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Abstract: Fire suppression and other factors have drastically reduced wet prairie and pine savanna
ecosystems on the Coastal Plain of the southeastern United States. Restoration of these open-canopy
environments often targets one or several charismatic species, and semi-aquatic species such as bur-
rowing crayfishes are often overlooked in these essentially terrestrial environments. We examined
the relationship between primary burrowing crayfishes and three vegetation treatments imple-
mented over at least the past two decades in the Mississippi Sandhill Crane National Wildlife Ref-
uge. Vegetation in the 12 study sites had been frequently burned, frequently mechanically treated,
or infrequently managed. Creaserinus spp., primarily C. oryktes, dominated the crayfish assemblage
in every site. We counted crayfish burrow openings and coarsely categorized vegetation character-
istics in 90, 0.56-m? quadrats evenly distributed among six transects per site. The number of active
burrow openings was negatively, exponentially related to both the percent cover of woody vegeta-
tion and the maximum height of woody vegetation in quadrats, and to the number of trees taller
than 1.2 m per transect, indicating that woody plant encroachment was detrimental to the cray-
fishes. Results were consistent with several other studies from the eastern US, indicating that some
primary burrowing crayfishes are habitat specialists adapted to open-canopy ecosystems.

Keywords: primary burrowing crayfish; prescribed fire; prairie; wet pine savanna; habitat;
vegetation management; ground water; Coastal Plain; Creaserinus; restoration

1. Introduction

In the southeastern US, frequent fire—with return intervals of 1-3 years—main-
tained millions of acres of open longleaf pine (Pinus palustris Mill.) stands [1], character-
ized by species-rich bunchgrass-dominated understories free of hardwoods and shrubs
[2]. These pine savannas and their associated embedded ecosystems, such as pitcher plant
(Sarracenia spp.) bogs, wetlands, and prairies, were historically one of North America’s
most species-rich ecosystems and remain global biodiversity hotspots [3-5]. Longleaf pine
stands host diverse faunal communities that evolved in, and often depend upon, habitats
with relatively open canopies and low tree basal areas [6]. The fauna include charismatic
endangered species such as the red-cockaded woodpecker (Dryobates borealis) and gopher
tortoise (Gopherus polyphemus), as well as many less-familiar species, including burrowing
crayfishes (Cambaridae) [5]. Longleaf pine ecosystems are critically endangered [7], with
less than 4% of their pre-historic distribution remaining [1,4]; however, remnants of these
ecosystems, and other open pine savannas and prairies in the southeastern US, still harbor
diverse communities [3,7,8].
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The fire frequencies necessary to shape and maintain southeastern pine savannas
pre-dated fires set by humans over the past 15,000 years, occurring instead over evolu-
tionary time scales, and so allowing distinct biotas to develop in these ecosystems
[1,3,9,10]. However, within a few years of fire exclusion, mesophytic pines, hardwoods,
and shrubs usually encroach [1]. Logging and then fire suppression were major contribu-
tors to the loss of longleaf ecosystems, and fire is central to their restoration [4,8]. The
reintroduction of frequent fire is expected to benefit entire fire-adapted ecological com-
munities [6]. However, to ensure successful restoration of faunal communities, scientists
need to assess how different species respond to burning and other management activities
[4].

The Mississippi Sandhill Crane National Wildlife Refuge (hereafter, Refuge), located
in Mississippi’s Gulf Coastal Plain, was established in 1975 to conserve the last remaining
population of Mississippi Sandhill Crane (Grus canadensis pulla), a non-migratory endan-
gered subspecies [11,12]. Mississippi sandhill cranes require open habitat—prairie or sa-
vanna—and managers have used prescribed burning to restore such ecosystems after dec-
ades of fire suppression. Where unable to burn frequently enough or to produce ade-
quately hot fires, mechanical methods—such as mulching and mowing—are sometimes
employed on a smaller scale to reduce woody vegetation. As Refuge management goals
broadened to include more species that depend upon the Refuge’s open-canopy habitats,
managers sought to understand how their vegetation management practices affected sev-
eral at-risk burrowing crayfishes thought to occur on the Refuge.

