA3, Seal Analytical, Seattle, U.S.A., 
Methods G-189-097 [TKN], G-188-097 [TP], G-102-93 [NH

4
+], 

G-109-94 [NO
3
– + NO

2
–], G-103-93 [SRP], G-148-95 [alkalinity]) 

and ion chromatography (DIONEX ICS 3000, IonPac AS18 and 
CS16 analytical columns).

Pond samples for water isotope composition were collected 
from each study pond in 30-mL HDPE bottles and measured using 
standard techniques (Epstein and Mayeda, 1953; Morrison et al., 
2001). Water isotope compositions are expressed as δ-values, 
representing deviations in per mil (‰) from Vienna Standard Mean 
Ocean Water (VSMOW) such that δ

sample
 = [(R

sample
/R

VSMOW
) − 1] × 

103, where R is the 18O/16O or 2H/1H ratio in sample and VSMOW. 
Results of δ18O and δ2H analyses are normalized to −55.5‰ and 
−428‰, respectively, for Standard Light Antarctic Precipitation 
(Coplen, 1996). Analytical uncertainties are ±0.2‰ for δ18O and 
±2.0‰ for δ2H.

To assist interpretation of the role of hydrological connectivity 
in mediating changes in pond water chemistry and water isotope 
compositions, we used visual inspection of oblique aerial 
photographs obtained by M. Macrae during airplane surveillance in 
summer of 2011 to determine the presence or absence of apparent 
hydrological connections at each of the study ponds in addition 
to observations made at ponds during field sampling. Connectivity 
was either assessed by the presence or absence of an open-water 
channel, or, was inferred using vegetation patterns and topography.
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NUMERICAL ANALYSIS

A principal components analysis (PCA) was performed on 
the data set of limnological variables obtained during the three 
sampling periods to explore patterns of variation in water chemistry 
among the study ponds during the ice-free season in 2010 in 
relation to hydrological changes captured by the water isotope 
tracers. PCA, a method of indirect gradient analysis based on a 
linear response model, is well suited for analysis of multivariate 
environmental data (ter Braak and Šmilauer, 2002). The water-
chemistry variables were entered as active explanatory variables, 
whereas water temperature, water isotope composition (δ18O, δ2H), 
and TN concentration were included as passive variables, so they 
did not influence the ordination results. The PCA was run using 
the software CANOCO version 4.5 (ter Braak and Šmilauer, 2002) 
following methods used by Sokal et al. (2010) and Wiklund et al. 
(2012) to explore temporal patterns of change in water chemistry 
of shallow ponds. Prior to running the PCA, SRP concentration 
was removed because values were below detection limits (1 μg 
L–1) in more than 25% of the study ponds. TP concentration was 
also removed, because extremely high values (>400 μg L–1) were 
obtained for a few samples collected in early June and late July. 
A cause for the high values could not be identified, but they were 
considered to be unreliable because ponds in the region possess 
much lower TP concentrations (Bos and Pellatt, 2012; Symons et 
al., 2012). To avoid reducing the sample size, the TP data were 
omitted from numerical analyses (rather than deleting the ponds 
with the high TP values). Based on data in Symons et al. (2012), 
concentration of TP is correlated with TKN in adjacent shallow 
ponds. Thus, TKN concentration served as a surrogate for TP 
concentration. Prior to analysis by PCA, all limnological variables 
were assessed for normality using Kolmogorov-Smironov tests 
(alpha = 0.05) performed with SPSS version 19.0 software. Those 
variables with non-normal distributions were transformed using 
ln(x + b) (where b = 0.5 × the minimum non-zero value), and 
normality was confirmed by reassessment.

Results
WATER-CHEMISTRY CHARACTERISTICS AND  
TEMPORAL VARIATION

The 20 study ponds were, on average, alkaline (mean pH 
= 8.66; mean alkalinity = 118.81 mg CaCO

3
 L–1), with low to 

moderate ionic content (mean conductivity = 440.3 μS cm–1; 
Appendix Tables A1–A3). They were typically oligotrophic, based 
on concentration of total nitrogen (mean TKN = 0.93 mg L–1), 
Chl-a (1.42 μg L–1), and SRP (mostly below the detection limit). 
Based on visual observations during pond sampling, shorelines 
consisted of organic soils and peat, and the pond bottoms consisted 
of fine-grained organic sediment in most ponds. However, cobbles 
dominated the bottom of Coast Lake. Macrophyte cover was 
extremely sparse, and pond bottoms often possessed luxurious 
growth of a benthic algal biofilm.

Temporal patterns were observed in many of the measured 
water-chemistry variables. On average, pond-water pH decreased 
by 0.6 units from early June to mid-September, while conductivity 
tripled and alkalinity and concentrations of Ca2+, Cl–, and SO

4
2– 

increased (Tables A1–A3). Average TKN concentration increased 
between early June and late July (0.77 mg L–1 to 1.30 mg L–1), 
and then declined between late July and mid-September (to 0.73 
mg L–1). Similarly, average concentrations of Na+, K+, and TSS 

increased between early June and late July, and then declined 
from late July to mid-September (Tables A1–A3). Average 
concentrations of inorganic nitrogen (NO

3
– + NO

2
–, NH

4
+) 

decreased in the ponds from early June to late July, but remained 
fairly constant between late July and mid-September. Chl-a 
concentration, on average, remained relatively constant among 
the sampling episodes (1.31, 1.54, and 1.40 μg L–1 in early June, 
late July, and mid-September, respectively).

