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a  b  s  t  r  a  c  t

Hurricane  wind  and  saltwater  surge  may  have  different  influences  on  the subsequent  composition  of
forests.  During  Hurricane  Sandy,  while  damaging  winds  were  highest  near landfall  in New  Jersey,  inun-
dation  occurred  along  the  entire  eastern  seaboard  from  Georgia  to  Maine.  In  this  study,  a comparison  of
damage  from  salinity  intrusion  vs.  wind/surge  was  recorded  in  swamps  of  the  Delmarva  Peninsula  along
the  Pocomoke  (MD)  and Nanticoke  (DE)  Rivers,  south  of  the most  intense  wind  damage.  Hickory  Point
Cypress  Swamp  (Hickory)  was  closest  to the  Chesapeake  Bay  and  may  have  been  subjected  to a  salinity
surge  as  evidenced  by elevated  salinity  levels  at a gage  upstream  of this  swamp  (storm  salinity  =  13.1  ppt  at
Nassawango  Creek,  Snow  Hill,  Maryland).  After Hurricane  Sandy,  8% of  the  standing  trees  died  at  Hickory
including  Acer  rubrum,  Amelanchier  laevis,  Ilex spp., and  Taxodium  distichum.  In  certain  plots  of  Hickory,
up  to  25%  of  the  standing  trees  were  dead,  corresponding  with  high  soil salinity.  The  most  important
variables  related  to  structural  tree damage  were  soil  salinity  and  proximity  to  the  Atlantic  coast  as  based
on Stepwise  Regression  and  NMDS  procedures.  Wind  damage  was  mostly  restricted  to broken  branches
cosystem shift
although  tipped-up  trees  were  found  at Hickory,  Whiton  and  Porter  (species:  Liquidamabar  styraciflua,
Pinus  taeda,  Populus  deltoides,  Quercus  pagoda  and  Ilex  spp.).  These  trees  fell  mostly  in  an  east  or  east-
southeast  direction  (88–107◦) in  keeping  with  the wind  direction  of  Hurricane  Sandy  on  the  Delmarva
Peninsula.  Coastal  restoration  and  management  can  be informed  by the  specific  differences  in hurricane
damage  to  vegetation  by  salt  vs. wind.

Published by Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY-NC-ND  license
. Introduction

Hurricane impacts on coastal freshwater forests are related to
oth breakage from wind and mortality from salinity intrusion, but
ew studies have attempted to disentangle the relative impacts of
hese two disturbances. The components of disturbance by hurri-
anes, wind and saltwater surge have different effects on coastal
reshwater systems (Gresham, 1993a) and subsequent vegetation
ynamics (Middleton, 1999). While wind damage is usually empha-
ized in post-hurricane studies (Middleton, 2009a), saltwater surge
ay  affect much larger areas of the coast (Conner, 1995; Stanturf

t al., 2007).
Hurricane Sandy had the potential for both wind and saltwa-

er surge with flooding from Georgia to Maine (0.5–9 m;  NOAA,

013). Other hurricanes including Isabel caused 1.5–2.0 m of flood-

ng in Chesapeake Bay (Shen et al., 2006), and Katrina caused up to
0 m of flooding in coastal Mississippi (Fritz et al., 2007). While the

E-mail address: middletonb@usgs.gov

ttp://dx.doi.org/10.1016/j.ecoleng.2015.11.035
925-8574/Published by Elsevier B.V. This is an open access article under the CC BY-NC-N
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

force of the tidal waves from storms can cause physical damage to
vegetation (Stanturf et al., 2007), even a low amount of salinity
can have severe effects on freshwater vegetation (Williams, 1993;
Conner, 1995; Stanturf et al., 2007; Piazza and La Peyre, 2009;
Werner et al., 2013). After a salinity intrusion event associated with
a hurricane in a coastal wetland, salinity levels in the surface water
may  stay elevated for months (Steyer et al., 2006), with freshening
not occurring for as long as one year after a hurricane (Chabrek and
Palmisano, 1973). The time required for the freshening of salini-
fied wetlands depends on the amount of rainfall, and the salinity
levels of the surface and groundwater (Kaplan et al., 2010), and
the process can take longer if soil salinity levels have increased
(Overton et al., 2006). This topic is of specific interest to managers
because post-hurricane management may  depend on whether a
hurricane-impacted site was  affected by salinity intrusion.

Salt water intrusion damages freshwater wetlands (Gresham,
1993b; Craft, 2012), by causing species composition changes, e.g.,

tidal fresh to saltmarsh (Crain et al., 2004), and Salix – to Tamarix
– dominated forests (Salinas et al., 2000; Vandersande et al.,
2001). Certain marsh species are slow to recover after salinity
intrusion from hurricanes, e.g., Panicum repens and Myriophyllum

D license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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picatum (Chabrek and Palmisano, 1973). Freshwater palm forests
ubjected to higher salinity have smaller trees and higher dom-
nance by saltwater tolerant species in the understory, e.g.,

angrove fern (Acrostichum aureum; Feagin et al., 2013). In fresh-
ater swamps, higher tree density and production occur in

axodium distichum (baldcypress) freshwater nearest 0 ppt (Wicker
t al., 1981; Middleton et al., 2015, respectively).

The effects of salinity on species vary depending on life his-
ory stage (Middleton, 1999). For example, elevated salinity levels
ffect T. distichum seedlings more than adults (Conner and Askew,
992). Sensitivity of early life history stages to salinity is typ-

cal of many freshwater species (e.g., Sabal palmetto: Williams
t al., 1999, respectively); older established individuals can sur-
ive longer by utilizing stored belowground resources (Sutter et al.,
014). Because salinity intrusion causes regeneration suppression

n freshwater species, vegetation may  recover slowly after storms
Barry et al., 1993; Gresham, 1993b; Conner, 1995; Allen et al.,
997; Williams et al., 1999), depending on storm frequency and

ntensity (Michener et al., 1997; Stanturf et al., 2007). In the absence
f salinity, conspecific tree seedlings (Middleton, 2009b) or saplings
ay  re-establish after storms (Uhl et al., 1988), depending on the

ature of the post-hurricane environment with respect to flood-
ng, chemical characteristics, shading and seed supply (Middleton,
999, 2009b).