Although studies of more and more taxa support the concept that fire benefits the
endemic fauna in pine savannas, few have focused on relationships between burrowing
crayfishes and fire-maintained landscapes, e.g., [10]. Primary burrowing crayfishes dig
complex burrows that they occupy for the majority of their lives [13]. Most primary bur-
rowing species excavate down to the water table, at least during the wet season, but are
rarely associated with open water; therefore, they are semi-aquatic species that often in-
habit terrestrial ecosystems. In contrast to primary burrowers, secondary burrowers con-
struct simpler burrows and more evenly divide their time between burrows and open
water. Some primary burrowers are associated with open-canopy habitats [14], and Creas-
erinus gordoni, a primary burrower endemic to Mississippi, is one of many sensitive spe-
cies associated with longleaf pine ecosystems [8].

Our goal in this study was to assess whether crayfish burrow densities differed
among sites with differing vegetation treatments: frequent prescribed fire, frequent mow-
ing or mulching, or infrequent fire. We assumed that the water table was relatively high
throughout much of the Refuge and so was not a major factor driving differences in cray-
fish densities among sites; therefore, canopy cover was a logical candidate as a driver of
crayfish densities. Our objectives were to determine: (1) whether, and how, vegetation
characteristics and burrow densities differed among units with three vegetation manage-
ment histories, and (2) which, if any, vegetation characteristics correlated with burrow
densities.

2. Materials and Methods
2.1. Study Area and Vegetation Treatments

The Refuge is located less than 15 km from the Gulf of Mexico, in Jackson County,
Mississippi (Figure 1). The 8000-ha Refuge is characterized by a temperate climate, flat
and low (mostly <10 m above sea level) topography, and poorly drained soils [15]. Pri-
mary habitat types include coastal pine savannas, pine flatwoods/scrub, wooded swamps,
and tidal marsh. Wet pine savannas comprise approximately half of the Refuge and are
characterized by a species-rich groundcover, low-growing shrubs, and scattered trees [15-
17]. These ecosystems are also known as pine flatwoods, pitcher plant bogs, pitcher plant
prairies, grass-sedge bogs, and crawfish flats [18].
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Wet pine savannas tend to be underlain by relatively shallow (<50 cm deep) clay soils
that create perched water tables [18,19]. However, Refuge sites with some wetland char-
acteristics, such as obligate wetland plant species, do not necessarily have hydric soil mor-
phologies (i.e., they are neither anaerobic nor saturated for >14 consecutive days during
the growing season).

Arkansas Tennessee

Alabama
Miszizsippi

Louisiana

Vegetation Treatment
/\ Frequently burned

. Infrequently managed

[ Infrequently managed/mechanical
v Mechanical

Figure 1. Map of sites sampled on the Mississippi Sandhill Crane National Wildlife Refuge, Jackson
County, MS. Labels coincide with site codes in Table 1.

The three vegetation treatment categories were based on the documented histories of
management compartments in the Refuge. “Frequently burned” compartments had been
burned every two to three years, on average, since at least the early 1990s, recreating the
pre-industrial burn interval [1]. Some frequently burned compartments also had some or
all trees removed mechanically at some time since Refuge establishment. “Mechanically
treated” compartments included one of three activities: cutting and mulching most woody
vegetation with a Gyro Trac machine and leaving the mulch on the ground (site F1C);
annual or semi-annual mowing (site GIINW); or mowing (two to three times per year)
some years and tilling and planting as a food plot for cranes other years (site O20). At the
time of the study, site O20 had not been managed as a food plot for several years, but it
had been sprayed with glyphosate and imazapyr to control invasive cogongrass (Imperata
cylindrica). Mechanically treated sites were also burned, but neither frequently nor re-
cently (Table 1). “Infrequently managed” compartments were typically burned less than
every three years over the past two decades, with an average burn interval across the three
sites of 5.7 years. Since the early 1990's, two infrequently managed sites (G11SE and O5S)
had only been burned, whereas the third site (O9W) had also had trees felled by chainsaw
in 2005.

Frequently burned compartments were typically open savannas dominated by a
highly diverse herbaceous ground layer and had <10% tree cover (Figure 2a). Shrub cover
in those compartments was typically low but higher in wet areas where surface fires did
not burn evenly. Mechanically treated compartments tended to be smaller than frequently
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burned compartments but mimicked the open canopies of the latter (Figure 2b). Regularly
mowed compartments had greatly reduced woody plant cover but also may have had
reduced herbaceous diversity. Infrequently managed compartments were pineland scrub
in which Pinus elliotti comprised an overstory more than 20%, sometimes exceeding 50%
(Figure 2c). Shrub species were 1-3 m tall and became the dominant vegetative component
[17].

