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A B S T R A C T   

A unifying goal of wetland monitoring programs is to characterize how wetland flooding and drying regimes vary 
in space and time. In remote and mountainous regions, wetlands have been difficult and labor-intensive to 
monitor, especially at landscape scales. Here, we demonstrate how data from annual, ground-based monitoring 
of wetlands and amphibians in Yellowstone National Park (YNP) can be enhanced in time and spatial extent by 
Landsat-based observations of wetlands. Specifically, we applied spectral mixture analysis (SMA) to the Landsat 
time series to characterize seasonal variation in wetland surface water area over a 35-year period. This extended 
our monitoring record backward in time (increasing temporal extent) and allowed us to monitor wetlands 
outside the boundaries of our long-term monitoring catchments, thereby increasing spatial extent. Additionally, 
we reconstructed and characterized hydroperiod regimes of 427 wetlands across YNP’s Northern Range (NR) as 
ephemeral, intermittent, semi-permanent, and permanent; these categories relate to the local ecology of these 
sites. Across the NR, the mean summer surface water area in most wetlands declined, regardless of hydrologic 
regime. Declines in wetland surface water area were associated with variations in snowmelt runoff for 
approximately half of NR wetlands. The mean effect of runoff on wetland area was strongest for ephemeral 
wetlands and weakest for permanent wetlands, which were significantly larger than other wetland types. 
Ground-based observations from established, long-term monitoring sites (n = 37) showed that amphibians used 
all wetland hydroperiod regimes. Intermittent and permanent regime types contained sites where amphibian 
breeding was consistently detected and highlighted the importance of a portfolio of wetland types for amphibian 
conservation. Through the integration of ground-based and Landsat satellite datasets, we not only took the leap 
from ponds to landscapes, dramatically expanding the spatial and temporal extent of monitoring, but also suc
cessfully used SMA to characterize hydroperiod regimes and evaluate longer-term wetland surface water area 
trends across a range of wetland sizes. This work will allow wetland managers to place current conditions within 
longer-term trends, understand broader patterns of surface water change, analyze the relationship between 
wetland surface water trends and management actions, and calibrate models of climate impacts. Most impor
tantly, the integration of field assessment and remote sensing technologies offers a strategy to detect changes in 
wetland extent and condition at scales ranging from individual ponds to landscapes.   

1. Introduction 

Wetlands, ponds, and other shallow aquatic habitats are increasingly 
recognized as key ecological indicators from local to global scales 
(Darrah et al., 2019; Halabisky et al., 2016; Kissel et al., 2020). These 
keystone habitats are landscape components that disproportionately 
contribute to biodiversity and resource abundance regardless of their 
size or distribution (Figel et al., 2019; Locky, 2016; Tews et al., 2004). 

Wetlands also rank among the most climate-sensitive ecosystems (Mat
thews, 2010) and consequently serve as leading indicators of climate- 
induced change. For this reason, monitoring wetland dynamics is 
increasingly thought to offer prescient knowledge on the ecological 
manifestations of climate change at local and landscape scales (Kissel 
et al., 2020; McIntyre et al., 2019; Ryan et al., 2014). 

In the U.S. National Park Service’s (NPS) Vital Signs Monitoring 
Program (Fancy et al., 2009; Rodhouse et al., 2016), wetlands and 
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wetland-dependent groups (e.g., amphibians) serve as key ecological 
indicators for tracking the health of >50 national park units (Halstead 
et al., this issue). While many taxa, including birds, bats, and in
vertebrates (see Levandowski et al., 2021) are dependent on wetlands, 
amphibians rank among the most imperiled (Collen et al., 2013; IUCN, 
2021) and climate-sensitive vertebrate groups (Case et al., 2015). Many 
amphibians breed in small, shallow or intermittently flooded wetland 
habitats. Reliance on wetlands reduces amphibian susceptibility to fish 
predation and benefits some species’ development, but it also increases 
their vulnerability to climate-induced drying. Moreover, species-specific 
responses to changes in wetland abundance, depth, and permanence are 
expected (Hossack et al., 2015, Muths et al., 2017, Ray et al., this issue, 
Ryan et al., 2014). Unsurprisingly, wetland monitoring programs that 
are used to inform management actions tend to couple monitoring of 
physical conditions (i.e., flooding regimes) with biological indicators (e. 
g., amphibians; see Gould et al., 2019). The former is commonly an 
afterthought or coupled with ecological monitoring in a way that ob
scures (due to limited sampling) actual hydrologic dynamics that drive 
ecological patterns, while the latter offers inimitable understanding of 
past and future wetland change (Hossack et al., 2017, Ray et al., 2019, 
Walls et al., 2013). 

A unifying goal of most wetland and amphibian monitoring pro
grams is to characterize how wetland flooding and drying regimes vary 
in space and time (Halabisky et al., 2016). For example, McMenamin 
et al. (2008; n = 49) used point-in-time monitoring and Schook and 
Cooper (2014; n = 24) used automated loggers to continuously monitor 
hydrologic dynamics in a relatively small number of wetlands across 
northern regions of Yellowstone National Park (YNP), USA. In contrast, 
the NPS’s ongoing Vital Signs Monitoring Program (Ray et al., 2016) 
uses a stratified, random monitoring design and annual, ground-based 
visits to >300 wetland sites across Yellowstone and Grand Teton na
tional parks (combined area ~10,300 km2). While the aforementioned 
monitoring approaches reveal information on the dynamics or perma
nence of individual wetland hydroperiods, there is growing interest in 
the thoughtful integration of ground-based data with remotely sensed 
observations to increase the frequency of wetland observations 
(Halabisky et al., 2016; Pasquarella et al., 2016). This combination of 
data sources, with their complementary spatial and temporal resolutions 
and extents, make it possible to better capture links between wetland 
hydrologic regimes and biological groups that are dependent on wet
lands for elements of their life cycle (Kissel et al., 2020). 

When paired with ground-based monitoring and its many benefits (e. 
g., ground-truthed, site-specific data), remote sensing technologies 
provide additional spatiotemporal detail that extends out in space and 
back in time. For example, the Landsat archive allows managers to 
retrospectively describe dynamics of habitat change since 1984 and 
offers significant insight on multi-decadal trends at wetlands of signifi
cant interest (Halabisky et al., 2016; Sall et al., 2021). Importantly, 
when these datasets are combined with climate or water balance esti
mates, it provides opportunities to evaluate the drivers of wetland 
change (Lee et al., 2015; Ray et al., 2019) and characterize the idio
syncratic responses of individual wetlands within larger landscapes 
(Halabisky et al., 2016; Kissel et al., 2020). Finally, remote sensing in
formation provides opportunities to apply a standardized and modern 
classification process for describing the hydrologic regime of wetlands 
across large or remote geographic locations (Gallant, 2015). 

In wetlands, the hydroperiod, or pattern of flooding and drying, is 
the most important driver in the establishment and maintenance of 
specific habitat types (Cowardin et al., 1979), and determines which 
plant communities or species are present (Casanova and Brock, 2000; 
Tarr et al., 2005). This biological filter also applies to invertebrates, 
amphibians, and waterfowl (Wellborn et al., 1996). Even modest de
partures from historic hydroperiods (driven by climate change or land 
use impacts) could limit future availability of these habitats to wetland 
dependent species. To inform management of climate-sensitive wetland 
resources, long-term ecological monitoring programs tasked with 

characterizing wetland hydroperiods must consider approaches that 
model within-year peculiarities of individual wetland hydroperiods and 
integrate that information with spatially-linked monitoring of biological 
indicators (McIntyre et al., 2019). 

