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Abstract
Hurricane Sandy made landfall in the USA on October 29, 2012 and had devastating impacts on human-dominated landscapes in
the mid-Atlantic and New England states, but its effects on tidal marsh habitats remain largely undescribed. We evaluated the
short-term resilience (a resistance to change or a rapid return to pre-storm conditions) of tidal marshes on Edwin B. Forsythe
National Wildlife Refuge, New Jersey by comparing vegetation cover/composition, meadow vole (Microtus pennsylvanicus)
relative abundance, and predation rates on artificial bird nests, from three to six months pre-hurricane with seven to 11 months
post-hurricane. These three metrics show a high degree of resilience to Hurricane Sandy. Vegetation cover/composition remained
similar pre- and post-hurricane, except for five site-specific changes. Although meadow voles were significantly less abundant
following the hurricane, we detected a rapid increase from June to July 2013, indicating resiliency via rapid recovery in the
population. We also did not observe widespread changes in nest predation rates on artificial nests. Our findings indicate that
management actions intended to recover vegetation, small mammals, and nest predators following a large hurricane disturbance
may be of less importance than long-term strategies to avoid gradual changes that can reduce ecosystem resilience.
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Introduction

Hurricanes can act as important community-structuring events
in many ecosystems, including tidal marshes. Located at the
interface of marine and upland environments, tidal marshes
absorb hurricane energy and receive both beneficial and

detrimental impacts from storms (Michener et al. 1997).
Hurricanes can deposit large quantities of sediment, helping
marshes grow and accrete in pace with sea-level rise
(Rejmánek et al. 1988; Guntenspergen et al. 1995; Nyman
et al. 1995; Donnelly et al. 2001), but they can also lower
elevations locally through erosion (Morton and Barras
2011). Salinization, and wind and wave energy can cause
marsh vegetation loss and the formation of new ponds and
channels. In some cases, vegetation recolonizes rapidly
(Chabreck and Palmisano 1973; Guntenspergen et al. 1995;
Courtemanche et al. 1999), whereas in other locations the
altered hydrologic features persist as legacies of the storm
event (Morton and Barras 2011). Hurricane impacts on tidal
marsh fauna vary based on seasonality, storm severity, and
animal mobility. Storm events can reduce population size
and growth by direct mortality or by destruction of habitat
and food resources, and recovery from such effects is a com-
plex process (Marsh and Wilkinson 1991; Michener et al.
1997; Raynor et al. 2013).

On October 29, 2012, Hurricane Sandy made landfall in
New Jersey, USA, and passed over the marsh on Edwin B.
Forsythe National Wildlife Refuge (Forsythe NWR). The
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storm had sustained winds of >100 km/h with >25 cm of
precipitation reported in parts of New Jersey (Blake et al.
2013), but the strongest impacts on terrestrial habitats were
caused by storm surge and tides (Hall and Sobel 2013).
Hurricane Sandy made a nearly perpendicular approach to
the coastline, giving it a large fetch over the open ocean and
preventing it from being weakened by previous interactions
with land surfaces before reaching New Jersey (Hall and
Sobel 2013). This trajectory, coupled with full-moon high
tides, produced a peak water level of 2.67 m above mean
lower low water (MLLW) level at Atlantic City, NJ, ~10 km
from Forsythe NWR, causing severe inundation of coastal
areas (NOAA / National Ocean Service 2017). Given the po-
tential for an increase in the frequency of large hurricanes due
to climate change (Emanuel 2005; Bender et al. 2010),
Hurricane Sandy afforded a valuable opportunity to quantify
the resilience of coastal ecosystems, enabling more accurate
predictions of the effects of future storm events.

Resilience in ecological systems is often defined as the
capacity to persist through a disturbance (Gunderson and
Holling 2001) or to undergo disturbance without shifting to
an alternate stable state (Holling 1973). In forested habitats,
measures of resilience to hurricanes have included avian com-
munity dynamics, abundance, and survival (Johnson and
Winker 2010), as well as tree-stand composition, litterfall,
and tree growth rates (Imbert and Portecop 2008). Tidal marsh
resilience to hurricanes has been most-widely examined in
terms of vegetation, elevation, and sedimentation, but resil-
ience of other ecosystem components and processes has had
less attention. For example, vertebrate resilience to hurricanes
has largely been described qualitatively and without formal
comparison of pre- and post-storm surveys (i.e. Ensminger
and Nichols 1958; Gunter and Eleuterius 1971; Cely 1991).

