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Abstract Invasive plant species suppress native

trees through a variety of mechanisms. A non-native

shrub, Berberis thunbergii, has been shown to depress

native tree seedling densities in eastern North Amer-

ican deciduous forests, but the mechanisms remain

unclear. We attempted to identify the mechanisms

leading to decreased native tree seedling densities in

Berberis-invaded understories by experimentally

measuring survivorship and growth of three common

eastern deciduous tree seedlings, Prunus serotina,

Quercus alba, and Q. velutina. First, we reared native

tree seedlings in soil samples extracted from Berberis-

invaded and control forest plots to determine if early

growth and survival varied between medias. Then, we

introduced surviving seedlings into three classes of

in situ field subplots: control (outside Berberis inva-

sion), invaded (Berberis present), and managed sub-

plots where Berberis removal occurred following non-

chemical best practice guidelines. Slight decrease of

early-stage seedling survivorship and growth occurred

in extracted soils from invaded plots. Seedling

survival differed between field subplots, with seed-

lings either showing no differences between invaded

subplots (Q. alba) or faring better (P. serotina and Q.

velutina) compared to managed subplots. Invaded

subplots were about 1.18–1.30 �C cooler with

583–709 lumens m-2 less light exposure compared

to control or managed subplots. Additionally, man-

aged and invaded subplots had increased moisture

levels (12.0–14.9%) compared to control subplots.

Seedling compromise was due to a legacy effect from

Berberis disruption via soil sample extraction and/or

management. Our findings contrast with other studies

that show dense, invasive species outcompeting native

tree seedlings and unsuccessful native restoration in

Berberis stands.
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Introduction

Invasive, non-native plant species spread aggressively

(Grotkopp and Rejmánek 2007; Whitney and Gabler

2008; van Kleunen et al. 2010), grow in very dense

populations (Ehrenfeld 1997; Silander and Klepeis

1999), and influence environmental conditions by

inducing environmental stressors (Gordon 1998;

Ehrenfeld 2010; Vilà et al. 2011) that dramatically

alter native plant communities and associated ecosys-

tem function (McDowell 2002; Daehler 2003; Graeb-

ner et al. 2012). Therefore, multiple mechanisms may

Communicated by Lori Biederman.

A. F. Link III (&) � L. M. K. Johnson � R. M. Utz

Falk School of Sustainability, Chatham University, 6035

Ridge Road, Gibsonia, PA 15044, USA

e-mail: arthur.link6@gmail.com

123

Plant Ecol

https://doi.org/10.1007/s11258-019-00937-w(0123456789().,-volV)(0123456789().,-volV)

http://orcid.org/0000-0003-4506-4086
http://crossmark.crossref.org/dialog/?doi=10.1007/s11258-019-00937-w&amp;domain=pdf
https://doi.org/10.1007/s11258-019-00937-w


separately or interactively lead to the loss of native

floral biodiversity following infestation. But, identi-

fying which mechanisms are most important to

consider when managing an invasive can be exceed-

ingly difficult due to potential mechanisms interacting

concurrently (Vilà and Weiner 2004). Furthermore,

management creates novel environmental conditions

(Hobbs et al. 2009). Disturbances created through

invasive removal can drastically revert some environ-

mental conditions back to pre-infestation, whereas

some aspects of infestation’s influence linger and as a

result may further alter ecosystem functions and

inhibit native plant species through a legacy effect

(Davis et al. 2000; Gurevitch and Padilla 2004;

Kueffer et al. 2007).