T. distichum (baldcypress) is an important component of south-
astern swamps (Middleton, 2009a), which could have individuals
hat are resistant to salinity intrusion. Some studies have found
igher salinity tolerance in certain populations of T. distichum (Allen
t al., 1997). Nevertheless, recent genetic studies do not support
his idea; the genetics of T. distichum individuals surviving and suc-

umbing to high salinity were the same in Gulf Coastal populations
f T. distichum (Kusumi et al., unpublished data).

Episodic disturbance due to hurricanes may become more fre-
uent with future climate change (IPCC, 2014). At the same time,

ig. 1. (A) Location of tree damage study by Hurricane Sandy in T. distichum swamps of t
ncluded Trussum Pond (Trussum) and Cypress Point (Cypress) along the James Branch, a

illards (Willard), Whiton’s Crossing (Whiton), Porter’s Crossing (Porter) and Hickory Po
epartment of Natural Resources; Google Earth, 2015). Water gage information came 

helltown and Pocomoke City Drawbridge gages.
neering 87 (2016) 62–70 63

hurricane events may  become a tipping point for permanent shifts
in vegetation (Hayden et al., 1991), because salinity intrusion can
produce long-term changes in freshwater vegetation composition
(Williams, 1993; Conner, 1995; Stanturf et al., 2007; Hoeppner
et al., 2008; Shields et al., 2011; Werner et al., 2013). For exam-
ple, a severe 3 m saltwater surge occurred during Hurricane Hugo
in Hobcaw Forest, South Carolina, even though wind damage was
minimal (Gresham et al., 1991). During the two  years after Hugo,
66% of the trees died including T. distichum (Hook et al., 1991). After
Katrina and Rita, most of the mid-story trees died in Lake Mau-
repas, Louisiana due to flooding and high salinity (Shaffer et al.,
2009). Natural regeneration may be poor after hurricanes because
the post-hurricane window for freshwater tree regeneration may
be limited. Pre-emption may  curtail the regeneration of fresh-
water trees if fast-growing and salt tolerant macrophytes move
into swamps after storms; three years after Hugo in Hobcaw For-
est, macrophytes established (e.g., Typha sp., Phragmites australis,
Alternanthera philoxeroides, and Cladium jamaicense; Conner, 1995).
Beyond lingering salinity in the environment after a hurricane, the
establishment of non-resident species also can slow the recovery
of an ecosystem (Halpern, 1988).

The objectives of this study were to explore the nature of
forested swamp  damage by saltwater intrusion and/or wind and
water surge from Hurricane Sandy on the Delmarva Peninsula of
Maryland and Delaware. Environmental and geographical variables
and their inter-relationships to any tree structural damage were
also examined.

2. Materials and methods
2.1. Hurricane Sandy

Hurricane Sandy made landfall on October 29, 2012 with high-
est winds near Atlantic City, New Jersey, but with storm impacts

he Mid-Atlantic Coast on the Delmarva Peninsula. (B) Riverine freshwater swamps
 tributary of the Nanticoke River (Delaware Department of Natural Resources), and
int Cypress Swamp (Hickory; tidally affected) along the Pocomoke River (Maryland
from near Snow Hill MD (Nassawango), and salinity information came from the
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ccurring along the Atlantic seaboard from Maine to Georgia
NOAA, 2013). Though south of the eye of the storm, the Delmarva
eninsula was impacted by heavy storm surge, intense rainfall and
ind (Dennison et al., 2012), with peak wind speeds from 108 to

21 km h−1 (USGS, 2014; Fig. 1). Rainfall amounts during this storm
ere estimated at 180 mm in Salisbury, Maryland (Fig. 1A; NASA,

013). Tidal surge inundation levels on the Delmarva Peninsula
ere as much as 1.2 meters (NOAA, 2012a), with storm surge and

nundation at Bishop’s Head of 0.9 and 0.7 m,  respectively (Fig. 1A;
lake et al., 2013).

.2. Study area

Six T. distichum swamps were selected for study in the Chesa-
eake Watershed of the Delmarva Peninsula (Fig. 1A). Four riverine
wamps along the Pocomoke River, Maryland included Willards
Willard), Whiton’s Crossing (Whiton), Porter’s Crossing (Porter)
nd a tidally affected swamp, Hickory Point Cypress Swamp (Hick-
ry; Maryland Department of Natural Resources; Fig. 1B). Two
wamps were studied in Delaware including Trussum Pond and
ypress Point (Trussum and Cypress, respectively) on the James
ranch, a tributary of the Nanticoke River (Delaware Department
f Natural Resources). As the most tidally affected study swamp,
ickory was the nearest to the Chesapeake and about 43 km from
ishop’s Head (Fig. 1B). All sites had a developed canopy with a
ixture of adult T. distichum,  Acer rubrum, Liquidambar styraciflua,

. taeda, and/or Populus deltoides.
To determine the timing of a tree fall area at Hickory, air

hotos were examined to observe when canopy trees fell during
011–2013 (USDA, 2014). Storm reports relevant to observed tree
amage in study plots (wind, tidal surge) were identified for the
elmarva Peninsula during the growing season prior to this hurri-
ane (i.e., March–October, 2012; NOAA, 2012b).

