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1 | INTRODUCTION

Climate change poses major threats to global biodiversity and
evidence is mounting that amphibians are disproportionately impacted
(Miller et al., 2018; Sodhi et al., 2008; Wake & Vredenburg, 2008).
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Abstract

Vernal pools of the northeastern United States provide important breeding habitat
for amphibians but may be sensitive to droughts and climate change. These seasonal
wetlands typically fill by early spring and dry by mid-to-late summer. Because climate
change may produce earlier and stronger growing-season evapotranspiration com-
bined with increasing droughts and shifts in precipitation timing, management con-
cerns include the possibility that some pools will increasingly become dry earlier in
the year, potentially interfering with amphibian life-cycle completion. In this context,
a subset of pools that continues to provide wetland habitat later into the year under
relatively dry conditions might function as ecohydrologic refugia, potentially
supporting species persistence even as summer conditions become warmer and
droughts more frequent. We used approximately 3000 field observations of inunda-
tion from 449 pools to train machine-learning models that predict the likelihood of
pool inundation based on pool size, day of the year, climate conditions, short-term
weather patterns, and soil, geologic and landcover attributes. Models were then used
to generate predictions of pool wetness across five seasonal time points, three short-
term weather scenarios and four sets of downscaled climate projections. Model
outputs are available through a website allowing users to choose the inundation
thresholds, time points, weather scenarios and future climate projections most rele-
vant to their management needs. Together with long-term monitoring of individual
pools at the site scale, this regional-scale study can support amphibian conservation
by helping to identify which pools may be most likely to function as ecohydrologic

refugia from droughts and climate change.
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Climate-related threats to amphibians are often compounded by
destruction and fragmentation of wetland habitats, degradation of
water quality, invasive species, and diseases such as chytridiomycosis
(Daszak et al., 2005; Evans et al., 2017; Trauth et al., 2006; Wake &
Vredenburg, 2008). Climate-induced hydrologic changes are likely to
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be among the greatest threats to many amphibian populations over
the coming decades (Miller et al., 2018; Ray et al., 2016; Scheele
et al., 2012). Climate projections in many parts of the world indicate
hotter and longer growing seasons coupled with intensification of
both heavy precipitation events and droughts (Ahmadalipour
et al,, 2017; IPCC, 2013; Trenberth et al, 2013; USGCRP, 2018).
These changes have potential to degrade amphibian habitat suitability
and persistence, especially for species whose recruitment depends on
climate-sensitive wetlands (Walls et al., 2013).

Seasonally inundated ponds provide critically important breeding
habitat to a wide variety of amphibian species (Semlitsch &
Skelly, 2008), including threatened and endangered species in North
America (e.g., Ambystoma cingulatum, Ambystoma bishopi, Rana sevosa,
and Pseudacris streckeri illinoensis; Chandler et al., 2017; Palis
et al., 2006; Richter et al., 2003; Trauth et al., 2006) and globally
(e.g., Pseudophryne pengilleyi; Scheele et al., 2012). In the northeastern
United States, vernal pools—sensu Zedler (2003), also known as sea-
sonal forest ponds (Brooks, 2000) or ephemeral forest pools
(Brooks, 2009)—are small, geographically isolated wetlands that fill
from fall through early spring and generally become dry by mid-to-late
summer (Leibowitz & Brooks, 2007). The amount of time a vernal pool
is available for amphibian breeding, and larval development can range
from several weeks to most months of the year; however, annual dry-
ing in most years prevents establishment of predatory fish populations
(Calhoun et al., 2014; Leibowitz & Brooks, 2007).

The reproductive success of pool-breeding amphibians is closely
linked to pool hydroperiod (annual duration of inundation) and to
the rate and seasonal timing of pool drying (Chandler et al., 2017;
Green & Bailey, 2015). Although amphibian species differ somewhat
in their wetland habitat requirements and reproductive phenology,
all species have certain minimum hydroperiods required for
successful reproduction and larval development (Brooks, 2004;
Paton & Crouch, 2002). As a result, pool-breeding amphibians are
especially vulnerable to climate-driven hydrologic changes that
affect seasonal availability of inundated breeding habitat (Chandler
et al., 2016; Green et al., 2013; Ray et al., 2016; Walls et al., 2013).
Droughts can shorten pool hydroperiods, causing pools to fill incom-
pletely and/or to dry more rapidly than normal (Brooks, 2004;
Werner et al., 2009). These drought effects can reduce amphibian
reproductive output and, in some cases, lead to recruitment failure
(Chandler et al., 2017; Palis et al., 2006; Scheele et al., 2012; Seigel
et al., 2006). Many pool-breeding amphibians are adapted to
interannual variability in hydroperiod, and populations may persist
through the years of catastrophic reproductive failure (Kinkead &
Otis, 2007; Taylor et al., 2006). However, climate-change-induced
increases in the number of years with reproductive failure could
adversely impact populations over time (Chandler et al., 2016).
Indeed, population declines in several species of pool-breeding
amphibians have been attributed to climate-induced reproductive
failure (Daszak et al, 2005; Scheele et al, 2012; Trauth
et al., 2006).

Climate change can alter the hydrology of vernal pools through

processes that govern both water inputs and losses. Because pool

filling and maintenance of water levels are often strongly coupled
with the timing and amount of precipitation, vernal-pool availability
for amphibian breeding may be sensitive to changes in precipitation
magnitude and timing—including more intense storm events
separated by longer dry periods—and by snow-to-rain transitions in
winter precipitation (Brooks, 2004, 2009; Walls et al., 2013). Water
loss from vernal pools occurs primarily through surface evaporation,
soil drainage (i.e., shallow groundwater recharge), and lateral water
transfers to adjacent uplands to replace soil water lost to transpira-
tion (Brooks, 2009; Leibowitz & Brooks, 2007). The relative impor-
tance for pool drying of these water-loss processes depends in part
on the geometry and substrate characteristics of pool basins, along
with local groundwater characteristics and landcover and topogra-
phy of the landscapes in which pools are embedded (Brooks &
Hayashi, 2002; Calhoun et al., 2014; Jones et al., 2018). Because
evapotranspiration is strongly temperature dependent, overall
growing-season warming and earlier seasonal temperature increases
(i.e., earlier spring increases in evaporative demand, along with
earlier leaf-out leading to earlier ramp-up of transpiration) are
expected to increase pool-drying rates and have the potential to
shift pool-drying dates earlier in the season (Brooks, 2005, 2009;
Leibowitz & Brooks, 2007; Rodenhouse et al., 2009). Combined
climate impacts on both water inputs to, and losses from, vernal
pools have raised concerns about hydroperiod shortening, poten-
tially interfering with amphibian reproduction (Brooks, 2004, 2009;
Chandler et al., 2016; Palis et al., 2006; Rodenhouse et al., 2009).
However, vernal pools—even those in close geographic proximity—
may vary substantially in their hydrologic responses to climate
drivers, owing to differences in pool characteristics (e.g., size,
morphology and groundwater interactions), as well as in features of
their immediate surroundings and the larger landscape (Brooks &
Hayashi, 2002; Chandler et al, 2017; Jones et al, 2018;
Leibowitz & Brooks, 2007).