In this study, we evaluated tidal marsh ecosystem resilience
on Forsythe NWR to Hurricane Sandy using three metrics:
vegetation cover and composition, meadow vole (Microtus
pennsylvanicus) abundance, and predation rates on artificial
bird nests. We defined resilience as a resistance to change or a
rapid return to pre-hurricane conditions, measured over a short
temporal scale (three – six months pre-storm compared to
seven – 11 months post-storm). By measuring not only struc-
tural changes (vegetation) but also alterations in species abun-
dance (meadow voles) and processes (predation rates on arti-
ficial nests), we gained a multifaceted perspective of tidal
marsh resilience to Hurricane Sandy, enabling us to interpret
how interactions between those features influence their resil-
ience. Other studies have reported Hurricane Sandy’s effects
on contaminants (Personna et al. 2015; Romanok et al. 2016),
barrier beach morphology (Miselis et al. 2016), wetland eco-
system services (Hauser et al. 2015), marsh surface elevation
and vegetation (Elsey-Quirk 2016; Rachlin et al. 2017), marsh
dieback (Rangoonwala et al. 2016), and regional flood dam-
age (Narayan et al. 2017), but our evaluation provides a novel

contribution to this existing body of literature and can help to
inform conservation and management actions following fu-
ture storms.

Methods

Study Area

We collected pre-hurricane measurements at Forsythe NWR
from June 5 – August 30, 2012 and post-hurricane measure-
ments from June 5 – September 5, 2013. Containing
>12,000 ha of tidal marsh, Forsythe NWR supports endemic
tidal marsh species of conservation concern and has been des-
ignated a Wetland of International Importance under the
RAMSAR Convention (U.S. Fish and Wildlife Service
2004; The Ramsar Convention on Wetlands 2014). We sam-
pled at three study sites, which differed in geomorphic setting,
landscape context, and management history (Fig. 1). The
AT&T site (39.697191° N -74.214032° W) was located in a
back-bay marsh along Barnegat Bay, a shallow coastal lagoon
with relatively low tidal amplitude, and was historically man-
aged with grid-ditching and open marsh water management
(OMWM) for mosquito control. The Oyster Creek site
(39.504815° N -74.426283° W) and the Mullica Wilderness
site (39.536166° N -74.438021° W) are located within the
Great Bay estuary, <20 km from Hurricane Sandy’s landfall.
Oyster Creek was historically managed with grid-ditching and
OMWM, while Mullica Wilderness contained no hydrologic
alterations and is a federally designated wilderness area.
Satellite imagery indicated that these three study sites were
flooded for at least 12 h and potentially >59 h after the hurri-
cane made landfall (Rangoonwala et al. 2016).

Data Collection and Analysis

Vegetation Cover and Composition

We characterized the vegetation cover and composition at a
coarse scale and a fine scale at each study site in each year.
For the coarse-scale quantification, we surveyed 10 randomly
located points, visiting the same points each year. Data were
collected fromAugust 16–23, 2012 and July 23 – September 5,
2013. Within a 50-m radius of each point, we ranked six veg-
etation cover classes (low marsh [Spartina alterniflora], high
marsh [S. patens and Distichlis spicata], salt-marsh terrestrial
border, invasive species, pannes/pools/creeks, and open water)
from zero to six (0 = 0% cover, 0.5 < 1%, 1 = 1–5%, 2 = 6–
10%, 3 = 11–25%, 4 = 26–50%, 5 = 51–75%, 6 = 76–100%
(Carullo et al. 2007; Neckles et al. 2013)). We used Kruskal-
Wallis rank sum tests to compare the six vegetation cover clas-
ses between 2012 and 2013 at each site. We controlled for the
experiment-wise error rate using the Holm-Bonferroni
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correction. All analyses throughout this study were conducted
using the base package of Program R (version 3.2.0; R Core
Team 2014).

For the fine-scale quantification, we surveyed vegetation
within 1-m2 quadrats following the methods of Roberts et al.
(2017). The quadrats were randomly located within a subplot
(14–18 ha) at each site as part of an on-going study of tidal
marsh bird demographics (see Kern 2015; Roberts 2016). The
number of quadrats was equal to the number of bird nests
monitored within each subplot, resulting in 28–66 quadrats
surveyed per site per year. Data were collected from June 5
– August 30, 2012 and June 5 – August 2, 2013. Within each
quadrat, we estimated the percent of dominant cover types,
including low marsh, high marsh, bare ground, wrack (dead
vegetation deposited on the marsh by the tide), and open wa-
ter. We also measured thatch depth (horizontal layer of dead
vegetation on the marsh surface) and vegetation height at the
center and at the midpoint of each side of the quadrat, and

averaged those five measurements to give single estimates of
thatch depth and vegetation height for the quadrat. We used t-
tests or Kruskal-Wallis rank sum tests when non-normally-
distributed data was indicated by D’Agostino’s K-squared
tests (Zar 1999) to compare seven fine-scale variables (percent
cover of lowmarsh, highmarsh, bare ground, wrack, and open
water; thatch depth; and vegetation height) between 2012 and
2013 at each site. We controlled for the experiment-wise error
rate using the Holm-Bonferroni correction (Dean and Voss
1999; Zar 1999).