Long-term vital signs monitoring programs in U.S. national parks 
have been simultaneously monitoring wetlands and amphibians across 
large, relatively pristine landscapes, providing unique opportunities to 
evaluate strategies to integrate remote sensing datasets. To date, 
ground-based monitoring datasets from YNP and Grand Teton National 
Park (GTNP) have documented annual conditions of wetlands (wet or 
dry at time of visit) and associated amphibian breeding activity and 
offered insight on how annual drying of wetlands affects breeding by 
multiple amphibian species (Gould et al., 2019; Ray et al., 2016). In 
these parks and others across the western U.S., climate change is 
affecting wetlands in subtle ways that may go undetected from single, 
ground-based observations of wetlands each year. Remote sensing 
techniques are well-suited for characterizing subtle changes to the 
hydroperiods of wetlands and provide greater power for detecting 
changes to hydroperiods that are not possible from shorter monitoring 
records based on a single observation made each year (Rowe et al., 
2021). 

The aim of this case study was to blend point-in-time observations of 
wetland flooding status and amphibian use of individual sites with 
Landsat-derived seasonal summaries of wetland surface water area. We 
then applied these methods to describe wetland hydrologic regimes and 
characterize trends in wetland surface water area for an entire land
scape. We used data from an NPS long-term monitoring dataset (2005 to 
2019) and from catchments (i.e., clusters of wetlands) surveyed across 
YNP’s Northern Range (Fig. 1). 

Our approach applied spectral mixture analysis (SMA; Halabisky 
et al., 2016) of a Landsat time series (1984 to 2018) to construct multi- 
decadal hydroperiods for each long-term monitoring site. We used these 
hydroperiod reconstructions of the past and present to categorize the 
hydrologic regime (ephemeral to permanent) and describe trends in 
surface water area for each focal wetland (n = 37). Next, we leveraged 
our 15-year amphibian monitoring dataset for these same wetlands to 
test whether amphibian breeding could be discriminated by hydrologic 
regime. To evaluate how these long-term monitoring sites represented 
the larger population of sites in YNP’s Northern Range (NR), we applied 
these same methods to NWI-mapped palustrine and lacustrine habitats 
across the NR (n = 427). For NWI-mapped wetlands, we characterized 
the hydrologic regime using widely recognized narrative descriptions 
from Cowardin et al. (1979) and documented surface water area trends 
during snow-free periods (15 May to 15 October each year). In addition, 
we explored relationships between snowmelt runoff, a water balance 
derivative linked to wetland drying (Ray et al., 2019), and June surface 
water area trends using this same time series (1984 – 2018). Finally, we 
describe the sensitivity of the relationship between June wetland surface 
water area and runoff and identify ecological pivot points (sensu Thoma 
et al., 2019), or the amount of runoff needed for a wetland to be 
maintained at its long-term mean size. We conclude with recommen
dations on how these datasets can be further integrated into the ongoing 
monitoring program in YNP and GTNP. 

2. Materials and methods 

2.1. Study area 

The NR is a 1400 km2 region characterized by relatively flat, glaci
ated valleys surrounded by mountains. Low elevations are dominated by 
grassland and sagebrush steppe communities and coniferous forest 
predominates at higher elevations. The NR represents portions of the 
upper Gardiner, Lamar, and Yellowstone River watersheds and extends 
across northwestern Wyoming and southern Montana, USA and within 
and outside of YNP (Fig. 1; Ripple et al., 2001). The NR is recognized as a 
hotspot for ungulate diversity (Mosley et al., 2018) and the landscape 
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contains high densities of depressional wetlands (Schook and Cooper, 
2014). The NR’s lower elevation, large rivers, and abundance of non- 
forested wetlands distinguish it from other portions of YNP. 

There are four native amphibian species found across the NR: west
ern tiger salamander (Ambystoma mavortium), western toad (Anaxyrus 
boreas), boreal chorus frog (Pseudacris maculata), and Columbia spotted 
frog (Rana luteiventris). All species have complex life histories and 
require water for breeding and larval development before meta
morphosing. The species range from highly aquatic (Columbia spotted 
frogs) to more terrestrial (western toads) and from longer (≥12 years for 
western toads and spotted frogs) to shorter (3 to 5 years for chorus frogs) 
life spans. Spotted frogs and chorus frogs typically metamorphose within 
2 to 4 months in the same summer that eggs are deposited. Western tiger 
salamanders are longer-lived species and salamander larvae may com
plete metamorphosis in one season, or, at higher elevations, overwinter 
as larvae. Alternatively, in deep, permanent wetlands, salamanders can 
reach sexual maturity in their paedomorphic or water-dependent larval 
form (Koch and Peterson, 1995). Western toads, the least common of the 
four species, have larval development periods that range from 1 to 2 
months (Turner, 1955). 

2.2. Ground-based monitoring 

We monitored amphibians at 37 wetlands across six catchments in 
northern YNP from 2005 − 2019. These wetlands are part of a random 
sampling framework that was established in 2005 and continues to this 
day. This framework randomly selected catchments from four major 
subbasins across YNP (Gould et al., 2012, Ray et al., this issue); the NR 
represents one of these four subbasins. All wetlands, ponds, and small 
lakes within selected catchments that contained standing water for 
amphibian breeding were sampled each year; the 37 wetlands from the 

NR represent approximately 15% of surveys conducted annually as part 
of our larger annual vital signs monitoring program in YNP (Ray et al., 
this issue). In dry years, we documented the absence of water in wet
lands. Surveys were conducted from early June through July and varied 
depending on elevation. Visual encounter surveys were timed to detect 
evidence of breeding activity (i.e., larvae and metamorphs) by species 
using dip nets; surveys were conducted by two independent observers 
during a single-site visit (see Gould et al., 2012). 

To access Landsat satellite imagery for each long-term monitoring 
site, we delineated wetland boundaries in QGIS through manual photo 
interpretation of multiple public imagery datasets (e.g., NAIP, Digital 
Globe) available through ESRI and Google. Specifically, we drew poly
gons (i.e., boundaries) that captured all visible water, as well as dry 
areas within the high-water level (i.e., maximum surface water eleva
tion) of each wetland basin (Schook and Cooper, 2014). The high-water 
level is commonly visible on imagery as the location where natural 
vegetation changes; on the ground this represents a change from pre
dominantly aquatic to predominantly upland vegetation. We established 
the high water level by examining imagery provided through Google 
Earth of each wetland through time. Furthermore, we added a 5-m 
buffer to ensure we captured the maximum surface water elevation for 
each wetland and corrected for any spatial misalignment between image 
datasets, while still avoiding overlap with neighboring wetlands. We 
then used these same polygons in spectral mixture analysis (SMA; 
Halabisky et al., 2016) to estimate surface water area from 1984 to 2018 
(see methods below) for each wetland. 

