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geographically isolated wetlands (i.e., lacking a consistent 
surface water connection; Tiner 2003) that occur within 
many low-relief landscapes such as the southeastern Coastal 
Plain and Prairie Pothole regions of the United States (Lane 
and D’Amico 2016). Such systems provide critical habitat 
for a variety of wildlife species (Jenkins et al. 2001; Gibbons 
et al. 2006; Skagen et al. 2008) and contribute to landscape-
scale hydrologic processes, nutrient cycling, and connectiv-
ity (McLaughlin et al. 2014; Uden et al. 2014; Capps et al. 
2015; Cohen et al. 2016; Smith et al. 2018).

Seasonally and ephemerally flooded wetlands are highly 
productive systems that support diverse species assemblages 
during periods of temporary flooding (Wilbur 1980; Dodd 
and Cade 1998; Tarr et al. 2005; Gibbons et al. 2006; Mar-
tin and Kirkman 2009; Lukács et al. 2013). This includes 
fully aquatic (e.g., larval amphibians and aquatic inverte-
brates), semi-aquatic, and terrestrial species or life stages 
that can forage in and around shallow wetlands as well as 

Introduction

Globally, widespread loss and degradation of wetland eco-
systems have occurred through a variety of anthropogenic 
mechanisms, reducing wetland area and eroding the func-
tionality of remaining wetlands (Davidson 2014; Allen et al. 
2020). This is especially true for ephemerally flooded, often 
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Abstract
Integrated assessments of wetland hydrologic regimes and other environmental factors are key to understanding the ecol-
ogy of species breeding in ephemerally flooded wetlands, and reproductive success is often directly linked to suitable 
flooding regimes, both temporally and spatially. We used high-resolution Light Detection and Ranging (LiDAR) data to 
develop bathymetric stage–flooded area relationships, predict spatial extent of flooding, and assess vegetation structure in 
30 pine flatwoods wetlands. For a subset of wetlands with monitoring wells, we then integrated bathymetric and water 
level data to create multi-year time series of daily flooded areas. We then related the observed flooded areas to topographic 
and landscape metrics to develop models predicting flooded extents in wetlands without monitoring wells. We found that 
stage–area curves varied depending on wetland size and bathymetry, such that a one-cm increase in water depth could 
generate flooded area increases ranging from hundreds to thousands of square meters. Flooded areas frequently fragmented 
into discrete flooded patches as wetlands dried, and there was a weak positive correlation between hydroperiod and mean 
flooded area across multiple years (r = 0.32). To evaluate the utility of using LiDAR-derived data to support the conser-
vation of wetland-breeding species, we combined metrics of flooding and vegetation to map potentially suitable habitat 
for the imperiled reticulated flatwoods salamander (Ambystoma bishopi). Overall, projects focusing on the ecology of 
wetland-breeding species could gain a broader understanding of habitat effects from coupled assessments of bathymetry, 
water level dynamics, and other wetland characteristics.
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diverse wetland plant communities (Kantrud and Stewart 
1977; Kirkman et al. 2000; Russell et al. 2002; Eskew et 
al. 2009; Daniel et al. 2021). For aquatic species, exploiting 
these productive environments presents a tradeoff of lim-
ited predation pressure versus the risk of water dry-down 
before reaching a size or development stage suitable for 
metamorphosis to a terrestrial adult or a desiccation-resis-
tant stage (Williams 1985; Semlitsch 1987; Wellborn et al. 
1996; Skelly 1997). Importantly, the environmental condi-
tions experienced by aquatic larvae are intrinsically linked 
to adult life after metamorphosis, and carry-over effects can 
impact multiple aspects of adult ecology (James & Sem-
litsch 2011; Yagi and Green 2018). Effectively quantify-
ing the environmental conditions experienced by aquatic 
larvae in temporary environments and connecting them to 
the ecology of the adult population may provide a better 
understanding of fundamental ecological processes (Earl 
and Semlitsch 2013; Brooks et al. 2020).

For amphibians with long larval development times, the 
hydrology of ephemerally flooded breeding habitats and 
its interaction with other environmental characteristics, 
particularly vegetation structure, are key factors determin-
ing reproductive success (Semlitsch 2000). Hydroperiod 
(the duration of inundation) defines the ultimate bounds of 
the larval period and has thus been most frequently used 
to characterize the hydrologic conditions within a wet-
land during amphibian breeding seasons (e.g., Pechmann 
et al. 1989; Snodgrass et al. 2000) or used in manipulative 
experiments examining larval amphibian ecology (e.g., 
Wilbur 1987; Amburgey et al. 2016). Longer hydroperiods 
can increase overall amphibian productivity (Wilbur 1987; 
Semlitsch et al. 1996) and size at metamorphosis (Brooks 
et al. 2020). However, as a metric, hydroperiod represents 
a limited characterization, both temporally and spatially, 
of the hydrologic conditions within a wetland, especially 
when considered as a binary distinction between wet vs. dry 
(Bischof et al. 2013). Spatiotemporal variability in habitat 
quality within a wetland is ultimately controlled by multiple 
aspects of the hydrologic regime, including hydroperiod, the 
timing and rate of filling and drying events (Church 2008; 
Chandler et al. 2017), the spatial configuration of flooded 
areas (McLean et al. 2021), and how these factors relate to 
other environmental characteristics. To date, few studies 
have attempted to integrate a complete characterization of 
within wetland spatiotemporal variation in flooding regimes 
with amphibian conservation (but see Brice et al. 2022).