Variability in the underlying geomorphology and landscape set-
ting of vernal pools suggests that some pools may be less hydro-
logically sensitive to climate change than others, for example, less
responsive in terms of drying date and hydroperiod. In this context,
pools that retain water later in the growing season under adverse
climatic conditions (e.g., droughts, longer, and/or hotter growing
seasons) may provide hydrologic refugia for pool-breeding
amphibians. Hydrologic refugia (Cartwright, Dwire, et al., 2020;
McLaughlin et al., 2017) are an important subset of climate refugia
more broadly, which are locations that may help buffer natural
(Morelli
et al, 2020). Vernal pools that exhibit slower or more gradual

communities from the effects of climate change
hydrologic shifts in response to climate change thus could support
species persistence in stochastically variable climate regimes and
potentially buy time for more comprehensive management
responses to climate impacts (Morelli et al., 2020). While identifica-
tion of hydrologic refugia is an emerging component of wetland
conservation in arid and semi-arid landscapes (Cartwright, Dwire,
et al., 2020; Davis et al., 2013; Russell et al., 2020), few studies

have sought to identify hydrologic refugia among wetlands in
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humid temperate regions, such as vernal pools of the northeastern
United States.

We examined the drivers of pool-inundation patterns over the
seasonal window associated with pool drying (i.e., late spring
through mid-summer) in the northeastern United States. Using
approximately 3000 inundation observations from 449 vernal pools
located on protected areas across eight northeastern states from
West Virginia to Maine, we trained machine-learning models to
predict the likelihood of pool inundation based on seasonal timing
(Julian day), precipitation inputs and drought indicators, pool charac-
teristics (size and morphology metrics), soil and landscape character-
istics, and long-term climate variables. These predictors represented
hypothesized relationships drawn from the existing literature on
drivers of vernal-pool inundation (Table 1). We then used the
models to generate predictions for pool-inundation probability under
various scenarios defined by combinations of seasonal time points,
weather conditions, and future climate projections. The resulting
inundation-probability predictions can be used to identify subsets of
pools that might function as hydrologic refugia under a variety of
seasonal, weather, and climate contexts, using various thresholds
to define vernal pools as refugia (e.g., depending on species of
interest). These model predictions can support vernal-pool managers
in planning for climate adaptation by suggesting which pools may
be most vulnerable to hydrologic effects from climate change—
perhaps warranting additional hydrologic monitoring—and, con-
versely, which pools may warrant further study as potential hydro-

logic refugia for pool-breeding amphibians.

2 | METHODS

21 | Vernal-pool geography

Vernal pools were located across eight states in the northeastern
U.S.—from West Virginia to Maine—on 16 ‘units’ (i.e., National Wild-
life Refuges, National Parks, and other protected areas; Figure 1).
Units contained from 1 to 89 pools (mean = 28 pools per unit). These
pools were previously identified using probabilistic sampling methods,
described in detail by Van Meter et al. (2008) and summarized briefly
here. First, a 500-m grid of points was generated for each unit, and a
random sample of points was used to define 50-m by 50-m plots that
were visited by field crews in March through June, 2004 and 2005.
For each plot in which a pool was found, neighbouring plots were
established and searched; this process continued until no additional
pools were discovered. Additionally at one unit (Patuxent Research
Refuge), leaf-off colour infrared digital photographs were used to
identify potential pools, a subset of which was field verified in May
through June 2004.

Pools in this study were represented as point locations with hori-
zontal positional accuracy <10 m. Pool elevation ranged from 1.4 to
1036 m above sea level. Mean annual temperature and mean annual
precipitation ranged across units from approximately 4.1°C to 13°C

and from 92 to 139 cm, respectively.

2.2 | Poolinundation observations

Pool inundation observations were conducted as part of the US Geo-
logical Survey's Amphibian Research and Monitoring Initiative (ARMI)
wetland-breeding amphibians surveys. Pools were generally visited
between March and July, from 2004 through 2016, though the spe-
cific dates varied by latitude according to amphibian breeding phenol-
ogy (i.e., seasonal timing). At each visit, the inundated width and

length of each pool were recorded, from which we calculated

nLW

A= 7
where A is the elliptical area as a proxy for pool inundated area, and
L and W are pool inundated length and width, respectively
(Brooks, 2005). Inundated depth was also recorded at each visit at the
deepest point in each pool. Because pools were rarely observed to be
dry in March or April and we were primarily interested in dry-down
patterns later in the season, we used observations from May through
July in inundation modelling (n = 3004 observations from 449 pools).

Our dataset did not include geomorphic or bathymetric surveys
from which to calculate pool surface area or volume. Therefore, as a
rough proxy for pool surface area we calculated mean April inundated
area for pools with non-zero April inundation observations. This met-
ric correlated strongly with maximum observed pool inundated area
and with mean observed March inundated area (Spearman's p = 0.94
and 0.92, respectively), suggesting its usefulness as an overall indica-
tor of pool surface area. We calculated pool area-to-depth ratio by
dividing average April inundated area by average April inundation
depth. Larger area-to-depth ratios generally represent pools with flat-
ter, shallower bathymetry whereas smaller area-to-depth ratios repre-

sent deeper, narrower pools.

2.3 | Climate and landscape data
To evaluate the effect of climate-change projections on the hydrology
of vernal pools in this study, we compiled 1-km gridded climate vari-
ables relevant to climatic water balance for a baseline historical period
(1981 through 2010) and projected future time periods (2050s and
2080s) under the Representative Concentration Pathway (RCP) 4.5
and 8.5 greenhouse-gas scenarios from the AdaptWest Project (2015);
Table S1. RCP 8.5 generally predicts more rapid climate changes than
RCP 4.5, enabling comparison across climate scenarios. Climate vari-
ables represented ensembles averaged from 15 downscaled climate
models (AdaptWest Project, 2015; Wang et al., 2016). For each unit
containing vernal pools used in inundation models, we calculated the
percentage change in each climate variable between the baseline and
future periods. We represented the distribution of these changes
across units using boxplots to assess general trends in climate-change
projections.

We represented climatic drivers of pool inundation across three

time scales. We deemed it important to include short-term
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Vernal-pool locations across the northeastern United States. Map numbers correspond to unit names (e.g., protected areas) in the

inset text box; numbers in parentheses indicate numbers of pools from each unit that were used in inundation models. NP, National Park; NWR,
National Wildlife Refuge. WV, West Virginia, VA, Virginia, MD, Maryland, DE, Delaware, NJ, New Jersey, PA, Pennsylvania, NY, New York, CT,
Connecticut, RI, Rhode Island, MA, Massachusetts, VT, Vermont, NH, New Hampshire, ME, Maine. Inset map in lower right shows vernal-pool

locations at an example refuge, Lake Umbagog NWR

precipitation inputs (on the scale of days) in addition to longer-term
weather indicators (on the scale of months or years) because variabil-
ity in short-term precipitation accumulation has been shown to be an
important driver of pool inundation patterns (Brooks, 2004). For
short-term water inputs, cumulative antecedent precipitation was cal-
culated as the sum of daily precipitation from the Parameter-elevation
Regressions on Independent Slopes Model (PRISM; Daly et al., 1994)
for a specified number of days (3, 5, 7 and 10) leading up to the day of
each inundation observation. After performing a sensitivity analysis
(Table S2), we chose 5-day cumulative antecedent precipitation to
represent short-term water inputs. To represent medium-term water-
balance conditions, Standardized Precipitation Evapotranspiration
Index (SPEI) data were obtained from the WestWide Drought Tracker
(Abatzoglou et al., 2017). SPEI is conceptually similar to the Standard-
ized Precipitation Index (SPI) but also incorporates temperature-
related effects on potential evapotranspiration (Vicente-Serrano
et al., 2010). SPEI accounts for the difference between precipitation
and potential evapotranspiration over varying time frames, normalized

to local conditions. For example, for a June observation of pool

inundation, 3-month, 6-month, and 12-month SPEI represent precipi-
tation and potential evapotranspiration from April-June, January-
June, and May-June, respectively. We performed a sensitivity analysis
using these SPEI time frames (Table S2) and selected 6-month SPEI to
represent medium-term water-balance conditions. Finally, we repre-
sented long-term climatic drivers of pool inundation using 30-year
(1981 to 2010) average climate variables from the AdaptWest Pro-
ject (2015). Climate variables were selected for possible inclusion in
pool-inundation models based on strength of correlation with
observed pool inundation and plausible mechanistic relationships to
drivers of pool inundation (i.e., relationships to the magnitude, form,
and seasonal timing of precipitation and evapotranspiration;
Table S1). We anticipated that pool inundation would be positively
related to 5-day cumulative antecedent precipitation and SPEI, and
negatively related to indices of aridity such as annual heat-moisture
index (Table 1).