Figure 2. Examples of vegetation treatments: frequently burned site O10SW (a), mechanically treated (mowed) site
G1INW (b), and infrequently managed site G11SE (c).

Table 1. Vegetation treatments, habitat types, management compartment sizes, sampling dates in 2017 (day month), loca-
tions, and the number of crayfishes captured at each site. Years since burn indicates years as of the sampling date in 2017.
Latitude and longitude (decimal degrees, WGS 84) are reported from the end of transect C farthest from the road. Vegeta-
tion treatment codes are: F = frequently burned; I = infrequently managed; I_M = infrequently managed/recent mechanical,
and M = mechanically treated. The first letter of site codes indicates the Refuge unit in which the site was located: F =
Fontainebleau, G = Gautier, and O = Ocean Springs.

Site Vegetation . Habitat Compa.rt- Sample Y.ears . . Proc.amba- Creaserinus
Site Name ment Size Since Latitude Longitude rus fitzpat-
Code  Treatment Type Date(s) L sp.
(ha) Burn ricki
. 26-27
F1IC M (mulched) NW Fontainebleau savanna 73 18 30.3979 -88.7436 5 8
January
. 28 Febru-
G1INW M (mowed) Martin Pasture  pasture 161 ary 10 30.4333 -88.6450 0 6
pas- 9-10 Feb-
020 M (mowed) Utah Crop Unit W ture/food 21 ruar 5 30.4682 -88.8176 0 16
plot y
25-26
G155 F Church savanna 61 1 304164 -88.6635 0 15
January
. 24-25
G5N F West Valentine  savanna 155 2 30.4548 -88.6849 3 16
January
. 24-25
G6N F North Valentine savanna 65 1 304635 -88.6893 1 13
January
7-8 Feb-
O10sW F SDuck Pond  savanna 60 ruary 1 304540 -88.7589 0 9
8-9 Feb-
O16E F SW Greenpond  savanna 170 ruary 1 304642 -88.7816 0 11
G11SE I NW Martin forest 69 1March 2 304314 -88.6431 1 5
055 I Utah North savanna 126 2March 3 304699 -88.8161 1 14
09w I scrub i B F:rk;u' 7 304577 -88.7693 1 10
O19E IM Semmes 9 savanna 90 1March 3 304711 -88.7550 1 16

! size of pasture, not entire management compartment.
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2.2. Site Selection

Study site selection criteria included compartment management history (e.g., fre-
quency of prescribed burning), distribution across the Refuge, and access. We avoided
areas where our activity was likely to disturb cranes. Treatments were distributed across
study sites as follows: frequently burned (N = 5), mechanically treated (N = 3), or infre-
quently managed (N = 3). One additional site, O19E, was excluded from comparisons
among treatment categories because in addition to infrequent burning, vegetation had
been removed by a skid steer lopper in 2011, making it not comparable to the three other
infrequently managed sites. Unmanaged and infrequently managed compartments with
dense mid- and understory vegetation occurred on the Refuge but were not included in
the study because tall and dense woody vegetation prevented placement of the quadrats.
Compartments containing study sites ranged from 47 to 170 ha (mean = 95 ha), but the
two pasture sites each occupied only a small portion of their management compartment
(Table 1).

2.3. Vegetation, Burrow and Crayfish Sampling

We sampled during three weeks in latewinter/early spring 2017: 23-27 January, 6-10
February, and 27 February-3 March (Table 1). Using transects and quadrats, we system-
atically sampled vegetation and crayfish burrow densities in four sites per week. In each
systematically sampled site, we established six transects (A-F) approximately 100-150 m
long and roughly perpendicular to the access road. Transects were spaced out across each
compartment. In larger sites, transects were staggered, with starting points at varying dis-
tances from the road, in order to capture as much intra-compartment variation as possible.
We assessed 15 quadrats per transect (90 per site), for a total sampling effort of 1080 quad-
rats along 72 transects. Quadrats were delineated by 0.75 x 0.75 m squares of polyvinyl
chloride (PVC) piping (Figure 2c), so we sampled 8.44 m? per transect. We haphazardly
tossed quadrats along alternating sides of a transect, with a minimum distance along the
transect of 6.6 m between quadrats. Quadrats landing near fire ant (Solenopsis spp.)
mounds were re-thrown.