Bathymetry (basin shape and microtopography) deter-
mines the spatial configuration and depth of inundation 
within a wetland, ultimately controlling what areas are 
inundated in wetlands with a heterogeneous distribution 
of habitat types (Haag et al. 2005). With rising water lev-
els, multiple small, flooded pools may combine into larger 

wetted areas, significantly altering the amount of flooded 
habitat available to aquatic species (Wu & Lane 2016, 
2017). Furthermore, spatial variation in flooded area could 
coincide with spatial heterogeneity in vegetation character-
istics or directly influence wetland vegetation, impacting the 
quality of habitat in the aquatic environment (Malhotra et al. 
2016; McLean et al. 2021). On-the-ground measurements of 
wetland bathymetry and thus flooded area assessments are 
resource intensive, which limits their application in many 
wetland systems. Yet, high-resolution topographic data are 
increasingly available via Light Detection and Ranging 
(LiDAR) and can be used to create stage–area relationships 
that describe flooded area based on water depth (Jones et 
al. 2018a). For wetlands where water level data are readily 
available, these relationships become a useful tool to better 
understand the spatiotemporal variability of flooded areas 
and thus to inform conservation efforts in monitored sys-
tems. Another advantage of LiDAR is that it can be used to 
map vegetation within wetlands (Luo et al. 2014), allowing 
researchers to assess multiple components of wetland habi-
tat using a single data source.

Water level monitoring is a resource-intensive effort 
and informing larger scale conservation efforts requires 
predictions of flooding dynamics across the distribution of 
wetlands within a landscape. High-resolution topography 
data provide one important element of wetland hydrology 
(bathymetry) but may also inform flooded depth and area 
predictions (Haag et al. 2005; Jones et al. 2018a). Ephemer-
ally flooded wetland hydrology is characterized by strong 
responses to regional climate forcing (i.e., precipitation and 
evapotranspiration; Riekerk and Korhnak 2000; Brooks 
2004; Park et al. 2014). However, groundwater fluxes 
(inflows or outflows) can also be dominant and variable 
across systems (Winter and LaBaugh 2003) via landscape 
and topographic characteristics (Winter 1988; Cianciolo et 
al. 2021). As such, relationships between observed water 
level regimes and landscape and topographic metrics may 
offer an additional use of available LiDAR data to predict 
inundation characteristics in other similarly situated wet-
lands, informing landscape-scale assessments.

We used high-resolution LiDAR data to measure wet-
land bathymetry, vegetation structure, and surrounding 
landscape characteristics of ephemerally flooded wetlands 
embedded within pine flatwoods of the southeastern United 
States Coastal Plain. We demonstrate the utility of these 
techniques for broadly understanding spatiotemporal vari-
ability in water levels within ephemerally flooded wetlands 
and for specific conservation applications, using habitat 
delineations for the imperiled reticulated flatwoods sala-
mander (Ambystoma bishopi), a pine flatwoods endemic, as 
a case study. Pine flatwoods are low-relief ecosystems that 
are well-suited for this type of study because of numerous 
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shallow, ephemerally flooded wetlands embedded within 
surrounding upland forests.

Methods

Study System

We studied 30 wetlands embedded within the East Bay 
Flatwoods, one of the best remaining examples of the pine 
flatwoods ecosystem, located on Eglin Air Force Base 
in Okaloosa and Santa Rosa counties, Florida. The study 
area is characterized by poorly drained, sandy soils with 

high water tables, creating numerous ephemerally flooded 
wetlands across the landscape. The East Bay Flatwoods 
receives approximately 165 cm of precipitation each year, 
on average, with approximately 50% of precipitation fall-
ing from November–May (Haas, unpublished data). Study 
wetlands ranged in size from 833 to 96,595 m2 (median 
size = 16,958 m2; Table 1). Wetlands in this ecosystem are 
most likely to be inundated from the late fall through early 
spring when evapotranspiration rates are low and then typi-
cally dry during the summer months, despite an increase in 
precipitation (Chandler et al. 2016). Wetlands typically con-
tain a pine overstory of longleaf (Pinus palustris) and slash 
pine (P. elliottii) and an understory of thick herbaceous 

Table 1  Hydrologic and habitat-quality metrics for 30 pine flatwoods wetlands on Eglin Air Force Base, Florida, as calculated from LiDAR-
derived bathymetry and supplemented by water-level data from monitoring wells in a subset of 14 wetlands
ID Mean 

Eleva-
tion 
(m)

Total 
Area 
(m2)

Depth 
at Well 
(cm)

Estimated 
Flooded Area 
(m2)

Mean 
Hydrope-
riod (days)

Median 
Flooded 
Area (m2)

Percent 
Flooded 
Area

High Qual-
ity Vegeta-
tion (m2)

Potential 
Habitat 
(m2)