We also compiled landscape attributes (e.g., landcover and soil
characteristics) that are known to influence local hydrology and

pool-inundation patterns (Table 1; see hypotheses and references
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therein). All dataset values were extracted directly to pool point
locations, except for landcover type and forest aboveground
biomass, which represent the upland areas surrounding pools. To
assign values to pool locations for these datasets, we performed a
sensitivity analysis using three possible buffer distances around pool
point locations, with radii of 20, 50, and 100 m (Table S3). All data
compilation was conducted in the R statistical language (R Core
Team, 2017) using the packages sp, raster, rgdal, mclust and rgeos.
Data and R processing scripts used in this study are available from
Cartwright, Morelli, and Grant (2020).

24 | Inundation models

We represented vernal-pool inundation using four binary inundation
metrics, H1 through H4, which represented presence or absence of
inundated wetland habitat according to increasingly stringent thresh-
olds of inundated depth and area. The H1 metric classified pools as
inundated if any amount of water was observed, that is, inundated
depth and area >0. The H2, H3 and H4 metrics classified pools as
inundated if they had inundated depth 25 cm and area 25 m?, depth
>10 cm and area 215 m?, and depth 215 cm and area 225 m?, respec-
tively. For example, for all June observations in the dataset, roughly
73% would be classified as inundated according to the least-stringent
definition (H1), compared to only 46% according to the most-stringent
definition (H4).

We investigated potential drivers of pool inundation by con-
structing separate boosted regression tree (BRT) models for each of
the four inundation metrics. BRT models are a class of machine-
learning algorithm in which regression trees are fitted iteratively, with
the primary trees explaining the largest deviation in the response
variable (in this case, binary inundation metrics), with subsequent
trees seeking to maximally explain the remaining error (i.e., to explain
distribution in the residuals). Advantages of BRT models over other
classification frameworks include their ability to capture complex
interactions and non-linear relationships and their capacity to handle
missing values and multiple predictor types, that is, continuous and
categorical variables (De'ath, 2007; Elith et al., 2008; Hastie
et al., 2001). All BRT models were constructed with Bernoulli error
distribution, tree complexity (i.e., number of splits)=5, bag
fraction = 0.5, and 10-fold cross-validation. We used the gbm.step
procedure in the R package dismo to systematically select the optimal
learning rate and number of trees for each model so as to maximize
the deviance explained and minimize overfitting, in each case ensuring
>1000 trees for each model (Elith et al., 2008; Hijmans et al., 2016).

We evaluated BRT model performance using three statistics:
(1) the percentage of deviance in the response variable (inundation
metric) explained by the model, (2) the cross-validated correlation
coefficient and (3) the mean area under the curve of the receiver-
operator characteristic (ROC-AUC). ROC-AUC values can range from
0 to 1, representing the probability that a randomly selected positive
inundation observation (pool was observed to be wet) has a higher

predicted wetness probability than a randomly selected negative

observation (pool was observed dry). Thus, an ROC-AUC value of 0.5
would represent model performance no better than chance, and
values increasing towards 1 indicate improved model ability to dis-
criminate wet from dry inundation observations.

We constructed preliminary BRT models for the H1 through H4
inundation metrics using all candidate predictors in Table 1 (‘full
models’), a total of 22 predictors describing pool attributes, landscape
characteristics, and weather and climate variables relevant to pool
inundation patterns (see references in Table 1). We then conducted a
three-step model simplification procedure to arrive at more parsimo-
nious final models (Tables S4 through Sé). The goal of model simplifi-
cation was to remove predictors that were redundant and/or that
could be removed without adversely affecting model predictive per-
formance (Elith et al., 2008). Ten predictors were removed to produce
simplified final models with 12 predictors. Model simplification did

not substantially affect model performance (Table Sé).

2.5 | Model predictions

BRT models for inundation metrics H1 through H4 were used to gen-
erate predictions of pool wetness under a variety of conditions.
Predicted wetness probability was expressed as continuous probabil-
ity values ranging from O to 1. To compare observed and predicted
inundation for model accuracy calculations, a threshold of 0.6 was
applied to these continuous probabilities to differentiate predictions
of ‘likely dry’ from ‘likely wet’ pool inundation status, because this
threshold maximized model prediction accuracy while approximately
balancing type 1 and 2 error rates (Figure S1).

To test model prediction accuracy, we conducted leave-one-out
cross-validation (LOOCV) by systematically withholding all observa-
tions from one pool at a time (as a test dataset) and generating predic-
tions using all observations from all other pools (Tables S7 and S8).
Thus, LOOCV accuracy statistics for each pool represent the effec-
tiveness of the modelling approach in predicting that pool's inundation
patterns using a model trained on all other pools in the dataset.
Because pools varied in their LOOCV accuracy and in the numbers of
observations per pool (from one to 17), we assigned pools to five cat-
egories of confidence in model predictions based on combined criteria
for LOOCV accuracy and numbers of inundation observations. These
confidence categories allow users of the prediction datasets to screen
pools based on relative confidence in the accuracy of model
predictions.

We created plots of predicted wetness probability on a daily time
step from May 1 through July 31 for the 449 pools in the modelling
dataset. Wetness predictions were generated under three weather
scenarios: average conditions (SPEI =0; 5-day cumulative pre-
cipitation = 10.8 mm, the median of observed cumulative precipita-
tion values in the modelling dataset), dry conditions (SPEl = —1;
cumulative precipitation = 0 mm), and wet conditions (SPEI = 1,
cumulative precipitation = 26.0 mm, the 75th percentile of observed
cumulative precipitation). Wetness predictions for each day under

the three weather scenarios assumed the corresponding SPEI
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value on that day and the corresponding cumulative precipitation for
the five days leading up to that day (e.g., SPEI =1 and a total of
26.0 mm of precipitation from June 1 to June 5 for a prediction on
June 5 under the wet-conditions scenario). For each scenario,
prediction curves for each pool were used to calculate inferred drying
dates, that is, the Julian days at which the predicted wetness
probability curves fell below the 0.6 threshold separating ‘likely wet’
from ‘likely dry’ status.

We then generated 300 sets of modelled wetness probability pre-
dictions for the pools in the dataset, using the four inundation defini-
tions (H1 through H4), three weather scenarios (dry, average and
wet), five climate scenarios (historical, and 2050s and 2080s under
RCPs 4.5 and 8.5) and five time points: May 15, June 1, June 15, July
1 and July 15. The period May 15 through July 15 represents a critical
period for pool-breeding amphibian life-cycle completion in this
region (Brooks, 2004). The intent of providing multiple sets of wet-
ness probability predictions was to enable managers and other stake-
holders to choose the inundation definitions and time points of
greatest relevance to their geographic location, species of interest and
management priorities. For example, from the perspective of evaluat-
ing potential amphibian breeding habitat availability, identification of
pools with a higher probability of having water available earlier in the
season might be of interest, whereas for identifying possible refugia
for amphibian life-cycle completion under future climate change,
identification of pools holding water later in the season under future
climate scenarios might be most important (Miller et al., 2018). These
prediction datasets were then used to generate maps of predicted
wetness probability under various combinations of inundation
definitions, weather and climate scenarios, and time points, to enable
identification of potential vernal-pool refugia according to a variety of
possible refugia definitions.