.3. Experimental design

To study forest structure and damage, one transect was  estab-
ished in each study swamp. Along each 125 m linear transect, five
tructural plots of 10 m × 10 m (0.01 ha) were designated using a
andomization process within 25 m intervals in March 2013, fol-
owing the methodology used in a long-term research network
North American Baldcypress Swamp Network; Middleton et al.,
015). Start points of the five plots were each marked with a small
ooden post. Transects were aligned parallel to the river, except

or Whiton, which had limited accessibility during flooded periods.
f the five plots along each transect, Plots #1, 3, 5 were randomly

elected for sampling with some exceptions. At Hickory, Plots #1–5
ere sampled; this swamp was closest to Chesapeake Bay and from

he mouth of the Pocomoke River. Sampled plots were renumbered
onsecutively for the purposes of data entry (e.g., sampled Plots #1,
, 5 were renumbered as Plots #1, 2, 3). At Cypress Point, only Plot
1 was sampled because after March 2013, a nearby dam had been

econstructed, which rendered portions of the structural plots too
eep to access on foot.

To examine tree material damaged by salinity intrusion, wind
nd/or water surge, all living saplings and adult trees within struc-
ural plots were sampled to the right of the transect facing forward
long consecutively numbered plots. Similarly, any dead mate-
ial was categorized as “trunk” vs. “branch” in March 2013, and
ewly dead material including tree death was noted during seven
urveys in spring, summer and fall from 2013 to 2015 (∼March
4/September 2/November 14, April 1/June 25/November 23, and

uly 27 in 2013, 2014, and 2015, respectively). Care was  taken to not
ample any structural material more than one time. About 1.3 m
rom the ground (tree) or end of the branch, diameter at breast
eight (dbh) was measured using a dbh tape. Height, trunk, and
neering 87 (2016) 62–70

branch lengths of trees, branches and shrubs were made using a
Nikon Forestry Pro Laser Rangefinder or measuring tape. All woody
material in each plot was categorized by trunk or branch as standing
live, leaning/tipping (with obvious signs of recent soil movement
or trunk cracking), down originating in the plot (i.e., rooted in plot),
standing dead, or down dead originating outside of the plot (or of
undetermined origin). Of these structural characteristics, salinity
intrusion may  have caused standing dead trees. Wind may  have
broken branches. Wind or possibly storm surge nearer the coast
may  have produced broken, leaning or tipped-up trees. Origin of
tree or branch was based on visually matching the remaining parts
of trees. Trunk or branch material that had fallen before vs. after the
storm were distinguished based on the presence/absence of mature
un-abscissed leaves (indicating felling during the growing season),
level of tree deterioration, and freshness of soil disturbance in the
root ball of the tipped-up tree. Trees tipped by the hurricane had
bare soil surrounding the roots, which suggested that trees had
tipped late in growing season and in the timeframe of Hurricane
Sandy, because this freshly exposed soil had no newly germinated
seedlings (Middleton, 2009a). Some of tipped trees were not com-
pletely dead and still had greenish leaves. Trees and branches
snapped by the hurricane had freshly exposed wood. Direction of
tree fall was  measured with a compass.

As another estimate of structural tree damage, percent canopy
coverage was  estimated using photos of the tree canopy taken with
a digital camera fitted with a fisheye lens (Nikon FC-E9 Fisheye,
Nikon Coolpix 8700) near the start point of the 10 m × 10 m plot
during the leaf-off period in either March 2013 or 2014. Gap Light
Analyzer version 2.0 software (Frazer et al., 1999) was used to esti-
mate the percent canopy cover from the digital photo.

To determine the timing of canopy tree fall at Hickory, air photos
were examined during 2011–2013 (USDA, 2014). Storm reports rel-
evant to observed tree damage in study plots (wind, tidal surge)
were identified for the Delmarva Peninsula during the growing
season prior to this hurricane (i.e., March–October, 2012; NOAA,
2012b).

2.4. Environmental and geographical variables

While the environmental and geographical variables could have
inter-related effects on tree structural characteristics with respect
to hurricane damage, the effects of each variable might be more
related to either salinity intrusion or wind/surge damage. As an
explanation for the set of variables selected for examination in
the study, the role of salinity intrusion was  explored by examin-
ing patterns of structural tree damage to environmental variables
including soil salinity, pore water salinity, and water depth as well
as geographical variables including distance to the mouth of a river.
Similarly, wind damage was likely more related to peak wind gusts
and maximum sustained wind during Hurricane Sandy, and dis-
tance to the Atlantic Coast. These variables have certain inherent
inter-relationships. For example, along a riverine gradient, distance
of swamp to the mouth of a river would likely be related to soil
and/or pore water salinity level in the swamps.

Various environmental variables were explored with respect to
Hurricane Sandy effects on structural tree damage including lev-
els of water depth, and pore water and soil salinity at sites. To
estimate water level patterns at Hickory during Hurricane Sandy
(i.e., to detect a storm surge), nearly continuous water level data
were obtained for the Nassawango Creek gage from January 1, 2011
through June 22, 2014 (USGS 01485500; via Wendy McPherson,
U.S. Geological Survey, Maryland – Delaware – District of Columbia

Water Science Center, Baltimore, MD 21228). This gage is 29.4 river
km upstream of Hickory along a tributary of the Pocomoke River
near Snow Hill, MD (Fig. 1). Mean maximum water levels for Hick-
ory during Hurricane Sandy (October 29–30, 2012) were roughly
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nterpolated by comparing water depth and elevation at the Nas-
awango Creek gage vs. Hickory plots. On March 30, 2015 (3:00 pm),
elative elevations were estimated at Hickory plots using a Trim-
le DiNi Digital Level. These rough elevations were based on water
nd elevation comparisons on this day. Subsequently, these derived
levations were used to estimate water levels at Hickory during
urricane Sandy (October 29–30, 2012) based on the elevation of

he water surge recorded at the Nassawango gage. Water depths at
ll sites and plots were measured with a meter stick on each day of
isit.