We also examined changes in fine-scale vegetation be-
tween pairs of Bnon-hurricane^ years and compared them to
the changes from 2012 to 2013. Unlike the other metrics in
our study, the fine-scale vegetation measurements were col-
lected over a five-year period (2011–2015), enabling us to
analyze three pairs of non-hurricane years (2011–2012,
2013–2014, and 2014–2015) using the methods described
above. The number of quadrats surveyed during non-

Fig. 1 Location of study sites on
Edwin B. Forsythe NWR, NJ.
Study site abbreviations are:
AT =AT&T, MW=Mullica
Wilderness, OC =Oyster Creek.
Dashed line indicates the path of
Hurricane Sandy

Wetlands (2018) 38:565–575 567



hurricane years ranged from 42 to 162 and the data were
collected from June 8 – August 10, 2011; August 14–18,
2014; and June 1 – August 17, 2015. Comparing the
changes between non-hurricane years, which approxi-
mated background conditions, with those in the year
after Hurricane Sandy allowed us to observe whether the
hurricane’s impacts stood out from typical inter-annual
variation.

Meadow Vole Abundance

We estimated the relative abundance of meadow voles using
live-trapping. At each site, we established two 180-m parallel
transects, separated by 20 m, forming a 0.36 ha trapping grid
(Forys and Dueser 1993; Kruchek 2004; Cameron et al. 2009;
Eubanks et al. 2011). In 2012, we used ArcGIS to generate a
random location for the trapping grid at each study site, and
kept the grids at the same locations in 2013. Along each tran-
sect, we placed 10 small Sherman live traps (8 × 9 × 23 cm),
spaced at 20-m intervals (20 traps per site). We trapped all
sites for three consecutive nights in two rounds per year
(round 1 = June 12 – June 21, 2012 and 2013; round 2 =
July 24 – August 4, 2012 and July 25 – August 3, 2013), with
the exception of round one in 2013 when weather limited
trapping to one night at AT&T and two nights at Oyster
Creek. We baited traps with a mixture of rolled oats, peanut
butter, molasses, and raw apple pieces (Forys and Dueser
1993; Kruchek 2004; Cameron et al. 2009; Eubanks et al.
2011), and placed the bait behind the treadle in the rear of
the trap and at the trap entrance. We attached the traps to
Styrofoam platforms, secured between two 0.5-m bamboo
stakes, to allow flotation during daily tidal changes (Wolfe
1985; DeSa et al. 2012). The duration of each trapping night
was 12 h (18:00 to 6:00 h) and we did not trap during heavy
rainfall, storms, or lunar (monthly) high tides. All captured
animals were identified to species, weighed, and released at
the point of capture. Maximum handling time for captured
animals was 5 min.

We quantified the landscape context of the three trapping
grids using landcover data collected in 2010 by the National
Oceanic and Atmospheric Administration’s Coastal Change
Analysis Program (National Oceanic and Atmospheric
Administration (NOAA) 2014). Using ArcGIS, we calculated
the percent of four dominant cover types within a 1000-m
radius of each trapping grid. The four cover types were: tidal
marsh, vegetated non-marsh (primarily forest), water, and de-
velopment (roads and buildings). We also calculated the dis-
tance from the midpoint of each grid to the nearest non-marsh
edge (either vegetated or developed) using the ‘near’ tool in
ArcGIS (Table 1).

We examined the effect of Hurricane Sandy on meadow
voles by calculating an index of relative abundance for each
round, by site and year. The index was created by dividing the

total number of vole captures each night by the number of
traps set that night (usually 20, but occasionally trap
malfunctions occurred). We then averaged the index values
across the three nights of each round to give a single relative
abundance value (mean captures/trap night) and associated
estimate of variance for each round, by site and year. We used
a paired t-test to examine differences in relative abundance
between years for each round at each site. Within each round
of each year, we also tested for differences in relative abun-
dance between sites using a Kruskal-Wallis rank sum test be-
cause data were non-normal.