One invasive, non-native species with particularly

severe ecological consequences in eastern North

American deciduous forests is Berberisthunbergii

(Japanese barberry, hereafter referred to as Berberis;

Ward et al. 2009, 2018). Drastic ecological changes

occur in forests where Berberis invades, including

altered soil characteristics, development of a recalci-

trant understory, and microclimatic changes that may

be unsuitable for native seedlings (Ehrenfeld 1997;

Silander and Klepeis 1999; Kourtev et al. 2003;

DeGasperis and Motzkin 2007). Reductions of native

tree seedling densities ([ 80%) were observed in

invaded understories along varying density gradients

of Berberis invasion (Link et al. 2018); however, the

most important mechanisms leading to such effects

have not been identified. Primary attributes that

convey Berberis’ competitive advantages over native

understory species include increased soil pH and

moisture, along with light limitation, and cooler

understory conditions (Boyd et al. 2009; Williams

and Ward 2010). Berberis-infested understories may

further inhibit native tree densities and promote

reinvasion, despite executing best practice manage-

ment guidelines, due to lingering invasive-influenced

environmental effects (Ehrenfeld et al. 2001; Kourtev

et al. 2003; Coats et al. 2014; Sherry et al. 2016).

Common, best practice for managing Berberis has

been population-based removal of its aboveground

vegetation followed by flame treatment of the root

stump (Ward et al. 2009, 2010), and not broader goals

such as rejuvenation of natives and ecosystem pro-

cesses (Reid and Ogden 2009; Prior et al. 2018). Even

when using best practices to reduce infestations,

outcomes are often unpredictable (D’Antonio and

Meyerson 2002; Reid and Ogden 2009; Bullock et al.

2011; Cordell et al. 2016) and dependent on land use

(Foley et al. 2005; Mosher et al. 2009), historic

disturbances (Daehler 2003), and invasion densities

(D’Antonio and Meyerson 2002). When severe inva-

sion negatively impacts native flora and critical

ecosystem functions (Zavaleta et al. 2001), manage-

ment actions require active post-management restora-

tion efforts to promote native recovery (Gordon 1998).

However, successful restoration efforts must still

account for myriad factors (Didham et al. 2007;

Chazdon 2008), such as land-use legacies that

decrease overall native propagule densities (Clark

et al. 2007), follow-up management required due to

reinvasion (Cordell et al. 2009; Ward et al. 2009;

Gabler and Siemann 2012), and unexpected effects

post-management (Zarnetske et al. 2010).

Successful Berberis management is possible and

post-management environmental conditions are desir-

able when compared to surrounding uninvaded sites,

including warmer and less humid microclimatic

conditions (Williams and Ward 2010) and removal

of invasive competitive interference (Ward et al.

2018). However, even when following best manage-

ment practices, environmental conditions rapidly and

drastically change since areas were heavily condi-

tioned by infestation (Aronson and Galatowitsch

2008). Post-management conditions may experience

lingering invasive conditions and/or worsened condi-

tions because of disturbances induced by invasive

management (e.g. Alliaria petiolata, garlic mustard;

Barto and Cipollini 2009; Lankau et al. 2014; Solidago

gigantea, giant goldenrod; König et al. 2016). Native

restoration is significantly more difficult if there are

such unexpected outcomes as a legacy effect post-

management (Corbin and D’Antonio 2012). Further-

more, novel environmental conditions created by

management disturbances can be a determinant for

unforeseen outcomes post-management (Hobbs et al.

2009; James et al. 2010) which may further hinder

reestablishment of native plants and associated

ecosystem functions (Renteria et al. 2012; Zeidler

et al. 2018).

We explored possible seedling density impacts

caused by Berberis using two experimental

approaches. First, we planted native tree seeds in soils

samples extracted from Berberis-invaded plots and

uninvaded plots in a greenhouse study. Next, we

introduced surviving seedlings into three classes of
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in situ field subplots: control (outside Berberis inva-

sion), invaded (Berberis present), and managed (Ber-

beris removed/treated). Our goal was to explain the

possible mechanistic advantages that may have

caused[ 80% reductions of native tree seedling

densities observed in the same Berberis-infested forest

stands by Link et al. (2018). Our objectives were to (1)

identify potential mechanisms that link Berberis

invasion with severely depressed native tree seedling

densities and (2) assess how common, non-chemical

control practices affect native tree seedlings success in

post-management conditions. To our knowledge, no

studies to date have experimentally assessed post-

management survival of introduced native tree seed-

lings following the management of Berberis stands

(Ehrenfeld 1997; Cassidy et al. 2004; Ward et al.