To measure pore water salinity, water was  extracted with
 pore water sipper device from a depth of 5 cm within 1 m
f each of the five plots during survey visits in 2013–2015.
xtracted water was transported in a portable freezer to the lab,
nd salinity measured with a YSI EC 300® probe. To detect a
alinity intrusion event during Hurricane Sandy, salinity data for
012 was downloaded from the Pocomoke City Drawbridge and
helltown stations (MDNR, 2012; http://mddnr.chesapeakebay.
et/eyesonthebay/index.cfm#map). Mean, maximum and min-

mum salinity levels were compared during Hurricane Sandy
October 29–30, 2012) vs. non-hurricane days using all available
012 data from the Pocomoke City and Shelltown recorders (April
4–November 13, 2012; n = 204 and 216, respectively; Fig. 1).

Soil salinity was measured by collecting soil with a shovel from
he top 5 cm of the soil surface on June 25, 2014. Soil samples from
ickory were taken within 1 m of each of the five permanent plots,
nd put into separate Ziploc® bags (5 samples). Soil samples from
ll other sites were taken within 1 m of Plot 1 and put into a separate
iploc® bags (1 sample per site). All soil samples were stored in a
ortable cooler and transported to a walk-in cooler at 4 ◦C at the
etlands and Aquatic Research Center, Lafayette, Louisiana until

nalysis (March 2015).
To determine soil salinity, a slurry was prepared using 5 g of

ried and crushed soil with 25 ml  of distilled water. The slurry was
haken for 3 min  and then electrical conductivity of the solution
as measured with a YSI EC 300® probe. Salinity level was  deter-
ined by applying a conversion factor to the EC value, which for

hese freshwater soil types was 640 (i.e., EC/640; Gibbs, 2000).
To determine if geographical position on the Delmarva Penin-

ula was related to structural tree damage, distances in kilometers
ere determined from each study site to the Atlantic Coast and to

iver mouth (i.e., the distance from the entry of either the Pocomoke
r Nanticoke River in the Chesapeake Bay in river kilometers; Mary-
and vs. Delaware sites, respectively) using a distance measurement
ool (Google Earth, 2015). Peak wind gusts and maximum sustained
ind during Hurricane Sandy were determined using wind data

rom the measurement station nearest the site as reported in the
azards Data Distribution System (HDDS) Explorer (USGS, 2014).

.5. Data analyses

Structural material was assessed as the unique live or dead
aterial sampled during any of the seven field surveys in

013–2015, i.e., no material was recorded more than one time.
otal volume of live standing material included the sum of all live
rees and shrubs rooted in each plot. Total dead material included
he sums of leaning/tipping trees, trees/shrubs down, standing
ead, and branches down in each plot. Volume was  calculated for
ach tree or branch using the formula for the volume of a cone:

 = �r2x(h/3) where V = volume, r = (dbh/2) and h = height or length
m;  Spies et al., 1988). This method underestimates tree volume,
ut for woody debris and trees damaged by storms, a cone gives as

niform approximation of the shape of the material (Spies et al.,
988). Total volume of live and downed wood was  summed by
pecies within a plot, and also the total of all species per plot was
xpressed on a per hectare basis.
neering 87 (2016) 62–70 65

Structural tree variables were first expressed as total volumes
per species for each plot sampled at each site (i.e., 1–5 samples
per site), and then percentages of the total alive + dead material
in each structural variable category including total % volumes of
leaning, dead standing, downed branches, downed trees, total dead
material, and live trees. All of the dead material was  likely from
wind/surge damage, except for the standing dead trees, which were
recently killed, and most likely by salinity intrusion during the
storm. Another structural tree variable, percent canopy coverage
was assessed as a mean per site. Environmental variables including
pore water salinity and water depth were assessed for each plot in
each site as the maximum value during seven field visits (∼March
24/September 2/November 14, April 1/June 25/November 23, and
July 27 in 2013, 2014, and 2015). Geographical and wind variables
were assessed on a per site basis including distance to the mouth
of the river and the Atlantic coast as well as peak wind gusts and
maximum sustained wind during Hurricane Sandy (October 29–30,
2012).

Using Stepwise Regression (forward and backward), environ-
mental/geographical variables were selected for further examina-
tion using a p-value threshold of 0.15 using the PROC GLMSELECT
Procedure in SAS 9.3 (2002–2012). Species dominance was defined
as species that were present in more than one study swamp, and
with a total live/dead volume >13 m3 per hectare (A. rubrum, L.
styraciflua,  T. distichum);  other species were grouped in a “not
dominant” group. In the final regression, significant variables were
those with |t| > 1.96 or p < 0.05. Using the variables selected by this
Stepwise Regression procedure, linear and second order polyno-
mial regression analyses were used to test the relationship of tree
structural variables (% volumes of leaning, dead standing, downed
branches, downed trees, total dead material, and live trees). Several
variables did not meet the selection criteria and were eliminated
from further consideration including dominant species, % canopy
coverage, wind variables (peak wind gust and maximum sustained
wind during Hurricane Sandy), and maximum water depth on day-
of-site visit) (Table 1).

Non-metric Multidimensional Scaling (NMDS) was  used to
explore the relationship of structural tree variables to the envi-
ronmental/geographical variables that met  the selection criteria
using the Vegan Package in R (Oksanen, 2012; R Foundation, 2012).
This analysis approach was selected because of the inter-correlated
nature of the variables. Multivariate analysis was  performed
using two-dimensional NMDS with Euclidean dissimilarity matri-
ces (selected environmental/geographical variables: distance to the
Atlantic coast and river mouth, and soil and maximum pore water
salinity). A starting number was  selected (9084), which produced
the lowest stress value out of 50 runs (stress = 0.04097368). Data
were centered and scaled, and the analysis was performed using R
(Oksanen, 2012; R Foundation, 2012). As an additional test, linear
regressions were used to compare to compare pore water salinity
at plots with either % dead tree material or the swamp distance to
the mouth of the river using JMP  SAS (2012).