Using years 2005–2019 of amphibian monitoring and wetland data 
from ground-based surveys, we used a Chi-square test of independence 
to examine whether cumulative amphibian species richness (summa
rized as the total richness of species documented breeding at a site across 
all years) was independent of wetland hydrologic classifications 

Fig. 1. Location of the Northern Range (NR) and Yellowstone National Park (YNP), USA. The NR is a 1400 km2 region that extends across northwestern Wyoming 
and southern Montana. The National Park Service’s Greater Yellowstone Network (GRYN) has been monitoring clusters of wetlands in six catchments in or adjacent 
to the NR since 2005 (n = 37). US Fish and Wildlife Service National Wetland Inventory (NWI) mapped wetland (palustrine and lacustrine) locations are also shown 
(n = 427). 
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(ephemeral, intermittent, semi-permanent, and permanent; see below). 
Cumulative species richness ranged from zero to four across sites. Due to 
small sample sizes, we pooled sites based on species richness into two 
groups: zero or one species detected across all years and ≥ 2 or more, to 
maintain the test distribution approximation. 

To determine if amphibian breeding occurrence differed among 
wetland types, we computed the percentage of breeding occurrence for 
each wetland site over the 15-year survey period; note that not all sites 
were monitored in all years. A Kruskal-Wallis nonparametric test was 
used to compare differences in percent breeding occurrence while 
adjusting for ties among the ranked observations (Hollander and Wolfe, 
1999). 

2.3. Wetland delineation of NWI-mapped wetlands 

We accessed the U.S. Fish and Wildlife Service (FWS) National 
Wetland Inventory (NWI) from the online data mapper (www.fws.gov/ 
wetlands/data/mapper.html) in May 2019 and downloaded a shapefile 
of wetland polygons that fell within the boundary of the NR (watersheds 
HU810070001 and HU810070002). Since a major goal for this study 
was to evaluate surface water area change in the primary amphibian 
habitats within the NR, we removed any narrow riverine (streams and 
rivers) wetlands that were wholly associated with flowing waters (am
phibians in our region do not breed in flowing water). We merged all 
palustrine wetland polygons classified as: PEM, PAB, PUB, and PUS; 
Cowardin et al., 1979) that shared a boundary and added a 5-m buffer to 
each individual polygon (isolated and merged). This cleaning process 
reduced the NWI shapefile from 3956 to 2845 polygons. We then 
selected all polygons that the NWI classified as palustrine wetlands 
[class types: PAB, PUB, and PUS] or lakes [L1AB and L1UB], resulting in 
429 wetland polygons ranging in size from 285 m2 to 1,347,132 m2. 

From a visual inspection of the NWI polygons overtop satellite im
agery, many NWI-mapped wetlands misrepresented wetlands detected 

on imagery and identified by vegetation ecotones or the presence of 
water. Some NWI-mapped wetland boundaries were under- or over- 
represented relative to conditions observed on aerial imagery, while 
others were offset from the wetland (see Appendix, Fig. A1). Others were 
missing the wetland entirely. Due to these issues, we manually digitized 
boundaries for 427 distinct NWI wetlands based on satellite imagery 
provided with ESRI software and through Google. 

2.4. Landsat-derived estimates of wetland surface water area 

Using the Google Earth Engine platform, we reconstructed changes 
in surface water area for each of the 427 palustrine wetlands and small 
lakes as well as the 37 established, long-term monitoring sites described 
above using an SMA model of a time-series of Landsat 5 Thematic 
Mapper and Landsat 8 OLI Level 1 satellite image scenes hosted by USGS 
(https://www.usgs.gov/landsat-missions/data) and spanning years 
1984 – 2018. Landsat 8 products were atmospherically corrected using 
the Land Surface Reflectance Code (LaSRC) (Vermote et al., 2016) and 
Landsat 5 products were atmospherically created using the LEDAPS al
gorithm by Google in Google Earth Engine (Masek et al., 2012). 

We included only snow-free images from May 15th to October 15th 
each year, where cloud cover composed <40% of the image scene and 
converted the Landsat imagery time-series into estimates of surface 
water area (see Kissel et al., 2020) using the constrained four- 
endmember SMA model described in Halabisky et al. (2016). SMA 
uses the spectral signatures of the dominant physical scene components 
(e.g., water, trees, grassland), called endmembers, to estimate the frac
tional cover of each endmember for every pixel in the image scene 
(Fig. 2). As a result, SMA provides estimates of each scene component at 
sub-pixel scales. Endmembers represent “pure” pixels where 100% of 
the pixel is composed of a single physical feature (e.g., water). For our 
SMA model we selected four “image” endmembers of the physical scene 
components (i.e., water, wetland vegetation, trees, and grassland) using 

Fig. 2. (a) Schematic of a Landsat image (as part of a series spanning 1984 – 2019) for an individual wetland, where the chart represents the “mixed” signature of the 
zoomed pixel. (b) Spectral mixture analysis uses the spectral signature of the endmembers (represented by the small plot) to estimate the proportion of each land class 
feature in the “mixed” pixel. The wetland polygon is shown here with a high-resolution aerial image to illustrate the land-cover components within a mixed pixel. (c 
and d) Examples of a time-series of wetland surface water area estimates for two wetlands in our study system. Note both wetlands experienced a reduction in surface 
water area during the multi-year drought of the early 2000s (2000–2007) and recovery post drought. Basemap source: ArcGIS World Imagery basemap; ESRI. 
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on-the-ground knowledge of the study area. We identified endmembers 
for water, grassland, and trees for each image in the time-series. Pure 
pixels for wetland vegetation were not available for each image in the 
time-series; therefore, we created endmembers for wetland vegetation 
from a mean composite of known wetland vegetation locations on the 
ground for the entire time-series. This technique allowed us to create 
scene-specific SMA models to reduce the impacts of atmospheric noise 
and sensor differences between Landsat 5 and Landsat 8, and provided a 
fractional estimate of surface water for each pixel ranging from zero to 
one for each image in the Landsat time-series. The product of the frac
tional estimate for each pixel and the area of a Landsat pixel (30 m × 30 
m or 900 m2) was used to generate surface water area estimates in 
square meters for each pixel in the image scene (see Fig. 2). 

To create a time-series of wetland-specific surface water area, we 
buffered our field-delineated wetland polygons by 5 m (see above) to 
compensate for variations in wetland surface water area that had not 
been documented during field visits or represented on reference imag
ery. This buffer distance was used previously (see Kissel et al., 2020) and 
it reduced issues from potential misregistration between Landsat scenes, 
addressed the issue of underestimating wetland area in high water years, 
and prevented the unintentional inclusion of visible water from neigh
boring wetlands. 

