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ABSTRACT

Wetlands are an ecologically important yet threatened plant community type in many natural areas. Inventory and monitoring are essential
components of protecting, managing, and restoring wetland resources. However, many challenges currently exist for resource managers looking to
perform a comprehensive inventory of wetlands throughout expansive, topographically complex, and/or remote natural areas. Here we present
ongoing work in Great Smoky Mountains National Park (GRSM) that is addressing these challenges using spatial modeling to inform on-the-ground
surveys. Wetland communities occur throughout GRSM at all elevations but tend to be relatively small and patchily distributed. While simple models
based on low (,10%) slope are informative to wetland surveys at low elevations (,1067 m), such models become ineffective in steep topography at
high elevations. To address this issue, we developed and implemented parkwide maximum entropy (Maxent) wetland habitat suitability models
incorporating 24 environmental variables. Using these models to guide wetland survey efforts for three years, we identified and mapped 93 new
wetland occurrences and more than doubled our previous high-elevation (�1067 m) wetland inventory in roughly half the time. Maxent modeling is
a relatively easy to use tool that can help resource managers plan, prioritize, and implement field inventories efficiently and effectively. We encourage
natural areas managers to adopt similar spatial modeling approaches to guide the detection of unique, patchily distributed plant community types
such as glades, barrens, balds, or rock outcrop communities.

Index terms: geospatial model; habitat model; inventory and monitoring; maximum entropy; wetland communities

INTRODUCTION

Great Smoky Mountains National Park (GRSM) contains a
diversity of wetland communities including open marshes,
forested wetlands, low- and high-elevation seeps, sinkholes, and
floodplain habitats (Wakeley 1994; Weakley and Schafale 1994;
White et al. 2003; NatureServe 2015; Figure 1). While wetlands
are distributed throughout the park, they occupy a relatively
small fraction of the landscape and are typically small in size.
Disproportionate to their size, however, they harbor high
amounts of biodiversity and provide important habitat for many
rare plant species, amphibians, macroinvertebrates, birds, and
mammals (Weakley and Schafale 1994; NatureServe 2015;
Rossell et al. 2016).

Since 2010, the GRSM Inventory and Monitoring (I&M)
Program has been mapping and collecting ecological data from
wetlands in the park and, as of 2015, had identified, mapped,
and inventoried over 450 unique wetland occurrences.
However, the expansive area and remote nature of much of the
park made it a challenge to efficiently travel to and locate
wetlands, and it became evident that high-elevation (�1067 m
or 3500 ft) areas were particularly underrepresented in the
inventory for a variety of reasons. First, unlike wetlands at
lower elevations of the park, high-elevation wetlands are not
typically confined to low-lying, flat areas. As such, a simple
spatial model isolating areas of low (,10%) slope used in low-
elevation wetland surveys was often uninformative at higher
elevations. Second, while wetlands at low elevations are often
associated with well-mapped water sources throughout the
park (i.e., second-order tributaries), accurate maps of water

sources supplying wetlands at high elevations (i.e., seeps and
spring heads) are generally unavailable. Third, much of the
park area over 1067 m is remote, difficult to access, steep, and
rugged, requiring a greater investment in effort and travel time
to survey these areas. Combined with the ecological importance
of high-elevation wetland communities, these challenges
motivated GRSM to seek a more cost-effective and accurate
means to prioritize wetland search areas at high elevations and
throughout the park.

Here, we developed and field-validated Maximum Entropy
(Maxent) models predicting wetland habitat suitability
throughout the park based on existing wetland occurrence
records and readily available geographic information system
(GIS)–based environmental data. Our main objective was to
develop an effective tool for detecting wetlands throughout the
park, particularly in previously problematic, high-elevation areas
with limited access and poorly mapped water sources. To
quantify whether factors determining wetland formation differ at
high- and low-elevation sites, we also examined the relative
importance of environmental variables to each model’s predic-
tions.

METHODS

Study Area
Great Smoky Mountains National Park (358350N, 848300W)

straddles the border between North Carolina and Tennessee
(Figure 2) and encompasses 210,812 ha (520,927 acres) of almost
entirely forested land in the Southern Appalachian Mountains.
The terrain is topographically complex, with elevations ranging
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from 267 m (850 ft) to 2025 m (6643 ft). The park contains
more than 4667 km (2900 mi) of streams and some of the
highest precipitation levels in North America. It is internation-
ally recognized for its biodiversity, with over 1600 flowering
plant species and 79 vegetation communities documented (Bates
et al. 2018).