Monitoring Well
1 8.6 1,905 19.6 793 97 327 0.17 1,231 681
14 9.5 6,770 13.8 2,323 207 4,996 0.74 4,242 3,663
2 8.7 10,638 14.5 1,795 175 8,661 0.81 6,338 4,847
36 8.9 13,757 7.6 2,988 149 10,086 0.73 6,984 5,169
33 9.1 14,702 11.4 4,689 105 9,733 0.66 9,017 6,833
31 7.9 15,593 18.7 3,433 213 3,470 0.22 6,560 1,772
202 8.8 16,787 13.2 4,052 183 6,796 0.40 5,498 2,173
16 9.6 17,128 12.7 4,196 118 12,562 0.73 6,956 3,709
12 10.4 17,210 0.0 0.0 140 10,327 0.60 7,330 3,881
21 8.9 23,821 0.0 0.0 90 1,117 0.05 8,378 1,001
15 8.3 35,528 13.6 2,416 204 2,472 0.07 6,847 803
112 6.9 40,966 32.4 6,520 220 5,511 0.13 4,715 2,950
30 8.5 53,346 12.2 3,453 205 13,942 0.26 25,212 7,028
18 10.1 96,595 19.7 8,300 239 61,932 0.64 20,100 2,405
No Monitoring Well
207 10.7 833 - 252 - 664 0.80 586 463
17 8.7 901 - 127 - 417 0.46 174 73
37 9.0 2,201 - 19 - 1,101 0.50 1,469 848
206 9.0 2,630 - 472 - 1,330 0.51 654 262
39 8.4 4,064 - 1,610 - 1,633 0.40 2,290 712
200 9.3 5,236 - 64 - 2,794 0.53 912 570
209 9.0 12,779 - 791 - 5,663 0.44 3,985 1,015
230 9.3 15,783 - 149 - 7,342 0.47 9,122 4,129
113 7.1 18,888 - 1,258 - 1,692 0.09 2,792 79
210 9.2 21,635 - 494 - 8,979 0.42 1,558 414
119 8.8 22,664 - 1,520 - 7,677 0.34 5,480 1,013
232 8.2 24,020 - 6,775 - 5,504 0.23 19,017 -
205 9.4 33,895 - 50 - 11,854 0.35 9,860 1,439
208 9.1 40,068 - 117 - 10,358 0.26 12,746 2,267
204 9.4 50,137 - 2,978 - 12,489 0.26 15,695 3,356
231 8.2 50,895 - 436 - 2,345 0.05 1,835 53
Wetlands are ordered by increasing size (total floodable area). Well data and estimated flooded areas are for the LiDAR date. Mean hydrope-
riod, median flooded area, and median percent flooded are calculated across four flatwoods salamander breeding-seasons (November–May, 
2015–2019). Potential salamander habitat is the intersection of median flooded area and the extent of high-quality vegetation (defined as < 1 m 
in height). FS indicates presence or absence (1, 0) of flatwoods salamanders in at least one breeding season from 2010–2020
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We used the processed DEM to calculate stage–area 
relationships based on wetland bathymetries using the gen-
eral methodologies of Jones et al. (20152018a; Fig. 1A,B). 
Beginning at the minimum elevation in each wetland, we 
incrementally filled each wetland basin by 0.01 m. For each 
0.01 m increase in water level, we calculated the flooded 
area (in m2) based on the number of pixels that would be 
inundated at that water level. These calculations created 
stage–area curves for each wetland beginning at the lowest 
elevation and increasing to a water depth that completely 
flooded the delineated basin (e.g., Fig. 1B).

Empirical Estimation of Flooding

Fourteen of the 30 study wetlands had water level monitor-
ing wells installed at the time of the LiDAR date. To con-
struct wells, we used 3.8 cm diameter, screened PVC pipe 
and placed wells 1 m below ground surface. We installed 
monitoring wells at the approximate deepest point of the 
wetland (installation dates ranged from 17 August 2012 to 
17 November 2017) and outfitted each well with a HOBO® 
U20 pressure transducer (Onset Computer Corporation, 
Bourne, MA). We converted 15-minute pressure measure-
ments to water levels (relative to ground surface), correcting 
for barometric pressure variation using a U20 logger placed 
in the well head space. We calculated daily water levels as 
the mean water level from 11:00 pm to 1:00 am and used 
these values for all analyses.

We used these hydrologic data to refine the stage–area 
curves for the 14 wetlands, based on whether or not wetlands 
were partially inundated on the LiDAR date. Topographic 
LiDAR sensors do not penetrate water and cannot be used 
to measure wetland bathymetry in flooded areas (Quadros 
et al. 2008). We determined that 12 of the 14 wetlands were 
partially flooded on the LiDAR date. For the two dry wet-
lands, we made no changes to the bathymetric stage–area 
curves. For the 12 partially-flooded wetlands, we accounted 
for uncertainty in bathymetries by defining all elevations 
within 0.1 m of the minimum within-wetland DEM eleva-
tion (twice the vertical accuracy of the LiDAR data to cap-
ture error in both directions) as the probable flooded area at 
the time of data collection. We then shifted the stage–area 
curves so that 0.1  m above the lowest elevation (i.e., the 
extent of the hypothesized flooded area) now represented 
the water depth recorded on the LiDAR date. All values 
above this elevation were interpreted as correctly defined by 
sequentially inundating the dry areas of the wetland basin 
using the DEM. To estimate the underwater portion of the 
stage–area curve, we modified previously published equa-
tions that relate wetland stage to flooded area (Hayashi & 
van der Kamp 2000; Minke et al. 2010). This relationship is 
a power function given by the equation:

vegetation (commonly dominated by Pineland Threeawn, 
also known as wiregrass, Aristida stricta; Chandler, 2015), 
but some wetlands have developed a woody midstory in the 
absence of regular wildfires. Legacy effects of fire exclusion 
combined with current logistical challenges of prescribed 
fire application and ongoing mechanical and herbicide treat-
ments have created a variety of wetland vegetation charac-
teristics within the study area (Varner et al. 2005; Gorman 
et al. 2013; Figure S1).

Pine flatwoods wetlands provide critical breeding habitat 
for imperiled flatwoods salamanders (Figure S2; O’Donnell 
et al. 2017). Adult salamanders migrate to breeding wetlands 
seasonally where they deposit eggs in dry wetland basins 
(Anderson and Williamson 1976). The presence of herba-
ceous vegetation in and around breeding wetlands plays a 
critical role at multiple stages of the flatwoods salamander 
life cycle, including as egg deposition sites (Gorman et al. 
2014), habitat for larval salamanders and their prey (Sekerak 
et al. 1996; Gorman et al. 2009; Chandler et al. 2015), and 
potentially as foraging sites or refugia for juvenile and adult 
salamanders (Jones et al. 2012). In addition to needing suit-
able vegetation, successful recruitment depends on suit-
able hydrology that inundates terrestrial eggs, supports an 
11–18-week larval period, and has a recession rate condu-
cive to metamorphosis (Palis 1995; Chandler et al. 2017). 
Thus, high-quality breeding habitat for flatwoods salaman-
ders depends on the intersection of appropriate vegetation 
and flooding regimes that allows salamanders to complete 
their development period.