Artificial Nest Predation Rates

To estimate the resilience of the nest predator community, we
monitored artificial nests containing clay eggs. Although arti-
ficial nests should not be used to estimate actual nest predation
rates (Thompson and Burhans 2004), they can be used to
identify nest predators and to detect nest predation trends
(Wilson et al. 1998; Boulton and Cassey 2006). The artificial
nest monitoring occurred immediately prior to the small mam-
mal trapping along the same transects used for the trapping
(above). We placed 10 brown, wicker nests (10–12 cm in
diameter) along each transect, spaced at 20-m intervals, for a
total of 20 nests per site. We deployed and monitored the
artificial nests in two rounds per year (round one = June 1–
14, 2012 and June 2–14, 2013; round two = July 16–26, 2012
and July 11–26, 2013). Nests were designed to mimic tidal
marsh sparrow nests. Each nest was placed 0–15 cm off the
marsh surface, concealed in vegetation, and contained two off-
white, non-hardening clay eggs. We monitored nests every 2–
4 days, for a total of 10–12 days per round. At each nest check,
we examined the eggs for evidence of predation, including
beak or bite marks.

For each site, we compared the proportion of depredated
nests between years using Fisher ’s Exact Test of
Independence. A nest was considered depredated if one or
both of the eggs was found with beak or bite marks at any
point during the 10–12 days of monitoring. For sites that
showed a difference in predation rates between years, we in-
vestigated whether the cause of predation (avian versus mam-
malian) differed between years using Fisher’s Exact Test of
Independence.

Tide Height

To further characterize hurricane versus non-hurricane years,
we used daily high tide levels during our study period
(January 1, 2011 – August 17, 2015) at the Atlantic City tide
station, located 10 km from Forsythe NWR. We examined
individual high-water events and the range of daily tidal max-
ima for each year, relative to the mean lower low water
(MLLW) tidal datum (NOAA / National Ocean Service 2017).
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Results

The vegetation within the study sites remained largely un-
changed pre- and post-Hurricane Sandy. We detected no
change of vegetation in the coarse-scale surveys (Table 2).
The fine-scale surveys revealed five site-specific changes in
low marsh cover, high marsh cover, bare ground cover, and
vegetation height (Table 3); however, differences were not
consistent across sites and the number of differenceswas with-
in the range observed between non-hurricane year pairs (two
in 2011–2012 to seven in 2014–2015; Fig. 2). Furthermore,
differences from 2012 to 2013 were generally of a magnitude
similar to those observed between non-hurricane year pairs
(Fig. 2). A notable exception to this pattern is Oyster Creek,
where low marsh cover was 1.7 times higher and high marsh
cover was 2.2 times lower in 2012 than in 2013 (Table 3).
These changes were greater in magnitude and opposite in
direction from the changes between non-hurricane years at
that site (Fig. 2). Summary statistics and results of statistical
tests for the non-hurricane year data can be found in
Online Resource 1.

During 2012 and 2013, we trapped for 33 nights (620 total
trap nights) and had 206 meadow vole captures. No other
species were detected. The trapping effort was similar among
sites and years (Table 1). Meadow vole relative abundance
decreased dramatically following Hurricane Sandy; we did
not detect any voles during the first round of trapping in
2013 (Fig. 3). Abundance was greater in 2012 than in
2013 at all sites for round one (t0.05, 2 = 6.41, P = 0.02) and
round two (t0.05, 2 = 5.50, P = 0.03). However, vole abundance
in 2013 followed a similar pattern to that observed in 2012;
namely, abundance increased from round one to round two,
presumably as new individuals were recruited into the popu-
lation (Fig. 3). Although we did not record the sex of captured
voles, we made several observations of meadow vole nests on
the study sites in all years (R.A. Longenecker and S.G.
Roberts, unpublished data). Therefore, despite the severe de-
crease in vole abundance following Hurricane Sandy, the pop-
ulation appeared to have begun to recover by late July 2013.

Despite site differences in geomorphic setting, manage-
ment history, and landscape context, patterns of meadow vole
relative abundance were similar across AT&T, Mullica
Wilderness, and Oyster Creek (Fig. 3). Abundance for each
round in each year did not differ among sites (all Kruskal-
Wallis tests: χ20.05, 2 > 0.40, P > 0.60).