2013), and few studies have addressed the possibility

of legacy effects post-management (Kourtev et al.

2002). We hypothesized that native seedlings reared in

both Berberis-invaded soil samples and introduced

into invaded in situ field subplots would experience

decreased survivorship and growth. We also investi-

gated the soil physiochemistry changes between

subplots to determine how conditions changed post-

management. Our aim was to provide information to

land managers interested in restoration efforts through

direct planting of native tree seedlings in forests where

dense Berberis invasion presents a challenge.

Methods

Site selection

We conducted our study in two temperate deciduous

forest stands in southwestern Pennsylvania, USA:

Eden Hall Campus (40�39049.6800N, 79�57021.2300W;

157 ha) and Irwin Run Conservation Area

(40�37027.1200N, 80�0019.0800W; 30 ha). These stands

were located within 6 km of one another. Agricultural

land use legacies and forest fragmentation due to

urban expansion influenced both sites. Environmental

stressors in both forests’ stands included herbivore

over-abundance due to a lack of apex predators,

multiple exotic plant invasions (sensu Royo and

Carson 2006; Royo et al. 2010; Ward et al. 2018),

and low native tree seed availability (sensu Labatore

et al. 2017), all of which likely led both sites to be

dominated by tolerant species of Acer (particularly A.

rubrum; red maple). Such conditions are typical for

forested areas within proximity to urban areas in the

region. Other dominant tree species included Prunus

serotina (black cherry) and Quercus spp. (oak) with

the most mature individuals between 50 and 100 years

old. Canopy cover was consistently thick between

sites (�x = 84.9 ± 1.5%; ± 1 standard error; Cierra

Snyder, Chatham University, unpublished data). Other

invasive plant species found in the sites included

Microstegium vimineum (Japanese stiltgrass), Rosa

multiflora (multiflora rose), Celastrus orbiculatus

(oriental bittersweet), and Elaeagnus umbellata (au-

tumn olive), though populations of these species were

not nearly as dense as those of Berberis. Soil

compositions were similar between sites and included

Hazelton (Typic Dystrudepts), Clymer (Typic Haplu-

dults), and Wharton (Aquic Hapludults) silt loam soil

series (Andrasko 2011). Such soil series drain well,

have moderately slow to rapid permeability, and

moderate to high water capacity (National Coopera-

tive Soil Survey 1981). Additionally, soil slopes were

3–15% with strong acidity ranging 4–5 pH (Andrasko

2011; Soil Survey Staff 2017).

Greenhouse study

We conducted greenhouse experiments to test if native

seedlings exhibited reduced survivorship and growth

in Berberis-invaded soil samples. Between July and

August 2016, invaded Berberis plots and uninvaded

(control) plots were randomly selected from Eden Hall

Campus and Irwin Run Conservation Area. All major

understory patches of Berberis that exceeded 90%

aerial coverage were mapped prior to soil collection by

walking the perimeter of invasion patches with a GPS

unit (Link et al. 2018; Utz et al. 2018). We used GIS to

overlay two grids of 400, 1 9 1 m plots throughout

the forested land at Eden Hall and Irwin Run. Fourteen

sites were randomly selected within (‘‘invaded’’) and

outside (‘‘control’’) of the Berberis patches to serve as

locations for soil collection. Control sites were within

60 m of the invaded plots to ensure similar environ-

mental conditions (Cordell et al. 2009). Within each of

these sites we randomly selected three mature A.

rubrum or Quercus spp. with a diameter at breast

height (DBH) between 5 and 15 cm as a center point of

the soil collection sites. Six soil cores to a depth of

30 cm and diameter of 10 cm were retrieved in July

2016 from the critical root zone of each tree (Oliveira
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et al. 2000; Georgia Forestry Commission 2005). We

combined the six core samples collected per tree. Plots

and soil core samples were also used in additional

Berberis-related projects investigating how native tree

seedling densities and mycorrhizal fungi abundance

varies between invaded and uninvaded forest plots

(Link et al. 2018).