Principal components analysis was used to explore the main 
gradients of difference in water chemistry among ponds. PCA 
axis 1 captured 36.3% of the variation in limnological conditions 
among the study ponds, and PCA axis 2 explained a further 19.5% 
of the variation (total = 55.8%). Alkalinity, conductivity, and 
concentrations of the major ions (Ca2+, K+, Mg2+, Na+, Cl–, and SO

4
2–

) were positively correlated with PCA axis 1, while concentration 
of NO

3
– + NO

2
– was negatively correlated with axis 1 (Fig. 3). 

Concentrations of Chl-a, suspended sediments (TSS, ISS, OSS), 
and total Kjeldahl nitrogen (TKN) were negatively correlated with 
PCA axis 2, with weaker positive correlation along axis 1 (Fig. 3). 
Concentration of NH

4
+ and pH were negatively correlated with PCA 

axes 1 and 2. Sample scores that plotted to the right along PCA axis 
1 identified ponds with relatively higher alkalinity, conductivity, 
and concentrations of major ions and, to a lesser extent, higher 
concentrations of total nitrogen and suspended sediment. Sample 
scores positioned to the left along PCA axis 1 identified ponds with 
lower values of these variables and relatively high concentrations 
of NO

3
– + NO

2
–, NH

4
+, and high pH. Sample scores positioned low 

on PCA axis 2 identified ponds with relatively high concentrations 
of Chl-a, total nitrogen, and suspended sediments (TSS, ISS, 
OSS). Vectors for water isotope composition (δ2H and δ18O), 
TN concentration, and water temperature, included as passive 
variables, were negatively correlated with axis 2, suggesting that 
ponds with isotopically enriched values possessed relatively high 
concentrations of most major ions, total nitrogen, phytoplankton 
biomass (as Chl-a), and suspended sediments.

The temporal patterns of variation in the PCA sample scores 
during the three sampling episodes in 2010 allowed us to identify 
that the 20 study ponds followed one of four different “seasonal 
water-chemistry trajectories” (SWCTs) (Fig. 4). For one group 
(hereafter referred to as SWCT1), sample scores increased 
markedly along PCA axis 1 between early June and late July, 
with relatively little change along PCA axis 2 (Fig. 4, part a). This 
pattern contrasts with ponds in the other SWCT categories, where 
sample scores moved markedly downward (SWCT2, SWCT3) 
or upward (SWCT4) between early June and late July. Between 
late July and mid-September, sample scores for the eight ponds 
in SWCT1 (Arc, Box, Coast Pond, Godwit, Left, Notch, Plugged, 
and Recover) characteristically increased along PCA axis 2, with 
relatively small movement along PCA axis 1. This temporal pattern 
indicated that alkalinity and concentrations of major ions increased 
markedly in these ponds between early June and late July, and that 
changes in concentration of total nitrogen (TKN, TN), Chl-a, and 
suspended sediments were relatively small compared to ponds in 
the other SWCT categories. Between late July and mid-September, 
movement was negatively correlated with vectors for water isotope 
composition and concentrations of total nitrogen, Chl-a, and 
suspended sediments, indicating their values declined. At this time, 
the direction of movement was orthogonal to vectors for alkalinity, 
pH, and concentrations of major ions and NH

4
+, indicating very 

little change in their values.
For a second group of six ponds (SWCT2: Golf, Island, Larch, 

Lumpy, Orange, and Swept), sample scores declined markedly along 
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PCA axis 2 between early June and late July (Fig. 4, part b). Although 
of lesser magnitude, there was also net movement to the right along 
PCA axis 1 at this time. Then, between late July and mid-September, 
sample scores rose markedly along PCA axis 2, but the direction 
of movement along PCA axis 1 was inconsistent among ponds. 
Although sample scores moved farther along PCA axis 2 than PCA 
axis 1 between adjacent sampling episodes, the net change between 
early June and mid-September was characterized by a modest shift 
to the right along PCA axis 1. This temporal pattern indicated that 
concentrations of suspended sediments (TSS, ISS, and OSS), total 
nitrogen (TKN, TN), and Chl-a increased markedly between early 
June and late July in all these ponds. The net increase in PCA axis 1 
scores also indicated that modest increases in alkalinity, conductivity, 
and concentrations of most major ions (Ca2+, K+, Mg2+, Na+, Cl–, and 
SO

4
2–) occurred between early June and late July. Between late July 

and mid-September, ponds in SWCT2 experienced marked declines 

in concentrations of suspended sediments, total nitrogen, and Chl-a, 
and in water isotope composition.

