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by coastal grassland species including Ammophila
brevigulata, Sporobolus pumilus, Solidago semper-
virens, and Andropogon spp. with many M. cer-
ifera seedlings.

Field experiment
The goal of the field experiment was tomeasure

shrub seedling growth, ambient temperature, and
light in the presence and absence of grass. In
March 2018, 1 9 1 m plots were established with
three treatments (n = 10 in each treatment): a
youngM. cerifera seedling and intact grass canopy
(S), a M. cerifera seedling with grass clipped from
the plot (SC), and intact grass canopy with all M.
cerifera seedlings removed (G). A one seedling per
m2 density was chosen to eliminate intra-specific
competition. All points were randomly chosen
while controlling for environmental heterogene-
ity (Fig. 1). Following initial clipping in March,
resprouting grasses in SC were treated with gly-
phosate (KnockOut, 1.92%; Globe Chemical,

Avondale Estates, Georgia, USA) to eliminate
belowground competition. Any further regrowth
was reclipped as needed. To stop recolonization
by grasses outside the plot, grassroots were sev-
ered at the plot edge using a shovel. Two SC plots
were abandoned following complete mammal
herbivory of the shrub seedlings in March and
April. Replacement SC plots were established
near the damaged plots in May. No further her-
bivory occurred.
DS1921 iButton data-loggers (Thermochron,

Baulkham Hills, New South Wales, Australia)
were installed in all plots to measure tempera-
ture 5 cm above the ground every 2 h from 18
February to 7 August 2018. Daily and monthly
minimum and maximum temperatures were cal-
culated from these temperature data. The 10%
coldest and hottest temperatures of all records
were also calculated.
In each plot with a seedling (treatments S and

SC), the height, maximum crown diameter,

Fig. 1. (a) Location of study site, Hog Island, within the state of Virginia and on the Delmarva Peninsula. (b)
Location of study swale on the southern tip of Hog Island. (c) The three treatments: grasses only (G), Morella cer-
ifera seedling with grasses clipped (SC), and M. cerifera seedling with grasses intact (S).
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diameter perpendicular to the maximum diame-
ter, and number of stems of the M. cerifera were
measured in March, May, June, and August.
Crown area was calculated by Eq. 1.

canopyarea¼p�maximumcrowndiameter
�perpendiculardiameter (1)

Percent change in height and canopy area was
calculated by Eq. 2, where initial measurement
was the first measurement of that time period
(i.e., May) and the final the last (i.e., June).

percent change ¼ ððfinal measurement�
initial measurementÞ

=initial measurementÞ � 100
(2)

In October, Hurricane Michael caused salt
spray and minor overwash on the south end of
Hog Island. The storm was followed by a lengthy
low-pressure system which caused extensive salt
spray and saltwater flooding. By the following
spring, only one shrub seedling survived, and
thus, final biomass was not measured.

Historical weather
For historical climate reference, daily high and

low temperatures were obtained from the Painter,
Virginia meteorological station from December
1955 until February 2019 (National Oceanic and
Atmospheric Association 2019). Daily minimum
and maximum temperatures were calculated.

Freezing experiment: seeds
To assess germination success of M. cerifera

seeds under freezes of different duration and
temperature, seeds were collected on Hog Island,
Virginia, USA. Seeds were scarified, covered in a
paper towel, and placed in twelve Petri dishes,
250 seeds per dish. Petri dishes were randomly
assigned to three different temperature treat-
ments, 4°C, �5°C, and �16°C for four different
time durations, 1, 4, 8, and 12 weeks. Upon com-
pletion of the freezing experiment, each treat-
ment combination was allowed to germinate in a
growth chamber with a 14-h photoperiod and a
25:20°C temperature regime at a photon flux
density of 400 lmol�m�2�s�1.

Fifty seeds of each treatment combination were
placed in 6 9 6 9 3 clam shell plastic containers
with perforations in the bottom and filled with a
3:1 sand: soil mixture. Seeds were placed in 10

columns and five rows on top of the sand: soil
mixture. There were five replicates of each treat-
ment combination. Seeds were watered, and ger-
mination was recorded every five days with a
Hoagland solution used to approximate nutrients
in the natural soil environment (Hoagland and
Arnon 1950). When a seed germinated, it was
removed from the container. A seed that con-
tained a radicle of 2 mm was counted as germi-
nated. Seeds were treated and observed for 50 d.

