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Primary Drivers of Reptile 
Overwintering Habitat Suitability: 
Integrating Wetland Ecohydrology 
and Spatial Complexity

CHANTEL E. MARKLE, PAUL A. MOORE, AND JAMES M. WADDINGTON

Identifying ecosystems resilient to climate and land-use changes is recognized as essential for conservation strategies. However, wetland 
ecosystems may respond differently to stressors depending on their successional state and the strength of ecohydrological feedbacks resulting in 
fluctuations in habitat availability and suitability. Long-term habitat suitability is necessary for the persistence of wetland-dependent species and 
a key characteristic of climatic refugia. In the present article, we review and synthesize biogeochemical, thermal, ecological, and hydrological 
feedbacks and interactions that operate within wetlands and, consequently, regulate overwintering suitability for many freshwater turtles and 
snakes. We propose that understanding the breadth and interconnected nature of processes controlling temperature, dissolved oxygen, and water 
table position are vital for the conservation of northern reptile populations that depend on wetlands to survive winter conditions. Finally, we 
suggest that our integrated framework can guide future research and the management of wetland ecosystems in an era of unprecedented change.

Keywords: climate change, habitat management, resilience zone, species at risk, wetland conservation

Climate and land-use changes among other    
 anthropogenic stressors have resulted in almost one in 

five reptilian species at risk of extinction worldwide (Gibbons 
et al. 2000, Todd et al. 2010, Böhm et al. 2013). The significant 
reduction in reptile biomass could have cascading ecosystem 
effects given the importance of reptiles in  predator–prey 
dynamics and energy flow within and between ecosystems 
(see Todd et al. 2010, Böhm et al. 2013, Lovich et al. 2018) 
with the potential for further habitat degradation. Although 
habitat loss and degradation continue to be primary drivers 
of widespread reptile losses, it is becoming clear that the 
cumulative impacts of land-use changes and accelerated rates 
of climate change will require conservation and management 
strategies that cut across traditional disciplinary boundaries 
(e.g., Frusher et al. 2014, McDonald et al. 2018). A focus on 
ecosystem conservation is in line with the paradigm shift 
toward understanding ecosystem function through an inter-
disciplinary, landscape-scale research approach (see Murray 
2019). However, the development of an integrated, mecha-
nistic framework to inform conservation approaches and to 
identify and predict responses to perturbations remains a 
challenge (e.g., Williams et al. 2015).

A key facet of an integrated conservation framework 
is understanding the processes and characteristics that 
make wetland ecosystems resilient to climate and land-use 
changes. Understanding these processes and characteris-
tics can enhance our ability to identify resilient wetlands 
or refugia over large spatial scales. From a reptile con-
servation perspective, a resilient wetland continues to act 
as a refugium despite changing climatic conditions and 
provides the habitat stability and suitability required for 
species to carry out necessary life activities. For instance, 
approximately 108 reptile species found north of 35–40 
degrees north (°N) are associated with freshwater wetland 
habitats (IUCN 2020), and we estimate that about 43 of 
these species (approximately 29 turtle, 13 snake, and 1 
lizard species) use wetlands for thermal refugia during 
winter (figure 1). Therefore, the long-term suitability of 
wetland habitat directly influences individual survival and 
population persistence for many reptile species globally. In 
particular, identifying thermal refugia in regions between 
40° and 50°N is of critical importance because the duration 
of exposure to low temperatures in subterranean environ-
ments as a result of decreased snow cover is predicted to 
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increase (Zhu et  al. 2019). Furthermore, the majority of 
reptile species that use wetland habitat for overwintering 
occur within the 40°–50°N latitudinal band and are cen-
tered on the Great Lakes in North America (figure 1). It is 
imperative to determine wetland ecosystem feedbacks and 
interactions that directly and indirectly contribute to habi-
tat suitability because the strength of such feedbacks are 
expected to vary across time scales, across wetland types, 
and in their response to multiscale stressors (Waddington 
et  al. 2015). Altered feedback strengths are suggested to 
contribute to variability in wetland dynamics such as water 
table position and thermal conditions (Waddington et  al. 
2015). As a result of such variability, wetlands may also 
experience greater fluctuations in habitat availability and 
suitability increasing the vulnerability of reptile overwin-
tering habitat.

Given that the threats to wetland-dependent reptiles 
vary in magnitude and occur across multiple spatial scales, 
conservation strategies and restoration techniques should 
strive to integrate multiple research disciplines including 
terrestrial and wetland ecology, ecohydrology, and biogeo-
chemistry. As a first step toward developing an integrated 
conservation framework for wetland-dependent reptiles, 
we review and synthesize a conceptual link between wet-
land ecological succession, wetland ecohydrological feed-
backs, and suitability of wetland habitat for overwintering 
turtles and snakes. We suggest that this step will aid in 
the recovery of species at risk and help ensure persistence 

of more common species because reptiles at northern 
latitudes can spend almost half their lives overwintering in 
wetlands or wetland microhabitats. We begin by discuss-
ing the characteristics of suitable wetland overwintering 
habitat for freshwater turtles and snakes, with a primary 
focus on North American species that occur in the region 
supporting the highest density of reptile species using wet-
lands for overwintering (figure 1). We outline the primary 
physical drivers of suitability (e.g., oxygen availability, 
temperature, water table position) and integrate these 
drivers within the context of wetland spatial complexity 
through the lens of wetland ecological development to 
demonstrate that wetland successional state plays a signifi-
cant role in habitat availability. A discussion of the role of 
ecohydrological feedbacks and interactions in regulating 
overwintering site suitability is then presented in order to 
gain a better understanding of both the breadth and inter-
connected nature of such feedbacks. We present an inte-
grated framework that aims to advance our understanding 
of how climate and land-use changes can alter feedback 
strengths that ultimately affect the resilience and vulner-
ability of overwintering habitats. Finally, we discuss gaps 
in knowledge and highlight priorities for future research.

Reptiles and overwintering suitability
Reptiles are ectotherms, which means the tight coupling 
between environmental temperature and metabolic regula-
tion requires individuals to select habitats to control body 

Figure 1. Approximate distribution of reptile species north of 35°–40°N that can use freshwater wetland microhabitats for 
overwintering. Estimated ranges for reptile species were obtained from the IUCN (2020) and supplemented with data from 
the US Geological Survey (2018) and Sillero and colleagues (2014). Additional range estimates for Canadian species were 
digitized from the Canadian Herpetological Society (2017). As a result of spatial data availability, mapping was conducted 
at the species level except for the four subspecies of painted turtle (Chrysemys picta).
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temperature (Huey 1991). At northern latitudes, in which 
cold temperatures and the chance of snow can last up to half 
the year, reptiles retreat underground or underwater and 
reduce their metabolic activity to survive the winter (Ultsch 
1989). Northern freshwater aquatic turtle species primarily 
overwinter underwater in aquatic ecosystems such as riv-
ers, lakes, and several wetland types (shallow open water, 
marshes, bogs, and fens; e.g., see Ultsch 2006). Although 
overwintering in terrestrial habitat is most common among 
snakes and lizards (Gregory 1982, Ultsch 1989), species 
including the massasauga (Johnson 2000, Rouse and Willson 
2002), the European adder (Vipera berus; Viitanen 1967), the 
northern watersnake (Nerodia sipedon; Carpenter 1953), the 
common gartersnake (Thamnophis sirtalis; Carpenter 1953), 
and the European common lizard (Zootoca vivipara; Grenot 
et al. 1998) have been found to overwinter in microhabitats 
(e.g., hummocks, muskrat lodges, peat along wetland edge) 
within wetland ecosystems. Although macrohabitat use var-
ies among and within reptile species, overlap in winter refu-
gia between some species of turtle and snake can occur in 
wetland ecosystems presumably because the microenviron-
ment meets certain physical, biogeochemical, and thermal 
conditions to permit winter survival.