We validated our SMA model using linear regression comparing two 
reference datasets (see Appendix, Table A1, Fig. A2) created from 
ground-based and imagery-based delineations of surface water with our 
SMA Landsat-derived surface water estimates. Ground-based de
lineations were completed on a subset of wetlands (27 wetlands chosen 
for their accessibility and spread geographically across the NR repre
senting 50 total observations) in June and July of 2018 and 2019. The 
SMA estimates were highly correlated with the ground-based estimates 
(Spearman’s r = 0.89, R2 = 0.85; Fig. A2). To increase our validation 
sample size and extend our coverage, we also estimated the amount of 
surface water area in all 427 wetlands using Planet imagery (4-m reso
lution) available from June 3, 4, and 6 and August 3, 2017. For vali
dation, we only used delineations within 10 days of a Landsat scene for 
our regression model (Kissel et al., 2020). Redrawing the NWI wetland 
polygons increased the fit between Planet imagery and SMA for all 
wetlands (from R2 = 0.73 to R2 = 0.78), but even more so for smaller 
(<1000 m2) wetlands (from R2 = 0.16 to R2 = 0.47; Table A1, Fig. A2). 
This increase in fit indicates that redrawing the NWI polygons more 
accurately captured the true extent of each wetland, thereby improving 
the predictive ability of SMA surface water area. 

2.5. Categorization of hydrologic regime 

For both sets of wetlands (established NPS long-term monitoring 
sites and NWI-mapped), we classified wetland hydrologic regimes into 
four distinct types (ephemeral, intermittent, semi-permanent, and per
manent) following descriptions from Cowardin et al., (1979) and based 
on annual frequency of drying. While Cowardin et al. (1979) applied 
categories using narrative criteria, other data-rich studies (see McCaff
ery et al., 2014; Richter-Boix et al., 2007; Snodgrass et al., 2000; Walls 
et al., 2013 as examples) and our case study expanded on these narra
tives and applied numeric thresholds to classify hydroperiods present 
within our study area. 

For each wetland, we calculated the 95th percentile of surface water 
area estimated from the SMA and used this value as the maximum 
wetland size. We did not use the true maximum to prevent the use of 
extreme outliers. For each SMA observation (i.e., multiple per year), we 
converted wetland surface water area to percent of the maximum. 
Wetlands that were 10% or less of the maximum area were defined as 
“dry”; we used 10% as the cut-off rather than true 0 to account for error 
in the SMA model (Kissel et al., 2020). If at least one observation during 
the year was dry, that year was considered dry. We then calculated the 
proportion of dry years for each wetland. Consistent with hydrologic 
types described by Cowardin et al. (1979) wetlands that had regimes 

characterized as dry for ≤ 5% of years were classed as permanent, 
wetlands dry for > 5% and ≤ 25% of years were classed as semi- 
permanent, wetlands dry for > 25% and ≤ 75% of years were classed 
as intermittent, and wetlands that were dry for > 75% of years were 
classed as ephemeral. 

2.6. Surface water trends in Northern Range wetlands 

Using the SMA estimates of surface water area, we analyzed trends in 
wetland surface water area over time for both sets of wetlands (ground- 
based n = 37, NWI-mapped n = 427). For each wetland, we used the 
average of all snow-free (May 15 to October 15) dates of estimated 
wetland surface water area and scaled them to have a mean of 0 and 
standard deviation of 1. We ran a linear regression of the scaled area as a 
function of year (observations ranged from 50 to 140 among wetlands) 
over the 35-year Landsat time series. Models included an autoregressive 
correlation structure to account for temporal autocorrelation. Using 
scaled surface water area allowed us to directly compare the rates of 
surface water area change across wetlands. We used linear regression for 
individual wetlands rather than fitting a linear mixed model with an 
individual wetland identifier as a random effect because mixed models 
including a random slope for each wetland failed to converge. We 
compared the mean slopes of wetland surface water area change over 
time using hydrologic regime as a grouping variable and ANOVA and 
Tukey’s Honest Significant Difference (HSD) Test. 

2.7. Runoff as a driver of wetland dynamics 

We modeled June wetland surface water area as a function of water 
year (October to September) runoff to determine the extent to which NR 
wetlands (ground-based and NWI-mapped) are driven by variations in 
this climate driver. We focused our analysis on June surface water area 
because most NR wetlands are near their annual maximum in June 
(Schook and Cooper, 2014), and used runoff because it has been shown 
to be strongly associated with wetland inundation across YNP (Gould 
et al., 2019; Ray et al., 2019). We calculated runoff from a 
Thornthwaite-type monthly water balance model (Tercek et al., 2021, 
Thoma et al., 2015) and used annual water year estimates of runoff to 
evaluate variations in June wetland surface area. We ran linear models 
of scaled June surface water area as a function of water year runoff. We 
again included an autoregressive correlation structure to account for 
temporal autocorrelation, used an individual model for each wetland to 
determine whether the effect of runoff on wetland area varied by hy
drologic regime, and compared mean slopes of each type with an 
ANOVA and Tukey’s HSD Test. 

2.8. Wetland sensitivity and ecological pivot points 

Finally, we evaluated the sensitivity of June surface water area of 
wetlands (ground-based and NWI-mapped) to variations in annual water 
year runoff and identified the ecological pivot point for each wetland. 
Pivot points are the amount of water year runoff needed to maintain a 
wetland’s water level at its long-term (1984–2018) mean surface area 
(Thoma et al., 2019). With runoff below the pivot point value, June 
wetland surface water area falls below its mean and with runoff above 
the pivot point value, wetland surface water area swells above its mean 
size. We further summarized pivot points by hydrologic groups and 
compared means with an ANOVA and Tukey’s HSD Test. 

3. Results 

3.1. Long-term, ground-based monitoring sites 

Between 2005 and 2019, we visited 37 wetlands from six NR 
catchments representing a total of 505 site visits. These ground-based 
surveys revealed variations in wetland drying and amphibian breeding 
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among wetland sites and years (Figs. 3 and 4). Some wetlands (e.g., 
955–2 and 955–6; Fig. 3) supported amphibian breeding each year. 
Others contained standing water each year, yet amphibian breeding was 
never detected (e.g., 4007–71). Species’ use of individual wetlands also 
varied across space and time: the maximum number of four species was 
detected breeding within a single site and single year on just four oc
casions. Three species were detected breeding during 34 site-year oc
casions, two species on 104 occasions, and one species on 127 occasions; 
no breeding was recorded on 236 (47%) of the 505 total site-visits. 
Despite this finding, most wetlands (81%) included in the annual 
ground-based monitoring program supported at least one breeding 
species over 15 years of monitoring. 

Boreal chorus frogs were the most common species detected 
breeding across monitoring sites. Tiger salamander breeding was also 
common across NR catchments and in two catchments breeding by this 
species predominated. Spotted frog breeding was common at some sites 
and particularly within catchments at elevations >2300 m. In these 
catchments, spotted frog occurrence was associated with larger wet
lands. Although widespread in their occurrence, western toad breeding 
was less common and detected in only three of the six NR catchments 
over 15 years. 

To expand the temporal extent of our annual, single-visit observa
tions of long-term monitoring sites and examine longer-term trends, we 
applied Landsat-based observations to these 37 wetlands. Landsat- 
derived estimates of surface water area for monitoring sites showed 
that mean wetland surface area over the 35-year time series varied by 
several orders of magnitude (μ = 6810 m2; range = 18–74,158 m2). The 
estimated proportion of years dry (derived from satellite observations) 
also varied among monitoring sites (range 0 to 1) and was inversely 
correlated with mean surface water area (rs = −0.635, p < 0.01) and site 
elevation (rs = −0.349, p = 0.03). The percentage of years with docu
mented amphibian breeding (regardless of species) was also positively 
correlated with wetland area (rs = 0.338, p = 0.04). 