Freezing experiment: seedlings
The purpose of the seedling freezing experi-

ment was to quantify seedling survival and
physiological health after freezes of different
temperatures.Morella cerifera seeds were scarified
and germinated in early September 2018 and
transplanted to 15-cm pots in October, two per
pot. All were grown in the VCU glasshouse for
nine weeks. Seedlings were transplanted into
nine-centimeter pots, one per pot, and moved to
an environmental chamber (Model #E15; Convi-
ron, Winnipeg, Manitoba, Canada) with 14 h of
sunlight and kept at 25:20°C. After nine weeks,
randomly chosen seedlings were moved to a
walk-in refrigerator and kept at 4°C to mimic
wintertime temperatures (n = 35). Grow lights
(GRO-LUX Wide Spectrum F-40; LEDVANCE,
Wilmington, Massachusetts, USA) were placed
above the seedlings and LED construction lights
to the sides (Craftsman 2000 Lumens LED Work
Light; Craftsman, New Britain, Connecticut,
USA; and Utilitech LED Construction Light; Uti-
litech, West Lawn, Pennsylvania, USA) deliver-
ing ~400 mol�m�2�s�1. A subset of seedlings
remained in the 25:20°C environmental chamber
to serve as a warm control (n = 7). Daily light
duration was reduced to 10 h to simulate winter
light conditions in January. Throughout the
experiment, all seedling pots sat in a pan of
water to reduce water stress.
Seedlings were randomly assigned to freezing

and control treatments. Freezing treatments were
�20°C, �15°C, �11°C, and �6°C, and control
treatments were 4°C and 25°C (n = 7). Prior to
freezing, height was recorded with a ruler and
general health was noted. Dark-adapted chloro-
phyll fluorescence (i.e., Fv/Fm) was measured on
the 4th fully expanded leaf using a MINI-PAM-II
photosynthesis yield analyzer (Walz Company,
Effeltrich, Germany).
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To simulate an early morning winter freezing
event, seedlings were placed in a chest freezer
(Model FFFC09M1RW; Frigidaire, Charlotte,
North Carolina, USA) that had been allowed to
warm to 0°C. The target freezing temperature
was achieved and then maintained for 180 min
(�1°C) following Huang et al. (2018) and
Medeiros and Pockman (2011). After this time,
the freezer was allowed to warm back to 0°C,
and the seedlings were removed. Immediately
following removal from the freezer, general
health was noted, number of green, necrotic, and
curled leaves was recorded, and Fv/Fm was mea-
sured. Leaf disks were excised from the youngest
fully expanded leaves to measure electrolyte
leakage described below.

One day and one week after freezing, survival
and general health were noted, number of green,
necrotic, and curled leaves was recorded, and Fv/
Fm was measured for each seedling. After one
week, seedlings were harvested, and aboveground
fresh mass was recorded. Aboveground samples
were dried at 70°C for 72 h, and dry mass was
recorded. Leaf disks from electrolyte leakage mea-
surements were dried and added back to the bio-
mass of plants fromwhich theywere removed.

Electrolyte leakage.—Electrolyte leakage, how
much cellular fluid leaks into leaf interstitial fluid
following rupture of cell walls, is often used to
evaluate severity of freeze damage. To measure
this, thirteen leaf disks (1.27 cm or 0.5″ diameter)
were excised from the youngest fully expanded
leaves following post-freeze measurements
(n = 3 due to destructive measurements). Fresh
weight of leaf disks was recorded on a micro-
scale, to estimate final biomass including
removed leaf disks. The leaf disks were rinsed
three times in DI water for two to three min each
time (Jungklang et al. 2017). Leaf disks were
placed into 15 mL of DI water in a 50-mL
Thermo Scientific Nunc Conical Centrifuge Tube
(Thermo Fisher Scientific, Waltham, Mas-
sachusetts, USA; Jungklang et al. 2017) and sha-
ken at 50 rpm for 24 h (Boorse et al. 1998).
Conductivity was measured using a conductivity
probe (Oakton Benchtop Con 700 Meter with a
K = 1.0 probe, Oakton Instruments, Vernon Hills,
Illinois). The tubes were autoclaved at 121°C for
15 min and shaken for 24 h at 50 rpm, after
which maximum conductivity was measured.
Relative conductivity was calculated by dividing

initial conductivity by maximum conductivity;
those with higher relative conductivity represent
greater cellular damage (Boorse et al. 1998).