Similar to ponds in SWCT2, sample scores for a third 
group of ponds (SWCT3; three ponds: Erin, Some, and Strange) 
moved downward along PCA axis 2 and to the right along PCA 
axis 1 between early June and late July of 2010 (Fig. 4, part d). 
For ponds in SWCT3, however, most of the changes occurred 
between early June and late July, with relatively constant 
conditions between late July and mid-September (as indicated 
by relatively short, near-vertical arrows in Fig. 4, part d). These 
patterns indicated ponds in SWCT3 were characterized by low 
initial concentration of suspended sediments and ions, followed 
by marked increases in concentrations of suspended sediments 
and total nitrogen (TKN, TN) between early June and late July, 
and stable water chemistry for the remainder of the ice-free 
season.

FIGURE 3.  Principal component analysis (PCA) ordination diagram illustrating the main gradients of limnological differences among 
the 20 study ponds based on 16 limnological variables measured during early June, late July, and mid-September 2010. The ponds are 
located within the Churchill Wildlife Management Area of western Hudson Bay Lowlands. The variables δ18O, δ2H, total nitrogen (TN), 
and water temperature (lnWtemp) were included as passive variables. Sample scores are labeled using the first three or four letters of their 
corresponding pond name, and the number represents the sampling episode (1 = early June, 2 = late July, 3 = mid-September). SWCT = 
seasonal water-chemistry trajectories.
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Sample scores for ponds in the fourth category (SWCT4; three 
ponds: Coast Lake, Homer, and Serene) were positioned toward the 
lower left quadrant of the PCA plot in early June and consistently 
moved higher along PCA axis 2 as the ice-free season progressed 
(Fig. 4, part e). Between early June and late July, sample scores also 
moved toward the right along PCA axis 1, but little movement was 
observed along PCA axis 1 between late July and early September. 
This temporal pattern indicated ponds in SWCT1 initially had 
low ionic content with high pH and high concentrations of NH

4
+ 

and NO
3
– + NO

2
– in early June relative to ponds in the other 

SWCT categories and high water-isotope composition and high 
concentrations of Chl-a, total nitrogen (TKN, TN), and suspended 
sediments. The direction of movement of sample scores between 
early June and late July indicated that concentrations of NH

4
+ and 

pH declined, while conductivity, alkalinity, and concentrations 
of the major ions (Ca2+, K+, Mg2+, Na+, Cl–, and SO

4
2–) increased 

markedly. The direction of movement was orthogonal to vectors 
for concentrations of suspended sediments and total nitrogen, 
indicating these variables did not change appreciably during this 
time. Net movement of sample scores upward along axis 2 between 
late July and early September indicated modest declines in 
concentrations of total nitrogen, Chl-a, and suspended sediments, 
and a decrease in water isotope composition, but with little to no 
change in pH, alkalinity, and concentrations of major ions.

BASIN MORPHOMETRY, WATER ISOTOPE COMPOSITION, AND 
HYDROLOGICAL CONNECTIVITY

The study ponds were generally shallow (median = 0.33 m) 
and small (median = 0.7 ha; Fig. 5). The deepest pond had mean 
depth of 1.2 m, and only 3 of the 20 ponds were ≥1 m deep. Only 
3 of the 20 ponds were >4 ha in surface area. The three ponds in 
SWCT4 were deeper than all but one of the ponds in the other 
categories. Ponds in SWCT categories 1 and 3 were consistently 
the smallest, were relatively shallow, and thus possessed the 
smallest water volume (Fig. 5, parts b and c).

In Figure 6, the temporal pattern of variation in pond-water 
δ18O values were compared among the SWCT categories based on 
samples obtained at the same time as those for the water chemistry 
analyses. Pond-water δ2H values were closely correlated with δ18O 
signatures (R2 = 0.90, P < 1.0 × 10–9, d.f. = 58); thus, only the δ18O 
data were presented as a way to compare patterns of pond water-
balance variation within and among the SWCT categories. This 
information provided a way to explore relations between water 
balance and differences in water-chemistry behavior and basin 
morphometry of ponds in the four SWCT categories. In general, 
all 20 study ponds displayed a common pattern of variation in pond 
water δ18O, characterized by low values in early June (generally 
below –10‰) shortly after melt of snow and ice, followed by higher 
values in late July when precipitation was low and evaporation 
was high, and by a return to lower values in mid-September after 
substantial rainfall occurred in late August (Figs. 2 and 6). Only 
Godwit Pond and Notch Pond (both in SWCT1) deviated from 
this general pattern; these ponds exhibited relatively constant δ18O 
values between late July and mid-September.

Beyond the general pattern of pond-water δ18O values, as 
described above, there were notable similarities among ponds 
within each of the SWCT categories and differences among the 
SWCT categories (Fig. 6). For example, six of the eight ponds in 
SWCT1 (Box, Coast Pond, Left, Notch, Plugged, and Recover) all 
experienced marked increases in δ18O between early June and late 
July to values near the estimated value for δ18O

SSL
, the terminal basin 

steady-state value that corresponds to a pond water balance where 
inflow equals evaporation. All six of these ponds lacked apparent 
hydrological connections with their catchments, suggesting they 
are closed-drainage basins (e.g., Left Pond in Fig. 7). At four (Box, 
Coast Pond, Left, and Recover) of these six ponds, δ18O in late July 
exceeded δ18O

SSL
, indicating net evaporative water loss. In contrast, 

two of the eight ponds in SWCT1 (Arc and Godwit) experienced 
less increase in δ18O between early June and late July (Fig. 5). 
Oblique aerial photos and observations during fieldwork identified 
that Arc Pond is hydrologically connected to wetlands and ponds 
via flow channels and that Godwit is intermittently connected.