3.1.1. Categorization of hydrologic regimes 
Most (70.2%) of the long-term monitoring sites were classified as 

either ephemeral (n = 12) or intermittent (n = 14; Table 1 and Fig. 5a 
and b), indicating that these sites frequently (ephemeral) or regularly 
(intermittent) dry or shrink to below 10% of their maximum area before 
15 October. Only one site had a hydroperiod that satisfied the semi- 
permanent criteria (Table 1). Amphibian breeding was detected in all 
hydrologic types (ephemeral to permanent) but not all wetlands (Figs. 3 
and 5c and d). The proportion of years over our 15-year times series that 
amphibian breeding was documented at a site did not differ by wetland 
hydrologic type (H = 0.072; p ≈ 0.96 based on a chi-square distribution 
with 2 df; Fig. 5d); however, breeding occurrences ranged between 46% 
for permanent and semi-permanent sites to 58% for intermittent sites. 
Intermittent (5 sites) and permanent (1 site) hydrologic types contained 
the only examples where breeding was detected at a site in all years. Of 
the 505 site-visits, breeding occurred in intermittent wetlands (n = 14) 
on 118 occasions compared with 79 occasions for ephemeral (n = 12) 
and 62 occasions for permanent (n = 10) wetlands. There was no 
observable difference in amphibian species richness among wetland 
hydrologic types (χ2 = 0.204; p = 0.90; df = 2; Fig. 5c). We detected one 
or fewer species over all survey years for 12 of the 37 sites. The 
remaining 25 sites consisted of 14 sites with two species, 10 sites with 
three species and one site with four species detected. Some wetlands, 
regardless of hydrologic type, consistently supported more breeding 
species than others (see Fig. 3 for examples). Those that dried regularly 
still supported breeding in years where there was sufficient snowmelt 
runoff to fill and retain water through the breeding season. As an 
example, site 4007–3 supported breeding by multiple amphibian species 
despite being completely dry in early July 2005, 2006, 2007, 2010, 
2013, and 2016 (see Figs. 3 and 4). 

3.1.2. Surface water trends over time 
Most (75.7%, n = 28) of the 37 wetlands visited each year experi

enced a decrease in surface water area from 1984 to 2018 (Fig. 6a), 
although only 13 wetlands (35.1%) experienced a significant change 
over time (Fig. 6a). On average, intermittent wetlands exhibited the 
greatest decrease in surface water area (μβ ± SE = -0.031 ± 0.010), 
followed by permanent wetlands (−0.015 ± 0.011) and ephemeral 

Fig. 3. Summary of ground-based survey results for National Park Service’s long-term monitoring sites associated with two Northern Range catchments. Wetland 
sites are shown on the left of the matrix for catchments 4007 and 955 and years 2005 to 2019. Brown fill indicates the site was dry when visited in July of that year. 
White fill indicates water was present and circles indicate breeding was detected, where Western Tiger Salamanders are blue, Western Toads are silver, Boreal Chorus 
Frogs are black, and Columbia Spotted Frogs are orange. If a site was not visited in a given year, that cell is grayed (e.g., 4007-71 in 2005). 
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Fig. 4. Photographs of annual wetland visits to an isolated wetland (Y4007-3) in Yellowstone’s Northern Range. This wetland was dry during early July sampling 
visits in 2005, 2006, 2007, 2010, 2013, and 2016. The hydrograph in the lower right shows the Landsat-based reconstruction of this site’s hydrograph dating back to 
1984. Ground-based wetland area estimates (brown diamonds) were used to supplement spectral mixture analysis (SMA) estimates of wetland surface water area. Dry 
visits observed through annual visits are shown as silver bars. Species detected during surveys are shown using multi-colored circles: Western Tiger Salamanders 
(blue) and Boreal Chorus Frogs (black). The long-term mean wetland surface water area used to identify the ecological pivot point (see methods) is shown with a 
dashed line. 
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(−0.011 ± 0.008), while the one semi-permanent wetland in this sample 
increased in size (0.031 ± 0.027; Fig. 6b). Differences in estimates of 
change among hydrologic types were not significant (F = 2.71, p =

0.061). The slope is interpreted as the annual decrease in wetland sur
face water area, measured in standard deviations (e.g., ephemeral 
wetlands decreased in size by 0.011 standard deviations per year). 

3.1.3. Runoff as a driver of wetland dynamics 
Runoff was a positive driver of early summer (i.e., June) surface 

water area for all 37 wetlands surveyed annually, and this effect was 
significant for 64.9% (n = 24) of the wetlands. Sensitivity was similar 
among wetland types (ephemeral wetlands: β = 0.066 ± 0.009, R2 =

0.25 ± 0.058; intermittent wetlands: β = 0.035 ± 0.006, R2 = 0.14 ±
0.038; semi-permanent: β = 0.066, R2 = 0.30, n = 1; and permanent 
wetlands: β = 0.060 ± 0.007, R2 = 0.31 ± 0.059; Fig. 6c), although 
runoff had a significantly weaker effect on intermittent wetlands than 
ephemeral (p = 0.024). The pivot points were also similar and did not 
differ significantly between wetland hydrologic types (F = 1.049, p =

0.38): the mean pivot point was 24.6 cm (SE = 5.28) of runoff for 
ephemeral wetlands, 35.7 cm (SE = 7.20) for intermittent, and 36.3 cm 
(SE = 7.83) for permanent wetlands (Fig. 6d). Half of the established 
long-term monitoring sites had a calculated pivot point of 27.8 cm of 
runoff or less, and 95% had a pivot point of 59.8 cm or less. 

3.2. NWI-mapped Northern Range wetlands 

3.2.1. Categorization of hydrologic regimes 
From the 427 NWI-mapped wetlands we analyzed across the NR, 

21.3% (n = 91) were classified as ephemeral, 36.5% (n = 156) inter
mittent, 15.7% (n = 67) semi-permanent, and 26.5% (n = 113) per
manent (Table 2). Wetland surface water area increased from 
ephemeral < intermittent < semi-permanent < permanent when 
measured as both mean May 15 to October 15 size and the 95th quantile, 
although this difference was only significant between permanent wet
lands and all other hydrologic types (p < 0.1). Permanent wetland sur
face water area was several-fold larger than other wetland types 

Table 1 
Summary of wetland hydrologic types for the National Park Service’s long-term monitoring sites. The table includes the number of wetlands (N), group mean of the 
individual wetland elevation and mean area by hydrologic regime (Mean, μ [± SE]), and mean of the 95th quantile (95th Q, μ [± SE]) area for all wetland hydrologic 
regimes. In addition, the proportion of years of amphibian breeding was detected (mean and range) and the cumulative richness of amphibian species (median and 
range) are shown.  