Statistical analyses
Parametric tests including one- and two-way

analyses of variance (ANOVAs) were used when
appropriate followed by a Tukey post hoc test.
When normality assumptions were violated, a
Kruskal-Wallis test was used. Nonparametric test
results were compared post hoc using a Nemenyi
test or Fisher’s least significant difference (based
on sample size). For tests with only two treatments
and heterogeneous variances, Welch’s t-test was
employed. Amixed-effectsmodelwas used to ana-
lyze differences in Fv/Fm among freeze treatments
and sampling time with plant ID as a random
effect using R package lme4 (Bates et al. 2015).
Importance ofmodel componentswas tested using
pairwise likelihood ratio tests. Post hoc compar-
isons were performed using estimated marginal
means, a least squares mean method over a refer-
ence grid. All analyses were tested at the a = 0.05
level and conducted in R (RCore Team 2017).

RESULTS

Field experiment
Microclimate modification.—There was no signif-

icant interaction of month and treatment for
monthly maximum temperature (F12, 184 = 1.58,
P = 0.09), but main effects differed (month:
F6, 184 = 361.90, P < 0.05; treatment:
F2, 184 = 38.79, P < 0.05). All treatments signifi-
cantly differed from one another. Interestingly,
both treatments with intact grass canopies (G
and S) had higher maximum temperatures than
plots where grasses were clipped (SC; Fig. 2a).
Monthly minimum temperatures showed an
interaction of treatment and month
(F12, 184 = 2.83, P < 0.05; Fig. 2b). In the coldest
month, March, there was a significant treatment
effect (F2,26 = 10.69, P < 0.05) where SC plots
had minimum temperatures that were 1.4°C and
1.2°C colder than G and S plots, respectively.

Seedling growth
Total percent growth did not differ between

treatments for height (t16 = �0.11, P = 0.91) but
did differ for canopy area (t9.42 = �2.61,
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P = 0.03; Fig. 3). When growth was split between
sampling periods, percent height growth and
percent canopy area growth of shrub seedlings
both showed a significant interaction of treat-
ment and time period (F2,52 = 10.49, P < 0.05;

F2,52 = 3.69, P = 0.03, respectively). Percent
height change differed between S and SC from
June to August as SC plots grew taller more
rapidly than did S plots but did not differ
between treatments before June (Fig. 4a). From

(a)

(b)

Fig. 2. Mean monthly maximum (a) and minimum (b) temperature (�standard error) for each treatment, 5 cm
above the ground. Treatments are denoted as circles (G), triangles (S), and squares (SC). All treatments had sig-
nificantly different maximum temperatures. For minimum temperatures, an interaction of month and treatment
was present. Asterisks show months where SC was significantly less than other treatments. In the coldest month,
March, SC had the lowest minimum temperature.
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March until June, canopy area growth was very
similar between S and SC, but SC seedlings
increased significantly more than S seedlings
from June to August (Fig. 4b).

Freezing experiment: seeds
There was no significant interaction in germi-

nation of M. cerifera seeds at different treatment
combinations of freeze duration and intensity
(F11,48 = 1.83, P = 0.16). There was a significant
decline in germination at �16°C (F11,48 = 6.96,
P = 0.002; Table 1), but no difference by freeze
duration (F11,48 = 1.85, P = 0.11).

Freezing experiment: seedlings
Freeze treatment was an important predictor

of photosystem function as estimated by Fv/Fm
(Table 2). A threshold appears between �6°C
and �11°C, below which frozen leaves and stems
do not recover (Fig. 5). Controls and �6°C were
able to maintain photosynthetic function follow-
ing treatment. The colder freeze treatments
(�11°C, �15°C, and �20°C) showed some delay
in the effects of damage but by a week after all

were severely photoinhibited (Fv/Fm < 0.52). Rel-
ative conductivity differed among freeze treat-
ments (X5

2 = 15.74, P < 0.05). Relative
conductivity was greater in colder freeze treat-
ments (�11°C, �15°C, and �20°C), as freezing
damage led to more electrolyte leakage. The
threshold estimated by this method was also
between �6°C and �11°C (Fig. 6).
Freeze temperature had a significant effect on

number of necrotic and curled leaves
(X2 = 112.95, P < 0.05; X2 = 69.85, P < 0.05,
respectively). There were very few necrotic
leaves in any of the treatments until one week

Fig. 3. Mean total percent change in canopy area
and height (�standard error) from March until
August. Height change did not differ, but SC seedlings
grew about twice as much in canopy area as S seed-
lings. Letters show significantly different groups. S is
white; SC is gray.