Overwintering underwater provides shelter from freez-
ing temperatures (assuming the water column does not 
freeze) and prevents desiccation (figure 2a; Ultsch 2006). 
However, during periods of ice cover, restricted access to 

aerial oxygen requires species to rely on extrapulmonary 
uptake of dissolved oxygen or the ability to tolerate anoxic 
(less than 1 milligrams [mg] per liter [L]) or hypoxic (less 
than 2–3 mg per L) conditions (figure 2b; Ultsch 2006). 
Many species of northern freshwater turtle use stable, cool 
water temperatures (e.g., Litzgus et al. 1999, Novotný et al. 
2004, Thienpont et  al. 2004, Greaves and Litzgus 2007, 
2008, Rollinson et  al. 2008, Edge et  al. 2009, Markle and 
Chow-Fraser 2017), which can help maintain a relatively 
constant, low body temperature and lower metabolic rate 
(Herbert and Jackson 1985). Maintaining a lower meta-
bolic rate would be advantageous when access to aerial 
oxygen is limited because it reduces the risk of metabolic 
acidosis (Herbert and Jackson 1985) but can increase 
vulnerability to predation (e.g., otters; Brooks et  al. 1991, 
Kotenko 2000). Therefore, the presence of sufficient sub-
strate depth can provide important temporary refugia 
if the water column freezes and shelter from predation 
(Brown and Brooks 1994, Thienpont et  al. 2004). It has 
been hypothesized that site fidelity (returning to the same 
overwintering site annually) and communal overwintering 
(multiple individuals overwintering together) are indica-
tors of limited availability of suitable overwintering sites 
(Gregory 1984), and this behavior has been documented 
for multiple turtle species (e.g., Brown and Brooks 1994, 
Litzgus et  al. 1999, Thienpont et  al. 2004, Markle and 
Chow-Fraser 2017). Although communal overwintering 

Figure 2. Delineation of the resilience zone is illustrated for freshwater turtles and snakes (hummock overwintering sites) 
where temperature (a) and oxygen (b) are considered important environmental conditions for overwintering in aquatic 
ecosystems. (a) Change in mean temperature in a snake (supplement A) and turtle (supplement B) wetland overwintering 
profile; the dotted lines indicate the range. (b) Change in mean oxygen availability in a snake (peatland data from Estop-
Aragonés et al. 2012) and turtle (lake data from Jackson and Lasenby 1982) overwintering profile; the dotted lines indicate 
the range here as well. The overlap between (a) temperature, (b) oxygen availability, and overwintering position in regards 
to the mean water table position (∇) represents the area providing suitable overwintering conditions (the gray shaded area).
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does provide other opportunities including easier access to 
mates, individuals overwintering together can put popula-
tions at risk of mass mortality events because a change in 
environmental conditions would affect multiple individu-
als. The possible increased risk of mass overwintering mor-
tality events as a result of climate and land-use changes is 
especially concerning because turtle population size can be 
severely affected by adult mortality because of their slow 
life histories (Congdon et al. 1993, Keevil et al. 2018, Piczak 
et al. 2019).

Taken together, a suitable vertical overwintering pro-
file incorporates the basic physical and biogeochemical 
microhabitat characteristics contributing to site suitability 
(see figure 2). We use the term resilience zone to define 
the space that optimizes suitability (Smolarz et  al. 2018). 
Therefore, the turtle resilience zone is the space that pro-
vides stable, cool water temperatures near 0 degrees Celsius 
(°C; figure 2a), sufficient dissolved oxygen (figure 2b), and 
availability of substrate for burying. The resilience zone 
is related to the concept of a niche, notably described by 
Grinnell (1917), Elton (1927), and Hutchinson (1957) but 
reconceptualized and quantified in different ways over the 
years (e.g., Chase and Leibold 2003, Peterson et al. 2015). 
The resilience zone is not unlike a fundamental niche in 
that it quantifies environmental conditions that affect cer-
tain species, further described as physiological tolerances 
(Peterson et al. 2011), but excludes biotic interactions (e.g., 
competition, Hutchinson 1957). The resilience zone is 
rooted in a mechanistic understanding of the fundamental 
niche linking winter environmental conditions and habitat 
use or selection with survival based on reptile behavior 
and physiology (functional traits, Kearney 2006, Kearney 
and Porter 2009). However, the resilience zone is similar 
to a habitat suitability model in its application such that it 
quantifies a space that optimizes suitable winter conditions 
for certain reptiles (Kearney and Porter 2009) and, we sug-
gest, that changes in the resilience zone size can be used 
as a metric to identify vulnerable overwintering habitat. 
Although we argue that the presence of a resilience zone 
contributes to winter survival and that its complete absence 
would not permit winter survival, additional data would be 
required before attempting to predict survival probability 
(i.e., a fitness component; Kearney 2006, Kearney and 
Porter 2009).

Both aquatic and terrestrial snakes generally overwinter 
above the water table, although some species are more toler-
ant to flooding (see Ultsch 1989). Although overwintering 
above the water table increases accessibility to aerial oxygen 
(figure 2b), snakes are at risk of desiccation (Gregory 1982). 
Consequently, most snakes require a subterranean microen-
vironment that protects against desiccation but is unflooded 
and above 0°C (figure 2; Carpenter 1953, Costanzo 1989). 
Snake mortality during winter could suggest that suitable 
overwintering sites are limited (e.g., Shine and Mason 2004, 
Podloucky et al. 2005, Yagi et al. 2020), which is supported 
by multiple snakes overwintering together (e.g., Viitanen 

1967, McInerny 2014) and snakes returning to the same 
area (Johnson 2000, Harvey and Weatherhead 2006) or site 
(Shine and Mason 2004) each year. Although these general 
microenvironmental conditions apply to many species of 
overwintering snakes, we focus on the snake species that 
overwinter in wetland hummocks such as the massasauga 
(e.g., Johnson 2000) and adder (e.g., Viitanen 1967). In the 
context of landscape-scale wetland ecosystem conservation, 
the potential for the massasauga and North American turtle 
species to overwinter in the same wetland is of particular 
interest, especially considering the density of overwintering 
reptile species using wetlands in this region (figure 1). Peat 
wetland hummocks provide an optimal overwintering site 
because they tend to be raised above the water table and 
provide a moist, insulated subterranean space (Smolarz 
et  al. 2018, Markle et  al. 2020). Therefore, the vertical 
overwintering profiles (figure 2) allows us to delineate the 
location of the snake resilience zone: the space that buffers 
against an advancing 0°C isotherm and a fluctuating water 
table to minimize the risk of drowning or freezing (Smolarz 
et al. 2018).

Wetland succession, spatial complexity, and states
Based on the delineated vertical overwintering profiles, 
we can begin to identify aquatic habitats that provide 
the unique combination of physical and biogeochemical 
conditions. For example, the potential overlap between 
overwintering habitat of the massasauga and freshwater 
turtles (e.g., painted turtle, Chrysemys picta; snapping 
turtle, Chelydra serpentina; Blanding’s turtle, Emydoidea 
blandingii; spotted turtle, Clemmys guttata) highlights a 
unique ecosystem with the potential to support species not 
commonly found overwintering together. This overlap, or 
co-occurrence, points to the importance of wetlands with a 
stable water table and sufficient accumulation of substrate 
and development of peat microtopography. We propose 
that co-occurrence may be observed at the wetland scale or 
even in the same profile (vertical co-occurrence) depend-
ing on the complexity and diversity of microhabitats 
 (figure 3). The stability of suitable overwintering condi-
tions each year is necessary for the persistence of long-lived 
species (Armstrong and Brooks 2014), especially given 
the observations of site fidelity (e.g., Brown and Brooks 
1994, Litzgus et al. 1999, Markle and Chow-Fraser 2017). 
Therefore, long-term changes in overwintering suitability 
should be placed within the context of wetland succession 
and spatial complexity of wetland habitat. Through this 
approach we aim to identify the wetland state or states 
(stage along wetland succession described by vegetation 
and peat structural characteristics) that are most likely to 
provide optimal overwintering sites for different species 
of turtles, the massasauga, and the potential for species 
co-occurrence.

To ascertain why certain wetland states provide optimal 
overwintering sites and how these conditions persist, it is 
valuable to understand how these wetlands form and the 
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processes that drive succession. Because the vertical over-
wintering profile for turtles requires a deep water column 
to minimize the likelihood of freezing, we recognize the 
importance of wetlands that develop through infilling (ter-
restrialization; Rydin and Jeglum 2013) as meeting this 
requirement. Indeed most of the wetlands in basins of 
various depths and areal extent are formed by the infilling 
developmental pathway (National Wetlands Working Group 
1997) whereby a small body of water (e.g., pond or lake) is 
filled in by the accumulation of peat and sediment and is 
typically characterized by a floating mat of vegetation and 
peat at the infilling edge (Whittaker 1975). As such, we focus 
our discussion in the present article on the succession, spa-
tial complexity, and states of wetlands that form via infilling 
from a basin pond (figure 4a).