Wetland Type N Elevation (m) Mean Area (m2) 95th Q Area (m2) Prop. Yrs Breeding Amphibian Richness 

Ephemeral 12 2208.0 (±41.6) 528.2 (±259.7) 2518.7 (±973.2) 0.49 (0.00 – 0.93) 2 (0 – 3) 
Intermittent 14 2299.7 (±34.1) 2219.8 (±1171.9) 6713.6 (±3220.1) 0.59 (0.00 – 1.00) 2 (0 – 4) 
Semi-Permanent 1 2328 312.1 55,707 0.71 2 
Permanent 10 2331.7 (±59.8) 21424.1 (±8909.7) 28650.5 (±10992.0) 0.45 (0.00 – 1.00) 2 (0 – 3)  

Fig. 5. Wetland hydrologic type frequencies (a) for National Park Service’s long-term monitoring sites (n = 37) in Yellowstone’s Northern Range. Estimated pro
portion of dry years (b; see methods) and linked cumulative amphibian breeding richness (c) and proportion of years with breeding (d) from visual surveys between 
2005 and 2019 are summarized by wetland type. 
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(Table 2) and this classification of habitats also included lacustrine 
wetlands which are typically deeper than palustrine types. 

3.2.2. Surface water trends over time 
The majority of wetlands (62.3%, n = 266) experienced a decrease in 

surface water area across the study period (Fig. 7a), although this 
decline was only significant for 23.2% of wetlands (n = 99). On average, 
ephemeral wetlands experienced a nominal increase in surface water 

area (μβ ± SE = 0.0032 ± 0.004), while intermittent (−0.011 ± 0.005), 
semi-permanent (−0.016 ± 0.006), and permanent (−0.015 ± 0.005) 
wetlands all decreased in surface water area (Fig. 7b). The change in 
ephemeral wetlands was significantly different from the other wetland 
hydrologic types (F = 5.74, p = 0.001). Wetlands that experienced in
creases in size were largely concentrated outside of the YNP boundary 
(Fig. 7c). See Appendix (Fig. A3) for an example of one such wetland and 
its hydroperiod. 

3.2.3. Runoff as a driver of wetland dynamics 
Runoff was a positive driver of early summer (i.e., June) surface 

water area for 81.2% (n = 346) of the 426 wetlands surveyed annually 
(Fig. 8a), and this effect was significant for 47.4% (n = 202) of the 
wetlands. Regardless of whether this relationship was significant, the 
strength of the runoff effect (Fig. 8b) was strongest for ephemeral wet
lands (μβ ± SEβ = 0.105 ± 0.012; μR2 ± SER2 = 0.22 ± 0.022), followed 
by intermittent (β: 0.062 ± 0.016; R2: 0.22 ± 0.016), semi-permanent (β: 
0.049 ± 0.019; R2: 0.17 ± 0.023), and permanent (β: 0.044 ± 0.017; R2: 
0.13 ± 0.013). An ANOVA indicated that the strength of the runoff effect 
varied between wetland types (F = 4.95, p = 0.002; Fig. 8b), with per
manent (p = 0.002), semi-permanent (p = 0.02), and intermittent (p =
0.03) wetlands all being significantly less sensitive to variations in 
runoff than ephemeral wetlands. Though the mean effect was over
whelmingly positive, there were wetlands that decreased in size with 

Fig. 6. Changes to National Park Service’s long-term monitoring wetlands’ (n = 37) surface water area over time and sensitivity to runoff. (a) The proportion of 
wetlands of each hydrologic type that exhibited an increase or decrease in average May 15 to October 15 surface water area from 1984 to 2018. Note that there is 
only one semi-permanent wetland in this sample. E = ephemeral, I = intermittent, SP = semi-permanent, P = permanent. (b) The distribution of coefficients 
representing the amount and direction of change in surface water area over time for wetlands in each hydrologic group. Wetland surface water area was scaled to 
have a mean of zero and standard deviation of one. (c) Sensitivity of scaled June wetland surface water area across water year runoff for all linear models. Solid lines 
represent significant runoff effects, and dashed lines are non-significant effects. Predictions were made across the range of observed runoff values for each wetland. 
(d) Calculated runoff pivot points for each hydrologic type. Bars represent standard error. 

Table 2 
Summary of U.S. Fish and Wildlife Service National Wetland Inventory (NWI) 
wetland hydrologic types for palustrine and lacustrine wetlands across the 
Northern Range. The number of wetlands (N), grouping mean of the individual 
wetland elevation and mean surface water area by hydrologic regime (Mean, μ 
[± SE]), and mean of the 95th quantile (95th Q, μ [± SE]) surface water area for 
all wetland hydrologic regimes.  

Wetland Type N Mean Area (m2) 95th Q Area (m2) Elevation (m) 

Ephemeral 91 401 (±217) 1693 (±932) 1997.8 (±38.5) 
Intermittent 156 1958 (±279) 5181 (±818) 2158.0 (±26.7) 
Semi- 

Permanent 
67 3746 (±1072) 6906 (±2045) 2221.4 (±41.3) 

Permanent 113 21,544 
(±7164) 

26,942 (±8167) 2187.0 (±27.1)  
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increases in runoff (n = 80, 18.8%; Fig. 8a, c, d). 
Fifty percent of wetlands had a calculated pivot point of 20.0 cm or 

less, and 95% had a pivot point of 62.8 cm or less (Fig. 9a). These results 
indicate that, when runoff is <20.0 cm, surface water area shifted from 
above to below the long-term average for 50% of NR wetlands. Pivot 
points differed significantly between hydrologic groups (F = 5.34, p =
0.001), and the rank order of mean pivot point estimates by hydrologic 
type were as follows: ephemeral (μβ ± SE = 17.1 ± 1.94), intermittent 
(23.6 ± 2.45), permanent (24.2 ± 2.61), and semi-permanent (28.7 ±
2.97; Fig. 9b). 

4. Discussion 

To date, the NPS’s long-term monitoring program in YNP has shown 
that wetlands and amphibians are responsive to variations in key climate 
drivers and offered insight on how climate change could shape moni
tored wetlands and species dependent on them (Gould et al., 2019; Ray 
et al., 2019). Through the integration of the Landsat imagery archive, we 

expanded our temporal and spatial understanding of wetlands in YNP’s 
NR in important ways. First, the Landsat archive offered multiple ob
servations of wetlands each year, enabling characterizations of seasonal 
variation in wetland area over a 35-year time series that extended our 
monitoring record backwards by nearly two decades. This information 
shed light on effects of the historic, multi-year drought (Heeter et al., 
2021) that occurred in the early 2000s and led to observed declines in 
wetland area across the NR (McMenamin et al., 2008; Schook and 
Cooper, 2014). This drought also preceded the lowest estimates of tiger 
salamander occupancy in our monitoring time series (Ray et al., 2016) 
and offers important clues on the possible manifestations of drought to 
one of the NR’s most common amphibian species. 