Fig. 4. Mean percent change in height (a) and
canopy area (b) (�standard error) over two- to three-
month intervals shows treatments did not differ in
height or canopy area growth until after June and that
SC had greater percent growth of canopy area during
the summer than S. Letters denote significant differ-
ences among groups. S is white; SC is gray.
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after freezing, and only in plants frozen to
≤�11°C. Number of curled leaves increased with
colder freezes and with time after the freeze
event; though all seedlings exposed to 4°C or
colder had some curled leaves. Freeze treatment
had a significant effect on number of green
leaves and total leaves (X2 = 246.19, P < 0.05;
X2 = 37.32, P = 0.01, respectively). The 25°C
treatment had more green leaves and more
leaves total at all time steps than other treat-
ments. All treatments exposed to cold had fewer
total leaves and lost very few leaves after freez-
ing, as leaves became necrotic but did not drop.
Plants frozen to ≤�6°C had fewer green leaves a
week after freezing. Final biomass did not differ
among treatments (F5,12 = 1.53, P = 0.25).

Extreme temperatures
From year to year, average winter minimum

temperatures have increased at the VCR (Gold-
stein et al. 2018). Temperature events colder than
�11°C, a conservative estimate of the seedling
freeze threshold, have occurred 44 times since
1985 at the Painter, Virginia, meteorological sta-
tion. Accounting for the 1.3°C insulation pro-
vided by grasses, only 20 < �12.3°C events have
occurred (Fig. 7). During the field experiment,
only one temperature event occurred below
�11°C (�12.8°C) in Painter, Virginia, but no plot

iButtons showed minimum temperatures
<�7.5°C. Temperatures >50°C occurred 13 times
during the study but never in a shrub plot and
mostly in one grass plot. M. cerifera can maintain
photosynthesis up to 50°C (Young 1992).

DISCUSSION

Species interactions that govern shrub expan-
sion are complex and include both competition
and facilitation. Little work has been performed
on how species interactions of shrub seedlings
affect transition from grassland to shrubland
with a few notable exceptions (i.e., Berlow et al.
2002, Ward and Esler 2011). Morella cerifera
encroachment on the Virginia barrier islands pro-
vides an understanding of seedling–grass inter-
actions. Coastal systems share similarities to
other ecosystems being encroached (i.e., arid and
Arctic) as soils are low in resources (e.g., nutri-
ents and freshwater) and high in abiotic stressors
(e.g., flooding, saline soils, sand abrasion, high
light levels, and soil temperatures) creating chal-
lenges for germination and establishment
(Ehrenfeld 1990). Under such conditions, compe-
tition for resources may be secondary to facilita-
tion when neighbors act to buffer stresses, thus
promoting growth (Callaway et al. 2002).
It was hypothesized that microclimate would

be modified in plots with intact grass canopy
and would cause enhanced growth of shrub
seedlings. This hypothesis was partially sup-
ported as grasses modified microclimate through
winter insulation from minimum temperatures;
however, shrub seedlings exhibited higher
growth, especially in the summer, where grasses
were clipped, revealing a net competitive interac-
tion at this life stage. The hypothesis that

Table 1. Mean � standard error for germination
amongMorella cerifera seeds a different temperature.

Temperature (°C) No. seeds germinated

4 24 � 7ab

�5 27 � 5a

�16 21 � 4b

Note: Letter codes denote results of Tukey’s post hoc tests.

Table 2. Summary of linear mixed-effects models for Fv/Fm among freezing treatments (treatment) and sampling
period (time).

Models df AIC X2 (df) P

y ~ time + (1|id) 6 �73.964
y ~ treatment + time + (1|plant id) 11 �126.879 62.916 (5) <0.00001
y ~ treatment + time + (1|plant id) 11 �126.879
y ~ treatment * time + (1|plant id) 26 �252.887 156.01 (15) <0.00001

Notes: Sampling periods included before freezing and immediately, one day, and one week after freezing. The variability
among individual plants was incorporated in the model by the random effect component (1|plant id). For each pair of models
compared, chi-square statistics (X2) and P-values were calculated using a likelihood ratio test. The specific component tested in
each pairwise comparison is shown in bold text. Degrees of freedom (df) and Akaike information criterion (AIC) values are pre-
sented for each model. An a of 0.05 was assumed when testing significance of each model component.
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