The δ18O values were consistent among the six ponds in 
SWCT2 in early June and late September (Fig. 6). Four of the 
six SWCT2 ponds experienced less evaporative 18O-enrichment 
between early June and late July in comparison to the hydrologically 
closed-drainage ponds in SWCT1 (Fig. 6). Channels connect these 
four SWCT2 ponds to adjacent ponds or wetlands (e.g., Larch 
Pond in Fig. 7). In contrast, the remaining two ponds in SWCT2 
(Island and Lumpy) experienced more marked increase in δ18O 
between early June and late July. Hydrological connections were 
absent at Lumpy Pond and intermittent at Island Pond. Ponds in 
SWCT2 spanned a relatively broad range of depth and surface 
area, though they were generally shallower and smaller than most 
ponds in SWCT4, which were the deepest and largest ponds in the 
data set (Fig. 6).

Of the three ponds in SWCT3, two (Erin and Strange) 
displayed a pattern of change in pond-water δ18O that is 
comparable to ponds in SWCT2 with apparent hydrological 
connections. Consistently, Erin Pond and Strange Pond received 
inflow via apparent hydrological connections to adjacent ponds 
and wetlands. However, evaporative 18O-enrichment was more 
evident at Some Pond between early June and late July when 
δ18O exceeded δ18O

SSL
. Correspondingly, aerial photos, water 

isotope composition, and a previous hydrologic study (Macrae 
et al., 2004) showed no evidence of an inflow channel to Some 
Pond. Compared to the other SWCT categories, ponds in SWCT3 
possessed intermediate depth and consistently small surface area 
(Fig. 5).

All three of the ponds in SWCT4 displayed less-variable δ18O 
values during the ice-free season of 2010, and values in late July 
remained relatively low compared to ponds in the other SWCT 
categories (Fig. 6). Also, SWCT4 ponds were deeper than all but 
one of the ponds in the other categories (Fig. 5). Coast Lake was 
the largest and deepest of the study ponds and, thus, holds the 
largest volume of water (Table 1), but Homer and Serene ponds 
possessed comparable small surface area to most other study 
ponds (Table 1, Fig. 5, part c). Aerial photos and field-based 
observations indicated that Coast Lake and Serene Pond had 
apparent hydrological connections, whereas Homer Pond lacked 
detectable hydrological connections. Overall, greater depth 
and presence of hydrological connections for SWCT4 ponds 
corresponded with relatively less evaporative 18O-enrichment 
between early June and late July compared to most ponds in other 
SWCT categories.

In summary, evidence suggested that 9 of the 20 study ponds 
are hydrologically closed-drainage ponds. Of these, 6 were placed 
in SWCT1 (Box, Coast Pond, Left, Notch, Plugged, and Recover), 
1 was placed in SWCT2 (Lumpy), 1 was placed in SWCT3 (Some), 
and 1 was placed in SWCT4 (Homer) based on their temporal 
pattern of water-chemistry variation. For the remaining 11 ponds, 
evidence suggested they have inflow channels that provided waters 
from adjacent ponds, wetlands, or both ponds and wetlands. Nine 
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FIGURE 4.  Principal component analysis (PCA) ordination diagrams illustrating four distinctive patterns of change in limnological 
conditions among the 20 study ponds during the ice-free season of 2010. The four distinctive seasonal water-chemistry trajectories (SWCT) 
are shown in separate panels: (a) SWCT1 (n = 8 ponds); (b) SWCT2 (n = 6); (d) SWCT3 (n = 3); and (e) SWCT4 (n = 3). (c) Vectors for the 
environmental variable (solid lines represent active variables [n = 16], dotted lines represent passive variables [n = 4]).
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of these 11 ponds were placed into SWCT2, SWCT3, or SWCT4 
categories, whereas only 2 (Arc and Godwit) were placed in 
SWCT1, along with most of the hydrologically closed-drainage 
ponds.

FIGURE 5.  Comparison of basin morphometry among the four 
seasonal water-chemistry trajectory (SWCT) categories of ponds. 
(a) Boxplots comparing maximum pond depth (m) among the 
four SWCT categories. (b) Boxplots comparing pond surface area 
(ha) among the four SWCT categories. (c) Scatterplot illustrating 
relations between water depth and surface area of the ponds in the 
four SWCT categories.

Discussion
Due to their shallow depth, large ratio of surface area to 

water volume, and influence of permafrost, tundra ponds have 
become well recognized as dynamic and vulnerable to effects 
of hydrological changes (Rouse et al., 1997; Jones et al., 2011; 
Vincent et al., 2011). Yet, relations between hydrological processes 
and limnological conditions of tundra ponds have remained poorly 
understood. This is true for the HBL, where more than 10,000 
shallow tundra ponds cover ~25% of the land area (Duguay and 
Lafleur, 2003; Macrae et al., 2004), but where integrated hydro-
limnological studies remain sparse (e.g., Macrae et al., 2004) 
despite a recent increase in studies assessing spatial variation 
of water chemistry and controls on primary production (Rautio 
et al., 2011; Bos and Pellatt, 2012; Symons et al., 2012). Here, 
based on exploratory limnological measurements performed at 
three times during the ice-free season of 2010 at 20 shallow ponds 
within the CWMA of northwestern HBL, we identify distinct 
trajectories of water-chemistry variation. In conjunction with 
hydrological behavior, based on water isotope composition, basin 
morphometry, and additional supporting evidence, we suggest that 
these trajectories correspond well with apparent differences in 
hydrological connectivity of the ponds to their adjacent catchments, 
and that differences in pond morphometry and other physiographic 
factors are also important.