Using this more complete understanding of wetland dynamics, we 
were able to categorize the hydrologic types (i.e., ephemeral, intermit
tent, semi-permanent, and permanent) of wetlands that comprise our 
sample frame and then apply these same approaches to ‘monitor’ wet
lands outside the boundaries of our randomly selected catchments to the 
entirety of the NR. All hydrologic types outside of the NPS’s monitoring 

Fig. 7. Change in wetland surface water area 
over time across the Northern Range. (a) The 
percent of wetlands that have increased and 
decreased over time by hydrologic group. E 
= ephemeral, I = intermittent, SP = semi- 
permanent, P = permanent. (b) The distri
bution of coefficients representing the 
amount and direction of change in surface 
water area over time for wetlands in each 
hydrologic group. Wetland surface water 
area was scaled to have a mean of zero and 
standard deviation of one. (c) Spatial distri
bution of wetlands that have decreased (red 
points). increased (blue) or show no signifi
cant trend (white) in size over time. The solid 
black line is the Yellowstone National Park 
boundary.   
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Fig. 8. Strength of water year runoff as a driver of change in June surface water area for wetlands across the Northern Range. (a) The proportion of wetlands of each 
hydrologic type that exhibited an increase or decrease in June surface water area with increasing runoff. E = ephemeral, I = intermittent, SP = semi-permanent, P =
permanent. (b) Mean runoff effect for each hydrologic type. Bars represent the standard error. Slope is interpreted as the change in June surface water area (measured 
as standard deviations) with a 1-cm increase in runoff. (c) Sensitivity of scaled June wetland surface water area across water year runoff for all significant (p < 0.1) 
linear models. Wetland surface water area estimates were made across the range of observed runoff values for each wetland. Lines are colored by hydrologic type. The 
dashed line at zero represents the mean area for each wetland. (d) Sensitivity of scaled June wetland surface water area across water year runoff for all non- 
significant (p > 0.1) linear models. 

Fig. 9. Runoff pivot points for Northern Range NWI-mapped wetlands (n = 426). (a) Frequency distribution of calculated pivot points, with runoff in cm. The blue 
dashed line represents the 95th percentile (62.8 cm water year runoff). (b) Mean pivot point by wetland type, with standard errors (bars). 
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program’s sample frame had an average elevation that was considerably 
lower (approx. 100 to 200 m) than these same types in our monitoring 
catchments within YNP. In addition, the NWI-mapped wetlands across 
the NR were disproportionately classified as intermittent using the SMA 
approach; however, ephemeral and intermittent wetland types are 
nearly equally represented in our sample frame. 

Consistent with the work of others (see McCaffery et al., 2014 as an 
example), our ground-based monitoring showed that amphibian 
breeding at wetlands span the continuum of hydrologic types (from 
ephemeral to permanent). While some species experience higher rates of 
survival and production in wetlands of a particular hydrologic regime 
(see Karraker and Gibbs 2009; Richter et al., 2003; Semlitsch, 1987; Zero 
and Murphy, 2016), amphibian use of a range of wetland hydrologic 
types is thought to stabilize recruitment in populations that experience 
regular, meteorologically driven fluctuations in hydrologic conditions 
(McCaffery et al., 2014; Whiteman and Wissinger, 2005). 

Using SMA modeled wetland surface water areas, most NR wetlands 
(ground-based long-term monitoring sites [75%] and NWI-mapped 
[62%]) exhibited declines in area between 1984 and 2018. Declines at 
long-term monitoring sites were steeper for ephemeral and intermittent 
hydrologic types when compared to those detected across the NR. While 
declining trends predominated in both sets of wetlands evaluated, work 
by Schook and Cooper (2014), and further demonstrated here, docu
mented considerable variation in individual wetland area trends. Wet
lands that experienced expansion (Fig. A3 as an example) or showed no 
measurable changes in surface water area may be disproportionately 
maintained by groundwater (Bardecki, 1991) and recharged through 
slower moving subsurface flow paths (Schook and Cooper, 2014). In
formation on subsurface flow paths is invisible to satellites, but varia
tions in surface water area across the sample frame indicate that these 
subsurface hydrologic connections are not insignificant for maintaining 
the hydroperiods of isolated NR wetlands and that timescales of such 
connections are longer than for runoff generated surface flows that were 
evaluated here. 

Snowmelt runoff has been linked to changes to wetland surface water 
area in YNP (Ray et al., 2019) and there is good evidence that snowpacks 
across the NR have declined since the 1960s (Tercek et al., 2015). In 
addition, forecasts for YNP indicate that snowpack declines are expected 
to be widespread over the next century (Tercek et al., 2016). Here, we 
showed that snowmelt runoff was an important driver of June wetland 
surface water area for nearly half of the NR wetlands evaluated. Wet
lands supported by lower amounts of snowmelt runoff were most sen
sitive (i.e., had steeper slopes) to changes in runoff (Fig. 6c and Fig. 8c). 
While this effect was less obvious from our small sample size of long- 
term monitoring sites, the pattern of sensitivity becomes apparent 
using the larger sample size of NWI-mapped wetlands across the NR 
(Fig. 8c). The effect of runoff on wetlands described here is similarly 
variable across regions of YNP and neighboring GTNP, but runoff is 
associated with the probability of wetland drying across both park units 
(Ray et al., 2019). Amphibian breeding dynamics are also driven by 
variations in runoff. For example, Columbia spotted frog breeding 
persistence increases with increased runoff particularly in deeper wet
lands (Gould et. al., 2019; Ray et al., 2016). In the NR, elevated runoff is 
also strongly associated with recurrence of tiger salamander breeding at 
previously dry breeding sites (see 4007-3 as an example). 

4.1. Leveraging remote sensing datasets 

The application of remote sensing methodologies has transformed 
how scientists map and monitor large landscapes (Wright and Gallant, 
2007; Halabisky et al., 2016; Kissel et al., 2020; Pasquarella et al., 2016). 
The SMA approaches employed here expanded our work and inference 
severalfold from small clusters of wetlands contained within mapped 
catchments to the entire NR landscape. The expanded spatial coverage 
and application of SMA supported an evaluation of the representative
ness of long-term monitoring sites (size, elevation, sensitivity, and 

hydrologic type) to the greater population of wetlands in this region. 
Notably, ephemeral wetlands appear to be overrepresented in our 
sample frame relative to their proportional occurrence across the NR. 
This overrepresentation may exist because our ground-based surveys 
may enable a more comprehensive canvassing of monitored catchments, 
including forested regions that are known to obscure remote sensing- 
based monitoring approaches (Halabisky et al., 2016; Wright and 
Gallant, 2007). Ground-based surveys may also facilitate detection of 
small water bodies documented as habitat for amphibians but that are 
dramatically smaller than a Landsat pixel (Sall et al., 2021). In addition, 
our reliance on NWI-mapped palustrine wetlands and lakes for the 
application of SMA likely eliminated potential wetland habitat that was 
included in our initial ground-based canvassing of catchments that 
included additional NWI wetland types. Finally, higher elevation re
gions of our sample frame are dominated by coniferous forest. Forests 
cast shadows that have a similar spectral signature to water (Halabisky 
et al., 2016), complicating our understanding of wetland surface water 
area, their trends, and association with runoff. Regardless, this work 
generated insight that will facilitate discussions on how to better 
represent wetland types in our monitoring program available to am
phibians and representative of the frequency and distribution of wetland 
types across the NR. 