In general, the process of wetland succession through 
infilling progresses through numerous wetland classes 
from shallow open water, to marsh, then fen and bog 
(National Wetlands Working Group 1997). Infilling begins 
as a ring of floating vegetation (hereafter referred to as a 
mat) that forms around the perimeter of a pond or shal-
low open water wetland with an aquatic sediment bottom 
(state A to state B in figure 4; Kratz and DeWitt 1986). 
Turtle species found overwintering in lakes or ponds 
(state A and B  wetlands) include the northern map turtle 
(Graptemys geographica), painted turtle, and snapping 
turtle (Brown and Brooks 1994, Ernst and Lovich 2009, 
Rollinson et  al. 2008). Vegetation (e.g., Chamaedaphne 
calyculata, Equisetum spp., and Carex spp.) continues to 

grow into the open water, developing 
into a marsh and providing overwin-
tering habitat for species including the 
European pond turtle (Thienpont et al. 
2004), the snapping turtle, and the bog 
turtle (Glyptemys muhlenbergii, Ultsch 
2006). The vegetation provides struc-
ture and habitat on which Sphagnum 
moss and other sedges colonize leading 
to the accumulation of peat (organic 
material) that also thickens the mat 
vertically (Kratz and DeWitt 1986). 
This mat is slightly buoyant and floats 
in deeper water allowing it to expand 
both vertically and horizontally toward 
the middle of the water body. As the 
mat develops, the surface and verti-
cal spatial complexity of the wetland 
increases. As the wetland undergoes 
succession from state B (figure 4b) to 
state C (figure 4c) species including 
the Blanding’s turtle (Edge et  al. 2009, 
Markle and Chow-Fraser 2017), spot-
ted turtle (Litzgus et al. 1999), and the 
massasauga may use a state C wetland 
for overwintering. It is worth noting 
that, although it is not represented in 

figure 4, floating peat may also develop when areas with 
preexisting organic deposits break away from the substrate 
and float to the surface (Tallis 1983). Nevertheless, dur-
ing state C (figure  4c) the initial floating mat in state B 
has accumulated enough peat that it becomes grounded 
to aquatic sediments at the bottom of the basin providing 
a mosaic of open water, floating peat and grounded peat. 
The floating edge of a wetland mat is exposed to different 
conditions than the grounded peat portion near the wet-
land perimeter. Unlike the anoxic water, which is in con-
tact with the same depth of peat in the grounded portion 
of the wetland system (e.g., Estop-Aragonés et  al. 2012), 
the water near the mat edge is well mixed with the pond 
water, which is open to the atmosphere (when not covered 
in ice) and readily exchanged.

As wetland development and succession progress to a 
relatively more terrestrial state (i.e., states C–E in figure 4), 
the spatial variation in vegetation species and peat properties 
(e.g., density) leads to different rates of peat accumulation. 
In turn, spatial variability in peat accumulation leads to the 
development of surface microtopography composed of hum-
mocks and hollows (Rydin and Jeglum 2013). Hummocks 
are raised mounds above the water table and hollows are 
the surrounding flat, low areas (Rydin and Jeglum 2013, 
Nungesser 2003). Hummocks are important microhabitats 
for snake overwintering because of their unique ability to 
retain moisture. Sphagnum moss species that characterize 
hummocks tend to stay relatively moist under dry condi-
tions (McCarter and Price 2012) because of their ability 

Figure 3. An illustration of a wetland that provides overwintering sites for both 
snakes and turtles (individual vertical profiles) resulting in co-occurrence at the 
macrohabitat scale (wetland). This wetland also provides a vertical profile that 
provides overwintering sites for both snakes and turtles (vertical co-occurrence). 
The gray shaded area represents the area suitable for overwintering, also 
referred to as the zone of resilience.
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to draw water upward from a low water table (Titus and 
Wagner 1984). Therefore, even when the water table is below 
the wetland surface (along the edge in state C), the unique 
dynamics of hummocks provide snakes with a moist over-
wintering site to avoid desiccation (Costanzo 1989).

Although our discussion, so far, has presented wetland 
succession from aquatic shallow open water and marsh 
wetlands to fen and bog wetlands through the process of 
peat accumulation as the normal pathway (progressive 
succession; Rydin and Jeglum 2013), retrogressive suc-
cession to an earlier state also occurs (e.g., Harris et  al. 
1996). Short-term (Strack and Waddington 2007) and 
long-term (Chimner et  al. 2017) experimental evidence 
demonstrates that a wetland state with a mix of open water 
(pools, hollows) and peat (mats, hummocks), such as that 
observed in state C, enhances resilience to external drivers 
such as drought and flooding (see peat feedbacks below). 
Long-term resilience to external drivers contributes to the 
resistance of wetland state C to succession or retrogression 
in a way that allows the microhabitat diversity to persist 
into the future. In this case, the result is a wetland that 
contains a suite of microhabitats characteristic of multiple 
wetland classes (shallow open water, open pools; marsh, 
emergent vegetation; fen and bog, accumulation of peat; 
see figure 4c) that continually provides suitable overwin-
tering sites and is critical for long-lived reptile species that 
also tend to overwinter in the same habitat year after year 

(e.g., Brown and Brooks 1994, Litzgus 
et  al. 1999, Markle and Chow-Fraser 
2017). Wetland state C also provides 
an opportunity for North American 
turtle species and the massasauga to 
overwinter in the same wetland (co-
occurrence) because the wetland pro-
vides microhabitats suitable for both 
groups (figure 3). Accordingly, state C 
provides turtle overwintering sites with 
the opportunity for access to aerial oxy-
gen (during ice-off conditions) or some 
availability of dissolved oxygen, vegeta-
tion cover (floating mat) for protection 
from predation, and sediment for bury-
ing. Likewise, it provides massasaugas 
overwintering sites because Sphagnum 
on floating mats leads to the develop-
ment of an insulated space safe from 
desiccation and flooding (hummocks). 
In addition to providing habitat for 
multiple co-occurring species, a state C 
wetland is spatially diverse and resilient 
to degradation. That being said, even if 
the combination of feedbacks and exter-
nal pressures results in a state C wetland 
succeeding to state D or E or retrogress-
ing to state A or B either resulting state 
could permit overwintering of either 

massasaugas or turtles, respectively.

Cross-scale feedbacks and interactions in wetland 
habitat
Belyea and Baird (2006) identified the importance of 
cross-scale feedbacks in the development, succession, and 
resilience of many wetland types. Specifically, they deter-
mined that wetland resilience is controlled by the cross-
scale interaction of both small-scale peat accumulation 
processes and larger-scale watershed conditions where 
strong memory effects are present across scales. Some of 
these memory effects are manifested through moss traits 
and a suite of ecohydrological feedbacks that generally 
dampen external drivers (Waddington et  al. 2015). The 
findings of these two studies guided our review and syn-
thesis of the feedbacks that drive the function of suitable 
overwintering habitat and, therefore, the presence and 
size of the resilience zone. In particular, we integrate the 
seasonal and multiannual feedbacks and interactions that 
regulate the physical, chemical, and thermal properties 
of basin wetland ecosystems whose strengths are likely to 
be affected by climate and land-use changes. We review 
the following five feedbacks that are directly or indirectly 
linked to wetland water table position, peat thickness, 
oxygen availability (either aerial or dissolved oxygen), or 
ice cover and frost table position: (a) biogeochemical feed-
backs and interactions, (b) thermal interactions, (c) peat 

Figure 4. Conceptual diagram showing open water versus surface spatial 
complexity with five different states for wetlands formed by infilling state A 
(a), state B (b), state C (c), state D (d), and state E (e). State C is highlighted 
because the mosaic of grounded peat, floating peat and open water likely 
optimizes the probability of turtle and snake co-occurrence for overwintering. 
State C also likely has the highest long-term resilience to external drivers that 
contribute to the resistance of wetland state C to succession or retrogression in 
a way that allows the microhabitat diversity (and availability of overwintering 
sites) to persist into the future. Although we have not considered wetlands that 
continue to grow vertically once state E has occurred, see Belyea and Baird 
(2006) for an extensive review.

D
ow

nloaded from
 https://academ

ic.oup.com
/bioscience/article-abstract/70/7/597/5857838 by M

cM
aster U

niversity Library user on 13 July 2020



Overview Articles

https://academic.oup.com/bioscience  July 2020 / Vol. 70 No. 7 • BioScience   603   

feedbacks and interactions, (d) vegetation feedbacks and 
interactions, and (e) water storage and runoff feedbacks 
and interactions (see figure 5).

Biogeochemical feedbacks and interactions. Physiological adap-
tations such as the ability to tolerate anoxia permit species to 
overwinter underwater or endure flooded conditions (Ultsch 
1989, Storey 1996). Therefore, overwintering reptiles can be 
generally classified into relatively tolerant or intolerant of 
anoxic conditions. Turtle species that are considered anoxia 
intolerant (e.g., map turtles, Graptemys spp.; eastern musk 
turtle, Sternotherus odoratus; wood turtle, Glyptemys ins-
culpta) require more well-oxygenated microenvironments, 
such as lakes and rivers, or access to aerial oxygen (Ultsch 
2006). Species considered anoxia tolerant (e.g., bog turtle, 
painted turtle, snapping turtle, spotted turtle, Blanding’s 

turtle; Ultsch 2006) are found to overwinter in more-devel-
oped wetlands including fens and bogs (e.g., Meeks and 
Ultsch 1990, Litzgus et al. 1999, Rollinson et al. 2008, Markle 
and Chow-Fraser 2017). Although massasaugas and adders 
are likely able to tolerate short-term inundation (Viitanen 
1967, Smith 2009, Markle et  al. 2020), long term flooding 
and water level fluctuations may be detrimental (Viitanen 
1967, Smith 2009, Yagi et al. 2020) supporting the require-
ment for aerial oxygen availability. Overall, overwintering 
in a microenvironment with access to sufficient oxygen is 
less physiologically stressful than in anoxic conditions, and 
therefore, the resilience zone for both turtles and snakes is 
maximized under conditions that increase oxygen availabil-
ity (figures 2, 3, 5a).