Within each quadrat, we visually estimated the percentage (to the nearest 10%) of the
quadrat covered by: grasses/forbs; woody plants; leaves or small woody debris (SWD, <10
cm diameter); large woody debris (LWD, >10 cm diameter); and bare soil. Those percent-
ages added to 100. We then measured the tallest herbaceous and woody vegetation in each
quadrat to the nearest centimeter. After completing quadrats along a transect, we counted
the number of trees shorter than 1.2 m and the number taller than 1.2 m within 2 m to
either side of each transect. Using handheld GPS receivers, we obtained coordinates (as
either decimal degrees [WGS 84 datum] or UTM coordinates [NAD 83 datum]) at the be-
ginning and end of each transect and later obtained transect lengths using GIS software
(ArcGIS Pro Version 2.4.19948).

We then counted the number of burrow entrances in each quadrat. If a burrow inter-
sected the edge of the quadrat, it was included. Burrow entrances were classified as “ac-
tive” or “inactive,” with three categories of each. Active burrow entrances were classified
as having either chimneys, fresh mud around the opening, or “open-clear” entrances.
Open-clear entrances had no signs of recent soil movement, but the burrow openings were
clear of detritus and spider webs. Inactive burrows had old mounds, sealed entrances, or
“open-obscured” entrances. Unlike chimneys, old mounds were often shaped like eroded
volcanoes without individual mud balls. A sealed entrance was indicated by a flat area of
bare soil. Open-obscured entrances were at least partially obstructed by leaves, debris, or
spider webs. The designation of active or inactive entrances was not foolproof, and cray-
fish may have occupied burrows with entrances that appeared to be inactive. Addition-
ally, distinguishing between a sealed burrow and other small soil disturbances was some-
times difficult. We flagged up to two burrow openings per quadrat for later crayfish sam-

pling.
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We sampled crayfishes using active and passive methods that were standardized
across sites, so the resulting crayfish numbers provided relative abundances within and
across sites. Active sampling included burrow excavation and suctioning, and passive
sampling included trapping with mist net traps [20] and modified Norrocky traps [21] of
three diameters: small (3.2 cm), medium (3.8 cm), and large (5.1 cm). However, because of
biases that we found associated with crayfish sampling, we defaulted to burrow entrance
data for assessing relationships between vegetation and crayfish densities, using numbers
of active burrow entrances as indices of crayfish densities [22]. Here, we report only rela-
tive abundances of crayfish species captured by site.

2.4. Analyses

Numbers of trees per transect were calculated per meter of transect length. Numbers
of burrow openings were summed over each transect and also calculated per m2. We only
present analyses based on numbers of active burrow openings because: (1) our designa-
tion of active burrows seemed more reliable than of inactive burrows, and (2) the number
of active and inactive burrow openings, summed over transects, were correlated (Pear-
son’s r = 0.36, N = 72, p-value = 0.002) and provided the same qualitative results in com-
parisons to vegetation characteristics.

Our first research question was whether vegetation, as we measured it, differed
among the three treatments. We used principal coordinates analysis (PCA) and an ordi-
nation plot to qualitatively answer this question (PC-Ord for Windows v.7.08) [23]. Input
data included quadrat vegetation data (excluding percent bare soil and percent large
wood, due to the large numbers of zeroes), averaged by transect, and the number of short
(<1.2 m) and tall (>1.2 m) trees per m of transect length. We used a randomization ap-
proach, Rnd-Lambda, with 999 randomizations to determine the number of PCA axes to
interpret [24,25].

Our second question was whether the number of active burrow openings differed
among treatments. We addressed this using a mixed-effects model (below), where the re-
sponse variable was the number of active burrow openings per transect (8.44 m?). The
response variable was square-root transformed in order to satisfy the homoscedasticity
(equal variance of residuals) assumption of linear regression. The predictors included
“vegetation treatment” as a fixed effect, and “site” as a random effect. The random effect
accounted for the fact that transect sampling at each site did not represent independent
replicates. To perform mixed-effects modeling, we used the “Ime4” package in the R pro-
gramming environment [26,27].