A study by Wolfe et al. (2011) used analyses of water isotope 
tracers and water-level loggers to characterize hydrological 
processes that influence present-day water balances at three of 
the ponds that were also included in our study (Left, Larch, and 
Erin). Water-level records (daily averages based on measurements 
recorded every 30 minutes) at these three ponds, coupled with 
water isotope analyses (including biweekly water isotope sampling 
at Left Pond), allowed for more detailed characterization of 
hydrological processes. They identified that inputs from rain during 
the preceding autumn and from spring snowmelt led to depleted 
water isotopic signatures in June of 2010 in all three ponds, but 
hydrological patterns differed during the remainder of the ice-free 
season in the magnitude of evaporative isotopic enrichment during 
summer and subsequent isotopic depletion due to precipitation in 
late August (see also Fig. 6). In the absence of apparent hydrologic 
connection between Left Pond and its catchment, net evaporation 
caused isotopic enrichment and water-level drawdown by mid-
July (see also Figs. 6 and 7). In contrast, apparent hydrological 
connections (via channel fens) at Larch and Erin Ponds provided 
greater water inflow from their catchments, which resulted in less 
evaporative enrichment and water-level drawdown (see also Figs. 6 
and 7). Based on paleolimnological evidence provided by records 
of cellulose-inferred pond-water δ18O, Wolfe et al. (2011) showed 
that water balances of Left and Larch Ponds became increasingly 
influenced by evaporation since the early 20th century, likely in 
response to longer duration of the ice-free season as the climate 
warmed. But, hydrological conditions diverged in the 1960s at 
Larch Pond, which was speculated to have been associated with 
the establishment of a channel fen leading to greater hydrological 
connectivity. The channel intermittently conveys water flow to 
Larch Pond from an adjacent pond and contributing wetlands, which 
offsets evaporative losses compared to Left Pond. Consequently, 
Left Pond has experienced greater evaporative enrichment since 
the 1960s than has occurred at Larch Pond, because Left Pond 
has remained hydrologically disconnected from adjacent ponds 
and peatlands. Paleolimnological evidence indicates Erin Pond’s 
water balance has remained relatively constant during the past 
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FIGURE 6.  Seasonal variation of δ18O 
compositions of water in the 20 study ponds 
during the ice-free season of 2010, based on water 
samples collected in early June, late July, and 
mid-September. The data are organized by the 
four seasonal water-chemistry trajectory (SWCT) 
categories: (a) SWCT1, (b) SWCT2, (c) SWCT3, 
and (d) SWCT4. The horizontal dashed line in 
each panel identifies the terminal basin steady-
state δ18O value that corresponds to a pond water 
balance where inflow equals evaporation (δSSL; 
δ18OSSL = –7.5‰) (further details may be found in 
Wolfe et al., 2011).

Downloaded From: https://bioone.org/journals/Arctic,-Antarctic,-and-Alpine-Research on 19 Apr 2024
Terms of Use: https://bioone.org/terms-of-use



JERRY WHITE ET AL. / 229

three centuries due to hydrological connection with its larger 
contributing basin that supplies sufficient precipitation to offset 
20th century increases in pond-water evaporation. Notably, these 
three hydrologically distinctive ponds displayed sufficiently 
different patterns of water-chemistry variation that they were 
placed into different SWCT categories identified during our 
study—a finding that suggests water chemistry of these shallow 
tundra ponds is strongly regulated by hydrological processes. 
Below, we examine further how differences in seasonal patterns 
of water-chemistry variation between the ponds may relate to 
hydrological connectivity and other factors.

The pattern of change in water chemistry at Left Pond 
during the ice-free season of 2010 was comparable to patterns 
that occurred at the other ponds in SWCT1 (Fig. 4). Water isotope 
data indicated that a negative water balance characterized Left 
Pond between early June and mid-August (i.e., water isotope 
composition exceeded δ

SSL
, the terminal basin steady-state value), 

and water-level declined (Wolfe et al., 2011; see also Fig. 6). As late 
summer rains replenished water levels in Left Pond, water isotope 
composition decreased and water levels rose (Wolfe et al., 2011). 
These changes, coupled with the absence of an apparent inflow 
channel (Fig. 7), indicate that Left Pond is hydrologically closed. 
Most of the other ponds classified as SWCT1 displayed a similar 
pattern of change in δ18O as occurred in Left Pond during the ice-
free season of 2010. Indeed, six of the eight ponds in SWCT1 
(Box, Coast Pond, Left, Notch, Plugged, and Recover) show 
marked increase in water isotope composition between early June 
and late July to values near δ18O

SSL
.
 