Turtle and snake resilience zone size is directly related 
to groundwater inflow into wetlands and changes in the 

Figure 5. The primary feedbacks and interactions that influence turtle and snake resilience zone size include (a) 
biogeochemical, (b) thermal, (c) peat, (d) vegetation, and (e) water storage and runoff. Solid and dashed lines 
represent positive and negative relationships, respectively. The amplifier term (//) can increase or decrease the strength 
of the interaction. For a comprehensive review of wetland biogeochemistry and interactions see Rezanezhad and 
colleagues (2016) and Strack and colleagues (2005), and for wetland hydrological feedbacks see Waddington and 
colleagues (2015).
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position of the water table (figure 5e). Groundwater can 
be oxic or anoxic and the spatiotemporally heterogeneous 
nature of this inflow can create complex hydrological 
microrefugia (McLaughlin et  al. 2017). Nevertheless, a 
greater water table depth increases oxygen availability in 
the near-surface peat and as a result directly increases the 
size of snake resilience zone (figure 5a). Although greater 
water table depth increases oxygen availability because of 
increased potential for mixing with air, it also reduces the 
depth of the water column having mixed effects on the size 
of the turtle resilience zone (figure 5a). Moreover, a lower 
water table position also enhances peat decomposition rates 
(figure 5a). Peat decomposition (manifested through peat 
density) is central not only to the long-term ecohydrology 
of these systems but also to a number of peat feedbacks 
described below. Decomposition results in the collapse of 
large pores (and increasingly smaller pores with time), an 
increase in peat density and may result in a decrease in peat 
thickness or reduce the potential for floating mat buoyancy. 
As such, decomposition can lead to a decrease in snake resil-
ience zone size by reducing available overwintering space or 
increasing flooding potential (see figure 5c, peat feedbacks); 
however, the continued production of new (and low density) 
moss or leaf litterfall counteracts losses through decomposi-
tion (see figure 5d, vegetation feedbacks).

Anoxic decomposition of deeper peat in the wetland can 
lead to the production of methane, which can get entrapped 
in the wetland below a confining layer (e.g., woody peat 
strata, roots, dense peat, bottom of floating mats; Strack 
et  al. 2005, Coulthard et  al. 2009). In many situations the 
trapped gas can reduce the peat density to below that of 
water, resulting in the potential for increased floating mat 
cover (Strack et al. 2005). As such, the floating mat surface 
moves up and down with fluctuations in the water table 
thereby reducing fluctuations in water table depth relative 
to the peat surface. The stabilization of water table depth 
would help to maintain a relatively constant size of the 
snake resilience zone by reducing the probability of hum-
mock flooding events.

Thermal feedbacks. By selecting for low temperatures without 
freezing, reptiles can suppress metabolic rates and reduce 
the physiological stress of acidosis (Jackson 2002). For 
freshwater turtles that are relatively anoxia tolerant, field 
data suggest that snapping turtles (Paterson et  al. 2012), 
Blanding’s turtles (Edge et  al. 2009), and painted turtles 
(Rollinson et  al. 2008) select overwintering sites based on 
temperature as opposed to dissolved oxygen concentration. 
Species including the spotted turtle (Litzgus et  al. 1999), 
snapping turtle (Brown and Brooks 1994, Paterson et  al. 
2012), and Blanding’s turtle (Markle and Chow-Fraser 2017) 
were observed to overwinter in mean water temperatures 
ranging from 0.3°C to 2.6°C and turtles often maintained a 
stable, lower mean body temperature just above 0°C to 1.3°C 
(Edge et al. 2009, Paterson et al. 2012). To maintain a stable, 
cool shell temperature, turtles may move vertically in the 

water column or select sites near inflows where unfrozen, 
oxygenated water is entering (figure 5b, 5e).

Observing turtles burying in sediment during winter 
is variable among species and locations (e.g., Taylor and 
Nol 1989, Rowe and Moll 1991, Brown and Brooks 1994, 
Rollinson et al. 2008) and could indicate a trade-off between 
seeking shelter or using cooler water with a higher prob-
ability of access to dissolved oxygen. That being said, bury-
ing just below the substrate–water interface could permit 
turtles to have their head in the water column to access 
dissolved oxygen. For example, snapping turtles within the 
same northern population were found to bury in deep mud, 
not bury at all, or only remain covered by a thin layer of silt 
(Brown and Brooks 1994). On the other hand, painted tur-
tles were found to avoid spending much of the winter deep 
within the warm, anoxic sediment, instead using microhabi-
tats to maintain a cool body temperature (Rollinson et  al. 
2008, but see Taylor and Nol 1989).

Analogous to turtles, snakes must seek shelter from 
cold air temperatures to avoid freezing (Gregory 1982). 
Snakes remain at a reduced metabolic state by overwinter-
ing below the frost line, where temperatures are stable and 
cool (Macartney et  al. 1989, Ultsch 1989). An important 
component influencing temperature stability, and therefore, 
suitability is the presence and depth of snow cover because 
it acts as an insulator, reducing heat loss and controlling 
the extent of frost penetration (figure 5b; Zhang 2005). 
For example, a decline in the European adder was pos-
sibly because of a warm, wet winter that exposed snakes 
to cold temperatures because a higher water table position 
would have required snakes to overwinter at a shallower 
depth (Podloucky et  al. 2005). Similarly, fewer massasauga 
sightings were associated with flooded winter conditions, 
suggesting a population decline (Yagi et al. 2020). Although 
snow cover buffers against fluctuating air temperatures, 
a rapid mid-winter or spring snowpack melt can increase 
wetland water levels substantially or drastically (Ketcheson 
et al. 2012) and potentially flood snake overwintering habi-
tat (figure 5b, 5e; Markle et al. 2020).

The maintenance of peat temperatures above 0°C dur-
ing the winter is manifested by the interaction of the 
peat–water–groundwater and snow–insulation thermal 
feedbacks (figure 5b). Groundwater inflow can buffer 
peat temperature decline in the winter and create complex 
zones of thermal refugia (Kaandorp et  al. 2019) espe-
cially if the residence time of this upwelling water is long. 
Moreover, because the heat capacity of water is several 
times greater than that of air, the presence of a high water 
table or open water in the wetland means that the wetland 
is somewhat buffered against cooling, the development of 
ice cover, and a frost table early in the winter. Moreover, 
temperatures are also moderated at depth by a thick peat 
layer or a deep water column resulting in low temperature 
variability at depth (figures 2a and 5b). When ice cover 
does form on the wetland surface, it restricts access to aer-
ial oxygen and prohibits oxygenation of the water column. 
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The development of anoxic conditions reduces the turtle 
resilience zone, but ice cover can provide protection from 
predation (figure 5b; Greaves and Litzgus 2008, but see 
Brooks et al. 1991).

When the water table is high the moisture retention traits 
of Sphagnum moss and peat (McCarter and Price 2012) 
maintain a relatively high moisture content in the unsatu-
rated zone that results in greater temperature stability and 
a greater snake resilience zone size (figure 5b). In contrast, 
because a drop in water table results in a decrease in bulk 
peat water content (figure 5b), there is also a concomitant 
decline in bulk peat heat capacity and a higher likelihood of 
deeper frost penetration in the peat. Greater penetration of 
temperatures below 0°C decreases the size of the snake resil-
ience zone. Given that prior to winter the water table posi-
tion is lower below the surface of hummocks than hollows, 
the need for additional insulation from snow is especially 
important for hummock snake overwintering sites (Smolarz 
et al. 2018).

Peat feedbacks. For turtles that depend on aquatic hiberna-
tion sites, low water levels or large temporal variability of 
water table position can negatively affect the amount of 
available high-quality overwintering sites (figure 5c). For 
example, across a range of turtle species, low water levels 
have been linked to winter mortality (Christiansen and 
Bickham 1989, Bodie and Semlitsch 2000, Gasbarrini 2017) 
possibly from anoxia, freezing, or increased predation pres-
sure. Overwintering success is also linked to water table 
dynamics for snake overwintering sites (Viitanen 1967, 
Yagi et al. 2020). A trade-off exists in optimal overwintering 
habitat because snakes must balance the risk of desiccation 
(Costanzo 1989) and long-term flooding (Viitanen 1967, 
Smith 2009, Markle et al. 2020, Yagi et al. 2020). In particu-
lar, suitable sites are those that are not vulnerable to flood-
ing and have a stable water table that is close to the surface 
(figures 2, 3, 5c). However, a near-surface water table isn’t 
necessarily required in peatland hummock hibernacula 
because the high moisture retention traits of Sphagnum 
hummock species (McCarter and Price 2012) could provide 
snakes with a moist overwintering space.