Sqrt (active burrows)~1 + veg. treatment + (11Site)

For the mixed-effects model, we obtained least-squares means (“emmeans” package
in R [28]), and in lieu of R?, we calculated pseudo-R? (r.squaredGLMM function of the
“MuMIn” package [29]). The means of the three treatment categories were back-trans-
formed from the square-root transformation and then compared using Tukey’s test. To
adjust for multiple comparisons, we applied the Sidak p-value correction (1 - (1 - p)"3,
where 3 was the number of pairwise comparisons). We excluded transects in the site
(O19E) that could not be placed in a single treatment category.

Finally, we asked whether the numbers of active burrow openings per transect were
associated with measured vegetation characteristics, and if so, which vegetation variables
were most strongly related to the burrow numbers. We used curve fitting (SPSS Statistics
25), with both linear and exponential equations, to evaluate the relationships. Data were
summarized by site because when assessing the data by transects, zero values prevented
the use of exponential equations. We summed burrow openings within transects and then
averaged them within sites.
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3. Results

We captured 152 crayfishes from the 12 sites. Creaserinus spp. constituted 91.4% of
the crayfishes captured, and the remaining 8.6% were Procambarus fitzpatricki (Table 1).
Most or all of the Creaserinus spp. were C. oryktes; however, due to uncertainties in taxon-
omy and identification, we cannot rule out the possibility that some were C. danielae. Work
is ongoing to clarify the taxonomy and characteristics of the two species.

Vegetation characteristics differed between frequently and infrequently managed
sites (Figure 3; Supplementary Table S1). The PCA resulted in two interpretable axes
(Rnd-lambda p-values = 0.001; Supplementary Table S2). The first axis explained 52% of
the variation in the data, almost completely separating the infrequently managed sites
from the two categories of frequently managed sites (Figure 3). Transects in frequently
burned and mechanically treated sites had a higher percentage of grasses and forbs,
whereas those in infrequently managed sites had taller woody vegetation, more trees
taller than 1.2 m, and a higher percentage of leaves/small wood and woody plants (Table
2; Figure 3). Site O19E that was infrequently burned but had trees removed in 2011 was
intermediate in position along axis 1, falling between the frequently burned or mechani-
cally treated sites and the infrequently managed sites. The second axis explained 25% of
the variance; however, a relatively high number of zeroes in the data may have somewhat
distorted the second axis into a horseshoe shape [25], so it must be interpreted with cau-
tion. Within mechanically treated sites, the second axis separated transects in the regularly
mowed or planted sites from those in the mulched site, with the latter having taller her-
baceous plants, a higher percentage of woody plants, and more small trees (Table 2; Sup-
plementary Table S1). Infrequently managed sites were also widely distributed along the
second axis.

TriCode

Herb. height E

% Woody plants I
Treesy=1.2m II\T1M

Woody height

| % Gryss_Forbs

Trees =1.2m

Axis 2

% Leaf/SWD

Axis 1

Figure 3. Principal components analysis (PCA) ordination of vegetation characteristics averaged
within transects, or in the case of trees, counted along transects. Small symbols represent transects,
crosses indicate group centroids, and lines indicate PCA loadings of each variable. Blue circles in
lower left were from site O5S, and green triangles in lower right from sites 020 and G11INW. Treat-
ment abbreviations as in Table 1. Variable abbreviations as in Supplementary Table S1.
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Table 2. Standardized relative importance of each variable to the first two principal component
axes. Eigenvectors were scaled to standard deviations (also called “weights”). Variables ordered by

descending absolute weights along first axis.