Predation of artificial nests declined 17.0% at Mullica
Wilderness and 38.0% at Oyster Creek pre-Hurricane Sandy
(2012) versus post-Hurricane Sandy (2013), but these declines
were not statistically significant (P = 0.60 and 0.15, respec-
tively). However, at AT&T artificial nest predation declined
44.3% (P < 0.001; Table 1) during the same period. Despite
the decrease at AT&T in the year following the hurricane, the
primary cause of nest failure, mammals, remained the same in
both years (P = 0.19). Damage to clay eggs suggested that
mammals caused four times as many failures than birds in
2012 and ten times as many in 2013.

Based on Atlantic City tide gage data, a single high-tide
event on the scale of Hurricane Sandywas not observed in any
of the non-hurricane years. The maximum daily high tide in
2012 was 2.67 m (October 29), which was 0.50–0.69 m great-
er than the maximum in 2011, 2013, 2014, and 2015.
Excluding Hurricane Sandy, the range of daily tidal maxima
was similar among years (0.89–2.19 m, 0.69–2.17 m, 0.60–
2.13 m, 0.68–2.19 m, 0.68–1.98 m, respectively).

Discussion

We found substantial resilience to Hurricane Sandy in all met-
rics examined, both in the absence of change and in a rapid
return to pre-hurricane conditions when change did occur.
Daily tidal maxima were relatively consistent across years,
excluding Hurricane Sandy, and no other high-tide events on
the scale of Hurricane Sandy were observed.We detected only
minimal changes in vegetation cover. Although there was a
trend of increased bare ground at all sites after the hurricane,
indicating that some vegetation may have been removed by
wave energy or died from prolonged inundation, bare ground

Table 1 Summary of landcover types around the live-trapping/artificial nest transects, as well as trapping effort, meadow vole captures, and percent of
artificial nests depredated by year at Edwin B. Forsythe NWR, NJ

Distance from transect to
veg non-marsha or
devb land (m)

Percent cover within
1000-m radius of transect

# Trap
Nights

# Meadow
vole captures

Artificial nests
depredated

Study site Tidal marsh Veg non-marsha Water Devb 2012 2013 2012 2013 2012 2013

AT & T 110.9 70.8 24.0 4.31 1.23 111 79 52 22 76.9% 42.9%

Mullica Wilderness 1749.2 81.5 0.62 17.8 0.00 114 120 64 14 51.6% 42.9%

Oyster Creek 567.8 77.2 19.7 4.31 0.92 119 99 47 7 59.4% 36.8%

Percent cover was calculated using 2010 National Oceanic and Atmospheric Administration Coastal Change Analysis Program landcover data
a Vegetated, non-marsh (primarily forest)
b Developed
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remained uncommon (<10% cover). These findings support
those of other field studies in New Jersey tidal marshes, in-
cluding Elsey-Quirk (2016), who reported no evidence of
widespread wrack, sediment deposition, or vegetation
removal, and Rachlin et al. (2017), who found no
change in vegetation composition. In contrast, several
studies using aerial photography (Hauser et al. 2015)
or remote sensing methods (e.g., normalized difference vege-
tation index or NDVI (Rangoonwala et al. 2016) reported
large and potentially severe impacts to marsh vegetation on
Forsythe NWR, and, specifically, that our study site locations
experienced pond/channel creation or expansion, severe nat-
ural debris deposition, marsh dieback, and/or large changes in
marsh condition (greenness). However, the only vegetation
changes detected by our field data were fine-scale and mini-
mal; we did not detect changes of the severity and/or extent as
reported by Hauser et al. (2015) or Rangoonwala et al. (2016).
This discrepancy between the results of field-based and re-
mote sensing methods warrants further investigation.

We observed resilience in the meadow vole population
through its rapid increase in relative abundance after initial
decimation following Hurricane Sandy. Because vegetated
habitat was not lost, we conclude that inundation from storm
surge, high tides, and rainfall was a likely cause of the decline

in meadow voles. Other small mammals in North American
marshes and beaches, including raccoon (Procyon lotor),
beach mouse (Peromyscus polionotus), and Eastern harvest
mouse (Reithrodontomys humulis), have been impacted by
storm flooding through either direct mortality or alteration of
movement patterns (Gunter and Eleuterius 1971; Swilling
et al. 1998; Klinger 2006; Pries et al. 2009). Although mead-
ow voles can swim and dive (Harris 1953) and can experience
erratic population fluctuations (Getz et al. 2001; Getz et al.
2006), the complete absence of the species from all three sites
in June 2013 strongly suggests that prolonged flooding during
the hurricane drowned the majority of individuals on the tidal
marsh in New Jersey. During a damage assessment immedi-
ately following the hurricane, Forsythe refuge staff did not
observe any mats of wrack caught in tidal marsh shrubs; in-
stead, all wrack was concentrated along the upland borders of
the marshes. Wrack mats can provide refugia for small mam-
mals during a flood, so their absence from the marsh further
supports our conclusion that meadow voles were extirpated by
high water levels (P.M. Castelli, unpublished data). Although
vole abundance at our study sites nine months post-hurricane
had not reached pre-hurricane levels, it showed signs of re-
covery and resilience irrespective of site differences in geo-
morphic setting, management history, and landscape context.