Moss traits and autogenic feedbacks also operate together 
to dampen water table fluctuations in response to both dry 
and wet conditions in many wetlands (Waddington et  al. 
2015), increasing turtle and snake resilience zone size (fig-
ure 5c). Similar to the buoyancy feedback discussed earlier 
(figure 5a), the deformable nature of highly porous peat 
often leads to peat subsidence during a drop in the water 
table and an expansion of the peat matrix as the water table 
rises (figure 5c; Price 2003). As such, the peat surface rela-
tive to the water table position tends to be buffered against 
change that is critical for maintaining snake resilience zone 
size stability. Peat with low bulk density and few large tree 
roots, such as that found on low density floating mats (e.g., 
Roulet et  al. 1992, Waddington et  al. 2010), has a greater 
water table dampening strength than the denser grounded 

peat that also contains a higher proportion of trees and 
woody roots. Therefore, the stability of the snake resilience 
zone size may be lower near the edges of the wetland (e.g., 
figure 4c, 4d).

Denser peat (e.g., wetland edges, mined peatlands) also has 
a much flashier water table response to wetting and drying 
(figure 5c; see Waddington et  al. 2015 for details) as mani-
fested through a peat property referred to as specific yield. 
Briefly, specific yield (ranges from 0 to 1) determines the rate 
of water table change per unit volume addition (removal) of 
water to (from) the saturated zone with low (high) values hav-
ing relatively more flashy (stable) water tables. For example, 
deeper and older peat (typically more decomposed with 
higher peat densities) generally has flashier water tables. As 
such the older peat at the wetland edge will likely contribute 
more to a flashy water table than the younger floating mat 
peat in the middle of the wetland (figure 4c). Moreover, given 
that the specific yield of open water is 1, turtle overwintering 
sites in the water column have a more stable water table for a 
given water surplus or deficit (figure 5c), thus positively con-
tributing to overwintering site suitability. All else being equal, 
the development of the wetland from state A to state E (figure 
4) suggests that the wetland develops to an increasingly less 
stable water table and less stable resilience zone for a given 
water surplus or deficit. This process further highlights that 
the overwintering conditions available in state C are optimal 
for turtle and snake co-occurrence, whereas turtle overwinter-
ing sites are also available in state A and B and snake overwin-
tering sites in state D and E.

Vegetation feedbacks. In response to the decrease in wetland 
water storage that occurs as a wetland develops from state A to 
state E (i.e., peat replaces open water; figure 4), there is also a 
general increase in tree or shrub cover along this successional 
pathway (figure 5d). Afforestation or shrubification has the 
potential to cause a strong positive drying feedback whereby 
an increase in tree or shrub cover leads to an increase in tran-
spiration, a further lowering of the water table that then fur-
ther promotes tree or shrub growth (Lieffers and MacDonald 
1990). However, many northern wetlands wet up in the 
fall and spring, which limits the ability of roots to respire, 
leading to relatively shallow rooting depth and low annual 
productivity. Although snake resilience zone size increases 
with a lower water table position, a near-surface water table 
is still important for reducing snake desiccation risk, so opti-
mal overwintering sites would likely exist in wetland state C 
through state E (figure 4). The presence of trees and shrubs 
is suspected to be important for providing structure to moss 
hummocks, where snakes have been observed to overwinter 
in peatland hummocks with a network of shrub roots (e.g., 
Johnson 1995). The balance between tree and shrub density 
is also important for springtime emergence because access 
to open canopy areas for thermoregulation is vital following 
overwintering (e.g., Johnson 1995).

For state C, the presence of trees along the wetland 
edge and shrubs on the hummock microtopography likely 
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provides additional important benefits for reptile overwin-
tering habitat. First, trees and shrubs provide shelter, thereby 
potentially reducing predation pressure on overwintering 
turtles (figure 5d). Second, the greater shrub biomass acts to 
trap blowing snow (Sturm et al. 2001), which can increase 
hummock insulation (see section on thermal feedbacks 
above; figure 5b). At the same time, the snowpack under 
tree cover may be lower because of increased snow inter-
ception (Woo and Giesbrecht 2006). Trees can both reduce 
and enhance snowmelt during mid-winter thaws through 
reduced shortwave radiation (shading) and enhanced long-
wave radiation, respectively (Woo and Giesbrecht 2006). 
The influence these feedbacks have on turtle and snake 
resilience zone size then becomes a trade-off of thermal 
insulation (figure 5b) and water storage and runoff dynam-
ics during snowmelt (see water storage and runoff feedback 
below, Markle et  al. 2020). Third, as shrub and tree cover 
increase, there is also an increase in litterfall, which supplies 
organic material to both surface peat and to the bottom of 
the water column, the latter of which provides the opportu-
nity for turtles to bury during winter.

Water storage and runoff feedbacks. Wetland water table stabil-
ity can also be manifested through the fill and spill wetland 
water storage and runoff concept (figure 5e; Spence 2010). 
When wetland water levels or peat moisture conditions are 
dry, new water inputs from rainfall, snowmelt or watershed 
surface water and groundwater are primarily partitioned 
into filling the storage capacity of the wetland’s basin (figure 
5e; Oswald et  al. 2011). As the water level in the wetland 
increases the runoff potential also increases because the 
ease at which water flows through (hydraulic conductiv-
ity) near-surface peat is higher than the deeper and denser 
peat (see peat feedbacks, figure 5c; cf., Waddington et  al. 
2015). However, runoff cannot occur until the water storage 
threshold is surpassed, after which additional water input 
generates outflow (figure 5e; e.g., Spence 2010). The rate at 
which the wetland fills and spills is partially controlled by 
the volume, area, and depth of the basin as this determines 
the potential water storage capacity of the wetland (e.g., 
Brooks and Hayashi 2002), and these wetland characteristics 
influence the dynamics and stability of the resilience zone 
(figure 5e) in addition to biogeochemical (figure 5a) and 
thermal feedbacks previously discussed (figure 5b). For a 
comprehensive review of watershed hydrology and water 
storage thresholds, see Spence (2010).

In the situation in which the outflow is temporarily (days 
to weeks) blocked (e.g., sediment, ice, snow) the snake resil-
ience zone becomes vulnerable as water levels in the wetland 
can rise greatly especially when water supply from rain-on-
snow events (rainfall on an existing snowpack) from the 
watershed dominate (see figure 5e; Markle et al. 2020). This 
is especially important for wetlands that have a high ratio of 
watershed area to basin area (Spence 2010), which have the 
potential for a high volume of water to enter the wetland 
during a single weather event (rainfall, rain on snow). Under 

these scenarios, the increase in oxygen availability from the 
supply of dissolved oxygen to the wetland from watershed 
inflow (figure 5e) would increase turtle resilience zone size, 
but a rapidly rising water table compressing or even flood-
ing snake resilience zone for days or even weeks at a time 
would severely reduce snake resilience zone size (Markle 
et  al. 2020). In situations in which beaver dams block the 
outflow the increase in the depth, extent, and duration of 
wetland water storage can be altered for months to decades 
(Westbrook et al. 2006, Woo and Waddington 1990) affect-
ing wetland development and biogeochemistry (figure 5a). 
Beaver dams are known to affect habitat availability and use 
throughout the turtle active season (e.g., Yagi and Litzgus 
2012). A stable, higher winter water table position would 
likely increase the availability of turtle overwintering habitat 
but reduce the availability of snake overwintering habitat. 
However, in the event the beaver dam collapses, a sudden 
drop in winter water table position could have negative con-
sequences for both turtles (reduction in habitat) and snakes 
(reduced moisture and access to water table).

A framework to guide management, restoration, and 
research
Many northern reptiles depend on wetlands for refugia to 
survive winter conditions. Understanding the ecohydrologi-
cal feedbacks and interactions that regulate wetland habitat 
suitability during winter is an important step toward identify-
ing resilient ecosystems and managing and restoring habitat 
for reptiles in the face of unprecedented landscape change. 
Predicting changes in winter refugia is critical because 
warmer and wetter winters are expected to result in increased 
exposure to low air temperatures because of increased 
freeze–thaw cycles (Zhu et al. 2019). Based on these projected 
changes, we demonstrate below how the framework (figure 
5) can be used to predict changes in the strengths of the 
ecohydrological feedbacks and interactions and the resulting 
effect on habitat suitability, proactively direct management 
strategies, and highlight areas for potential restoration activi-
ties (supplemental figure S1).