From the 84 possible combined soil core samples,

we randomly selected 46 cores to provide substrate for

experimental growth of native trees. Cores were sifted

with a 2.5 mm sieve to remove clumps of roots and

rocks. Soil samples were refrigerated at 1.6 �C for

approximately 5 months until greenhouse trials were

ready. In February 2017, we planted seeds of three

common, abundant, and shade-intolerant forest tree

species common to the region, P. serotina, Q. alba

(white oak), and Q. velutina (black oak), in control and

invaded soil samples (Tirmenstein 1991; Uchytil

1991). We retrieved the seed stock for each species

from the same surrounding deciduous forests as the

soil cores in the autumn of 2016 and cold-stratified at

1.6 �C for four months in plastic Ziploc� bags

containing moistened commercial peat moss until

initial seedling germination occurred.

We initiated greenhouse trials once seeds showed

initial signs of taproot formation in February 2017.

Each seed free of mold and/or noticeable defects was

transferred into a randomly selected pot/cell that

contained either control or invaded soil samples

(Dreesen 2013). Q. alba (n = 251) and Q. velutina

seeds (n = 202) were introduced to pots that were

10 cm wide 9 10 cm long 9 8 cm deep. P. serotina

seeds (n = 605) were introduced into six-celled

seedling starter trays with each cell being

4 9 4 9 6 cm. Pots were filled approximately 2 cm

from the top, while cells were filled only 1 cm from the

top. After planting, locally collected rainwater was

applied until soil reached saturation. Oven-dried Q.

alba leaf litter was applied to the top of the soil to

assist in retaining moisture. Rainwater was provided

as necessary and equally among replicates throughout

the trial period (Silander and Klepeis 1999; Kourtev

et al. 2003; Dreesen 2013). We rotated seedling trays

every other week to evenly distribute solar exposure.

After the first month, once seedlings were estab-

lished and before introduction to the field, plant

survivorship was assessed, and plant growth was

measured. Plant growth metrics included leaf count,

total height, height to first petiole, and largest leaf

length (Royo and Carson 2006; Waller and Mass

2013). We collected temperature (�x = 13.0 �C),

humidity (�x = 70.3%), and light (�x = 321 lumens

m-2) data throughout the greenhouse process with

an ONSET, HOBO solar intensity/temperature pen-

dant and a HOBO U23 Pro v.2 temperature/relative

humidity data logger.

Field study

Following the greenhouse studies, we conducted field

experiments that tested native tree seedling survivor-

ship and growth in different Berberis environments at

the Eden Hall site. We used the same GIS overlay for

soil sampling to randomly select three field trial sites

that were at least 75 m from one another. The field trial

sites consisted of three random, replicate 2.5 9 2.5

subplots: control (outside Berberis invasion), invaded

(Berberis present), and managed (Berberis removed

and heat-treated) (Fig. 1a). Control subplots for each

site were located B 50 m from the invaded and

managed subplots to maximize environmental homo-

geneity (Cordell et al. 2009). Invaded subplots were

located 2.5 m away from managed subplots. Managed

subplots were subjected to mechanical cutting of

aboveground stems and subsequent burning with a

propane-fueled weed torch (Ward and Williams

2011).

We chose mechanical removal and direct burning

due to local herbicide restrictions, to limit damage to

non-target plants, and since it is a common manage-

ment method among land managers (Flory and Clay

2009; Ward et al. 2009). Management occurred before

leaf-out and Berberis seedling production as outlined

by best practices (Ward and Williams 2011). A buffer

zone of 2.5 m was created around all subplots treated

by mechanical removal and direct burning of present

Berberis (Cordell et al. 2009). We applied heat

treatment by a propane weed torch (500,000 BTU)

to remaining crowns until blackened, a process that

required more than 90 s for some clump treatments

due to invasion density. Ward and Williams (2011)

suggest that bigger clumps require 40 s per treatment

and a second application later in the summer, but since

juvenile plants were present in subplots, a two-tiered

burn would have been impractical. We removed the

aboveground biomass from the subplot vicinity to

prevent cut stems from rooting.