3 | RESULTS

3.1 | Climate change projections for vernal pools

Across the protected areas (‘units’) containing vernal pools used for
inundation modelling, climate models generally project warmer and
drier summer conditions driven by increased evapotranspiration and
longer growing seasons (Figure 2). Projected changes were generally
greater under the RCP8.5 scenario than RCP4.5, with several variables
showing pronounced changes by the 2080s under RCP8.5. Projected
increases in annual heat-moisture index across units suggest that
increasing mean-annual precipitation may be offset by increases in
reference evaporation (closely linked to increasing summer mean tem-
peratures), creating the potential for overall drier climatic conditions
during the growing season. Across units, the frost-free period is pro-
jected to begin earlier, suggesting potential for earlier seasonal ramp-
up of evapotranspiration if spring conditions become warmer and
leaf-out timing shifts earlier. Meanwhile, snow-to-rain transitions
(i.e., decreased fraction of precipitation falling as snow) suggest

decreased early-spring snowpack. Longer and hotter growing seasons

(i.e., increases in growing-degree days and summer temperatures)

suggest potential for increased summer drying of some vernal pools.

3.2 | Dirivers of pool inundation

Of the 3004 observations (i.e., pool visits) in the dataset, 81% showed
inundation at the time of observation according to the least-stringent
inundation threshold for defining wetland inundation (H1), compared
to 60% according to the most-stringent threshold (H4). As expected,
pool inundation probability generally decreased from May through
July. Partial-dependence plots from BRT models showed that—holding
all other variables constant—the modelled likelihood of a pool being
observed inundated (i.e., predicted wetness probability) declined from
a maximum at the start of the modelled season (Julian Day 120, May
1) to a minimum at the end of the season (Julian Day 211, July 30;
Figure 3a), which reflects that most of the pools in the study are
seasonally (not permanently) inundated and thus are suitable habitat
for vernal-pool-associated amphibians. Across the H1 through H4
models, Julian day was the most important or second-most important
predictor based on relative influence values (Table 2).

Climate and weather patterns also influenced pool inundation
probability. Both 5-day cumulative antecedent precipitation and
6-month SPEI had generally high relative influence values across
models (Table 2), highlighting the importance of short- and medium-
term meteorological conditions in driving pool inundation. Wetness
probability increased in a generally linear fashion with increasing
5-day precipitation until approximately 40 mm, then levelled off at
greater precipitation values (Figure 3b). Across the range of 6-month
SPEI values between the 5th and 95th percentile of observed SPEI
(dashed vertical lines in Figure 3), inundation likelihood was lowest for
SPEI values near —1 (indicating moderate drought) and was greatest
for SPEI values between 1 and 2 (indicating wetter-than-average con-
ditions, Figure 3c). Predicted wetness probability generally declined
with increasing 30-year average reference evaporation and annual
heat-moisture index (Figure 3f,i), suggesting that inundation was more
likely for pools in cooler, wetter climates after accounting for other
variables in the models. The greater relative influence of 5-day precip-
itation and SPEI compared to 30-year climate variables (Table 2) sug-
gests that shorter-term weather conditions were more important in
explaining differences in pool inundation than long-term climate. Pool
inundation did not show clear, unambiguous relationships to elevation
(Figure 3g) and elevation had generally low relative influence across
models (Table 2), suggesting that elevation was not a strong driver of
pool inundation after accounting for weather and climate conditions.

Overall, the strongest predictor of inundation probability was
average April inundated area (Table 2), with larger-area pools more
likely to be inundated throughout the season (Figure 3d). Although
average April area and April area-to-depth ratio were strongly posi-
tively correlated across pools (Spearman's p = 0.89), they showed
opposite patterns in partial-dependence plots (Figure 3d,e). This find-
ing suggests that, for pools of a given size at a given seasonal time

point, pools with deeper, narrower geometry were more likely to be
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inundated than pools with broader, shallower geometry, possibly

related to the role of surface evaporation in pool drying.

Several

landscape characteristics also helped explain pool

inundation patterns, although landscape characteristics were generally

less influential than pool surface area, seasonal timing (i.e., Julian day),

and recent precipitation (Table 2). Predicted wetness probability

showed moderate declines with increasing forest aboveground

biomass in a 50-m radius around pools (Figure 3h). Wetness probabil-

ity was generally lowest for pools in predominantly agricultural areas

and highest for pools surrounded by herbaceous wetlands (Figure 3j).
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(vertical axes) with timing, climate, pool and landscape characteristics (Table 1). Coloured lines represent loess-smoothed averages across

10 iterations per model. To reduce the influence of outliers, interpretation of relationships is focused on the region of each plot between the
dashed vertical lines, representing 5th and 95th percentiles of the predictors. H1 through H4 inundation metrics are binary representations of
pool inundation defined by the following thresholds: H1, inundated depth and area >0; H2, inundated depth 25 cm and area 25 m2; H3,
inundated depth =10 cm and area 215 m?%; H4, inundated depth =215 cm and area 225 m2. 6-month SPE| is standardized precipitation
evapotranspiration index calculated using 6-month antecedent conditions. In plot j, landcover categories Evergreen, W. wetlands, developed,
deciduous, and H. wetlands represent evergreen forest, woody wetlands, developed open space, deciduous forest, and herbaceous wetlands,

respectively

Little difference in inundation likelihood was apparent between pools
surrounded by deciduous versus evergreen forest. The influence of
water-table depth (minimum from April to June) was low across
models (Table 2) and did not show clear relationships to pool
inundation (Figure 3k). Although relative influence of soil hydrologic
group was also low, pools located on well-drained soils (Group A) had

the lowest predicted wetness probability whereas pools on poorly-

drained soils (Group D) had the highest probability (Figure 3l),
suggesting that vernal-pool inundation may have been supported by
soil types with high runoff potential and poor drainage. Several other
landscape characteristics—including landform type, catchment imper-
vious surface, geologic permeability and porosity, and coastal
location—showed such minimal influence in preliminary models that

they were dropped by the model simplification procedure (Table S4).
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TABLE 2 Model performance statistics and relative influence values for simplified boosted-regression tree (BRT) models of vernal-pool

inundation
H1 H2 H3 H4
Number of trees 3000-4000 3000-4000 3000-4000 2500-3000
Cross-validated correlation 0.72 (0.0063) 0.74 (0.0042) 0.75 (0.0057) 0.75 (0.0032)
Percentage deviance explained 0.77 (0.0169) 0.76 (0.0156) 0.75(0.0184) 0.70 (0.0084)
ROC-AUC 0.93(0.0032) 0.93 (0) 0.93(0.0032) 0.93 (0.0042)
Relative influence values
H1 H2 H3 H4

Average April area 13.57 (0.26) 17.47 (0.36) 23.57 (0.48) 29.61 (0.46)
Julian day 16.67 (0.24) 17.0(0.31) 13.37 (0.23) 11.03 (0.26)
5-day precipitation 12.42 (0.19) 11.36 (0.2) 10.03 (0.23) 8.29 (0.15)
6-month SPEI 11.38(0.21) 10.29 (0.21) 9.8(0.16) 7.89 (0.17)
April area/depth ratio 9.1 (0.15) 8.48 (0.16) 8.64 (0.11) 9.16 (0.25)
Reference evaporation 9.22(0.21) 7.62(0.21) 8.37 (0.26) 8.35(0.23)
Forest aboveground biomass 6.6 (0.19) 6.71(0.17) 6.85(0.12) 5.78 (0.15)
Annual heat-moisture index 6.19 (0.3) 5.68 (0.22) 5.63(0.18) 5.06 (0.17)
Elevation 5.16 (0.12) 5.28 (0.19) 4.52(0.1) 5.74 (0.18)
Landcover category 4.36(0.17) 4.75(0.17) 4.36 (0.15) 4.3 (0.14)
Water-table depth 3.46 (0.09) 3.25(0.13) 3.09 (0.11) 2.87(0.11)
Soil hydrologic group 1.86(0.11) 2.1(0.13) 1.78 (0.09) 1.95(0.08)

Note: Values are presented as means (standard deviations in parentheses) across 10 iterations for each model. H1 through H4 inundation metrics are
binary representations of inundation defined by the following thresholds: H1, inundated depth and area >0; H2, inundated depth =5 cm and area 25 m%;
H3, inundated depth 210 cm and area 215 m?; H4, inundated depth 215 cm and area 225 mZ. For each inundation metric, the top 3 predictors with
greatest mean relative influence are bolded. 6-month SPEI is standardized precipitation evapotranspiration index calculated using 6-month antecedent
conditions. ROC-AUC is the mean area under the curve of the receiver-operator characteristic. All models were constructed with a learning rate of 0.015.