Eigenvector

Vegetation variable 1 2
% Grass/forbs 0.958 0.094
Woody height -0.920 0.304
Trees>1.2m -0.856 -0.084
% Leaf/SWD -0.819 -0.491
% Woody plants -0.587 0.687
Herbaceous height 0.275 0.797
Trees<1.2m -0.181 0.548

The number of active burrow openings was weakly related to vegetation treatment
(Figure 4; Supplementary Table S1). In the mixed-effects model, “treatment” (fixed effect)
explained 23% of the variance in the number of active burrow openings, while “site” (ran-
dom effect) explained another 27%, as indicated by the pseudo-R?values. Estimated least-
squares means indicated that the frequently burned and mechanical treatments had more
burrow openings than the infrequently managed treatments (Table 3; Figure 4 inset); un-
adjusted p-values from Tukey’s test were <0.10 for comparisons of the infrequently burned
treatment to both frequently burned and mechanical treatments. However, the Sidak ad-
justment increased the p-values to >0.15 (Table 3).

L) -—
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E g2
bl : - E
: 0
i 1
GV7 ﬁ “
S . W F
E - s T Treatment
E] T : .
o !
]
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L | _h B
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o - — . —

I T T T T T T T T T 1
G11NW  F1C 020 G5N G6N G188  Q18E O108W 088 O9W  G11SE

Site

Figure 4. Boxplot of the number of active burrow openings per transect (square-root transformed)
by site and treatment. Center lines indicate medians, boxes show the interquartile range (25th to
75th percentiles), whiskers cover 1.5 times the interquartile range, and grey dots represent outliers.
The inset shows the least-squares means (circles) of the square root of number of active burrow
openings with 95% confidence intervals obtained from the mixed-effects model for each of the three
vegetation treatments. Site codes as in Table 1. Colors indicate treatments (green = mechanical, or-
ange = frequently burned, and blue = infrequently managed).
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Table 3. Mixed-effects model pairwise comparisons among vegetation treatments of number of ac-
tive burrow openings per transect (back-transformed) nested within sites. Treatment codes as in
Table 1. Site O19E was excluded from the analysis.

Contrast Estimate SE df  Statistic p-Value Adj.p-Value
Treatment M-F 3.06 485 151 0.63 0.530 0.901
Treatment M-I 9.19 450 151 2.04 0.059 0.167

Treatment F-I 6.13 337 151 1.82 0.088 0.242

The number of active burrow openings was negatively related to woody vegetation
metrics. The number of active burrows per transect, averaged over a site, was significantly
negatively related to percent woody plant cover, woody plant height, and the number of
trees per m along transects (Table 4, Figure 5) but not to other variables. For each of the
significant variables, the exponential equation provided the best fit (Table 4). The expo-
nential equation for percent woody plant cover was the best model, explaining 52% (ad-
justed R-square) of the variation in active burrow openings (Table 4). The food plot site,
020, appeared to be an outlier in that relationship (Figure 5a). When we repeated the
analysis without the site, the exponential equation explained 68% of the variation in bur-
row openings (p-value = 0.001, constant and b1 =27.03 and -0.10, respectively; see Discus-
sion).

Table 4. Curve-fitting results for univariate models of habitat characteristics versus number of burrows. Independent
variables were habitat characteristics from quadrats averaged over each site. The dependent variable was the number of
active burrows in quadrats totaled by transect then averaged over each site. Degrees of freedom 1 and 2 were 1 and 10,
respectively, for all tests; N = 12. Models with p <0.05 are in bold.

Model Summary Parameter Estimates
Equation Adjusted R- F p-Value Constant bl
Square
PERCENT COVER

% woody plants Linear 0.36 7.12 0.024 15.43 -0.48
Exponential 0.52 12.67 0.005 19.40 -0.08

% grass/forbs Linear 0.20 3.72 0.083 -0.32 0.14

Exponential 0.21 3.99 0.074 1.61 0.02

% bare Linear -0.01 0.92 0.359 14.05 -0.53
Exponential -0.09 0.11 0.752 9.57 -0.03

% leaf or small wood Linear -0.01 0.91 0.364 10.91 -0.10
Exponential -0.01 0.94 0.356 8.80 -0.01
% large wood Linear 0.11 2.40 0.153 12.25 -11.00
Exponential -0.02 0.84 0.380 9.53 -1.03

PLANT HEIGHTS

Woody plant height Linear 0.33 6.52 0.029 15.46 -0.15
Exponential 0.50 11.78 0.006 19.68 -0.02

Herbaceous plant height Linear -0.10 0.01 0.927 10.59 -0.01

Exponential -0.10 0.05 0.831 9.18 0.00

TREES

Trees > 1.2 m tall/m Linear 0.22 4.05 0.072 12.06 -63.77
Exponential 0.49 11.46 0.007 11.55 -12.82
Trees <1.2 m tall/m Linear -0.04 0.56 0.472 11.27 -53.12