LiDAR Estimation of Bathymetry and Flooding 
Extent

We used LiDAR data provided by Jackson Guard (Eglin’s 
Natural Resources Division) for the approximately 810-
ha flatwoods area that included the 30 study wetlands. 
The data were collected on 17 April 2018 (hereafter, the 
“LiDAR date”) with a Leica ALS80 airborne LiDAR sen-
sor and were determined to have a root mean square error 
of 0.049 m (vertical accuracy) using ground control points. 
Data provided were pre-processed into a Digital Elevation 
Model (DEM, representing the ground surface) and Digi-
tal Surface Model (DSM, representing the tallest surface of 
vegetation or open water), both of which had a pixel resolu-
tion of 0.501 × 0.501 m. Prior to analyses, we filled all sin-
gle cell pits in the raster layers using the Whitebox Package 
(Wu 2020) and smoothed the DEM and DSM by calculat-
ing mean cell values within a 3 × 3 moving window (Jones 
et al. 2018a). We defined wetland basin areas using field-
delineated boundaries that were indicated by a combination 
of high-water levels and wetland (hydrophytic) vegetation.
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estimation and a dataset that included the origin and the first 
four stage–area values calculated from the LiDAR data, 
because these values maintained a relatively constant slope 
that was most closely related to the portion of the stage–area 
curve being estimated. Thus, the final stage–area curve for 
the 12 partially-flooded wetlands had an estimated under-
water (“flooded”) portion derived from Eq. 1 and an above 

A = s ∗
(

z

h0

)p

� (1)

where A is the predicted flooded area, s is the flooded area 
on the LiDAR date, z is the wetland stage (i.e., water depth), 
h0 is the wetland stage on the LiDAR date, and p is a con-
stant that defines the shape of the stage–area curve. We 
estimated p for each wetland using nonlinear least squares 

Fig. 1  Example of estimating hydrologic regime in a pine flatwoods 
wetland (Pond 2). A Wetland bathymetry calculated using LiDAR 
data. B Stage-area curve derived from bathymetry using measured 
(dry-pixel elevations) and estimated (flooded pixels) data points on the 

LiDAR date. The vertical dashed line represents the maximum water 
level recorded in a monitoring well. C Daily flooded area for well data 
over a 4-yr period, as estimated from the stage-area curve. Shaded 
areas represent the flatwoods salamander breeding season
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5 cm. Thus, this metric of flooding is relative to wetlands 
being partially flooded.

Landscape and Topographic Metrics

To examine the effect of landscape and topographic factors 
on flooded area in wetlands, we used the DEM to calcu-
late 10 landscape metrics following Cianciolo et al. (2021) 
(Table S1). These described various aspects of terrain and 
landscape position and were calculated using tools in the 
Whitebox package (Wu 2020). For all metrics, we smoothed 
the resulting raster layer by calculating the mean value in a 
5 × 5 moving window surrounding each pixel. Mean values 
were then calculated for each delineated wetland basin. We 
also included the metrics of total wetland area, mean within-
wetland elevation, and mean elevation difference between 
within-wetland pixels and adjacent upland pixels occurring 
within a 50-m buffer. This resulted in 13 metrics for wetland 
size, topography, and landscape position (Table S1).

Prior to analyses, we centered and scaled all metrics by 
subtracting the mean and dividing by the standard deviation. 
We dropped five metrics from the analysis (see Table S1) 
because they were correlated with other metrics (|r| ≥ 0.65; 
Table S2). We fit linear regression models using the remain-
ing eight metrics to predict the median flooded area across 
four flatwoods salamander breeding seasons (2015–2019) in 
the 14 wetlands with well data. We also calculated a single 
median flooded area for each wetland during the breeding 
season (November–May) using all periods with at least some 
water in the wetland. We standardized flooded area metrics 
to percent flooded area to account for the large difference in 
wetland size. We fit all subsets regression using the Leaps 
package in R (Lumley & Miller 2020) and restricted the 
analysis to include a maximum of two landscape metrics per 
model to reduce the possibility of overfitting the model. We 
did not include any interaction effects in these models. We 
selected the best model using a combination of the Bayesian 
Information Criteria (BIC) and adjusted R2 and used that 
model to estimate the median flooded area in the 16 wet-
lands without monitoring well data.

Vegetation Metrics

To estimate vegetation height, we subtracted the DEM from 
the DSM layer. We then delineated the vegetated areas in 
each wetland that appeared suitable for flatwoods salaman-
der eggs and larvae. Suitable areas were defined as all pix-
els with a vegetation height of less than 1.0 m; such areas 
are indicative of herbaceous vegetation and not shrubs or 
trees. We made no correction to the vegetation metric for 
predicted flooded areas in wetlands because depths mea-
sured on the LiDAR date were generally not deep enough 

water portion estimated from the bathymetry of dry areas 
within the wetland basin (Fig. 1B).

In the 16 wetlands with no monitoring well, we assumed 
that all wetlands were partially flooded on the LiDAR date. 
We again defined all elevation values within 0.1 m of the 
minimum DEM elevation as the probable flooded area. 
For these wetlands, we removed portions of the stage–area 
curves below 0.1 m because no further correction could be 
made.

Modeling Spatial and Temporal Dynamics

To model potential flooding dynamics, we used the bathym-
etry data for all wetlands (n = 30) to examine the spatial 
distribution of flooded patches as wetlands filled. We cal-
culated the number of discrete (i.e., not connected) flooded 
patches in each wetland in 0.05 m increments for elevations 
ranging from 0.1 to 0.5 m above the lowest elevation (i.e., 
excluding portions of wetlands predicted to be flooded). We 
also calculated the area of the largest patch relative to the 
total flooded area of all patches. For these calculations, we 
only considered flooded patches that were at least 1 m2.