Our study focuses on all areas of the park excluding two
adjoining road corridors (the Foothills Parkway and Gatlinburg
Spur), two small areas of recent land acquisition for which
environmental data were lacking, and the Fontana Lake surface
area, resulting in a 204,954 ha (506,452 acre) study area (Figure
2). Throughout the study area, wetland communities occur at all
elevations, are often isolated by surrounding upland communi-
ties, and are diverse in hydrology, soil development, and plant
species composition (Wakeley 1994; Weakley and Schafale 1994;
White et al. 2003; NatureServe 2015).

Maxent Model
Maximum entropy distribution modeling (here, implemented

through the free, open-source software Maxent; https://
biodiversityinformatics.amnh.org/open_source/maxent/) uses a
combination of presence-only occurrence data and environ-
mental geospatial data to predict relative habitat suitability
throughout a defined area (Phillips et al. 2006; Hunter et al.
2012). Maxent performs well using default settings (Phillips and
Dudı́k 2008), which enables resource managers to achieve high
model performance with minimal modeling expertise.

We developed Maxent (v. 3.3.3a) models using existing
wetland occurrence data and a set of 24 environmental layers.
Because wetlands may form under different hydrologic and/or
other physical conditions (e.g., slope) at high versus low
elevations (Weakley and Schafale 1994; Rossell et al. 2016), we
developed independent models for each elevation class (low

Figure 1.—Wetland community diversity at Great Smoky Mountains National Park: (A) sedge-dominated high-elevation seep in the Upper
Oconaluftee watershed; (B) rich montane seep on Rough Creek; (C) 2.8 ha (6.9 acre) emergent rush marsh in Cades Cove Valley; (D) Gum swamp
upland pool in Cades Cove Valley.
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elevation, 267–1066 m, comprising 112,581 ha; high elevation,
1067–2025 m, comprising 92,359 ha; Figure 3).

Occurrence Data
From 2010 to 2015, we surveyed for and collected wetland

occurrence data using a simple model isolating areas of low
(,10%) slope. We identified wetlands in the field based on the
presence of three essential wetland indicators: (1) hydrophytic
vegetation, (2) hydric soils, and (3) wetland hydrology
(Environmental Laboratory 1987), delineated wetlands using
high-accuracy Global Navigation Satellite System (GNSS) units
(Trimble, Sunnyvale, California, USA), and classified wetland
communities according to Cowardin et al. (1979) and the
National Vegetation Classification (White et al. 2003). From this
inventory, we included 298 low-elevation and 36 high-elevation
occurrences in the Maxent models. To achieve a larger sample
size for the high-elevation model, we included 85 additional
uninventoried high-elevation seep locations identified by outside
researchers (J. Fridley, pers. comm.; C. Rossell, pers. comm.).
Using default Maxent settings, a random selection of 90% of the

wetland occurrence data was used to train the models while the
remaining 10% was excluded for model evaluation.

Environmental Data
We obtained a set of 24 unique environmental layers (scaled

to 30 m spatial resolution) from GRSM’s GIS database to input
into the Maxent models (Table 1). These variables included (1)
elevation above sea level and 10 other variables derived from a
digital elevation model (DEM); (2) climatic data including solar
radiation, average annual rainfall, and mean annual temperature;
(3) vegetation community type; (4) leaf-on class (average forest
canopy closure); and (5) soils data including drainage class,
available water supply at a variety of depths, and hydric status
(see Table 1 for variable descriptions).

Ground-Truthing Model Predictions
From 2016 to 2018, we conducted field surveys to ground-

truth Maxent model predictions of wetland habitat. Maxent
output is presented as a raster grid of suitability index cells with
values ranging from 0 to 1, representing a spectrum from least to

Figure 2.—The study area at Great Smoky Mountains National Park. The excluded road corridors and recent land acquisitions are also depicted.
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most suitable wetland habitat. We considered areas with a
suitability index value of ,0.2 to be low-priority search areas
and excluded these from further searches. We considered the
remaining areas with values �0.2 to be moderately to highly
conducive to wetland formation and systematically prioritized
ground-truthing areas with (1) a high density of pixels with
values �0.2 and (2) accessibility via roads or trails. We avoided
revisiting previously surveyed locations by comparing potential
search areas to prior survey GPS track logs.

Model Evaluation and Variable Importance
We used Area Under the receiver operating Curve (AUC)

values to evaluate model performance. AUC quantifies a model’s
ability to distinguish habitat suitability for the excluded test data;
values range from 0 to 1, with 0.5 indicating no better
performance than random and 1 indicating perfect discrimina-
tion.

We examined the relative contribution (% permutation
importance) of each variable based on the drop in AUC value

when each variable is excluded in turn from the model. Some of
our predictor variables likely exhibit some degree of correlation,
which could confound the ability to fully discern unique
contributions; as such, these variable contributions should be
interpreted with caution.