The first step is to identify the starting points on the 
feedbacks and interactions diagram based on the primary 
physical changes resulting from the stressors. In the case 
of the predictions made by Zhu and colleagues (2019), the 
short-term responses (within a single overwintering season) 
are increased rainfall (figure S1a), increased inflow from 
watershed via surface runoff (figure S1b), and decreased 
snow depth (figure S1c). The second step is to follow each 
arrow to predict changes in environmental conditions and 
how these influence size of the resilience zone (direct 
measure of habitat suitability). Increased rainfall can result 
in changes in habitat suitability through increased runoff 
potential (figure S1i) and increased snowmelt (figure S1ii) 
when snowpack exists. The increased potential for runoff 
can reduce snake resilience zone size (reduce suitability) if 
the wetland outflow is blocked and the water table continues 
to rise, putting snake overwintering sites at risk of flooding 
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(figure S1iii). This risk of flooding is further exacerbated 
from increased inflow from the watershed (figure S1iv) 
and snowmelt (figure S1v), which can directly decrease 
water table depth and snake resilience zone. However, the 
increased inflow from the watershed (surface runoff) brings 
oxygenated water into the system (figure S1vi) and water 
movement can reduce the probability of ice cover formation 
(figure S1vii), both increasing turtle resilience zone size. 
Although areas without ice cover can also increase dissolved 
oxygen availability through mixing with air (figure S1viii), 
they can expose turtles to predators (figure S1ix). The com-
bination of warmer temperatures and increased melt events 
result in shallower snow depths, which reduces thermal 
insulation (figure S1x) and increases frost depth (figure 
S1xi), thereby reducing snake resilience zone size. Overall, 
an increase in water entering the ecosystem and reduced 
snow depth on the wetland surface results in an increase in 
water table position and compromises hummock thermal 
insulation. Therefore, we would predict a general decrease 
in snake resilience zone size and increase in turtle resilience 
zone size. Although turtle resilience zone size isn’t necessar-
ily negatively affected, changes in freeze–thaw cycles could 
have energetic consequences (Williams et  al. 2015) and a 
mechanistic model would provide an opportunity to exam-
ine the cumulative impact on turtles.

We also encourage the use of the feedback diagram as a 
starting point to guide management and research on how 
the potential impacts of other climate-mediated distur-
bances (e.g., drought, wildfire), land-use changes (e.g., road 
construction, resource extraction), and restoration actions 
may affect the size of the resilience zone. In our example, 
management strategies for the massasauga could involve 
monitoring outflows (figure S1d) to prevent temporary 
blockages and potential restoration actions could include 
altering hummock height to limit frost penetration (figure 
S1e) and increase snake resilience zone size.

Although our framework can be used as a starting point, 
multidisciplinary research is needed to address knowledge 
gaps including watershed–wetland interactions following 
disturbance and reptile tolerance to changes in microhabitat 
conditions. This will further our understanding of the fitness 
consequences of anthropogenic stressors and enable large-
scale identification of overwintering habitats that support 
diverse reptile assemblages. Where wetland surface complex-
ity is a suitable indicator of reptile assemblages, remote sensing 
could be used to map wetlands onto our wetland successional 
states (figure 4) and predict habitat suitability for, or even 
occurrences of, species at risk. We believe this would allow 
for better estimates of the regional distribution of species at 
risk habitat and would likely be a useful tool for conservation 
planning. Finally, we hope that our framework will encourage 
the development of mechanistic models (e.g., Mitchell et  al. 
2008, Fitzpatrick et al. 2019) that explicitly incorporate reptile 
physiology and habitat ecohydrological feedbacks to predict 
the effects of climate and land-use changes on the physico-
chemical conditions of the overwintering environment and 

reptile species’ survival and distribution patterns. Through an 
interdisciplinary and more mechanistic approach, ecosystem 
response to disturbances can be more readily quantified and 
predicted, and conservation strategies can be implemented 
to effectively protect species at risk and ensure our common 
species remain common.

Supplemental material
Supplemental data are available at BIOSCI online.

Acknowledgments
We acknowledge the McMaster Centre for Climate Change 
for a seed grant and the McMaster Faculty of Science 
within the Canada Research Chair program for support. 
Some of the ideas presented in this article were developed 
in part from discussions with many of our colleagues but 
especially Lorna Harris, Alanna Smolarz, Ben Didemus, 
Alex Furukawa, and Katie Black. We thank the anonymous 
reviewers and the editor for valuable comments on an earlier 
version of the manuscript.

References cited
Armstrong DP, Brooks RJ. 2014. Estimating ages of turtles from growth 

data. Chelonian Conservation and Biology 13: 9–15.
Belyea LR, Baird AJ. 2006. Beyond “the limits to peat bog growth”: Cross-

scale feedback in peatland development. Ecological Monographs 76: 
299–322.

Bodie JR, Semlitsch RD. 2000. Size-specific mortality and natural selection 
in freshwater turtles. Copeia 2000: 732–739.

Böhm M et  al. 2013. The conservation status of the world’s reptiles. 
Biological Conservation 157: 372–385.

Brooks RJ, Brown GP, Galbraith DA. 1991. Effects of a sudden increase in 
natural mortality of adults on a population of the common snapping 
turtle (Chelydra serpentina). Canadian Journal of Zoology 68: 1314–1320.

Brooks RT, Hayashi M. 2002. Depth-area-volume and hydroperiod rela-
tionships of ephemeral (vernal) forest pools in southern New England. 
Wetlands 22: 247–255.

Brown GP, Brooks RJ. 1994. Characteristics of and fidelity to hibernacula in 
a northern population of snapping turtles, Chelydra serpentina. Copeia 
1994: 222–226.

Canadian Herpetological Society. 2017. Amphibians and reptiles of Canada. 
Canadian Herpetological Society. www.canadianherpetology.ca/species. 

Carpenter CC. 1953. A study of hibernacula and hibernating associations of 
snakes and amphibians in Michigan. Ecology 34: 74–80.

Chase JM, Leibold MA. 2003. Ecological Niches: Linking Classical and 
Contemporary Approaches. University of Chicago Press.

Chimner RA, Pypker TG, Hribljan JA, Moore PA, Waddington JM. 2017. 
Multi-decadal changes in water table levels alter peatland carbon 
cycling. Ecosystems 20: 1042–1057.

Christiansen JL, Bickham JW. 1989. Possible historic effects of pond dry-
ing and winterkill on the behaviour of Kinosternon flavescens and 
Chrysemys picta. Journal of Herpetology 23: 91–94.

Congdon JD, Dunham AE, van Loben Sels RC. 1993. Delayed sexual matu-
rity and demographics of Blanding’s turtles (Emydoidea blandingii): 
Implications for conservation and management of long-lived organ-
isms. Conservation Biology 7: 826–833.

Costanzo JP. 1989. Effects of humidity, temperature, and submergence 
behavior on survivorship and energy use in hibernating garter snakes, 
Thamnophis sirtalis. Canadian Journal of Zoology 67: 2486–2492.

Coulthard T, Baird AJ, Ramirez J, Waddington JM. 2009. Methane dynamics 
in peat: The importance of shallow peats and a novel reduced-complex-
ity approach for modeling ebullition. Pages 173–185 in Baird AJ, Belyea 
LR, Comas X, Reeve A, Slater L, eds. Carbon Cycling in Northern 

D
ow

nloaded from
 https://academ

ic.oup.com
/bioscience/article-abstract/70/7/597/5857838 by M

cM
aster U

niversity Library user on 13 July 2020

https://academic.oup.com/bioscience/article-lookup/doi/10.1093/biosci/biaa059%23supplementary-data


Overview Articles

608   BioScience July 2020 / Vol. 70 No. 7 https://academic.oup.com/bioscience

Peatlands. Geophysical Monograph Series, American Geophysical 
Union.

Edge CB, Steinberg BD, Brooks R, Litzgus JD. 2009. Temperature and site 
selection by Blanding’s Turtles (Emydoidea blandingii) during hiber-
nation near the species’ northern range limit. Canadian Journal of 
Zoology 87: 825–834.

Elton C. 1927. Animal Ecology. Sidgwick and Jackson. 
Ernst CH, Lovich JE. 2009. Turtles of the United States and Canada, 2nd ed. 

Johns Hopkins University Press.
Estop-Aragonés C, Knorr K-H, Blodau C. 2012. Controls on in situ oxygen 

and dissolved inorganic carbon in peats of a temperate fen. Journal of 
Geophysical Research 117: G02002.