123

Plant Ecol



In mid-April 2017, a total of 293 P. serotina, 52 Q.

alba, and 186 Q. velutina seedlings that survived from

the greenhouse experiments were removed from the

pot/cell medias and randomly planted among subplots

to assess native plant survivorship and growth between

the three subplot treatments. To exclude Odocoileus

virginianus (white-tailed deer) and thereby prevent

browsing of seedlings, a 1.5 m high polypropylene

fence was constructed around the subplots and

anchored by ground stakes. The fence mesh was

0.8 mm thick with 2.54 9 2.54 cm openings. Seed-

lings were provided a 25 cm buffer zone from the

fence to limit growth interference and herbivory

(Waller and Maas 2013). The 2 9 2 m planting area

within each subplot was divided into a grid layout and

species were randomly planted at 25 cm spacing to

limit competition. We measured seedling survivorship

and growth metrics three times in the field setting:

during planting (May), mid-summer (July), and early

autumn (September).

To identify any potential invasive legacy Berberis

effects in soils, we managed six additional replicate

sites for Berberis at Eden Hall Campus (n = 4) and

Irwin Run Conservation Area (n = 2). These sites

were monitored for physiochemistry properties over

the same growing season as the in situ seedling growth

trials (e.g. Silander and Klepeis 1999). We selected

additional sites using the same criteria as the other

field sites, but we heat-treated twice over the growing

season as suggested by Ward and Williams (2011).

Each subplot type was 10 9 10 m (e.g. Cordell et al.

2009), and less than 25 m away from each other

(Fig. 1b). We monitored soil conditions within all nine

sites to determine the degree to which management

changed soil physiochemistry. Parameters included

soil electroconductivity (EC), temperature, pH, volu-

metric water content, and water saturation. For the

in situ seedling growth plot layout, soil measurements

were taken in the center of the subplots and outside the

surrounding fence. In the additional soil observations

Fig. 1 a Layout for in situ seedling growth trials. Seedlings

were introduced to the 2.5 9 2.5 m subplots. Soil tests were

taken within and outside the perimeters of the subplots. b Layout

for additional soil observations. Soil tests were conducted in the

sampling area that consisted of four 2.5 9 2.5 m subplots. Solid-

black lines represent fencing, dashed lines are perimeters, black

dots are fence posts, and the gray dot inside the subplot(s) is an

ONSET, HOBO solar intensity/temperature pendant
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layout, we took measurements in the center of each of

the four subplots. EC and temperature were collected

at soil depths of 8–15 cm, 20–30 cm, and 35–45 cm

with the Field Scout Direct Soil EC Meter, by

Spectrum Technologies, Inc. Saturation and pH were

measured by a Kelway soil pH and moisture meter.

Volumetric water content was taken by a METER/

Decagon GS1 soil moisture sensor. Soil tests were

conducted from late May until early July, every other

week, and only on days with clement weather.

Berberis stem counts and diameters were measured

5 cm aboveground in each of the subplots for the field

trials (area: 2.5 9 2.5 m) and in the Berberis soil

legacy trials (area: 5 9 5 m). Differences in plot sizes

were accounted for by dividing by the respective areas

to provide a relative subplot size of 1 9 1 m. Diam-

eters were then used to predict whole plant dry mass

(see Link et al. 2018 for the allometric equation).

These measurements were recorded to evaluate Ber-

beris invasion density. Controls subplots had a mean

of 4.8 Berberis stems/m2 and dry mass of 4.2 g/m2,

whereas invaded and managed subplots (prior to

treatment) had 66.8 stems/m2 and predicted dry mass

of 172.2 g/m2. Additionally, an ONSET HOBO solar

intensity/temperature pendant was placed in the center

of all the subplots 10 cm from the ground that

recorded temperature and light every 30 min over

the field season. We deployed a total of 18 sensors.