Table 2 Vegetation cover
variables (mean ± 1 standard
error) collected within 50-m
radius points (coarse-scale) at
Edwin B. Forsythe NWR, NJ,
and univariate comparisons
(Kruskal-Wallis test)
between years (2012–2013)

Cover class Study site 2012
(mean ± 1 SE)

2013
(mean ± 1 SE)

Comparison between
years (exact P values)a

Low marshb AT 3.0 ± 0.5 3.2 ± 0.5 χ20.05, 1 = 0.10, P = 0.76

MW 3.9 ± 0.4 2.7 ± 0.4 χ20.05, 1 = 3.18, P = 0.07

OC 3.1 ± 0.5 3.1 ± 0.5 χ20.05, 1 = 0.01, P = 0.91

High marshc AT 3.9 ± 0.7 4.2 ± 0.6 χ20.05, 1 = 0.04, P = 0.84

MW 4.2 ± 0.5 5.1 ± 0.3 χ20.05, 1 = 2.64, P = 0.10

OC 4.1 ± 0.7 3.8 ± 0.7 χ20.05, 1 = 0.30, P = 0.58

Salt-marsh terrestrial border AT 0.8 ± 0.3 0.6 ± 0.2 χ20.05, 1 = 0.08, P = 0.78

MW 0.7 ± 0.2 0.5 ± 0.3 χ20.05, 1 = 0.66, P = 0.42

OC 1.2 ± 0.4 1.1 ± 0.4 χ20.05, 1 = 0.30, P = 0.87

Invasives AT 0.4 ± 0.2 0.3 ± 0.1 χ20.05, 1 = 0.27, P = 0.61

MW 0.2 ± 0.1 0.1 ± 0.1 χ20.05, 1 = 0.30, P = 0.58

OC 0.5 ± 0.3 0.5 ± 0.4 χ20.05, 1 = 0.71, P = 0.40

Pannes/pools/creeks AT 3.2 ± 0.4 2.7 ± 0.3 χ20.05, 1 = 0.68, P = 0.41

MW 1.3 ± 0.3 1.5 ± 0.3 χ20.05, 1 = 0.33, P = 0.57

OC 2.5 ± 0.4 2.1 ± 0.4 χ 2
0.05, 1 = 0.53, P = 0.46

Open water AT 0.0 ± 0.0 0.0 ± 0.0 NA

MW 0.3 ± 0.2 0.0 ± 0.0 χ 2
0.05, 1 = 3.35, P = 0.07

OC 0.4 ± 0.4 0.4 ± 0.4 χ 2
0.05, 1 = 0.00, P = 1.00

Cover classes are rank variables (0–6), with values that indicate ranges of observed percent cover (0 = 0%, 0.5 <
1%, 1 = 1–5%, 2 = 6–10%, 3 = 11–25%, 4 = 26–50%, 5 = 51–75%, 6 = 76–100%)
a Exact P values (uncorrected) are shown. No comparisons were significant before the Holm-Bonferroni
correction
b Spartina alterniflora
c Spartina patens and Distichlis spicata
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Additional study of meadow vole natural history in tidal
marshes is needed.

Artificial nest predation may have been reduced by
Hurricane Sandy, but the results are not conclusive at all sites.
Following the storm, nest failure rates decreased at AT&T, but
did not change at the other study sites. Given the observed
decrease in meadow vole abundance, it is plausible that other
small mammals that are nest predators, such as Norway rats
(Rattus norvegicus) and rice rats (Oryzomys palustris), were
similarly impacted, resulting in fewer nest failures at AT&T.
Study site differences may havemasked or disrupted this effect
at MullicaWilderness and Oyster Creek. Thus, we are not able
to conclude whether Hurricane Sandy affected artificial nest
predation or nest predators.