Fitzpatrick MJ, Zuckerberg B, Pauli JN, Kearney MR, Thompson KL, 
Werner II LC, Porter WP. 2019. Modeling the distribution of niche 
space and risk for a freeze-tolerant ectotherm, Lithobates sylvaticus. 
Ecophere 10: e02788.

Frusher SD, Hobday AJ, Jennings SM, Creighton C, D’Silva D, Haward M, 
Holbrook NJ, Nursey-Bray M, Pecl GT, van Putten EI. 2014. The short 
history of research in a marine climate change hotspot: From anecdote 
to adaptation in south-east Australia. Reviews in Fish Biology and 
Fisheries 24: 593–611.

Gasbarrini D. 2017. Investigation into the causes of a mass mortality of a 
long-lived species in a Provincial Park and an evaluation of recovery 
strategies. MS thesis, Department of Biology, Laurentian University, 
Sudbury, Ontario, Canada.

Gibbons JW et al. 2000. The global decline of reptiles, Déjà vu amphibians. 
BioScience 50: 653–666.

Greaves WF, Litzgus JD. 2007. Overwintering ecology of wood turtles 
(Glyptemys insculpta) at the species’ northern range limit. Journal of 
Herpetology 41: 32–40.

Greaves WF, Litzgus JD. 2008. Chemical, thermal, and physical properties 
of sites selected for overwintering by northern wood turtles (Glyptemys 
insculpta). Canadian Journal of Zoology 86: 659–667.

Gregory PT. 1982. Reptilian hibernation. Pages 53–154 in , Pough FH, eds. 
Biology of the Reptilia, vol. 13. Academic Press.

Gregory PT. 1984. Communal denning in snakes. Pages 57–75 in Seigel RA, 
Hunt LE, Knight JL, Malaret L, Zuschlag NL, eds. Vertebrate Ecology 
and Systematics: A Tribute to Henry S. Fitch. University of Kansas Press.

Grenot CJ, Garcin L, Voituron Y, Hérold J-P, Tséré-Pagès H. 1998. 
Nutritional budget and cold tolerance, during natural hibernation, 
in the European common lizard (Lacerta vivipara). Pages 147–159 in 
Miaud C, Guyétant R, eds. Current Studies in Herpetology. Societas 
Europaea Herpetologica.

Grinnell J. 1917. The niche-relationships of the California thrasher. Auk 
34: 427–433.

Harris AG, McMurray SC, Uhlig PWC, Jeglum JK, Foster RF, Racey GD 1996. 
Field Guide to the Wetland Ecosystem Classification for Northwestern 
Ontario. Ontario Ministry of Natural Resources, Northwest Science and 
Technology. NWST Field Guide no. FG-01.

Harvey DS, Weatherhead PJ. 2006. A test of the hierarchical model of 
habitat selection using eastern massasauga rattlesnakes (Sistrurus c. 
catenatus). Biological Conservation 130: 206–216.

Herbert CV, Jackson DC. 1985. Temperature effects on the responses 
to prolonged submergence in the turtle Chrysemys picta bellii: II. 
Metabolic rate, blood acid-base and ionic changes, and cardiovascu-
lar function in aerated and anoxic water. Physiological Zoology 58:  
670–681.

Huey RB. 1991. Physiological consequences of habitat selection. American 
Naturalist 137: S91–S115.

Hutchinson GE. 1957. Concluding remarks. Pages 415–427 in Demerec M, 
ed. Population Studies: Animal Ecology and Demography. Cold Spring 
Harbour Symposia on Quantitative Biology, vol. 22. Cold Spring 
Harbour Press.

[IUCN] International Union for Conservation of Nature. 2020. The IUCN 
Red List of Threatened Species, 2020–2021. IUCN. 

Jackson DC. 2002. Hibernating without oxygen: Physiological adaptations 
of the painted turtle. Journal of Physiology 543: 731–737.

Jackson MB, Lasenby DC. 1982. A method for predicting winter oxygen 
profiles in ice-covered Ontario Lakes. Canadian Journal of Fisheries and 
Aquatic Sciences 39: 1267–1272.

Johnson G. 1995. Spatial Ecology, Habitat Preference, and Habitat 
Management of the Eastern Massasauga, Sistrurus c. catenatus in a New 
York Weakly-Minerotrophic Peatland. PhD thesis. State University of 
New York, Syracuse, New York.

Johnson G. 2000. Spatial ecology of the eastern massasauga (Sistrurus c. 
catenatus) in a New York peatland. Journal of Herpetology 34: 186–192.

Kaandorp VP, Doornenbal PJ, Kooi H, Broers HP, de Louw PGB 2019. 
Temperature buffering by groundwater in ecologically valuable low-
land streams under current and future climate conditions. Journal of 
Hydrology X 3: 100031.

Kearney M. 2006. Habitat, environment and niche: What are we modelling? 
Oikos 115: 186–191.

Kearney M, Porter W. 2009. Mechanistic niche modelling: Combining 
physiological and spatial data to predict species’ ranges. Ecology Letters 
12: 334–350.

Keevil MG, Brooks RJ, Litzgus JD. 2018. Post-catastrophe patterns of 
abundance and survival reveal no evidence of population recovery in a 
long-lived animal. Ecosphere 9: e02396.

Ketcheson SJ, Whittington PN, Price JS. 2012. The effect of peatland har-
vesting on snow accumulation, ablation and snow surface energy bal-
ance. Hydrological Processes 26: 2592–2600.

Kotenko TI. 2000. The European pond turtle (Emys orbicularis) in the 
Steppe Zone of the Ukraine. Stapfia 69: 87–106.

Kratz TK, DeWitt CB. 1986. Internal factors controlling peatland-lake eco-
system development. Ecology 67: 100–107.

Lieffers VJ, Macdonald SE. 1990. Growth and foliar nutrient status of black 
spruce and tamarack in relation to depth of water table in some Alberta 
peatlands. Canadian Journal of Forest Research 20: 805–809.

Litzgus JD, Costanzo JP, Brooks RJ, Lee Jr. RE. 1999. Phenology and ecology 
of hibernation in spotted turtles (Clemmys guttata) near the northern 
limit of their range. Canadian Journal of Zoology 77: 1348–1357.

Lovich JE, Ennen JR, Agha M, Gibbons JW. 2018. Where have all the turtles 
gone, and why does it matter? BioScience 68: 771–781.

Macartney JM, Larsen KW, Gregory PT. 1989. Body temperatures and move-
ments of hibernating snakes (Crotalus and Thamnophis) and thermal gra-
dients of natural hibernacula. Canadian Journal of Zoology 67: 108–114.

Markle CE, Chow-Fraser P. 2017. Thermal characteristics of overwintering 
sites for the Blanding’s turtle (Emydoidea blandingii) across three study 
areas in Ontario, Canada. Herpetological Conservation and Biology 12: 
241–251.

Markle CE, Moore PA, Waddington JM. 2020. Temporal variability of 
overwintering conditions for a species-at-risk snake: Implications 
for climate change and habitat management. Global Ecology and 
Conservation 22: e00923.

McCarter CPR, Price JS. 2012. Ecohydrology of Sphagnum moss hum-
mocks: Mechanisms of capitula water supply and simulated effects of 
evaporation. Ecohydrology 7: 33–44.

McDonald KS, Hobday AJ, Fulton EA, Thompson PA. 2018. Interdisciplinary 
knowledge exchange across scales in a globally changing marine envi-
ronment. Global Change Biology 24: 3039–3054.

McInerny CJ. 2014. Habitat preferences of European adders at Loch 
Lomond, Scotland. Glaglow Naturalist 26: 69–74.

McLaughlin BC, Ackerly DD, Klos PZ, Natali J, Dawson TE, Thompson SE. 
2017. Hydrologic refugia, plants, and climate change. Global Change 
Biology 23: 2941–2961.

Meeks RL, Ultsch GR. 1990. Overwintering behaviour of snapping turtles. 
Copeia 1990: 880–884.

Mitchell NJ, Kearney MR, Nelson NJ, and Porter WP. 2008. Predicting the 
fate of a living fossil: How will global warming affect sex determination 
and hatchling phenology in tuatara? Proceedings of the Royal Society 
B 275: 2185–2193.

Murray BA. 2019. Wetland conservation requires transition towards 
landscape-scale interdisciplinary approaches. Wetlands 39: 1249–1254. 
doi:10.1007/s13157-019-01237-9.

D
ow

nloaded from
 https://academ

ic.oup.com
/bioscience/article-abstract/70/7/597/5857838 by M

cM
aster U

niversity Library user on 13 July 2020



Overview Articles

https://academic.oup.com/bioscience  July 2020 / Vol. 70 No. 7 • BioScience   609   

National Wetlands Working Group 1997. Wetlands of Canada. Sustainable 
Development Branch, Environment Canada, Ottawa, and Polyscience 
Publications. Ecological Land Classification Series no. 24. 