3.3 | Predictions of pool wetness

Pool-specific model prediction accuracy based on LOOCV (i.e., the
percentage of a given pool's inundation observations that were
modelled correctly using a model trained on all other pools) ranged
from 0% to 100%, with mean prediction accuracy ranging from
approximately 80% to 87% and median prediction accuracy ranging
from 90% to 100% across the H1 through H4 models (Tables S7 and
S8). Using combined criteria of LOOCV prediction accuracy and
number of observations per pool, approximately 54% of pools were
assigned confidence of ‘moderate’ or better, 42% had confidence of
‘moderately high’ or better, and 13% had ‘very high’ confidence in
model predictions (Table 3).

Pools demonstrated a variety of modelled seasonal dry-down pat-
terns in response to short-term weather and future climate scenarios.
Pools were generally predicted to desiccate earlier under the dry
weather scenario and later under the wet weather scenario, although
responses of modelled pool drying to weather and climate scenarios
varied substantially across pools (examples in Figure 4). Under histori-
cal climate conditions, the example pool in Figure 4a was predicted to
dry in late May in dry weather, in early July in average weather, and in
late July in wet weather. Using projected climate conditions for the
2080s under RCP 8.5, this pool was projected to become dry slightly
earlier under dry conditions and roughly 2 weeks earlier under

average conditions, with no change in inferred drying date under wet
conditions. Some pools, especially in the dry weather scenario, were
predicted to be dry during the entire seasonal modelling period. For
example, under both historical and future climate scenarios, the pool
in Figure 4b was predicted to be dry (wetness probability <0.6) from
May 1 through July 15 under the dry and average weather scenarios
and was predicted to dry in late May under the wet weather scenario.
By contrast, other pools (e.g., Figure 4c) were predicted to be inun-
dated (wetness probability >0.6) during the entire seasonal modelling
period. Under both historical and future climate conditions, this pool
was projected to remain inundated past July 15 under all weather
scenarios.

Distributions of predicted wetness probability across pools varied
according to inundation definition, weather scenario, Julian date and
climate scenario (Figure 5). For example, among pools with ‘moder-
ately high’ or ‘very high’ prediction confidence, under the H2 inunda-
tion definition on May 15 in the average weather scenario under
historical climate conditions (Figure 5a), the median and 25th percen-
tile of predicted wetness probability were 0.95 and 0.68, respectively,
compared to 0.80 and 0.25, respectively, under the more stringent H4
definition (Figure 5c). Predicted pool wetness probabilities were gen-
erally lower using future climate projections compared to historical cli-
mate variables. For example, for pools with ‘moderately high’ or ‘very

high’ prediction confidence, median wetness probability for the H2
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TABLE 3 Confidence categories for model predictions based on cross-validation accuracy and numbers of inundation observations

Category of confidence in model
predictions

Very high

Criteria®
210 observations and 290%
accuracy

25 observations and 280%
accuracy

Moderately high

Moderate 25 observations and 270%

accuracy

Moderately low >3 observations and 260%

accuracy

Very low <3 observations or <60%
accuracy

Total

Number of Percentage of Cumulative percentage of
pools® pools® pools®

58 12.9 129

133 29.6 425

53 11.8 54.3

80 17.8 72.2

125 27.8 100

449 100

#Numbers of observations in the stated criteria refer to the number of inundation observations for each pool (which ranged from 1 to 17); accuracy refers
to pool-specific accuracy calculated based on leave-one-out cross-validation (supporting information sect. 5), with accuracy having been averaged for each

pool across the H1 through H4 inundation metrics.

bNumbers of pools and percentages of pools for each confidence category represent the pools meeting the stated criteria minus the pools having a higher

category of confidence.

“For each confidence category, the cumulative percentage of pools represents the percentage of pools having that level of confidence or greater.

metric on June 1 under dry weather conditions was 0.65 under histor-
ical climate (Figure 5a) and dropped to 0.36 in the 2080s under RCP
8.5 (Figure 5b). For a given combination of inundation definition,
weather and climate scenario, overall likelihood of pool wetness
generally decreased from May 15 through July 15. Pool wetness
probability increased with increasingly wet weather conditions for all

inundation definitions, climate scenarios and Julian dates.

3.4 | Potential vernal-pool refugia
Maps of predicted wetness probability—stratified by inundation met-
ric, seasonal time point, and weather and climate scenarios—can be
used to identify pools with the greatest likelihood of remaining inun-
dated under a variety of conditions. Examples for the Patuxent
Research Refuge in Maryland (Figure 6) show subsets of pools with
predicted wetness probability >0.6 (in blue) under the dry weather
scenario for two seasonal time points and two climate scenarios. Such
maps can highlight subsets of pools that are projected to remain inun-
dated under adverse weather conditions (i.e., the dry weather sce-
nario), late-season time points (e.g., July 1 or July 15), and/or future
climate projections. Through an online interactive web application
(Cartwright, 2020), users can specify the inundation metric, seasonal
time point, and weather and climate scenarios of interest to explore
multiple options for defining and identifying refugial vernal pools, for
example, depending on geographic location and species of interest.
Modelled pool-drying curves (Figure 4), distributions of predicted
pool wetness (Figure 5), and maps of predicted pool wetness probabil-
ity (examples in Figure 6) can be combined to identify potential
vernal-pool refugia according to inundation thresholds and dates of
interest. For example, predicted pool wetness distributions (Figure 5)
across the northeastern

suggest that relatively few pools

United States will be inundated (according to either the H2 or H4 def-
initions) through early-to-mid July in the dry weather scenario, and
that this scarcity of late-season pool inundation will be exacerbated
under climate change (i.e., by the 2080s under the RCP 8.5). However,
some pools show relatively high late-season predicted wetness proba-
bility even under dry weather and future climate scenarios (example
in Figure 4C), suggesting their potential as hydrologic refugia from
droughts and climate change.

If we define vernal-pool refugia as pools with 260% probability of
holding any amount of water (H1 definition) by July 1 under dry
weather and historical climate conditions (Table 4), then modelling
results identify 168 refugial pools across all refuge units (37% of
449 pools). Of these, 111 pools have prediction confidence of ‘mod-
erate’ or better. Seventy-one pools (16%) retain 260% July 1 dry-
weather wetness probability by the 2080s under RCP 8.5, of which
60 pools have prediction confidence of ‘moderate’ or better. While
pools meeting this definition of refugia were distributed across most
units, prevalence of refugial pools was uneven across units and was
generally highest for units in Maine, that is, Acadia National Park and
Aroostook, Moosehorn, and Rachel Carson National Wildlife Refuges.
Numbers and percentages of pools meeting this refugia definition
were generally lower for predictions using climate conditions for the
2080s under RCP 8.5 compared to those using historical climate con-
ditions; however, several units were still projected to have some pools
meeting this refugia definition under climate change. We stress that
this definition of refugia represents only one of multiple possible defi-
nitions. For example, while all results in Table 4 rely on July 1 predic-
tions, different seasonal time points for refugia identification might be
appropriate for different geographic areas, species of interest or man-
agement applications (Paton & Crouch, 2002).