To specifically model flooding dynamics during the flat-
woods salamander breeding season, we used the derived 
stage–area curves and the well data for the 14 monitored 
wetlands to estimate daily flooded areas for each day with 
a water level measurement (Fig. 1C). We examined the cor-
relation between percent mean flooded area (per season) 
and hydroperiod across four flatwoods salamander breed-
ing seasons (November–May, 2015–2019) that had the most 
complete well data for the 14 wetlands. These four breeding 
seasons also had characteristics (i.e., suitable hydrology) 
that were favorable for successful flatwoods salamander 
reproduction in at least some wetlands (Haas, unpublished 
data). We calculated hydroperiod as the longest period in 
days of continual surface water that at least partially over-
lapped the breeding season. Mean flooded area across breed-
ing seasons was calculated by including only days with at 
least some water in the wetland and was standardized to per-
cent flooded area for each basin.

To examine the spatial extent of flooding in these 14 
wetlands, we calculated the percentage of days that each 
pixel would have been inundated when there was some 
water in the wetland during the 2015–2019 breeding sea-
sons. For this analysis, we had no way to spatially differ-
entiate water depths within areas predicted to be flooded 
during the LiDAR data collection. Therefore, we assessed 
flooding variation based only on water depths greater than 
those recorded on the LiDAR date. We assigned all pixels 
predicted to be flooded during LiDAR collection a 100% 
chance of being flooded at these water depths. For the two 
dry wetlands, we only considered water depths greater than 
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and Google Earth (Google, Mountain View, CA, USA). We 
defined these habitats as areas larger than 1 m2 that were 
dominated by herbaceous vegetation known to provide egg-
laying habitat for flatwoods salamanders (Gorman et al. 
2014). All other analyses were performed in R version 4.1.1 
(R Core Team 2021).

Results

Hydrologic Patterns

Across the study area, elevation ranged from 0.96 to 
14.15 m above sea level (asl; mean = 7.55 m asl), and eleva-
tions within wetland basins ranged from 6.7 to 11.1 m asl 
(mean = 8.9 m asl). Wetlands were characterized by shallow 
basins, with little elevation gain from the lowest to highest 
points (mean elevation gradient: 1.1 m; range: 0.33–2.7 m). 
Higher elevations within wetland basins typically repre-
sented hummocks or raised areas along wetland edges that 
were unlikely to be inundated during normal conditions. In 
the 12 wetlands that were partially flooded on the LiDAR 
date, water depths ranged from 7.6 to 32.4 cm, translating 
to flooded areas of 6.5–42% of the mapped wetland basins 
(Table  1). In wetlands with no well data, the predicted 
flooded area on the LiDAR date ranged from 0.1 to 40% of 
the total wetland area (Table 1).

Stage–area curves were similar across all wetlands 
(Fig. 2), but the magnitude of changes in flooded area with 
increases in water depth depended on the size and shape 
of the wetland. With wetland areas ranging from 833 to 

to misrepresent shrubs as part of the herbaceous layer, and 
we had no way to spatially delineate water depths within the 
predicted flooded area.

Potential Flatwoods Salamander Habitat

We combined the results from hydrologic metrics, landscape 
topography, and vegetation metrics to predict the location of 
potentially suitable flatwoods salamander habitat. For sites 
with well data, we used known stage–area curves and water 
level data to map frequently flooded areas as described 
above. For sites without well data, we used the best-per-
forming landscape model to estimate median flooded area. 
Starting at the lowest elevation, we identified all pixels that 
would be flooded at the median flooded area, assuming wet-
lands flooded sequentially from low to high elevations. We 
were unable to predict spatial flooding patterns in one wet-
land that had an estimated median flooded area less than the 
area that we estimated was flooded on the LiDAR date.

We identified all wetland pixels that were characterized 
by either: (1) high-quality hydrologic conditions (flooded 
during 50% of water level measurements or pixels repre-
senting the predicted median flooded area from the best-
performing landscape model), (2) high-quality vegetation 
conditions (vegetation heights < 1.0  m), or (3) both con-
ditions. To evaluate the accuracy of these predictions, we 
identified the percent of overlap with on-the-ground delin-
eations of mixed herbaceous habitats believed to be suit-
able for flatwoods salamanders. Briefly, in 11 wetlands, we 
mapped mixed herbaceous habitats in 2016 using expert 
site knowledge and a combination of handheld GPS units 

Fig. 2  Stage-area curves for 30 pine-flatwoods wetlands. A Curves 
calculated for 14 wetlands with well data, where portions of the curve 
predicted to be underwater on the LiDAR date (value type ‘flooded’) 
are estimated using data for above-water pixels (value type ‘dry’) and 

known water depth on the LiDAR date. B Curves estimated for 16 wet-
lands without well data, represented by increasing water-level incre-
ment above the lowest elevation on the LiDAR data. Elevations below 
0.1 are omitted owing to the likely presence of water
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From 2015 to 2019, the number of daily flooded area 
values that were estimated using Eq.  1 (see Table S3 for 
model results) was highly variable across wetlands, ranging 
from 20.8 to 89.2% of all values (Table S4). On average, 
estimated flooded areas accounted for only approximately 
1.7–12.8% of the maximum flooded area within a wetland 
(Table S4), highlighting that these values represented the 
bottom of the stage–area curves (Fig.  2A). Flooded areas 
across all 14 instrumented wetlands tended to be highest 
during the flatwoods salamander breeding season (Novem-
ber–May; Fig. 4A) but were highly variable across years and 
wetlands (Fig. 4B). In addition to this temporal variability, 

96,595 m2 (Table 1), the stage–area relationships predicted 
that a 1-cm increase in depth could generate flooded area 
increases ranging from hundreds to thousands of m2. As 
water levels increased within wetlands, many disjointed 
flooded patches formed before coalescing into larger wetted 
areas (Fig. 3A). A single large, flooded area tended to domi-
nate the basin when wetlands reached approximately 50% 
of their maximum depth (Fig. 3B). Furthermore, the stage–
area curves indicated that some wetlands experienced water 
levels exceeding the inflection point on the curve (i.e., when 
the entire wetland area is flooded; see Fig. 1B), which sug-
gests conditions of overflow into the surrounding flatwoods.