Novotný M, Danko S, Havaš P. 2004. Activity cycle and reproductive char-
acteristics of the European pond turtle (Emys orbicularis) in the Tajba 
National Nature Reserve, Slovakia. Biologia, Bratislava 14: 113–121.

Nungesser MK. 2003. Modelling microtopography in boreal peatlands: 
Hummocks and hollows. Ecological Modelling 165: 175–207.

Oswald CJ, Richardson MC, Branfireun BA. 2011. Water storage dynam-
ics and runoff response of a boreal Shield headwater catchment. 
Hydrological Processes 25: 3042–3060.

Paterson JE, Steinber BD, Litzgus JD. 2012. Generally specialized or espe-
cially general? Habitat selection by snapping turtles (Chelydra serpen-
tina) in central Ontario. Canadian Journal of Zoology 90: 139–149.

Peterson AT, Papeş M, Soberón J. 2015. Mechanistic and correlative models 
of ecological niches. European Journal of Ecology 1: 28–38.

Peterson AT, Soberón J, Pearson RG, Anderson RP, Martínez-Meyer E, 
Nakamura M, Araúgo MB. 2011. Ecological Niches and Geographic 
Distributions. Princeton University Press.

Piczak ML, Markle CE, Chow-Fraser P. 2019. Decades of road mortality 
cause severe decline in a common snapping turtle (Chelydra serpentina) 
population from an urbanized wetland. Chelonian Conservation and 
Biology 18: 231–240.

Podloucky R, Clausnitzer H-J, Laufer H, Teufert S, Völkl W. 2005. Was 
there a sharp population decline of the adder (Vipera berus) following 
unfavourite weather conditions during autumn and winter 2002/2003: 
An analysis of available data. Journal of Field Herpetology 12: 1–18.

Price JS. 2003. The role and character of seasonal peat deformation on 
the hydrology of undisturbed and cutover peatlands. Water Resources 
Research 39: 1241. doi:10.1029/2002WR001302.

Rezanezhad F, Price JS, Quinton WL, Lennartz B, Milojevic T, Van Capellen 
P. 2016. Structure of peat soils and implications for water storage, 
flow and solute transport: A review update for geochemists. Chemical 
Geology 429: 75–84.

Rollinson N, Tattersall GJ, Brooks RJ. 2008. Overwintering habitats of 
a northern population of painted turtles (Chrysemys picta): Winter 
temperature selection and dissolved oxygen concentrations. Journal of 
Herpetology 42: 312–321.

Roulet N, Moore T, Bubier J, Lafleur P. 1992. Northern fens: Methane flux 
and climatic-change. Tellus Series B 44: 100–105.

Rouse JD, Willson RJ. 2002. Update COSEWIC status report on the mas-
sasauga Sistrurus catenatus in Canada. Pages 1–23 in COSEWIC 
Assessment and Update Status Report on the Massasauga. Committee 
on the Status of Endangered Wildlife in Canada.

Rowe JW, Moll EO. 1991. A radiotelemetric study of activity and move-
ments of the Blanding’s turtle (Emydoidea blandingii) in northeastern 
Illinois. Journal of Herpetology 25: 178–185.

Rydin H, Jeglum JK. 2013. The Biology of Peatlands, 2nd ed. Oxford 
University Press.

Shine R, Mason RT. 2004. Patterns of mortality in a cold-climate popu-
lation of garter snakes (Thamnophis sirtalis parietalis). Biological 
Conservation 120: 201–210.

Sillero N, et al. 2014. Updated distribution and biogeography of amphibians 
and reptiles of Europe. Amphibia-Reptilia 35: 1–31.

Smith CS. 2009. Hibernation of the Eastern Massasauga Rattlesnake 
(Sistrurus c.catenatus) in Northern Michigan. MS thesis Purdue 
University, Fort Wayne, Indiana.

Smolarz AG, Moore PA, Markle CE, Waddington JM. 2018. Identifying 
resilient eastern massasauga rattlesnake (Sistrurus catenatus) peat-
land hummock hibernacula. Canadian Journal of Zoology 96:  
1024–1031.

Spence C. 2010. A paradigm shift in hydrology: Storage thresholds across 
scales influence catchment runoff generation. Geography Compass 4: 
819–833.

Strack M, Kellner E, Waddington JM. 2005. Dynamics of biogenic gas 
bubbles in peat and their effects on peatland biogeochemistry. Global 
Biogeochemical Cycles 19: GB1003.

Strack M, Waddington JM. 2007. Response of peatland carbon dioxide 
and methane fluxes to a water table drawdown experiment. Global 
Biogeochemical Cycles 21: GB1007.

Storey KB. 1996. Oxidative stress: Animal adaptations in nature. Brazilian 
Journal of Medical and Biological Research 29: 1715–1733

Sturm S, Racine C, Tape K. 2001. Increasing shrub abundance in the Arctic. 
Nature 411: 546–547.

Tallis JH. 1983. Changes in wetland communities. Pages 311–347 in Gore 
AJP, ed. Mires: Swamp, Bog, Fen, and Moor, volume 4A: General 
Studies. Elsevier.

Taylor GM, Nol E. 1989. Movements and hibernation sites of overwintering 
painted turtles in southern Ontario. Canadian Journal of Zoology 67: 
1877–1881.

Thienpont S, Cadi A, Quesada R, Cheylan M. 2004. Overwintering habits 
of the European pond turtle (Emys orbicularis) in the Isère department 
(France). Biologia, Bratislava 59/Supplement 14: 143–147.

Titus JE, Wagner DJ. 1984. Carbon balance for two Sphagnum mosses: 
Water balance resolves a physiological paradox. Ecology 65:  
1765–1774.

Todd BD, Willson JD, Gibbons JW. 2010. The global status of reptiles and 
causes of their decline. Pages 47–67 in Sparling DW, Linder G, Bishop 
CA, Krest S, eds. Ecotoxicology of Amphibians and Reptiles, 2nd ed. 
CRC Press.

Ultsch GR. 1989. Ecology and physiology of hibernation and overwinter-
ing among freshwater fishes, turtles, and snakes. Biological Reviews 64: 
435–515.

Ultsch GR. 2006. The ecology of overwintering among turtles: Where tur-
tles overwinter and its consequences. Biological Reviews 81: 339–367.

US Geological Survey. 2018. Gap analysis project species range maps 
CONUS_2001. US Geological Survey. https://doi.org/10.5066/
F7Q81B3R.

Viitanen P. 1967. Hibernation and seasonal movements of the viper, Vipera 
berus berus (L.), in southern Finland. Annales Zoologici Fennici 4: 
472–546.

Waddington JM, Kellner E, Strack M, Price JS. 2010. Differential peat 
deformation, compressibility and water storage between peatland 
microforms: Implications for peatland development. Water Resources 
Research 46: W07538.

Waddington JM, Morris PJ, Kettridge N, Granath G, Thompson DK, 
Moore, PA. 2015. Hydrological feedbacks in northern peatlands. 
Ecohydrology 8: 113–127.

Whittaker RH. 1975. Communities and ecosystems. Botany 69: 1231–1239.
Williams CM, Henry HAL, Sinclair BJ. 2015. Cold truths: How winter 

drives responses of terrestrial organisms to climate change. Biological 
Reviews 90: 214–235.

Woo M-K, Giesbrecht MA. 2006. Simulation of snowmelt in a subarc-
tic spruce woodland: 1. Tree model. Water Resources Research 36: 
2275–2285.

Woo M-K, Waddington JM. 1990. Effects of beaver dams on subarctic wet-
land hydrology. Arctic 43: 223–230.

Yagi KT, Litzgus JD. 2012. The effects of flooding on the spatial ecology of 
spotted turtles (Clemmys guttata) in a partially mined peatland. Copeia 
2012: 179–190.

Yagi AR, Planck RJ, Yagi KT, Tattersall GJ. 2020. A long-term study on mas-
sasaugas (Sistrurus catenatus) inhabiting a partially mined peatland: 
A standardized method to characterize snake overwintering habitat. 
Journal of Herpetology 54: 235–244.

Zhang T. 2005. Influence of the seasonal snow cover on the ground thermal 
regime: An overview. Reviews of Geophysics 43: 1–23.

Zhu L, Ives AR, Zhang C, Guo Y, Radeloff VC. 2019. Climate change causes 
functionally colder winters for snow cover-dependent organisms. 
Nature Climate Change 9:  886–893.

Chantel E. Markle (marklece@mcmaster.ca), Paul A. Moore, and James M. 
Waddington are affiliated with the School of Geography and Earth Sciences at 
McMaster University, in Hamilton, Ontario, Canada.

D
ow

nloaded from
 https://academ

ic.oup.com
/bioscience/article-abstract/70/7/597/5857838 by M

cM
aster U

niversity Library user on 13 July 2020