Average April inundated area was a strong predictor of observed

inundation patterns (Table 2), with larger-area pools having more
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frequent inundation than smaller-area pools (Figure 3). This relation-
ship was reflected in predicted wetness probability values, which were
positively correlated with pool area across inundation metrics, predic-
tion dates, and weather and climate scenarios (Tables S9 through
S$12). Thus, larger pools tended to have greater predicted wetness
probability and might be more likely to serve as hydrologic refugia
than smaller pools under a range of weather and climate conditions.

4 | DISCUSSION

In this study, pool-inundation models successfully represented inun-

dation patterns for several hundred vernal pools at a regional scale,

using information on a variety of landscape and pool-specific attri-
butes in conjunction with seasonal timing and climate variables. While
relationships of some of these predictors to pool inundation were well
understood from previous investigations (e.g., antecedent precipita-
tion) others have been less well studied (e.g., forest biomass surround-
ing pools; Table 1). A machine-learning approach enabled us to
evaluate >20 such potential influences on inundation, including cate-
gorical variables, while ultimately drawing conclusions from more par-
simonious, simplified models (Table 1). In contrast to previous studies
that examined hydrologic dynamics in only one or a handful of pools
at the site scale (e.g., Brooks, 2000, 2004; Dodd, 1994; Greenberg
et al, 2015) or for only a small number of years (e.g., Babbitt
et al, 2003, 2009; Baldwin et al., 2006; Brooks, 2000; Brooks &
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FIGURE 5 Distributions of predicted wetness probability of vernal pools in the modelling dataset for (a and b) the H2 inundation metric and
(c and d) the H4 inundation metric, using model outputs with (a and c) historical climate variables and (b and d) climate projections for the 2080s
under RCP 8.5. Dry, average and wet weather conditions are represented in orange, grey and blue, respectively. Because H4 is a more stringent
metric than H2 for classifying pools as inundated, distributions of predicted wetness probability for H4 (c and d) are generally lower than for H2
(a and b). Distributions represent only the subset of pools with ‘moderately high’ or ‘very high’ prediction confidence

Hayashi, 2002; Chandler et al., 2017), this study incorporated roughly
3000 observations from 449 pools across the northeastern
United States, collected under a variety of climate conditions over a
13-year period. By simulating seasonal dry-down curves (i.e., declining
likelihood of inundation from late spring into summer) for individual
pools under various climate and weather scenarios, models from
this study could be used to identify pools from among the sampled
set that might be most likely to remain inundated later into the
summer under droughts and future climate conditions. Such models
provide a potentially powerful tool to investigate climate effects on
pool hydrologic regimes and to identify pools that might function as
hydrologic refugia.

In vernal pools and related seasonal wetland ecosystems, hydro-
logic regimes are of primary importance in determining habitat quality
for amphibians. Hydroperiod influences wetland geochemistry, water
quality, litter decomposition, carbon cycling, invertebrate community
composition and food webs (Babbitt et al., 2003; Boven et al., 2008;
Brooks, 2000; Cartwright & Wolfe, 2016; Chandler et al., 2016;
Golladay et al., 1997). Potential exists for earlier and/or more rapid
pool drying—for example, from drought intensification and increased
evapotranspiration under climate change—to interfere with reproduc-

tive success and long-term population viability for a number of

amphibian species of conservation concern (Brooks, 2009; Chandler
et al, 2016; Daszak et al, 2005; Greenberg et al., 2015; Ray
et al,, 2016; Walls et al., 2013). These species generally function as
habitat specialists, and many have larval growth and development
periods that are adapted to historical ranges of timing for pool dry-
down (Babbitt et al., 2003; Baldwin et al., 2006; Brooks, 2004; Seigel
et al., 2006). While timing of metamorphosis is a plastic trait for many
temporary-wetland-associated species, minimum hydroperiods are
necessary for successful recruitment and faster metamorphosis may
induce a lifetime fitness cost (Amburgey et al., 2016; Cabrera-Guzman
et al, 2013; Semlitsch et al., 1988). As a result, shifts in seasonal
timing of pool filling and drying of even a few weeks can affect
populations of temporary wetland-breeding amphibian species
(Baldwin et al., 2006; Calhoun et al., 2014; Seigel et al., 2006).

While there are a number of putative causes of amphibian
population declines, droughts and associated early pool-drying
events have been linked to catastrophic reproductive failure, popu-
lation crashes and local extirpations of pool-breeding amphibians
(Palis et al., 2006; Richter et al., 2003; Scheele et al., 2012; Seigel
et al., 2006; Semlitsch, 1987; Taylor et al, 2006). Many pool-
breeding amphibian species exhibit high

levels of interannual

variability in reproductive success and have evolved to cope with
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FIGURE 6 Maps of predicted wetness probability for vernal pools at the Patuxent research refuge in Maryland, USA, depicting likelihood of
inundation on (a and ¢) may 15 and (b and d) July 1, using (a and b) historical climate variables and (c and d) projected climate variables for the
2080s under RCP 8.5. All predictions are for the H1 inundation metric and the dry weather scenario. These are four examples of 300 sets of
wetness probability predictions generated under various inundation definitions, seasonal time points, and weather and climate scenarios.
Predictions are displayed only for pools categorized as having ‘moderately high’ or ‘very high’ prediction confidence based on cross-validation
accuracy and numbers of observations; all other pools are displayed as hollow triangles. In (d), blue triangles (i.e., pools with 260% predicted

wetness probability) could indicate hydrologic refugia

stochastic years of reproductive failure (Brooks, 2004; Semlitsch
et al, 1996; Taylor et al, 2006). Although periodic reproductive
failure may not result in metapopulation-level declines, increases in
the frequency of years with reproductive failure could harm long-
term population viability (Brooks, 2004; Daszak et al., 2005; Taylor

et al., 2006).

In this context, effective management of vernal pools and the

amphibian populations they support requires the ability to anticipate

potential hydrologic changes, which in turn requires understanding of

the interacting factors that shape vernal-pool hydrologic regimes.

Findings from this study confirm that vernal-pool hydrology is

influenced by a complex array of drivers, ranging in scale from regional
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TABLE 4 Numbers and percentages of pools across units (protected areas) meeting one possible definition of refugia (260% predicted
probability of holding any amount of water on July 1 under dry weather conditions)

Historical climate

2080s, RCP 8.5

Number of Refugia: All
Unit name pools pools
Acadia NP 28 (21) 22 (78.6%)
Aroostook NWR 13 (9) 11 (84.6%)
Eastern Massachusetts 46 (27) 16 (34.8%)

NWR

Cape cod National Seashore 19 (0) 6 (31.6%)
Canaan Valley NWR 1(0) 0 (0%)
Delaware water gap NRA 46 (28) 17 (37%)
Erie NWR 18 (11) 4(22.2%)
Gettysburg NMP 21 (0) 1 (4.8%)
Great swamp NWR 8 (0) 1(12.5%)
Iroquois NWR 20 (16) 5 (25%)
Lake Umbagog NWR 77 (37) 31 (40.3%)
Moosehorn NWR 41 (18) 33 (80.5%)
Patuxent research refuge 89 (66) 13 (14.6%)
Rachel Carson NWR 11 (11) 7 (63.6%)
Rock Creek park 5(0) 0 (0%)
Wallkill River NWR 6(0) 1(16.7%)
All units 449 (244) 168 (37.4%)