Fig. 3  Spatial changes in flooding extent within 30 pine flatwoods wet-
lands as water levels increase. A Box plots for change in the median 
number of discrete flooded patches with an area greater than one m2. 
Points represent individual wetlands; twelve points with > 150 patches 

(max = 833) are not shown. B Changes in the proportion of total 
flooded area that is represented by the largest patch in each wetland, 
coded by wetland size (< 2 ha = blue, > 2 ha = orange)
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Influence of Landscape and Topographic Factors

Of the eight landscape and topographic metrics that we 
evaluated, total wetland area was the best single predictor 
of the median percent flooded area during the flatwoods 
salamander breeding season (N = 14, adjusted R2 = 0.25, 
F1,12 = 5.29, P = 0.04). Smaller wetlands tended to have a 
higher percentage of their basins flooded than larger wet-
lands (Tables 1 and 2). The best multiple linear regression 
model included both wetland area and the mean within-
wetland elevation (adjusted R2 = 0.49, F2,11 = 7.2, P = 0.01). 
Wetlands with basins at higher elevations tended to be more 
flooded than lower wetlands (Table 2).

Vegetation Structure

Across the study area, vegetation pixel heights in wetlands 
ranged from near 0 to over 20  m. Wetlands differed sub-
stantially in vegetation structure, with some wetlands being 
dominated by herbaceous vegetation, and others having 
large amounts of shrubs and trees (Figure S3A). Wetlands 
with vegetation characteristic of a fire-maintained system 
contained mostly herbaceous vegetation interspersed with 
canopy trees and small patches of woody shrubs (Figure 
S3B). Herbaceous vegetation was also frequently mapped 
near wetland edges.

there was also considerable variation in the proportion of 
each wetland that was typically flooded. When water was 
present in the wetland, some wetlands had flooded areas 
that were most commonly near their maximum flooded area 
for that breeding season, while others were typically only 
partially flooded (e.g., Site 36 in 2015–2016 vs. Site 15 in 
2016–2017; Fig. 4B). However, smaller wetlands (< 2 ha) 
tended to have a higher proportion of their basin flooded 
than larger wetlands (> 2  ha) (Table  1; Fig.  4B). Over 
four flatwoods salamander breeding seasons, hydroperiod 
was positively, but weakly, correlated to the mean percent 
flooded area (Pearson’s r = 0.32). A hydroperiod increase of 
9 days would, on average, coincide with an approximately 
10% increase in flooded area.

Table 2  Summary statistics for two linear regression models predicting 
percent median flooded area during the flatwoods salamander breeding 
season for 14 wetlands with monitoring well data

β SE t-value P-value
Single-factor Model
Intercept 0.35 0.066 5.3 0.0002
Wetland Area -0.13 0.057 -2.3 0.04
Two-factor Model
Intercept 0.35 0.054 6.5 < 0.0001
Wetland Area -0.14 0.047 -3.0 0.012
Elevation 0.13 0.051 2.6 0.026

Fig. 4  Density plots of the distribution of flooded areas in 14 pine 
flatwoods wetlands from 2015–2019. A Flooded areas by month, 
pooled across wetlands, where the shaded area indicates the flatwoods 
salamander breeding season. B Flooded areas for individual wetlands 
(labeled by ID number, see Table  1) during the flatwoods salaman-

der breeding season over four annual periods. Wetlands are ordered 
by increasing size from top to bottom. Precipitation totals for each 
salamander breeding season were 138 cm, 97 cm, 72 cm, and 100 cm, 
respectively
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patches often contained potentially suitable habitat accord-
ing to the LiDAR-derived predictions (Fig. 5).

Discussion

Our study used water level observations and wetland 
bathymetry to characterize the spatiotemporal variation in 
flooding regimes within ephemerally flooded wetland sys-
tems. The effects of variation in flooding regimes within 
natural systems have been considered for some taxa (e.g., 
beavers; Hood and Larson 2015), and wildlife managers 
have long manipulated water depth and extent of flooded 
area to achieve certain goals for seeding and survival of 
wetland plants and to attract migratory shorebirds or win-
tering waterfowl (Rundle & Frederickson 1981; Colwell & 
Taft 2000; Collazo et al. 2002). However, these principles 
have rarely been applied in relation to either amphibian 
ecology or conservation. Instead, the amphibian literature 
has predominantly focused on hydroperiod when consider-
ing the effects of wetland hydrology (Pechmann et al. 1989; 
Snodgrass et al. 2000; Walls et al. 2013). This is likely 
driven by several factors, including the ease of measuring 

Potential Flatwoods Salamander Habitat

We used the LiDAR-derived hydrologic and vegetation 
metrics to delineate areas with potentially suitable flat-
woods salamander habitat in 29 wetlands (median flooded 
area observed for 14 wetlands and predicted for 15 wet-
lands) (Table  1). Across all sites, some wetlands tended 
to be hydrologically limited whereas other wetlands were 
limited by suitable vegetation (Figures S4A and 5). Larger 
wetlands tended to have a higher proportion of unsuitable 
habitat and lower proportion of high-quality habitat (Figure 
S4A). We tested the accuracy of habitat predictions by com-
paring the results to 19 field-delineated habitat patches in 
11 wetlands. There was broad but variable overlap between 
remotely sensed habitat predictions and field-delineated 
habitat patches in most wetlands (Figures S4B and 5). Five 
of 19 (26.3%) field-delineated patches were characterized 
by at least 50% of pixels having both high quality vegeta-
tion and hydrologic characteristics, while 15 of 19 (78.9%) 
patches had greater than 50% of their area covered by high-
quality vegetation, or high-quality hydrologic conditions, 
or both (Figure S4B). Areas outside of the field-delineated 