3. Results

3.1. General patterns of environmental/geographical variables on
Delmarva Peninsula

Salinity patterns along the river gradient from Chesapeake Bay
– To assess the potential of salinity intrusion during Hurricane
Sandy that could have affected structural tree damage patterns

along the Pocomoke River, salinity levels upstream and down-
stream of Hickory were examined. Hickory is the closest study
swamp  to the Chesapeake Bay (Hickory vs. other swamps: 12 km
vs. 52–80 km,  respectively; Appendix 1) and the only study swamp
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Table  1
Stepwise regression variable selection for structural and environmental variables
including the percentage of damaged tree volume vs. total tree volume (live + dead)
including branch, dead standing, trunk down, dead total (branch + dead stand-
ing + trunk down), leaning and live tree volume. Linear and second order polynomial
regression were used to test these structural variables with geographical position
of  the sites (distance to the Atlantic Coast and the mouth of the river), storm wind
characteristics (peak wind gust and maximum sustained wind), environment (soil
salinity, maximum water depth 2013–2014, maximum pore water salinity), dom-
inant species, and site. Not applicable (NA) indicates that the stepwise regression
did  not identify any significant dependent variables and these were removed from
further consideration (i.e., structural variables: percentage of leaning and live trees;
storm wind characteristics: peak wind gust and maximum sustained wind; envi-
ronment: maximum water depth).

Dependent variable Variable Regression
coefficient

F ratio p

Branch Model 0.14 11.3
Distance Atlantic Coast2 <0.05

Dead
standing

Model 0.02 5.9
Soil salinity <0.05
Soil salinity2 <0.05
Distance mouth river <0.05
Distance mouth river2 <0.05
Pore water salinity <0.05

Trunk
down

Model 0.15 8.2 <
Pore water salinity <0.05
Distance mouth river <0.05
Distance mouth river2 <0.05

Dead total Model 0.09 7.1
Soil salinity <0.05
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Fig. 2. (A) Mean maximum water levels at the Nassawango Creek gage (#01485500;
38◦13′44.1′′ N and 75◦28′7.2′′ W)  during Hurricane Sandy (October 29–30, 2012)
drawn using a regression with a smoothing spline fit. This gage is located on a
tributary of the Pocomoke River in Worcester County near Snow Hill, MD and
29.4  river km upstream of Hickory. Gage data are via Wendy McPherson, U.S.
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Soil salinity2 <0.05
Distance Atlantic Coast <0.05

etween the Shelltown and Nassawango Creek gages (10.8 and
9.4 river km upstream and downstream of Hickory, respectively).
ther Pocomoke River study swamps were upstream of the Nas-

awango gage. Nanticoke River study swamps were not serviced by
ppropriate gages. During Hurricane Sandy, salinity levels at these
ages recorded elevated salinity (Pocomoke City vs. Shelltown:
aximum salinity = 13.1 and 18.6 ppt, respectively; October 29–30,

012; Table 2), but dropped to pre-hurricane levels by November
, 2015 (0.08 ppt).

During Hurricane Sandy, water levels along the Nassawango
reek tributary upstream of Hickory were elevated (Fig. 2). Based
n comparisons of water depths at the Nassawango Creek gage and
levations at Hickory, the surge was approximately 0.41–0.67 m in
he plots during Hurricane Sandy (Fig. 2). Mean water depths on
ay-of-visit varied from 0.0 to 0.08 m (Appendix 1).

Water was fresh in these swamps (<0.1) except that Hickory
ad higher pore water salinity on days of visits than other sites
mean pore water salinity: 0.9 ± 0.2 vs. <0.1 ± <0.1, respectively;
ppendix 1). Pore water salinity at Hickory was higher in 2013

han 2014 (1.03 vs. 0.44 ppt, respectively; Appendix 1), dropping
y a mean of 0.5 ± <0.1 ppt from 2013 to 2014. Soil salinity levels
n 2014 were higher at Hickory than in other swamps (mean soil
alinity = 1.8 ± 0.7 vs. 0.3–0.8 ppt; Appendix 1), and a part of the
ickory site had higher levels of soil salinity than other parts (Plots

 and 3: 2.7 and 3.5 ppt, respectively).

able 2
alinity levels at continuous monitoring stations in the Pocomoke River during a Hurrican
eriods  before and after Hurricane Sandy. All available data from 2012 were used from
espectively). These monitoring stations were upstream and downstream, respectively of 

f  Natural Resources (2012).

Station Distance from Hickory km Latitude Longitude 

Pocomoke City 15.4 km upstream 38.084 −75.566 

Shelltown 10.8 km downstream 37.972 −75.646 
Geological Survey, Maryland-Delaware-District of Columbia Water Science Center,
Baltimore, Maryland 21228; http://md.water.usgs.gov. Surge depth was approxi-
mately 0.41–0.67 m at the Hickory plots during Hurricane Sandy.

Wind and geographical position during Hurricane Sandy – In these
Delmarva swamps, peak gust winds ranged from 108 to 121 km per
hour (Appendix 1) and sustained winds ranged from 83 to 94 km per
hour during Hurricane Sandy (USGS, 2014). Distances from study
swamps to the Atlantic Coast were 20–41 km (Appendix 1).