Exponential -0.03 0.67 0.432 9.39 -8.54
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Average active burrow entrances
per site
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Average % woody plants

Average active burrow entrances
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25 Average maximum woody plant height (cm)

° c
20 o

Average active burrow entrances
per site

0 5 10 15 20
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Figure 5. The average number of active burrow openings per site versus the three most informative
habitat variables: average percentage of each quadrat covered by woody vegetation (a), average
maximum woody plant height (b), and average number of trees taller than 1.2 m per 100 m of tran-
sect length (c). Linear and exponential curves shown.
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4. Discussion

Forest management influenced crayfish burrow densities. Though many prairies and
savannas are considered terrestrial habitats, they can be critical to burrowing semi-aquatic
species that access the water table during at least some seasons [30]. The number of active
crayfish burrow openings on the Refuge was inversely related to woody plant cover and
maximum woody plant height. Sites on the Refuge that were frequently managed,
whether by fire or mechanical means, tended to have fewer and smaller woody plants
compared to infrequently managed sites. The number of trees shorter than 1.2 m was not
associated with burrow numbers, presumably because tree seedlings began growing soon
after burning or mowing.

The mechanisms leading to the negative association between woody plants and some
burrowing crayfishes are not known but may relate to impacts of encroaching woody
plants on: crayfish foraging success or predation risk, water table levels [31,32], biophysi-
cal characteristics of soils, or other factors. One interesting outlier was the food plot site
(O20), which almost entirely lacked woody vegetation, yet had relatively few burrow
openings (Figure 5a). Although we cannot draw conclusions about this because it was our
only site that had been managed as a food plot and that had been sprayed with herbicides,
the result raised concerns because some primary burrowing crayfishes appear to be
largely restricted to highly managed roadsides, lawns, or agricultural areas [14] that evi-
dently function as prairie remnants for crayfishes. If soil compaction, a hardpan layer,
limited plant diversity, effects of chemical spraying, or other factors make more inten-
sively managed areas less-than-ideal habitat for the crayfishes, that may have important
implications for burrowing crayfish conservation.

Frequently burned and mechanically treated sites tended to have more burrow open-
ings compared to those in infrequently managed areas, although results were not signifi-
cant after p-values were adjusted for multiple comparisons. Our small number of sites
resulted in low statistical power to detect differences among treatments. Furthermore, our
results were conservative because our sampling methods precluded sampling in areas
with the longest burn intervals and, thus, the densest and tallest woody plant growth on
the Refuge. Based on casual observations, burrow numbers in such areas were even lower
than those in the infrequently managed sites that we sampled. Perhaps the best example
of different management strategies affecting woody vegetation and burrow densities was
in comparison of the frequently mowed site GIINW and the adjacent, infrequently man-
aged site G11SE. The former was an open pasture environment and the latter a mature
pine forest. The former had the second-highest burrow density in the study, and the latter
had the lowest, even though the sites were within 50 m of each other and were sampled
in the same week.

Our finding that burrow densities decreased exponentially as woody plants en-
croached supports the growing evidence that numerous primary burrowing crayfishes
are adapted to and require open-canopy environments. However, our results are not ap-
plicable to all primary burrowing crayfishes. Within their basic requirements for certain
soil types and adequately shallow water tables, primary burrowing crayfishes may be
habitat generalists (e.g., Creaserinus fodiens [33]) or specialists. Whereas some habitat spe-
cialists require or prefer mature forests (e.g., Cambarus dubius [34]), many require open
habitats such as prairies or savannas, including pitcher plant bogs (e.g., Creaserinus gordoni
[35], Distocambarus crockeri [10]) or even mowed road rights-of-way (e.g., Fallicambarus
harpi and Procambarus reimeri [14]) or lawns—all habitats maintained in an early succes-
sional stage by fire or other means. In the Ouachita Mountains, Arkansas, and Camp
Shelby, Mississippi, burrow densities for several crayfishes were positively related to
open canopy and availability of water relatively near the soil surface [14,36]. Procambarus
gracilis occurred in both prairies and forested ecotones in southeastern Wisconsin, but
Hobbs and Rewolinski [37] implied that forested sites where the species occurred were
formerly prairies. The authors noted that fire prevention and other human activities had
greatly reduced mesic and wet prairie environments, thereby contributing to reductions
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in P. gracilis, a concept echoed by Welch and Eversole [30] for Distocambarus crockeri. The
same is likely true for many primary burrowers in areas formerly dominated by wet pine
savannas on the Gulf Coastal Plain.