Although our study provides insight into the short-term
resiliency of marshes to Hurricane Sandy, resilience also
operates at other spatial and temporal scales (Carpenter et al.
2001). We defined resilience in terms of persistence – did
these three components/processes of the tidal marsh remain
similar after the hurricane to the way they were before? – and
at a one-year time scale. Further research could evaluate the
impact of the hurricane on longer-term processes, such as
meadow vole population growth rate, in order to better under-
stand how such stochastic disturbances disrupt or are absorbed

over decadal time-spans. Short-term resilience does not nec-
essarily indicate that the hurricane had no detectable impacts;
some changes simply may require more time to become evi-
dent. For example, hurricanes in tropical forests have been
found to indirectly impact vertebrate communities over sever-
al years by altering tree fruit production (Klinger 2006). Tidal
marsh resilience could also be examined at different spatial
scales, in order to capture the impact of the hurricane on meta-
population dynamics, which is important for predicting re-
colonization patterns of locally extirpated species.

Finally, although we found resilience in three metrics, cau-
tion should be used in generalizing this result to other aspects
of the ecosystem or to different tidal marshes. For example,
we predict that other resident, small mammal species that use
the tidal marsh were extirpated in a similar fashion as meadow
voles. However, more mobile species, such as raccoons or red
foxes (Vulpes vulpes), may not have been affected as drasti-
cally. We also predict that nest predation rates of endemic,
tidal marsh birds, such as Saltmarsh (Ammodramus
caudacutus) and Seaside (A. maritimus) sparrows, did not
dramatically differ after the hurricane because we detected
no change in artificial nest predation. However, it does not
follow that overall breeding success of tidal marsh birds was
similarly unaffected. The hurricane could have altered

Table 3 Vegetation variables
(mean ± 1 SE) collected
within 1-m2 quadrats (fine-scale)
at Edwin B. Forsythe NWR, NJ,
and univariate comparisons
(t-test or Kruskal-Wallis test)
between years (2012–2013)

Vegetation variable Study site 2012
(mean ± 1 SE)

2013
(mean ± 1 SE)

Comparison between
years (exact P values)a

Low marsh cover (%) AT 19.0 ± 4.2 15.3 ± 4.8 χ20.05, 1 = 0.03, P = 0.90

MW 29.9 ± 4.7 22.7 ± 5.1 χ20.05, 1 = 0.26, P = 0.61

OC 78.8 ± 4.7 46.1 ± 5.6 χ20.05, 1 = 20.45, P < 0.01*

High marsh cover (%) AT 77.9 ± 4.3 73.9 ± 6.3 χ20.05, 1 = 1.32, P = 0.25

MW 70.0 ± 4.8 71.6 ± 6.1 χ20.05, 1 = 0.01, P = 0.91

OC 18.0 ± 4.7 40.0 ± 6.2 χ20.05, 1 = 8.68, P < 0.01*

Bare ground cover (%) AT 1.4 ± 1.2 8.5 ± 2.6 χ20.05, 1 = 20.72, P < 0.01*

MW 0.2 ± 0.2 3.1 ± 1.6 χ20.05, 1 = 12.85, P < 0.01*

OC 3.6 ± 1.7 7.8 ± 2.1 χ20.05, 1 = 7.36, P < 0.01

Wrack cover (%) AT 0.0 ± 0.0 0.0 ± 0.0 NA

MW 0.0 ± 0.0 2.2 ± 2.2 χ20.05, 1 = 1.94, P = 0.16

OC 0.0 ± 0.0 0.0 ± 0.0 NA

Water cover (%) AT 1.0 ± 0.6 1.3 ± 1.3 χ20.05, 1 = 0.08, P = 0.78

MW 0.7 ± 0.5 0.0 ± 0.0 χ20.05, 1 = 1.58, P = 0.21

OC 0.5 ± 0.5 2.8 ± 2.3 χ20.05, 1 = 0.66, P = 0.42

Thatch depth (cm) AT 4.86 ± 0.40 4.06 ± 0.55 t56.0 = 1.18, P = 0.24

MW 5.23 ± 0.46 7.43 ± 0.67 t57.6 = −1.86, P = 0.07

OC 1.79 ± 0.41 3.82 ± 0.55 χ20.05, 1 = 7.68, P < 0.01

Vegetation height (cm) AT 33.17 ± 1.32 24.85 ± 1.19 t78.9 = 4.66, P < 0.01*

MW 37.56 ± 2.30 27.12 ± 1.61 χ20.05, 1 = 7.63, P = 0.01

OC 35.48 ± 1.44 25.79 ± 1.48 t121.1 = 2.28, P = 0.02

The Holm-Bonferroni correction used α = 0.05 and 19 comparisons
a Exact P values (uncorrected) are shown. Comparisons that remained significant (P ≤ 0.05) following the Holm-
Bonferroni correction are designated by an asterisk
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resources needed for appropriate nest placement, such as
thatch availability, or for the successful rearing of nestlings,
such as invertebrate food sources. Lastly, our study was con-
ducted in a large, protected, relatively intact tidal marsh com-
plex; tidal marshes in degraded condition may not have dem-
onstrated the same level of resilience. With the exception of

grid-ditching and OMWM, our study sites had relatively nat-
ural hydrology, which is perhaps the most important physical
driver of the ecosystem (Mitsch and Gosselink 2000; U.S.
Fish and Wildlife Service 2004). Many tidal marshes else-
where on the Atlantic Coast, however, have been disconnect-
ed from tidal flow and sedimentation by roads, tide gates, or