3.2. Structural tree characteristics and damage

Swamp  tree composition on the Delmarva Peninsula – Overall,
standing live trees had a mean volume of 315.7 ± 61.4 m3 ha−1

(Appendix 1); sites did not differ and the variable was not
selected as an important related to the pattern of structural
tree characteristics in the Delmarva study swamps (r2 = 0.17,
p = 0.20). Similarly, the dominant species (A. rubrum, L. styraci-
flua and T. distichum)  were not important variables contributing
to the overall variation in structural tree characteristics within
and among sites, i.e., the structural characteristics of each dom-
inant species was not different than that of the “other” species
(r2 = 0.34, p = 0.81). Also, the percent (%) canopy cover after Hurri-
cane Sandy was similar across swamps (mean % cover = 62.4 ± 1.6%;
Appendix 1), so that this variable was not selected as an impor-
tant variable by the Stepwise Regression procedure (r2 = 0.06,

p = 0.25).

Structural tree damage and salinity intrusion – Hickory had a
higher percentage of recently dead standing trees than other sites
(7.9 ± 4.6% vs. 3.3 ± 1.9%, respectively). Recently dead standing

e Sandy-related saltwater intrusion event (October 29–30, 2012) vs. non-hurricane
 both the Pocomoke City Drawbridge and Shelltown recorders (n = 204 and 216,

the Hickory nearest Rehobeth, MD.  Salinity data are from the Maryland Department

Hurricane salinity Non-hurricane salinity

Max Min  Mean Max Min  Mean

13.1 <0.1 4.3 3.2 <0.1 0.2
18.6 7.5 14.8 15.6 0.2 8.0
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Fig. 3. NMDS graph of the structural components of tree damage across the Del-
marva Peninsula along the Pocomoke and Nanticoke Rivers, Maryland and Delaware,
respectively. Components included percentage of percentage of tree volume lean-
ing,  branch, dead standing, trunk down, dead total (branch + dead standing + trunk
down), and live. Tree components were tested against significant variables identi-
fied in the Stepwise Regression (Table 1) including geographical position of the sites
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Fig. 4. (A) Tipped up tree along the Pocomoke River after Hurricane Sandy. (B) Wind-
fall  directions of downed trees after Hurricane Sandy were predominantly in an
east  to southeastward direction (88◦ to 107◦) on the Delmarva Peninsula. Pictured
are downed trees at Hickory Point Cypress Swamp near Pocomoke City, Maryland.
distance Atlantic Coast, distance river mouth), environment (soil and pore water
alinity). Site name abbreviation is followed by plot number (see Fig. 1 for key to
bbreviations).

rees at Hickory were freshwater species including A. rubrum, Ame-
anchier laevis,  Ilex spp., and T. distichum (volume dead standing
rees = 0.4, 0.3, 0.3 and 33.0 m3 ha−1, respectively). Also at Hickory,
ercentage of standing dead trees was higher in plots with higher
oil salinity levels (Plots 2 and 3: 25.0 and 11.1%, respectively).
oil salinity but not pore water salinity was related to structural
ree characteristics (NMDS: r2 = 0.14 and 0.11, respectively; p = 0.05
nd 0.07, respectively) and soil salinity was positively related to
oth NMDS1 and NMDS2 (0.678 and 0.915, respectively; Fig. 3).
oil salinity levels in 2014 were higher at Hickory than at other
ites (Appendix 1). Also, distance of the site to the river mouth
nto the Chesapeake was  related to the pore water salinity level of
hese swamps (R2 = 0.72, p < 0.0001), although neither of these vari-
bles were significant in the NMDS (r2 = 0.11 and 0.11, respectively,

 = 0.11 and 0.08, respectively).
Structural tree damage and wind/storm surge – Overall total struc-

ural tree damage was related to distance to the Atlantic Coast
NMDS1 and NMDS2; 0.725 and −0.689, respectively; r2 = 0.15,

 < 0.05; Fig. 3). Hickory, Willard and Porter had a number of
owned branches; these sites lie along the “distance to Atlantic
oast” vector line, increasing toward the center right of the ordi-
ation graph (Fig. 3). Wind and other geographical variables were
ot related to the NMDS model (p > 0.11). Total dead volumes of all
tructural types were higher at Hickory than in other swamps (total
ead volume = 118.7 ± 81.7 vs. 9.1 ± 5.1 m3 ha−1; t = 9.0, respec-
ively; p < 0.00011; Appendix 1). Hickory was the swamp  closest
o Chesapeake Bay, and had higher percent dead woody volume
han elsewhere (mean percent % dead volume = 29.5 ± 18.7% vs.
.8 ± 1.0%; Appendix 1). Swamps farther upriver from the Chesa-
eake (Cypress, Trussum, Willard, Whiton, Porter) had negligible
tructural tree damage (mean % dead volume: 2, <1, <1, 2.4 and
.2%; Appendix 1). While the distance from the Chesapeake Bay
nd % dead volume were related in a linear regression (r2 = 0.81,

 = 0.01), Stepwise Regression did not identify the geographical

ariable as having explanatory value in the patterns of structural
ree characteristics (NMDS model: r2 = 0.11, p = 0.11).

At Hickory, P. taeda, Quercus pagoda and Ilex spp. trees tipped-
p (p < 0.02; Fig. 1A and B) in an east or east-southeast direction
Photos by Evelyn Anemaet, U.S. Geological Survey.

(88–107◦). Downed trees were sampled throughout Hickory, with
a notable number of fallen trees on the northern end of the study
site. Inspection of air photos (USDA, 2014) indicated that these
canopy trees fell between 2011 and 2013 (USDA, 2014). In the
other Delmarva swamps, large P. deltoides trees fell at Whiton in
a southerly direction (180◦). We  observed fallen trees of L. styraci-
flua at Porters near the river channel, but no downed trees were
sampled in this study. Overall, only a relatively small number of
tipped trees were found at Whiton, Porter, and Willard (P. deltoides
and L. styraciflua;  Appendix 1) and there was minimal tree dam-
age at Trussum and Cypress in Delaware (Appendix 1). Tree species
with downed branches included A. rubrum and L. styraciflua (mean
total volume = 0.02 and 1.96 m3 ha−1) (Fig. 4).