Also, all these ponds similarly 

lack visible hydrological connections with their catchments. For 
ponds in SWCT1, evaporative 18O-enrichment between early June 
and late July was associated with marked increases in conductivity, 
alkalinity, and concentrations of major ions (Ca2+, K+, Mg2+, Na+, 
Cl–, SO

4
2–), with also modest increase of concentrations of total 

nitrogen, suspended sediments, and Chl-a. After late-autumn rains 
replenished the ponds and water isotope composition declined, 
concentrations of major ions remained relatively unchanged, 
and concentrations of total nitrogen, suspended sediments, and 
Chl-a declined slightly. Corresponding increases in water isotope 
composition and concentration of ions and nutrients during early 

to late summer is consistent with strong control of evaporation on 
water chemistry and water balance in the absence of hydrological 
connectivity (Figs. 4 and 6). An explanation for the absence of a 
decline in concentrations of major ions when late-autumn rains 
caused 18O depletion is more challenging. We suggest that the 
concentration of ions in the runoff at that time must have been 
similar to that in the ponds. Given that 105 mm of rain fell on 
24 August, 2010, it is possible that ions became concentrated in 
the rainwater as it moved across the land surface and entered the 
ponds as runoff. Thus, a lack of apparent hydrological connection 
between ponds and their catchments appears to be important in 
mediating hydro-limnological behavior of ponds in SWCT1. 
Other factors are likely also at play, however, because two of 
the eight ponds in SWCT1 (Arc and Godwit) possess apparent 
hydrological connections via channel fens and did not exhibit a 
marked rise in water isotope composition between early June and 
late July comparable to the disconnected SWCT1 ponds. For these 
two ponds, basin morphometry may play an important role. Arc 
Pond and Godwit Pond are similarly shallow as Left Pond (20–24 
cm mean depth), but their surface area is 10-fold larger than Left 
Pond. Evaporation from their pond surfaces could have sufficiently 
lowered water levels during the arid summer period to sever their 
hydrological connection. If so, ponds with a large ratio of surface 
area to volume and intermittent or weak hydrological connections 
to their catchment may, in some instances, produce comparable 
water-chemistry variations as disconnected ponds.

The pattern of change in water chemistry at Larch Pond 
was comparable to the other SWCT2 ponds during the ice-free 
season of 2010. Between early June and late July, concentrations 
of suspended sediments and total nitrogen typically increased in 
ponds in the SWCT2 category, while increases in ionic content were 
relatively small (Fig. 4). Between late July and mid-September, 
these patterns reversed, with marked declines in concentrations of 
suspended sediments and total nitrogen and relatively little change 
in ionic content. Seasonality in hydrologic connection between 
Larch Pond and adjacent ponds may explain these temporal 
changes in limnological conditions of ponds in SWCT2. Early in 
the ice-free season, isotopic enrichment and water-level change at 
Larch Pond were considerably less than at Left Pond (Wolfe et al., 

FIGURE 7.  Aerial photos showing 3 of the study ponds in July 2011. The left panel illustrates that Left Pond (SWCT1) is hydrologically 
isolated from the surrounding terrestrial landscape, as illustrated by absence of apparent inflow or outflow channels. The right panel shows 
5 ponds which are hydrologically connected by channel fens, which appear as dark green vegetated areas between the ponds. Hydrological 
information provided by Wolfe et al. (2011) suggests that Larch Lake (SWCT2) lost hydrological connection during the summer months of 
2010, whereas Erin Lake (in SWCT3) remained hydrologically connected throughout the ice-free season of 2010. Differences in the duration 
and timing of the hydrological connections appear to differentiate seasonal patterns of limnological change in ponds of the SWCT categories.
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2011), likely because lateral water flow delivered to Larch Pond via 
the channel fen (Fig. 7) offsets the influence of evaporation (Wolfe 
et al., 2011). We hypothesize that inflow via the channel fen likely 
increased transport of suspended sediments and nitrogen to Larch 
Pond and reduced evaporative concentration of dissolved ions. 
However, after samples were collected in late July, the water level 
declined sufficiently in Larch Pond that hydrological connection 
via the channel fen became reduced or lost (Wolfe et al., 2011), 
and, correspondingly, the concentration of suspended sediments 
and total nitrogen declined. Most of the other ponds classified as 
SWCT2 displayed a similar pattern of change in δ18O as occurred 
in Larch Pond during the ice-free season of 2010. Indeed, four 
(Golf, Larch, Orange, and Swept) of the six ponds in SWCT2 
showed muted increases in water isotope composition between 
early June and late July, and all four of them possess hydrological 
connections with their catchments that are visible in aerial photos. 
Presumably, the flow channels become periodically active when 
water flows and pond levels are sufficiently high, which leads to a 
fluctuating supply of suspended sediments and nutrients. However, 
the mechanism producing elevated concentrations of total nitrogen 
and suspended sediments in late July at Island and Lumpy Ponds 
remains unknown. To our knowledge, these two ponds are 
hydrologically disconnected from surrounding wetlands, and so 
supply from the catchment is not likely. Wind-driven resuspension 
of bottom sediments is a possible source, because these ponds 
are relatively shallow and lack steep banks to protect them from 
wind action. Island Pond is the shallowest of all the study ponds 
(16.2 cm mean depth; Table 1). Lumpy Pond is only slightly 
deeper (19.5 cm), but it has the largest surface area of all the ponds 
shallower than 35 cm. Thus, these ponds are particularly prone to 
suspension of sediments in the pond water due to wind. Consistent 
with the role of sediment resuspension, Orange Pond shares 
comparable shallow depth with Island Pond (16.2 cm) and had the 
highest concentrations of suspended sediments and total nitrogen 
compared to all other study ponds in late July. Thus, the increased 
concentrations of suspended sediments and total nitrogen in these 
ponds in late July, typical of the SWCT2 category, may have resulted 
from wind-driven resuspension of bottom sediments rather than 
from inflow via the channel fens. Activities of waterfowl also may 
have promoted the observed increase of nutrients and suspended 
sediment concentration in late summer at Island and Lumpy Ponds, 
because they are unique among the 20 study ponds in the consistent 
presence (since the 1990s) of numerous geese nests on their islands 
and near the shore (M. Macrae, personal observation).