RESULTS

Model Output
Our models identified approximately 4% of total GRSM land

area in high- and low-elevation zones as moderately to highly
suitable wetland habitat (i.e., suitability index value �0.2; Fig
4A). AUC values were 0.97 and 0.90 for the low- and high-
elevation models, respectively, indicating ‘‘outstanding’’ model
performance (Hosmer and Lemeshow 2000; Hunter et al. 2012).
At low elevations, the most conducive wetland habitat tended to
occur where the greatest densities of previously documented
wetlands also occurred. At high elevations, the model identified
several areas of conducive habitat that had no previous field

Figure 3.—Boundaries of the low- and high-elevation areas of Great Smoky Mountains National Park used in each of two Maxent wetland models.
The excluded road corridors and recent land acquisitions are also depicted.
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reconnaissance or wetland records. These areas include the
Appalachian Trail corridor near Double Spring Gap, Mount
Collins, and Mount Guyot (Figure 4B–D).

Model Accuracy
Ground-truthing efforts indicated the models generally

performed well in assigning moderate- to high-suitability values
to areas with topographic characteristics that should favor
wetland formation (concave or flat surfaces, areas of conver-
gence, and/or areas with low to moderate slope). From 2016 to
2018, we identified 359 new wetland occurrences (226 at low
elevation, 133 at high elevation). Of these, we were able to
comprehensively map and inventory 93 (37 at low, 56 at high
elevation; Figure 4). The newly inventoried high-elevation
wetlands more than doubled the previous high-elevation
wetland inventory (n¼ 36). The vast majority (n¼ 50) of the 56
newly inventoried high-elevation wetlands were located along
the previously unexplored Appalachian Trail corridor (Figure 4).

Variable Importance
The low-elevation model drew over two-thirds of its

information from three variables related to topography.
Topographic ruggedness contributed 46% of this information,
topographic position contributed 14%, and slope contributed
11% (remaining variables contributed ,10% each; Table 1). The
high-elevation model drew information from a more dispersed
set of topographic, climatic, and biological variables. Topo-
graphic position index, topographic ruggedness index, diurnal
anisotropic heating (a measure of sun exposure), slope, and
vegetation community class contributed 30%, 15%, 12%, 11%,
and 10%, respectively, of the information to this model
(remaining variables contributed ,10% each; Table 1).

DISCUSSION

Using in-house wetland occurrence and environmental data
to implement spatial habitat models, we identified over 350

Table 1.—Descriptions and permutation importance (permuted percentage of information contributed to the model) of 24 environmental variables used in models
to predict wetland habitat at low-elevation (Low, ,1067 m) and high-elevation (High, �1067 m) zones of Great Smoky Mountains National Park. Variables
contributing more than 5% to a given model are shown in bold. Full data abstracts are available through the National Park Service Integrated Resource Management
Applications (IRMA) DataStore (https://irma.nps.gov/DataStore/).

Variable Data format Description Low High

Aspect (Beers) Continuous Compass direction towards which a topographic slope faces 0.3 3

Available water supply (0–25 cm) Categorical Total volume of water available to plants (to a depth of 25 cm) when the soil,

including rock fragments, is at field capacity

0 0

Available water supply (0–50 cm) Categorical As above, measured to a depth of 50 cm 0 0.3

Available water supply (0–100 cm) Categorical As above, measured to a depth of 100 cm 0 0

Available water supply (0–150 cm) Categorical As above, measured to a depth of 150 cm 0 0

Average yearly rainfall Continuous Summed rainfall accumulation per year based on 30-year period of 1971–2000 0 4.5

Curvature Continuous Combined plan and profile curvature (see descriptions below); useful for

understanding full extent of flow across a surface

0.4 2.1

Diurnal anisotropic heating index Continuous Daily heat balance as influenced by topography; a measure of solar exposure 7.7 11.9

Elevation Continuous Digital elevation model of height above sea level 6.1 3.1

Hydric soil status Categorical Hydric soils are formed under conditions of saturation, flooding or ponding during

the growing season such that anaerobic conditions develop

0 0

Leaf-on vegetation class Categorical Percent canopy closure class based on aerial photo interpretation, field observations

and the hierarchical GRSM Vegetation Classification System using leaf-on season

aerial photography

0 1

Mean annual temperature Continuous Average temperature across 12 months each year; based on 30-year period of 1981–

2010

0.9 0.8

Morphometric protection index Continuous The average difference in relief between a cell and the eight immediate neighbor cells;

openness; relief protection

2 1.4

Plan curvature Continuous Surface curvature perpendicular to the slope (affecting convergence or divergence of

surface flow)

1.3 0.1

Profile curvature Continuous Surface curvature parallel to the slope (affecting acceleration or deceleration of surface

flow)