Refugia: Confidence Refugia: All Refugia: Confidence
filter pools filter
17 (81%) 14 (50%) 13 (61.9%)
9 (100%) 0 (0%) 0 (0%)
12 (44.4%) 1(2.2%) 1(3.7%)
Na 1 (5.3%) Na
Na 0 (0%) Na
14 (50%) 15 (32.6%) 13 (46.4%)
3(27.3%) 3(16.7%) 3(27.3%)
Na 0 (0%) Na
Na 0 (0%) Na
5(31.2%) 7 (35%) 6 (37.5%)
19 (51.4%) 14 (18.2%) 8(21.6%)
13(72.2%) 7 (17.1%) 7 (38.9%)
12 (18.2%) 3(3.4%) 3 (4.5%)
7 (63.6%) 6 (54.5%) 6 (54.5%)
Na 0 (0%) Na
Na 0 (0%) Na
111 (45.5%) 71 (15.8%) 60 (24.6%)

Note: (1.) In the ‘number of pools column’, the first number denotes all pools; the number in parentheses is the number of pools having prediction
confidence of ‘moderate’ or better. (2.) All results in the ‘refugia’ columns were calculated according to one possible definition of refugia, that is, 260%
predicted probability of holding any amount of water (H1) on July 1 under dry weather conditions. Numbers of pools meeting the definition are listed,
followed by percentages of pools (in parentheses). These results show only one possible approach to defining refugia, whereas other definitions using
other inundation metrics, seasonal time points, and weather conditions could also be proposed. (3.) Results in the ‘refugia (confidence filter)’ columns
represent only those pools for each unit having prediction confidence of ‘moderate’ or better; confidence categories are defined in Table 3.
Abbreviations: NMP, National Military Park; NP, National Park; NRA, National Recreation Area, NWR, National Wildlife Refuge.

to site-specific (Brooks, 2004, 2005; Brooks & Hayashi, 2002;
Calhoun et al., 2014; Grant, 2005; Leibowitz & Brooks, 2007). Pool-
inundation models in this study successfully represented known sea-
sonal dry-down patterns (Brooks, 2004, 2005), with inundation likeli-
hood decreasing from early May to late July (Figures 3 and 4).
Seasonality was represented by Julian day in models, which serves as
a proxy for accumulated water losses from evapotranspiration. Julian
day was not strongly correlated with other model predictors
(Table S5) including recent precipitation, in agreement with the
assessment by Brooks (2004, 2005) that vernal-pool inundation sea-
sonality is largely driven by seasonality of evapotranspiration rather
than precipitation. As expected, dry-down curves varied substantially
among pools (e.g., Figure 4). Relative-influence values (Table 2)
suggested strong roles of precipitation and evapotranspiration over
relatively short (daily-to-monthly) time scales in shaping pool hydrol-
ogy, in agreement with previous studies (Brooks, 2004; Davis
et al.,, 2019; Greenberg et al., 2015). This importance of weather con-
ditions was notable in the modelled dry-down curves for many pools
under dry conditions relative to wet or average conditions (examples

in Figure 4) and in distributions of inundation probability under

various weather scenarios (Figure 5). Overall, this study lends cre-
dence to concerns that vernal-pool hydrology may be sensitive to
droughts and, consequently, that habitat for pool-breeding amphib-
ians could be vulnerable to drought intensification and stronger evap-
orative demand under climate change (Brooks, 2004, 2009;
Greenberg et al., 2015; Leibowitz & Brooks, 2007; Ray et al., 2016;
Rodenhouse et al., 2009; Scheele et al., 2012).

Differences among vernal pools in their hydrologic regimes and
their responses to weather and climate drivers can be linked to a vari-
ety of pool-specific attributes. We found that larger and deeper pools
may be more likely to remain inundated later into the summer, consis-
tent with our hypothesis (Table 1) and with previous studies and
expectations based on the physical dynamics of surface evaporation
(Brooks, 2005; Brooks & Hayashi, 2002; Leibowitz & Brooks, 2007;
Chandler et al., 2017; but see Snodgrass et al., 2000). Future model-
ling efforts could benefit from more detailed data on pool-basin
bathymetry, such as from Lidar or field surveys (Brooks &
Hayashi, 2002; Faccio et al., 2016), to enable more precise evaluation
of relationships between pool hydrologic dynamics and pool-basin
area, depth, and morphology. Site-scale data on soil and stratigraphy
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would also be very useful, including measurements of physical charac-
teristics of pool-basin substrates (e.g., particle size, organic matter and
drainage characteristics). Lacking such site-scale data at the regional
scale of this study, we relied on soil-survey information (Soil Survey
Staff, 2016). Our finding of greater predicted wetness probability for
pools on poorly-drained than well-drained soil types reflects the gen-
eral understanding of relationships between pool inundation dynamics
and soil permeability and hydraulic conductivity (Grant, 2005;
Leibowitz & Brooks, 2007; Rheinhardt & Hollands, 2008). For
regional-scale studies in which substrate sampling is impractical across
large numbers of vernal pools, soil-survey information may allow for
valuable inferences. However, we acknowledge that fine-scale hetero-
geneity in pool substrate characteristics may be hydrologically impor-
tant yet poorly represented by soil-survey information (Calhoun
et al., 2014; Rheinhardt & Hollands, 2008), which may help explain
the generally low relative-influence values for the soil-survey attri-
butes representing water-table depth and soil hydrologic group
(Table 2). Similarly, further investigation of potential groundwater
interactions in vernal pools would benefit from site-level
hydrogeologic data collection (e.g., installation of monitoring wells and
piezometers; Barton et al., 2008; Chandler et al., 2017; O'Driscoll &
Parizek, 2003). In some cases, groundwater influences can be inferred
from water chemistry (i.e., specific conductance) and pool substrate
characteristics (Brooks, 2005; Calhoun et al., 2014).

Pool substrate characteristics and degree and type of
groundwater interactions are commonly a product of a pool's topo-
graphic position and geomorphic setting in the larger landscape
(Rheinhardt & Hollands, 2008). In preliminary models, we represen-
ted landscape position using 30-m landform categories (i.e., pool
was located on a ridge, upper slope, lower slope, or valley), but this
attribute was removed from final models through the model
simplification procedure (Table S4). Instead, landscape setting may
have been partially captured by the surrounding landcover attribute,
for example, greater inundation likelihood in pools surrounded by
herbaceous wetlands relative to more upland landcover types
(Figure 3).

Models in this study indicated that pool inundation may vary
slightly depending on surrounding landcover and decrease somewhat
with increasing forest biomass in the uplands immediately surrounding
pools, in agreement with other studies linking upland land-use to wet-
land hydrology and habitat (Table 1; Babbitt et al., 2009; Jones
et al., 2018; McLaughlin & Cohen, 2013; Sun et al., 2000). Site-scale
information on vegetation type, canopy cover and forest transpiration
rates could help refine relationships between upland vegetation and
pool-inundation patterns. We note that even if upland forest biomass
negatively affects late-season probability of pool inundation—perhaps
because of demand from forest transpiration on soil water reserves in
the vicinity of pools (Jones et al., 2018; Sun et al., 2000)—canopy
cover may nonetheless provide important benefits to vernal-pool
ecosystems and amphibian populations related to wind buffering,
leaf-litter inputs, shading effects on water temperature, and dissolved
oxygen (Calhoun et al, 2014; Schiesari, 2006; Semlitsch &
Skelly, 2008; Shoo et al., 2011).