The seasonal observations available from Landsat imagery provided 
at least coarse estimates of the duration of time water was present in a 
wetland each year. This ability to define hydroperiods is key to under
standing the suitability of individual wetlands for amphibians and other 
wetland-dependent species (Karraker and Gibbs, 2009; McCaffery et al., 
2014; Ryan et al., 2014; Zero and Murphy, 2016). Amphibians in YNP 
vary in their developmental periods; Columbia spotted frogs and boreal 
chorus frogs require standing water for 2 to 4 months to reach meta
morphosis. While duration of flooding needed by individuals likely 
varies as a function of water temperatures and water availability 
(Székely et al., 2017), the larval period for both species requires multiple 
months of inundation. Tiger salamanders are unique in their use of 
alternative (paedomorphic) phenotypes to exploit habitats that vary in 
their hydrologic permanence. This phenotypic plasticity is dependent on 
more permanent water, as this species sometimes overwinters for one or 
more years in its larval form (Koch and Peterson, 1995). During a severe, 
multi-year drought of the early 2000s, NR wetlands with paedomorphic 
salamanders abruptly dried. Rapid drying stranded individuals present 
and confirmed that a relatively rapid transition of wetlands from a 
permanent or semi-permanent to a more ephemeral hydrologic state is 
possible (McMenamin et al., 2008). 

Here we used SMA to reconstruct the flooding and drying trends of 
individual wetlands through time. While other remote sensing tech
niques have been used to successfully characterize wetland surface 
water trends (Normalized Difference Water Index, Dynamic Surface 
Water Extent, and European Commission’s Joint Research Centre Global 
Surface Water products as examples), our case study demonstrates how 
time series data from satellite images can be leveraged for the purposes 
of monitoring of individual wetlands of high conservation value to 
monitoring all isolated, palustrine wetlands across a landscape. The 
selection of the optimal remote sensing method and satellite sensor 
depends on several factors, such as the spectral, temporal, and spatial 
resolution of the habitat of interest and the magnitude of changes within 
that habitat that is ecologically meaningful (Lechner et al., 2020). 

We selected SMA because it provides sub-pixel estimates of surface 
water area with high accuracy for our study area and habitat of interest. 
We found estimates of surface water area easier to understand and 
validate than more commonly used spectral indices, such as the 
Normalized Difference Water Index (NDWI). While SMA allowed us to 
reconstruct surface water area estimates of wetlands through time it has 
several limitations. SMA works best in areas with high contrast where 
the landcover features are spectrally unique. Dark features that are 
spectrally similar to water such as shadows from trees and dark substrate 
can overestimate SMA modeled estimates of water. Wetlands with 
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floating or submerged vegetation in standing water will underestimate 
surface water area. Shallow water, sediment, and turbid water are 
spectrally different from deep clear water, which was used for our SMA 
model, and therefore they too represent a potential source of error. 
Finally, another limitation of SMA is that it requires knowledge of the 
landscape and the selection of pure pixels that represent the landcover 
features of interest, which may not always be present within a landscape 
(Halabisky et al., 2016). 

The wetlands in our study area were generally small in size and 
required an approach that estimated surface water extent at the sub- 
pixel scale. For larger wetlands, existing dynamic surface water data
sets that classify pixels as water or not water may be suitable to detect 
changes in surface water through time (Jones, 2019; Mueller et al., 
2016; Pekel et al., 2016). For the United States, the United States 
Geological Survey operationally generates the Dynamic Surface Water 
Extent or ’DSWE’ as part of the Landsat Level 3 Collection, that includes 
additional classes, such as ‘potential wetland’, that may pick up partially 
inundated pixels better than other hard water classifiers (Jones, 2015; 
Jones, 2019). 

SMA supports seasonal and multi-year estimates of flooding duration 
in individual wetlands that are meaningful to understanding their suit
ability to different amphibian species and phenotypes, but our appli
cation of this approach lacks information on other attributes of ponds (e. 
g., depth and vegetative cover) that may be important for amphibian 
breeding. Both spotted frogs and tiger salamander breeding is related to 
maximum pond depth and chorus frog breeding is related to extent of 
vegetative cover (Gould et al., 2019; Ray et al., 2016). Other remote 
sensing tools (e.g., LiDAR) might therefore provide additional clues on 
the suitability of the habitat to amphibians that would be complemen
tary to the work described (Koma et al., 2021). Finally, the Landsat 
archive provides a long-term continual time-series of satellite imagery 
reaching back decades, but in the last ten years several new satellites 
have been launched and can be used to increase the frequency of ob
servations. Sentinel-2, launched in 2015, provides increased frequency 
and higher resolution images for monitoring wetland change (Kaplan 
and Avdan, 2017; Slagter et al., 2020). Synthetic Aperture Radar (SAR), 
which is less impacted by atmospheric conditions, as well as high- 
resolution commercial satellite imagery (e.g., Planet imagery), can 
also increase observation frequency (Endo et al., 2020; Kuhn et al., 
2020). There is active research in the development and application of 
methods similar to SMA that measure changes at sub-pixel scales that 
range from simple indices (e.g., NDWI) to complex machine learning 
methods (Devries et al., 2017; Huang et al., 2018). 

Remote sensing has strengthened our ability to inventory and 
monitor wetlands across large remote regions (Gallant, 2015). In YNP, 
remote sensing approaches described here (see Appendix) and else
where (Wright and Gallant, 2007) offer quantifiable advantages to in
ventorying wetlands over increasingly dated wetland inventories (i.e., 
NWI). Still, management-relevant wetland monitoring capabilities in 
YNP will require the integration of remote sensing technologies and 
ground-based field assessments. The former offers advantages in our 
ability to detect and characterize changes in wetland extent across large 
landscapes, and the latter provides essential evidence on changes in 
wetland condition and use by wetland-dependent species. For this 
reason, Wright and Gallant (2007) recommended the establishment of 
permanent wetland plots in YNP that could be used to calibrate and 
field-verify remote sensing summaries of wetlands. Today, annual field 
visits have revealed details and manifestations of wetland conditions 
that are simply unavailable from remotely sensed data. As interest in the 
ecological services of wetlands grows (Cohen et al., 2016), so too will 
the approaches to leverage and fuse datasets that enrich monitoring of 
wetlands and wetland-dependent species. Here, we offer a framework 
for documenting the hydrobiological dynamics of individual wetlands 
that also shines a light on the idiosyncratic responses of wetlands across 
large landscapes. Further, information generated here will be critical to 
developing and implementing conservation plans that promote wetland 

resilience and advance amphibian conservation at scales ranging from 
ponds to landscapes. 

5. Conclusions 

Wetlands are uniquely responsive to variations in climate drivers, 
and there is a long list of species dependent on them for some portion of 
their life cycle. Given their prominent role in supporting biodiversity, 
documented variations in the wetland surface water area have caught 
the attention of land managers and the public (Cohen et al., 2016). 
Across the western U.S., studies have documented climate-induced de
clines in wetland surface water area and described the peculiarities of 
wetland responses across the landscape (Halabisky et al., 2016; Kissel 
et al., 2020; Schook and Cooper, 2014). Here, we demonstrate how the 
integration of multidisciplinary approaches allowed an ongoing ground- 
based monitoring program to make the leap from clusters of ponds to 
landscapes. This case study also highlights how integration of physical, 
biological (amphibian), and meteorological datasets can strengthen our 
understanding of the drivers and implications of change. Documenting 
past changes to wetland hydroperiods and understanding the drivers 
and manifestations of change will help inform the public about ongoing 
change and managers who are developing climate adaptation strategies. 
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