Our results were most applicable to C. oryktes, the numerically dominant species we
captured. The research was initiated, in part, out of concern for Creaserinus danielae, a pri-
mary burrowing species petitioned for listing under the US Endangered Species Act (ESA)
[38]; however, nearly all Creaserinus captured appeared to be C. oryktes. Some questions
exist about the taxonomy and identification of the two species [39,40]. During limited sub-
sequent sampling on and near the Refuge, we captured several C. danielae in three forested
areas, but in Alabama, where C. oryktes is absent, we captured C. danielae in some open
areas (SBA unpublished data). It is possible that where the species are sympatric, C. oryktes
may benefit the most from open habitat. This pattern warrants further research after the
taxonomy is clarified.

We also captured Procambarus fitzpatricki, a narrow endemic [39,41] that was also pe-
titioned for listing under the ESA [38]. Five of the 13 P. fitzpatricki we captured from bur-
rows were from the wettest site sampled (F1C). In addition, dipnetting in small (typically
<16 m?), shallow pools in the site yielded another 25 juvenile and 4 adult P. fitzpatricki.
Juvenile P. fitzpatricki were also dipnetted from pools in several other Refuge sites (SBA
unpublished data). Hobbs [42] listed P. fitzpatricki as a primary or secondary burrower,
and during our study, it appeared that it tended to use open water more often than did
the primary burrowing C. oryktes; this was further supported by our collection of P. fitz-
patricki from small, temporary waters in this study and in our sampling of roadside ditches
in the region.

One assumption underlying our analyses was that the number of active burrow
openings correlated positively to the number of crayfishes. This assumption may be inva-
lid for several reasons. First, we may not have accurately distinguished between active
and inactive openings. Second the number of active burrow openings per burrow can vary
by crayfish species [43]. Third, soil compaction, woody vegetation, or other factors that
influence the ease of burrowing, as well as water table depth [43], may affect the burrow
complexity and thus the number of openings created per burrow. That said, we found
that both active (e.g., excavation) and passive (e.g., trapping) sampling methods for the
crayfishes themselves had substantial biases [44]. Furthermore, for C. gordoni, another pri-
mary burrower in the Coastal Plain of Mississippi that is closely related to C. oryktes and
C. danielae, burrow numbers were highly correlated with, and so could be used to estimate,
crayfish abundances [22]. Finally, over 90% of the crayfish we collected from burrows be-
longed to a single species. Therefore, we concluded that burrow entrance counts repre-
sented the least-biased approach to answering the questions posed here, but further re-
search on this topic would be useful.

We encourage further work to understand how vegetation management affects pop-
ulations of C. danielae that are sympatric with C. oryktes. We also suggest research to un-
derstand: (1) how relationships between numbers of burrow openings and crayfishes vary
across habitats and seasons for various species [44]; (2) how various agricultural practices
influence burrower densities, and (3) the mechanisms by which woody plant encroach-
ment reduces burrowing crayfish densities.

Future work on burrowing crayfish densities in relation to vegetation could benefit
from several improvements in study design. To better address the question of how vege-
tation management influences burrow densities, we recommend sampling fewer quadrats
on more sites (analysis ongoing) to increase statistical power. An ideal study design
would compare adjacent compartments having different management histories. Vegeta-
tion aspects of future studies could focus solely on quantifying woody vegetation. Con-
versely, although measuring maximum plant heights in each quadrat was fast, other ap-
proaches, such as use of a Robel pole [45] or density board [46] that better represent the
distribution of plant heights or correlate with plant volume, may refine our understanding
of the relationship between vegetation characteristics and crayfish densities. Additionally,
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recording the presence or absence of pitcher plants (Sarracenia spp.) or other easily iden-
tifiable plant indicators of site wetness may provide an additional correlate of burrow
densities.
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