A primary purpose of our model of vernal-pool inundation pat-
terns was to identify the characteristics of pools that might be most
likely to serve as hydrologic refugia under droughts and changing cli-
matic conditions. This process identified the most likely refugia from
the set of monitored sites (Table 4). However, the defining features of
a refugium may vary depending on location and management focus
(e.g., species of interest), so we provide a website for exploring multi-
ple possible definitions of refugia depending on geography, seasonal
timing, and management context and objectives (Cartwright, 2020).
For example, the greater prevalence of refugia among more northerly
pools using predicted wetness probability on July 1 (Table 4) likely
reflects climatic influence on timing of snowmelt and pool drying
more than any special characteristics of these pools per se. Using the
website (Cartwright, 2020), managers may wish to adjust dates of
interest depending on pool geography to reflect such climatic gradi-
ents in the timing of pool drying.

Ultimately, we view these efforts as only a first step in the larger
process of identifying and conserving pools that could function as
hydrologic refugia for amphibians of conservation concern. Although
many questions remain concerning the potential function of hydro-
logic refugia in supporting amphibian species persistence under cli-
mate change, existing knowledge can help identify hypotheses and
research needs. Even without identifying specific refugia from a
known set of surveyed sites (as we do here), a landscape with a diver-
sity of pool sizes and hydroperiods is expected to maximize the proba-
bility that some pools within a protected area could serve as refugia
during droughts or other adverse climatic conditions (Dodd, 1994;
Shoo et al., 2011), lending support to calls to conserve diverse types
and sizes of wetlands (Babbitt et al., 2003; Calhoun et al., 2017;
Snodgrass et al., 2000). Our findings support the notion that larger
pools and/or those with generally longer hydroperiods may be more
likely to function as hydrologic refugia under droughts or climate
change (Baldwin et al., 2006; Brooks, 2009). However, we stress that
smaller ‘dry-end’” wetlands also serve important ecological functions
and should not be considered expendable (Calhoun et al., 2003;
Snodgrass et al., 2000). Beyond hydrologic suitability, a number of
other pool characteristics may be important in determining wetland
refugial capacity, including water quality, presence of disease agents,
surrounding land use, and legal protections or lack thereof (Babbitt
et al., 2009; Calhoun et al., 2003; Daszak et al., 2005; Evans
et al., 2017; McLaughlin & Cohen, 2013).

Application of our results to natural-resource management
requires a few caveats. Because vernal pools were located using a
probabilistic design (Van Meter et al., 2008), our results for the con-
trols on vernal-pool hydrology are robust. However, in evaluating the
relative resistance of pools to climate change, only known pool loca-
tions can be evaluated as refugia. Each of the protected areas likely
has a substantially greater number of vernal pools than were sampled
for this study (e.g., 89 pools at the Patuxent Research Refuge, Table 4;
whereas Van Meter et al.,, 2008, estimated that there are around
2200 pools on this Refuge). Decisions to manage or protect only
in the
(Cartwright, 2020)—would thus be missing many other potential

those sites identified here—and interactive website
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refugia. Further, careful consideration must be given to protect both
climate-buffered habitat patches and connectivity among them to
maintain persistent metapopulations (Green & Bailey, 2015), necessi-
tating a landscape focus beyond individual refugial pools. Additionally,
models trained on pool observations from protected areas might not
adequately represent pools in other contexts, such as on private lands,
with differing levels of hydrologic alteration or surrounding land uses.

Our use of three relatively simplistic weather scenarios and cli-
mate variables from ensemble averages across 15 climate models
implies that pool-wetness predictions do not capture the full range of
possible future hydrologic changes. For example, if future climatic dry-
ing exceeds that represented by ensemble averages for the region,
then our projected changes in pool inundation could be conservative.
Furthermore, if both droughts and storms were to intensify, pool
hydrology—and thus availability of amphibian breeding habitat—could
respond in complex ways not captured by either the ‘dry’ or ‘wet’
weather scenarios (Walls et al., 2013).

A further set of caveats stems from the fact that models of pool
hydrology presented here are statistical, ultimately representing corre-
lations in the dataset rather than proof of causation. While other statis-
tical approaches have also produced successful predictive models of
depressional wetland hydrology (e.g., Barton et al., 2008; Chandler
et al., 2016; Greenberg et al., 2015), process-based hydrologic models
offer an alternative approach using a water-budget framework and
hydrologic accounting on a fixed (e.g., daily) time step (e.g., Garmendia &
Pedrola-Monfort, 2010; Qi et al., 2019; Sun et al., 2006). The mechanis-
tic nature of process-based models enables temporal examination of
states and fluxes of water throughout the atmosphere-upland-wetland-
groundwater system, which could be useful to test hypotheses and
scrutinize findings from this and other studies concerning the drivers of
vernal pool-hydrology. However, the process of structuring, parameter-
izing and calibrating process-based hydrologic models for large numbers
of vernal pools at a regional scale could be complicated by issues of
process complexity and spatial resolution and complexity (Clark
et al., 2017), for example, given the small size of vernal pools and the
substantial heterogeneity of their hydrologic responses to climate
patterns. Perhaps for these reasons, process-based models have
typically been applied to only one or a handful of wetlands at a time (Qi
et al,, 2019; Sun et al., 2006; Wolfe et al., 2004). Further examination
of results from this study, then, could be performed using process-
based models at a subsample of vernal pools, ideally spanning the
gradient from short-to-long hydroperiods.

The utility of refugia to amphibian metapopulations depends
strongly on population responses to shifting mosaics of temporally
dynamic breeding habitat. Increased pool drying reduces the connec-
tivity of the network of remaining breeding habitats (Fortuna
et al, 2006). The extent to which this affects metapopulation
persistence depends on species' capacities for local dispersal and
migration among increasingly disconnected ‘islands’ of breeding
habitat (Compton et al, 2007; Gamble et al, 2007; Werner
et al., 2009). For example, Green and Bailey (2015) estimate that at
least 50 breeding sites are necessary for metapopulation persistence,

but increased isolation will likely increase this minimum number.

As amphibian species respond to climate change through shifts in
phenology and geographic ranges (Gibbs & Breisch, 2001; Lawler
et al., 2010), research is needed on the relationships between these
changes and shifting availability (in both time and space) of breeding
habitat. Because amphibians face a variety of threats related to habi-
tat destruction, pathogens and climate change (Rodenhouse
et al., 2009; Ryan et al., 2014; Semlitsch & Skelly, 2008; Wake &
Vredenburg, 2008), the identification and protection of hydrologic

refugia is only one part of a much larger conservation picture.

5 | CONCLUSIONS AND MANAGEMENT
IMPLICATIONS

We modelled vernal-pool hydrology across the northeastern
United States from a large sample of habitats within Federally protec-
ted areas, using thousands of inundation observations collected over
more than a decade. Variability in hydroperiod across pools implies
potential for some to function as hydrologic refugia from droughts
and climate change. Regional-scale models are helpful for identifying
pools that could provide refugia but could be strengthened by more
detailed data collection at the site scale for hydrologically relevant
pool characteristics such as pool substrate and stratigraphy, canopy
cover and groundwater fluxes. Better understanding is also needed on
how traits of different amphibian species may affect the value of
refugia in practice, including dispersal and migration, breeding-site
fidelity and phenological shifts.

This and other studies have suggested that earlier pool drying
has the potential to affect the availability of breeding habitats across
large landscapes, which has important management implications.
Conservation strategies that focus on maximizing current-day con-
nectivity among pools may not adequately account for connectivity
changes in drying landscapes. In addition to wetland restoration
efforts, artificial wetland creation and hydroperiod manipulation may
be useful strategies to help support persistence of breeding habitats
(Calhoun et al., 2014; Green et al., 2013; Seigel et al., 2006; Shoo
et al., 2011). Identifying refugia can be one part of a comprehensive
management programme to increase the probability of amphibian

persistence.
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