Fig. 2 Mean differences of
fine-scale vegetation variables
(low marsh cover, high marsh
cover, bare ground cover, wrack
cover, water cover, thatch depth,
and vegetation height) between
year pairs (2011–2012,
2012–2013, 2013–2014, and
2014–2015) at three sites at
Edwin B. Forsythe NWR, NJ.
Site abbreviations are:
AT =AT&T, MW=Mullica
Wilderness, OC =Oyster Creek.
Asterisks indicate a significant
difference in the vegetation
variable between years
(significance was evaluated using
t-tests or Kruskal-Wallis tests
followed by the
Holms-Bonferroni correction
with α = 0.05)

Fig. 3 Meadow vole (Microtus
pennsylvanicus) relative
abundance (mean captures/trap
night ±95% confidence intervals)
by study site, year, and round at
Edwin B. Forsythe NWR, NJ.
Study site abbreviations are:
AT =AT&T, MW=Mullica
Wilderness, and OC=Oyster
Creek. Round 1 was conducted
from June 12 – June 21, and
round 2 was conducted from
July 24 – August 4. Confidence
intervals are dashed lines for 2012
and solid lines for 2013
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weirs, which fundamentally impact marsh structure and func-
tion (Crain et al. 2009), are related to bird population declines
(Correll et al. 2017), and may influence the resilience of
marshes to hurricanes. Irrespective of marsh management or
condition, our study sites were generally representative of
other marshes within the region in terms of vegetation
composition. Recent remote-sensing analyses, using ae-
rial imagery and elevation data, estimated that high and
low marsh were the most common cover types within
northeast tidal marshes from Maine to Virginia (36% and
21%, respectively; Correll et al. in review). Using the marsh
vegetation classification layers produced by Correll et al.
(available at www.tidalmarshbirds.org), we determined that
our study sites were largely high marsh (81%), followed by
low marsh (12%), which is also true for other marshes in
south-central New Jersey (54% and 21%, respectively). The
main difference in cover types is terrestrial border habitat,
which is more common in south-central New Jersey and the
entire Northeast than at our study sites (10%, 24%, and 0.11%,
respectively), because our sites were located in the center of
large marsh complexes.

Ecosystem resilience may be crucial for maintaining biodi-
versity and ecological processes in light of global climate
change (Mawdsley et al. 2009). Global climate change and
sea level rise pose significant threats to the persistence of
coastal wetlands and their endemic species (Van De Pol
et al. 2010; Bayard and Elphick 2011; Correll et al. 2017;
Field et al. 2017). The frequency and intensity of hurricanes
in the Atlantic may increase due to global climate change
(Emanuel 2005; Webster et al. 2005; IPCC 2014), so quanti-
fying the resilience of tidal marshes to Hurricane Sandy can
inform future management and conservation action. Our find-
ings suggest that a future hurricane of similar magnitude, du-
ration, and timing is not likely to cause extensive vegetation
loss or to greatly affect nest predation rates on a relatively
intact, high-marsh-dominated site, although small mammal
abundance may be temporarily reduced. In such a situation,
no immediate management actions targeted at recovering veg-
etation, small mammals, or nest predators would need to be
implemented, aside perhaps from clearing human debris de-
posited by storm surge. Instead, managers should focus on
long-term strategies to maintain or increase the resilience of
the tidal marsh. Although ecosystem resilience is often mea-
sured in response to an abrupt disturbance, it is also affected
by gradual changes that occur over long time spans (Scheffer
et al. 2001). How resilient a tidal marsh can be to a hurricane
may be determined by how greatly it has been weakened by
small, on-going changes, such as eutrophication or lack of
sedimentation (Scheffer et al. 2001). Thus, increasing the like-
lihood of tidal marsh persistence through global climate
change requires managers, policy-makers, and conservation-
ists to address the gradual changes that influence resilience,
rather than simply respond to large disturbances.
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