3.7 1.4

Slope Continuous Incline or steepness of a surface 11 11.2

Soil drainage class Categorical Frequency and duration of wet periods under baseline conditions; soil drainage classes

range from excessively drained to very poorly drained

0.1 1.7

Soil organic matter content Categorical Estimated content of biological residue in soil at various stages of decomposition 0.4 0

Solar radiation Continuous Annual average daily total solar resource 2 0.5

Topographic convergence index Continuous Ratio of flow accumulation and local slope 1 0.4

Topographic position index Continuous Elevation change between a given cell in a grid and the average elevation of its eight

immediate neighbors

14 29.5

Topographic ruggedness index Continuous Average elevation change between a given cell in a grid and its eight immediate

neighbors

46 14.7

Topographic wetness index Continuous Measure of aridity or wetness based on Lidar data and the assumption that concave,

low gradient areas gather water while steep, convex areas shed water

2.2 1.6

Vegetation class Categorical Ecological vegetation classification based on aerial photo interpretation, field

observations and the hierarchical GRSM Vegetation Classification System

0.9 10.8
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previously undocumented wetlands throughout Great Smoky
Mountains National Park and have mapped and inventoried a
quarter of these. More than a third of the new wetland
occurrences are located above 1067 m, where previous wetland
inventories were consistently challenging and often unproduc-
tive.

Our previous wetland inventory protocol prioritized wetland
reconnaissance zones using a simple ‘‘low-slope’’ model, but this
protocol was ultimately ineffective at higher elevations. Coupled
with the high resource input required to access high-elevation
reaches of the park, these sites were often given low priority or
entirely excluded from wetland survey efforts despite their
ecological importance. Maxent modeling increased our success
in detecting wetlands in these areas and over the course of three
field seasons, enabled us to expand our high-elevation wetland
inventory by more than 150%. Our models identified several

remote, mid- to high-elevation (.914 m or 3000 ft) areas of
GRSM with little or no prior reconnaissance as suitable wetland
habitat (e.g., Figure 4A–D). In this ‘‘uncharted territory,’’ we
discovered and inventoried 50 new wetlands. The benefit from
Maxent modeling is thus two-fold: (1) it accurately draws
attention to areas of wetland survey reconnaissance that earlier
models, combined with expert opinion, did not; and (2) by
reliably predicting areas conducive to wetland formation, it
allows resource managers to more confidently invest time and
resources into remote survey efforts.

Our models identified several environmental variables un-
derlying wetland habitat suitability at both high and low
elevations, supporting the idea that wetland formation is
determined by multiple, potentially interacting factors (Hunter
et al. 2012). Both the low- and high-elevation model drew
substantial information from variables related to topography

Figure 4.—Maxent-predicted wetland habitat suitability throughout Great Smoky Mountains National Park. (A) Map of predicted probability of
wetland occurrence (i.e., relative habitat suitability) in GRSM and 133 newly identified (2016–2018) wetlands in high-elevation zones including the
Appalachian Trail corridor. Probability of occurrence ranges from 0 (lowest) to 1 (highest); darker shades indicate a higher probability. Large patches
of high predicted probability of wetland occurrence and newly identified wetlands near (B) Double Springs Gap (1753 m elevation), (C) Mount
Collins (1886 m elevation), and (D) Mount Guyot (2018 m elevation).
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(topographic ruggedness, topographic position, and slope),
suggesting that topographic context beyond slope is important
to wetland formation, regardless of elevation. However, while
the low-elevation model drew over two-thirds of its information
from these topographic variables, the high-elevation model drew
just over half. The high-elevation model drew additional
information from variables including diurnal anisotropic
heating (a measure of sun exposure) and vegetation community
type, suggesting that topographic complexity and biotic
processes interact to determine wetland formation at these sites.
Incorporating this type of complex information into a simple
model or ‘‘expert opinion’’ approach quickly becomes imprac-
tical across an expansive study area, highlighting the utility of
statistical tools that can readily incorporate multiple variables
into a single geospatial framework.

CONCLUSIONS

Overall, this modeling technique proved to be a cost-effective
tool for planning, organizing, and implementing wetland
inventories in Great Smoky Mountains National Park. We plan
to continue to use Maxent to target field survey locations and to
update the high-elevation model annually with new wetland
occurrence data. By continually augmenting our wetland
occurrence sample size, we expect the model to become
increasingly accurate.

We encourage managers working in other environmentally
complex natural areas with access to geospatial environmental
data and occurrence records to adopt a similar approach to
detecting priority plant community locations. Applications
could extend to any patchily distributed plant community that
would otherwise be difficult to detect, including those confined
to glades, barrens, balds, or rock outcrops. Maxent is a free, user-
friendly, and promising tool for resource managers seeking to
efficiently and systematically plan and prioritize field inventory
efforts.
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