The changes in water chemistry at Erin Pond were comparable 
to changes at the two other ponds in SWCT3, characterized by modest 
increases in concentrations of suspended sediments and total nitrogen 
between sampling episodes in early June and late July, followed by 
near-constant values between late July and mid-September. For Erin 
Pond, this trajectory of limnological conditions can be explained by 
transport of suspended sediments and nutrients via inflow channels 
that maintain influential and continuous, or near-continuous, 
hydrologic connection with the surrounding landscape throughout the 
ice-free season (Wolfe et al., 2011; Fig. 6). Evidently, inflow waters are 
elevated in concentrations of total nitrogen and suspended sediments 
that may influence the water chemistry in Erin and Strange Ponds, 
compared to ponds without apparent hydrologic connections (e.g., 
SWCT1; Fig. 4). A similar pattern of water-chemistry behavior was 
observed at Some Pond, but this pond apparently lacks hydrological 
connection to its catchment. Some Pond is deeper (45 cm) than the 
hydrologically disconnected ponds in SWCT2, so it is uncertain 
whether wind-driven sediment resuspension may similarly account 
for its pattern of water-chemistry variation.

Hydro-limnological conditions of the three ponds in SWCT4 
were characterized by lowest concentrations of major ions in early 
June and lowest magnitude of change in water isotope composition 
and most water-chemistry variables (Figs. 4 and 6). Unfortunately, 
none of the ponds in SWCT4 was included in the study by Wolfe 
et al. (2011), so comparable, more-detailed knowledge of pond 
hydrology and seasonal water-level fluctuations is not available, as 
it is for the other SWCT categories. Two of the ponds (Coast Lake 
and Serene Pond) appear to receive inflow from adjacent ponds and 
wetlands via hydrological connections, similar to many of the ponds 
in SWCT2 and SWCT3, but their concentrations of total nitrogen 
and suspended sediments did not similarly increase between early 
June and late July (as observed for ponds of SWCT2 and SWCT3; 
see above). Homer Pond exhibited comparable water-chemistry 
variation as the other two ponds in SWCT4, but does not possess 
apparent hydrological connections. Thus, the presence or absence 
of hydrological connections does not fully explain limnological 
variations observed in this category. In the spatial survey of Bos and 
Pellatt (2012), ionic content of ponds differed with distance from 
the shore of Hudson Bay. But, this is not likely to account for water-
chemistry differences among our study ponds, because they are all 
situated relatively close to the Hudson Bay shore (within 16 km) and 
the most distant (Serene) and closest (Coast Lake) sites were placed 
in the same SWCT category (SWCT4) on the basis of comparable 
variation of water chemistry. Instead, we speculate that unique 
catchment characteristics resulted in low supply of suspended 
sediments and total nitrogen (a major constituent of sediment in 
these ponds; Wolfe et al., 2011; Eichel et al., 2014) to the ponds in 
SWCT4, thus causing water chemistry to vary uniquely compared to 
study ponds in the other SWCT categories. Serene Pond is the only 
study pond that lies within the spruce-lichen forest, where thicker 
peat and taller, denser vegetation can serve to retain sediments and, 
thus, reduce the load of suspended sediments to this pond. Also, 
Serene Pond is small (0.45 ha), yet the second deepest (1.0 m). These 
features predispose Serene Pond to be less vulnerable to sediment 
resuspension by wind. The bottom of Coast Lake consists mainly of 
flat cobbles and larger sized rocks, and accumulation of finer-grained 
sediments occurs only in the spaces between the rocks and in the 
central deepest part of the lake (~1 m). This differs from the other 
study ponds, where organic-rich, fine-grained sediments dominate 
the bottom surface, and suggests that sediment supply from the 
catchment is particularly low at Coast Lake. Homer Pond is deeper 
than all other study ponds with comparably small surface area, and 
it possesses markedly deeper and steeper banks along the shoreline, 
thus reducing the frequency of resuspension of bottom sediments 
into the water column by wind. Because the magnitude of water-
chemistry variation was lowest for ponds in SWCT4, as illustrated 
by PCA (Fig. 4), they are likely the least responsive to seasonal 
hydrological changes.