4. Discussion

4.1. Salinity impact of tidal surge

While wind impact is usually the focus of post-hurricane
studies, salinity-intrusion can be even more important in driv-
ing coastal vegetation change (Conner, 1995). During Hurricane
Sandy, tidal freshwater swamps closest to Chesapeake Bay were

likely inundated with saline water. Salinity levels were elevated
at gages along the Pocomoke River both up and downstream
of Hickory near Pocomoke City, Maryland (salinity = 13.1 and
18.6, respectively; this study). After Hurricane Sandy, Hickory
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ad dead standing tree volumes (up to 25%; this study) espe-
ially where local soil salinity levels were high (maximum soil
alinity in 2014 = 3.5 ppt; this study). In Louisiana where salt-
ater intrusion events can be frequent and severe, freshwater

ree mortality in swamps has reached up to 85% in soil salini-
ies of 2–5 psu (∼2–5 ppt; Hoeppner et al., 2008). Co-occurrence
f soil salinity and death of standing trees at Hickory suggest
hat salinity intrusion occurred in that swamp during Hurricane
andy.

The fate of salinity after a salinity intrusion event in freshwa-
er swamps is not clear. In some cases, salinity may  be high even
.5 years after a storm intrusion event if soil chloride concentra-
ions remain high (Gresham, 1993a). If salinity enters rooting zones
n subsurface aquifers, long-term tree damage can occur (Werner
t al., 2013), but it is unlikely that such a severe impact of saltwa-
er intrusion occurred on the Delmarva Peninsula. There were such
igh amounts of rain during Hurricane Sandy, that salinity levels

n Chesapeake waters were generally lower after Hurricane Sandy
Dennison et al., 2012), and at least pore water salinity levels at
ickory seemed fairly normal by 2014 (this study).

At Hickory some individuals of species intolerant of salinity
ere killed e.g., A. rubrum, A. laevis, Ilex spp., and T. distichum.  While

reshwater tree species are all susceptible to salt damage, the order
f tree susceptibility of species (found in this study) from most
o least susceptible: A. rubrum, Magnolia virginiana,  Q. pagoda, L.
tyraciflua, T. distichum,  and P. taeda (Barry et al., 1993). Standing
ead trees were found of A. rubrum, L. stryaciflua and T. distichum. By
ugust 2015, at least a few seedlings of T. distichum were observed
t Hickory, indicating that freshening of the swamp may  have been
ccurring (Middleton, personal observation).

.2. Wind impacts to freshwater forests

In contrast, wind or tidal surge damage without salinity intru-
ion might have a very different vegetation trajectory than swamps
amaged by salinity intrusion. Overall on the Delmarva Penin-
ula, there was relatively little tree breakage from the winds of
urricane Sandy as compared to some other hurricanes. Tree
reakage is roughly related to wind speed during hurricanes,
ut blowdown damage also depends on the amount of rainfall,
ecause wet soils are less able to support tree roots (Valiela
t al., 1996; Stanturf et al., 2007). Flood debris and water marks
t Hickory were found intermingled with blowdown damage
personal observation), so that observed tip-ups may  have been
aused by a combination of soggy soil and wind. In this study,
here was no relationship of peak wind speed tree structural
amage e.g., downed branches, tip-ups and leaning trees. Nev-
rtheless, there was a relationship of structural damage with
roximity to the Atlantic Coast. The relationship of that geograph-

cal variable to structural tree damage is not clear and does not
ppear to be related to damage by either wind or salinity intru-
ion.

While wind damage from Hurricane Sandy was  minimal, it is
mportant to note that various tree species had little wind damage
rom Hurricane Sandy, which has also been the case in previous
urricanes (Gresham et al., 1991; Chapman et al., 2008; Middleton,
009a; Conner et al., 2014). With respect to wind breakage, species

n decreasing order of susceptibility include A. rubrum, P. taeda, Q.
agoda,  Magnolia virginiana,  L. styraciflua,  and T. distichum (Barry
t al., 1993). In order of decreasing order of susceptibility to uproot-
ng species include A. rubrum, P. taeda, Q. pagoda,  L. styraciflua,  and
. distichum (Barry et al., 1993); bottomland forest species with

hallower roots are most susceptible to blowdown (Hook et al.,
991). After Katrina where wind predominated along the Pearl
iver (MS), T. distichum was little damaged despite heavy dam-
ge to other freshwater tree species (Middleton, 2009a; Ramsey
neering 87 (2016) 62–70

et al., 2009). After Hugo, L. styraciflua and P. taeda were more dam-
aged than T. distichum in Hobcow Forest in South Carolina (Gresham
et al., 1991). After Andrew in Louisiana, both T. distichum and Nyssa
aquatica were less damaged than L. styraciflua,  A. rubrum, Celtis lae-
vigata,  Fraxinus pennsylvanica and Quercus spp. (Conner et al., 2014)
although both T. distichum and N. aquatica were very damaged in the
Atchafalaya where wind-fields were especially high (Ramsey et al.,
2001). Because of the selective removal of species, repeated hurri-
cane disturbance can influence the trajectory of vegetation change
in coastal forests (Greenberg and McNab, 1998; Middleton, 2009a).
While wind damage to T. distichum during severe hurricanes usually
is negligible (Middleton, 2009a), this study suggests that repeated
salinity intrusion events could damage this species and shift
species composition in these northern T. distichum swamps over
time.