Statistical analyses

We determined if the three individual native seed-

lings’ survivorship varied between the soil and subplot

types in both the greenhouse and field experiments

using a v2 test for independence. Pearson’s v2 post hoc

comparisons were conducted on tests that were

statistically significant at a = 0.05. Native seedling

growth was analyzed using factorial one-way analysis

of variance (ANOVA) models with dependent vari-

ables of either leaf count, total plant height, height of

first petiole, or largest leaf. For all models we included

an interaction term between the independent variables

of treatment types (soil or subplots) and plant species.

Tukey’s post hoc mean comparisons were executed on

models where the interaction terms were statistically

significant.

To identify light and microclimatic changes asso-

ciated with Berberis invasion, which could possibly

explain differing native seedling success or growth,

we conducted a comparison of sensor-recorded data

between subplots. Daily mean light intensities and

temperatures of control and managed subplots were

compared to invaded subplots by calculating the

difference between sensors from either control or

managed subplots to those from invaded subplots and

calculated the mean pairwise difference for each

parameter for all possible subplot 9 subplot compar-

ison. We used the mean difference among each

subplot comparison rather than comparing tempera-

ture or light directly so that the 24-h variability of each

parameter did not distort differences between sub-

plots, since the differences were the variable of

interest. Each parameter consisted of 36 comparisons

due to the six-by-six subplot design: six control and/or

managed sensors compared to six invaded sensors.

Differences in light were only assessed during daylight

hours; readings recorded after dusk and pre-dawn were

omitted from pairwise comparisons. We conducted a

single one-sample t test on each subplots’ mean

temperature and light comparison differences and we

tested against the null assumption that the mean

difference between subplot categories was zero. We

did a Bonferroni correction (a = 0.001) to account for

experiment-wise error.

One-way ANOVAs were conducted to detect

differences in soil parameters between subplots.

Dependent variables included all soil parameters with

subplot type as the independent variable and a random

block factor of site location. Tukey’s post hoc

comparisons were performed on models found to be

statistically significant. All models were tested for

statistical assumptions through graphical means by

plotting the residuals.

All statistical analyses were conducted in R

v.1.0.136. v2 post hoc analyses were executed through

‘fifer’ (Fife 2017). All figure artwork was created

through ‘ggplot2’ (Wickham 2016).

Results

In the greenhouse trials, we detected mixed results

between tested species in survivorship and growth

between soil types. Plant survivorship for P. serotina

was significantly different between soil sample types

when grown in a greenhouse setting (v2 = 30.72,

df = 1, p\ 0.05), with individuals 23% less likely to

survive in invaded soils (Fig. 2a). However, the two
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Quercus spp. did not differ in survivorship between

soil types (p[ 0.05). Growth metrics for each model

were different for at least one factor (Table 1).

Measurements of leaf count, total height, and base-

petiole length (3:4 metrics) for Q. velutina were

different between soil types (p\ 0.05; Fig. 2a), with

all growth metrics lower in Berberis-invaded soils in

the greenhouse setting. No differences in growth (0:4

metrics) were detected between soil types in the other

two tree species (Fig. 2a).

In the in situ field trials, plant survivorship for P.

serotina (v2 = 28.3, df = 2, p\ 0.05) and Q. velutina

Fig. 2 Survivorship and

growth measurements of

seedlings in the

a greenhouse setting and in

the b field setting. v2 and

Tukey’s HSD post hoc of

significance at

p values\ 0.05 are

indicated by ‘*’. Error bars

identify ± 95% confidence

intervals (CI)
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(v2 = 20.04, df = 2, p\ 0.05) was found to differ

between subplot treatments, with the greatest sur-

vivorship observed in invaded subplots (Fig. 2b). P.

serotina had higher survival in invaded subplots (65%)

compared to control (34%) or managed (29%)

subplots. Additionally, Q. velutina was less likely to

survive in managed subplots (48%) compared to

invaded (76%) or control (83%) subplot treatments. Q.

velutina’s leaf count (1:4 metrics) was the only

different growth metric in the field setting (Table 1;

Fig. 2b), where fewer leaves were observed on

managed subplots. Growth metrics of Q. alba and P.

serotina showed no differences between subplots.