The 20 shallow ponds included in our exploratory study were 
accessible by road from the Churchill Northern Studies Centre 
and were selected to be representative of many other ponds in the 
northwestern HBL based on information in Macrae et al. (2004). 
However, larger datasets are likely needed to capture the full range 
of hydro-limnological conditions that exist among the ponds 
in the HBL. While we identified four distinct patterns of water-
chemistry variation that appear to correspond with differences in 
hydrological connectivity to the terrestrial landscape (disconnected, 
intermittently connected, continuously connected) and pond 
morphometry, other patterns of hydro-limnological variation may 
exist. Future studies of longer duration and more frequent sampling 
are required to better assess seasonal and interannual variability of 
hydro-limnological relations.
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Conclusions
This exploratory study, which tracked hydrological and 

limnological conditions at 20 shallow ponds in northwestern 
HBL over the course of the ice-free season in 2010, identified that 
they followed one of four distinct temporal patterns of variation 
in water chemistry (SWCT1–4). Based on hydrological evidence 
provided by water isotope tracers, water-level loggers, and 
oblique aerial photos at 3 of the ponds, differences in apparent 
hydrologic connectivity between ponds and the surrounding 
terrestrial landscape correspond well with the different patterns of 
water-chemistry variation. For most ponds that lacked hydrologic 
connectivity with the catchment (i.e., most ponds in SWCT1), 
alkalinity and ionic content of pond water appears to vary in concert 
with evaporative concentration during periods of moisture deficit, 
with little to no change in the concentration of total nitrogen (TKN, 
TN) and suspended sediment. In contrast, when ponds possess 
active hydrological connection to the surrounding terrestrial 
landscape, their waters have relatively higher concentrations of 
suspended sediment and total nitrogen due to lateral water flow 
that transfers allochthonous materials from the catchment. SWCT2 
ponds appear to be those that temporarily establish hydrological 
connections during periods of high water levels and high flow 
conditions (e.g., following snowmelt), but which subsequently lose 
these connections when rates of water supply decline sufficiently 
(e.g., during a period without sufficient rainfall in summer 
and following winters with low snow accumulation). Loss of 
hydrological connection results in a marked decline of suspended 
sediment and TKN content of pond water. Ponds that maintain 
active hydrological connections during all, or at least most, of the 
ice-free season are expected to display water-chemistry changes 
associated with SWCT3, characterized by relatively high and 
constant concentrations of suspended sediment and total nitrogen 
throughout the ice-free season. Local differences in topographic 
features of the pond’s basin and catchment likely distinguish ponds 
in SWCT2 and SWCT3. Ponds in SWCT3 likely have deeper 
channel fens and larger catchment area than ponds in SWCT2, 
increasing their ability to sustain water levels and maintain 
hydrological connections in the face of seasonal variations in 
precipitation and evaporation. Ponds in SWCT4 are relatively deep 
and possess local features that reduce incidence of wind-induced 
sediment resuspension in the water column (e.g., cobble bottom at 
Coast Lake, tall and dense terrestrial vegetation at Serene Pond) 
and have less variable water chemistry (e.g., greater “inertia” 
due to their larger water volume). Thus, basin morphometry and 
catchment vegetation also appear to exert an important influence 
on seasonal water-chemistry variability.

The apparent role of hydrological connectivity between the 
ponds and the surrounding terrestrial landscape provides a starting 
point to anticipate how limnological conditions may respond to 
continued climate warming. Based on paleolimnological evidence 
from Larch Pond (Wolfe et al., 2011), rising temperatures may 
promote development of channel fens that connect closed-drainage 
ponds to their catchments (i.e., via elevated rates of permafrost thaw), 
causing them to switch from hydro-limnological conditions typical 
of ponds in SWCT1 to those of SWCT2. In contrast, a scenario 
of greater evaporation due to longer ice-free season duration may 
convert ponds in SWCT3 to conditions more typical of ponds in 
SWCT2. This change can occur due to declining water levels in 
channel fens that convert continuous hydrological connections to 
discontinuous connections. Also, declining water levels in SWCT3 
ponds can increase frequency of wind-driven sediment resuspension 
into the water column. Conversion of ponds in SWCT3 to SWCT2 

could result in a net decline in pond productivity because pond-
water concentrations of total nitrogen and Chl-a appear to decline 
when hydrological connections become reduced. Closed-drainage 
ponds in SWCT1 will be the most vulnerable to desiccation and 
associated aquatic habitat loss, because they lack water “subsidies” 
provided by the terrestrial landscape. In contrast, the continuously 
connected ponds of SWCT3 and relatively deep ponds of SWCT4 
are likely to be least affected by climate warming due to greater 
supply of inflow (SWCT3) and larger volume of water (SWCT4) 
that appear to dampen the magnitude of water-chemistry variations. 
We suggest that integrated hydro-limnological studies are needed 
at a larger number of ponds spanning a broader ecological gradient 
and over a longer study period to more adequately characterize the 
range of seasonal water-chemistry behavior in ponds of the HBL. 
In this regard, our research team is undertaking spatial surveys of 
40 ponds in nearby Wapusk National Park over a three-year period 
to characterize interannual variability and better anticipate future 
climate-driven changes in hydrological and limnological conditions.
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