Fig. 5  Three examples of 
predicted habitat suitability for 
flatwoods salamanders, by habitat 
type (high-quality hydrology, 
high-quality vegetation, or both), 
as derived from LiDAR and 
monitoring well data. Black lines 
represent patch areas that were 
field-delineated as having high-
quality vegetation
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be logistically difficult to plan without an understanding of 
how much water is needed to improve breeding habitat.

At low water levels, the flooded area within most wet-
lands consisted of a collection of discontinuous patches, 
which may affect amphibian larval dispersal, growth, and 
survival. Fragmenting of a single flooded area into multiple 
patches could elevate larval densities, increasing compe-
tition (i.e., for food or space) and potentially causing lar-
vae to metamorphose at smaller body sizes (Wilbur 1997; 
Leips et al. 2000). Furthermore, experimental studies have 
suggested that habitat patch size can impact survival and 
growth rate of tadpoles but that these effects are not consis-
tent across species (Pearman 1993, 1995). Habitat patches 
may also vary in the amount of resources available, espe-
cially for habitat specialists like flatwoods salamanders that 
could be forced into patches of less favorable conditions as 
wetlands dry (i.e., deeper areas with dense shrub cover and 
less herbaceous vegetation; Chandler et al. 2017). The size 
of flooded patches can also impact predation pressure as 
invertebrate predators tend to colonize larger patches (Pear-
man 1995), but other predators may reach higher densities 
in drying wetlands (Herteux et al. 2020). In years where 
wetland water levels fluctuate from full pool to approxi-
mately 40% inundated, the effects of variable patch sizes 
could occur repeatedly over a single breeding season.

The considerable variation in flooding regimes among 
instrumented wetlands highlights the need for such infor-
mation across the full suite of wetlands in a particular land-
scape. To that end, we developed a model to predict flooded 
areas using landscape and topographic metrics. We found 
that larger wetlands had a lower percentage of their basins 
flooded at the median flooded area. These wetlands take 
much higher volumes of water to fill and may also experi-
ence disproportionate effects of increased evapotranspira-
tion because of fire suppression (Jones et al. 2018b). The 
two-factor model that we used to make predictions also 
contained a positive effect of mean wetland elevation on 
median percent flooded area. This effect is more challenging 
to interpret but may be attributable to differences in basin 
shape (i.e., cylindrical vs. conical wetlands), depth of the 
water table, wetland type (depressions vs. flats), or the pres-
ence of inundated pixels in the elevation calculation (i.e., 
higher than the true elevation). Furthermore, if LiDAR data 
had been collected when wetlands were dry, allowing for a 
complete description of the stage–area curve in all wetlands, 
then parameters describing a wetland’s shape could be incor-
porated into this type of analysis. Despite these limitations, 
our application used the best predictive model to make pre-
dictions about potentially suitable salamander habitat over 
a relatively small geographic extent. We caution against 
using the same model in other systems or locations with-
out prior evaluation but note that, in general, landscape and 

hydroperiod relative to other hydrologic metrics, the abil-
ity to manipulate hydroperiod in experimental systems, the 
ultimate constraints imposed on reproduction by hydrope-
riod, and the detailed spatial data needed to relate many 
metrics of amphibian breeding success to wetland bathym-
etry. We found a weak positive correlation between flooded 
area and hydroperiod across four flatwoods salamander 
breeding seasons, suggesting that flooded area is a comple-
mentary metric that describes portions of the hydrologic 
regime not captured by hydroperiod alone (e.g., water vol-
ume). Thus, despite the advantages of hydroperiod as a met-
ric (it has been useful in many studies including our own 
work; Pechmann et al. 1989; Semlitsch 2000; Snodgrass 
et al. 2000; Gibbons et al. 2006; Chandler et al. 2016), we 
argue that amphibian conservation and our understanding of 
amphibian ecology would benefit from including a broader 
interpretation of the spatiotemporal variability in wetland 
hydrologic characteristics and their overlap with other envi-
ronmental parameters.

We mapped wetland bathymetries using high-resolution 
LiDAR data, reducing the investment needed to measure 
bathymetry when compared to field surveys (Wilcox and 
Huertos 2005). Bathymetry data allowed us to generate 
stage–area relationships for a suite of wetlands, and we were 
then able to leverage existing monitoring well data from a 
subset of wetlands to measure temporal trends in flooding 
dynamics, expanding the hydrologic metrics that we could 
generate with the bathymetry data. Our results indicated that 
wetlands in our study area varied in flooding dynamics but 
that, when considering wetted area as a proportion of wet-
land size, smaller wetlands tended to flood more reliably 
than larger wetland basins. Such differences in wetlands 
of varying size could be used to guide management deci-
sions on landscapes with large numbers of wetlands. Across 
all wetlands, most were characterized by relatively large 
increases in flooded area as a response to small increases in 
water depths. This is perhaps not surprising given the mini-
mal topography within wetland basins, but it highlights how 
fluxes of even small amounts of water may have substan-
tial effects on flooded extents and thus aquatic organisms in 
these wetlands. For example, vegetation management that 
either increases (i.e., fire suppression) or decreases (e.g., 
prescribed fire) evapotranspiration rates may have dispro-
portionate effects on flooding extents (Jones et al. 2018b). 
Upland management through prescribed fire or vegetation 
management may also impact a variety of other hydrologic 
processes (e.g., infiltration and runoff rates; Renton et al. 
2015). It may also be feasible to artificially increase both 
hydroperiod and flooded area in years when conditions are 
borderline for amphibian reproduction by pumping water 
into wetlands (Seigel et al. 2006; Hamer et al. 2016; Math-
win et al. 2020), but this type of active management can 
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especially when detection probability is low (Brooks and Haas 
2021). These habitat assessments could also be used to iden-
tify areas of wetlands where active management (i.e., removal 
of woody vegetation) would be most effective by expanding 
existing areas of suitable habitat or focusing efforts on areas 
of a wetland most likely to be hydrologically suitable. Finally, 
understanding spatial variability both within and among wet-
lands could be used to guide ongoing translocation efforts.