Interestingly at Hickory, fallen trees of certain shallow-rooted
species (not T. distichum)  were observed, which were likely top-
pled by Hurricane Sandy (east-southeast direction; 88–107◦). These
trees fell between 2011 and 2013 as based on the examination of
available air photos (USDA, 2014). On the lower Delmarva Penin-
sula, the counterclockwise spin of hurricane winds on the left side
of Sandy also were toward the east-southeast (NOAA, 2012c); trees
tend to fall in the direction of the strongest wind in storms (Foster,
1988). The only other recent windstorm to affect the area occurred
in June 2012, but the reports of tree damage were less extensive
(Ohio Valley/Mid-Atlantic Derecho; NOAA, 2012b,d). The strongest
winds of this derecho were in a north to northwest direction on the
Delmarva Peninsula (NOAA, 2012d). In addition, debris deposited
by flood water was  common and was  interspersed with toppled
trees throughout Hickory. Therefore, it is likely that winds com-
bined with wet  soil and/or tidal surge uprooted these trees at
Hickory during Sandy.

5. Conclusions and future implications

Disentangling the drivers of hurricane damage to coastal fresh-
water forests, namely wind, storm surge and salinity intrusion
can give us better insights into potential approaches for remedia-
tion following hurricanes. For example, the success of revegetation
after salinity intrusion may  depend on our ability to remediate
the site with freshwater, or to identify appropriate tree species to
plant in post-hurricane salinity environments. As salinity intrusion
increases as sea levels rise in coastal wetlands along the Chesa-
peake Bay (Najjar et al., 2010) and hurricane intensity increases
(Michener et al., 1997), such insights into remediation for post-
hurricane damage may  be very useful to design future management
strategies.

Post-storm ecosystem function is likely to differ if the for-
est has been disturbed by salinity intrusion vs. wind/surge
damage. For example, coarse woody debris and related nutri-
ent input may  increase suddenly after windstorms (Spies et al.,
1988). However, the production in T. distichum forests declines
in higher levels of salinity (Shaffer et al., 2009; Kaplan et al.,
2010), so that lower rates of woody debris input could occur
after salinity intrusion. On the other hand, woody debris stor-
age could be protracted after a salinity intrusion event because
the rate of decomposition is slower in saline environments
(Mendelssohn et al., 1999). Vegetation may  change after hurri-
canes, and alter the quality of wetlands as animal habitat. Water
flow is slowed according to the frictional characteristics of veg-
etation, so that changes in plant composition could alter the

relative protection of the coast from tidal surge (Loder et al., 2009).
Therefore, studies contrasting the storm effects of salinity intru-
sion vs. wind/surge may  help in identifying potential changes
in post-hurricane function as well as remediation approaches to
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egain the desired vegetation and function of these coastal wet-
ands.
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ppendix 1.

Percent damage based on the volume of dominant woody
pecies at five sites on the Delmarva Peninsula including Hickory,
orter, Whiton and Willard on the Pocomoke (MD) and Trussum
ond (Trussum) on the Nanticoke River (DE) watershed using mean
aximum salinity in 2013–2014 as a covariate. Soil salinity was
easured from soil collected in June 2014. Dominant species had

olumes >2 m3 ha−1. Mean total tree/shrub volume m3 100 m−2

0.01 ha) ± S.E. are given for woody structural classes including
tanding live, leaning/tipping (considered live volume), down
ree/shrub originating in the plot, down branch, down originating
rom outside of plot (including branches of undetermined origin),
otal volume in plot (originating from inside the plot), and total
ive and dead volume (originating from inside the plot). Distances
re given in kilometers from each study site to the Atlantic Coast
nd from the Chesapeake Bay entry of either the Pocomoke or
anticoke River (in river kilometers; Maryland vs. Delaware

ites, respectively). Means from a single sample plot are given
or Cypress Point (Cypress) on the Nanticoke River (DE). Values
or salinity are given in ppt.Hickory PocomokePorter Pocomoke-

hiton PocomokeWillard PocomokeCypress NanticokeTrussum
anticoke(a) Structural wood variable[0,1-7]Live leaning tree
olume (m3)14.4 ± 14.40.5 ± 0.50.0 ± 0.00.0 ± 0.00.00.0 ± 0.0[0,1-
]Dead down trees/shrub Volume (m3)84.6 ± 83.50.0 ± 0.016.0 ±
6.00.0 ± 0.00.00.0 ± 0.0[0,1-7]Dead standing tree Volume
m3)34.0 ± 33.67.2 ± 7.21.8 ± 1.80.0 ± 0.00.0<0.1 ± <0.1[0,1-
]Dead Branch down Volume (m3)0.0 ± 0.011.1 ± 10.30.1 ±
.10.1 ± 0.15.10.0 ± 0.0Total dead volume in plot (m3)118.6 ±
1.718.3 ± 8.917.9 ± 17.90.1 ± 0.15.1<0.1 ± <0.1Total live +
ead volume in plot (m3)374.7 ± 56.0603.8 ± 203.7509.2 ±
3.6111.5 ± 51.1249.3167.9 ± 107.9Percent (%) dead volume29.5 ±
8.74.4 ± 2.72.7 ± 2.7<0.1 ± <0.12.0<0.1 ± 0.1[0,1-7](b) Environ-
ental variableCanopy cover (%)81.8 ± <0.188.4 ± <0.187.1 ±

.296.0 ± 0.286.1 ± <0.190.9 ± 0.3Water depth (mean max;
m)0.8 ± 0.34.7 ± 2.98.3 ± 3.30.0 ± 0.00.0 ± 0.00.0 ± 0.0Pore water
alinity (mean max  ppt)0.9 ± 0.2<0.1 ± <0.1<0.1 ± <0.1<0.1 ± <0.1<
.1<0.1 ± <0.1Soil salinity (ppt)1.8 ± 0.7a0.80.30.30.50.5Gust wind
peed (km per hr)113113108117122121Sustained wind speed (km
er hr)888885929595[0,1-7](c) Geographical variableDistance
o Atlantic Coast (km)262022233641Distance to river mouth
km)125564805256a Soil salinity levels were higher in Plots 2 and

 in 2014 (2.7 and 3.5 ppt, respectively).
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