Our study was partially limited by the quality of the data 
that were available. First, and most significantly, 12 of 14 wet-
land basins with known water levels were partially flooded on 
the day that the LiDAR data were collected, adding consid-
erable uncertainty to portions of our analyses. Thus, collect-
ing LiDAR data when wetlands are dry is critical for reducing 
uncertainty and increasing applicability of this approach. Sec-
ond, many of the landscape and topographic metrics used in 
our analysis were also affected by this uncertainty, making 
model results less transferable to other pine flatwoods sys-
tems and more difficult to interpret. Third, the data that were 
available did not cover the entire East Bay flatwoods and com-
pletely omitted other flatwoods areas with important flatwoods 
salamander habitat. Together, these issues highlight the need 
for effective collaboration between agencies and research-
ers working in the same landscapes, especially on properties 
where multiple agencies are working semi-independently (e.g., 
military bases; Schuett et al. 2001). Fourth, we were unable to 
assess direct links between flatwoods salamander populations 
and the habitat metrics delineated in this study. There is cur-
rently a lack of spatial data describing salamander populations 
at a within wetland scale, which is further complicated by the 
overall rarity of the species (i.e., many wetlands in the study are 
currently unoccupied).

The methodology and conceptual framework presented 
here provide ample opportunities for additional research, both 
for flatwoods salamanders and for other species. There are few 
studies that examine the effects of within-wetland spatiotem-
poral variability in flooding on amphibian ecology, fitness, 
or reproductive success. Larval positioning within a wetland 
may ultimately impact access to resources, competition, and 
exposure to predators, especially as wetted areas fragment into 
multiple patches. Linking either larval growth rates, survival, 
or size at metamorphosis to conditions experienced by larvae 
in different portions of a wetland based on flooding regime and 
access to different habitat types is an important next step. For 
flatwoods salamanders (and other species laying eggs in dry 
wetlands), egg positioning may also play an important role in 
determining reproductive success because hatching depends 
on both the water level when eggs are laid and subsequent 
increases in water level that will inundate eggs. These types of 
small-scale differences in habitat quality could have important 
effects on the success of ongoing translocation efforts. Finally, 
many ephemerally flooded wetlands that provide critical 

topographic metrics have been useful for predicting wetland 
occurrence and explaining variation in flooding dynamics in 
other regions (Riley et al. 2017; Cianciolo et al. 2021).

In addition to hydrologic metrics, we also used the 
LiDAR data to estimate vegetation heights for the entire 
study area. Because long-term fire suppression in pine flat-
woods wetlands causes a distinct change in the vegetation 
structure (Martin and Kirkman 2009), this simple metric 
provided a way to quantify vegetation characteristics within 
wetland basins that directly relate to habitat suitability for 
flatwoods salamanders. Similar methodologies have been 
used to quantify vegetation characteristics in other wet-
land systems (Luo et al. 2014), and LiDAR data has been 
broadly used in various assessments of habitat quality and 
classification (e.g., Graf et al. 2009; Martinuzzi et al. 2009). 
Additional collections of LiDAR data could be used to com-
pare changes in vegetation characteristics (or even wetland 
bathymetries as fire removes duff layers in overgrown wet-
lands) over time, providing an efficient way to quantify the 
temporal effects of continued habitat management.

We used assessments of hydrologic characteristics and 
vegetation structure to broadly delineate potentially suitable 
flatwoods salamander habitat across our study area. These pre-
dictions generally agreed with habitat delineations that were 
made using expert site knowledge, with some key exceptions. 
First, mapped habitat was often predicted to occur outside of 
the areas that we delineated based on existing site knowledge. 
This was likely caused by a combination of continued habitat 
improvements from 2016 (field delineations) to 2018 (LiDAR 
data collection), inability to separate bare ground from short 
herbaceous vegetation, and the fact that field delineations of 
habitat are often constrained by our ability to see and access 
these habitats in fire-suppressed wetlands with dense shrubby 
overgrowth. Second, there were multiple patches (both field- 
and LiDAR-delineated) of high-quality vegetation that have 
been inundated relatively infrequently over the last several 
years. These areas tended to be closer to wetland edges (Fig. 5), 
which have likely received better fire effects than deeper areas 
closer to wetland centers (Bishop & Haas 2005). Overall, it 
can be challenging to assess habitat quality for flatwoods sala-
manders across a wetland basin via on-the-ground observa-
tions, highlighting the need for information describing wetland 
bathymetry, associated flooding extents, and their relationship 
with suitable vegetation structure.

While the wetlands in our study area are well-surveyed for 
flatwoods salamander habitat, broad delineations of potentially 
suitable habitat across a large number of wetlands could be used 
to guide management and conservation actions in other parts of 
the range. In many large wetlands, it can be difficult to identify 
the best habitat patches without extensive surveys. Identifying 
potential portions of wetlands to survey before surveyors visit 
wetlands could increase survey efficiency (Guisan et al. 2006), 
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