Control and managed subplots experienced signif-

icantly more light exposure (�x = 583.06, t35 = 7.91,

p\ 0.05; Fig. 3a, �x = 708.69, t35 = 16.36, p\ 0.05;

Fig. 3c) and exhibited warmer temperatures (�x = 1.30,

t35 = 11.92, p\ 0.05; Fig. 3b, �x = 1.18, t35 = 14.13,

p\ 0.05; Fig. 3d) compared to invaded subplots. In

contrast, EC and temperature at soil depths of

8–15 cm, 20–30 cm, and 35–45 cm did not differ

between subplots (Table 2; Fig. 4). Furthermore, soil

pH and volumetric water content did not differ

between subplots (Table 2; Fig. 5). But soil moisture

differed between subplots, with higher water percent-

ages observed in managed and invaded subplots

(12.0–14.9%; Table 2; Fig. 5).

Discussion

Contrary to our expectations, we detected limited

evidence for reduced native tree seedling survivorship

or growth in understories heavily invaded by Berberis.

Table 1 Results of

factorial ANOVAs on

metrics relating to model

terms of treatments, tree

seedling species, and the

interaction between them in

the greenhouse and field

setting

Significant model terms at

p values\ 0.05 are

indicated by ‘*’

Setting Metric Model terms Statistical parameter

F p

Greenhouse F1,2,2,601

Leaf count (n) Soil = 7.25 \ 0.05*

Species = 21.64 \ 0.05*

Soil 9 species = 7.37 \ 0.05*

Total height (cm) Soil = 3.51 = 0.06

Species = 185.78 \ 0.05*

Soil 9 species = 8.25 \ 0.05*

Base-petiole length (cm) Soil = 1.41 = 0.24

Species = 399.60 \ 0.05*

Soil 9 species = 4.90 \ 0.05*

Largest leaf (cm) Soil = 0.05 = 0.83

Species = 151.22 \ 0.05*

Soil 9 species = 6.01 \ 0.05*

In situ field F2,2,4,264

Leaf count (n) Subplot = 3.43 \ 0.05*

Species = 199.78 \ 0.05*

Subplot 9 species = 5.65 \ 0.05*

Total height (cm) Subplot = 0.48 = 0.62

Species = 119.28 \ 0.05*

Subplot 9 species = 0.53 = 0.72

Base-petiole length (cm) Subplot = 0.59 = 0.55

Species = 65.21 \ 0.05*

Subplot 9 species = 0.80 = 0.53

Largest leaf (cm) Subplot = 5.60 \ 0.05*

Species = 288.92 \ 0.05*

Subplot 9 species = 1.39 = 0.24
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In the greenhouse setting, P. serotina was less likely to

survive and Q. velutina grew less on Berberis-invaded

soils, yet, when introduced to invaded in situ subplots,

seedlings performed just as well (Q. alba) or better (P.

serotina and Q. velutina) compared to managed

subplots. Negative effects observed in the greenhouse

setting could be due to disturbances caused by soil

core extraction. Furthermore, when significant distur-

bances occurred via mechanical removal/heat treat-

ment of Berberis, in in situ managed subplots, native

seedlings also experienced compromises. Thus, dense

Berberis presence may be modifying environmental

conditions, such as light exposure, microclimatic

understory temperature, and soil moisture, in

Fig. 3 Mean difference comparisons between control (a, b) and managed (c, d) subplots’ daily light (lumens m-2) and temperature

(�C) compared to invaded subplots
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favorable ways for some native seedlings whereas

disturbing this invasive through management may not

be. The original intention of this study was to explain

the association of decreased native tree seedling

densities observed by Link et al. (2018); however,

the causal agent continues to remain unclear. Even

with observed Berberis-induced mechanistic changes,

our results offered very limited support to the assertion

that such environmental conditions suppress native

seedling survivorship or growth, at least for the three-

Table 2 Results of

ANOVAs of soil

measurements of in situ

field subplots

Significant models at

p values\ 0.05 are

indicated by ‘*’

Metric Statistical parameter

F p

Depths

Electroconductivity (mS/cm) 8–15 cm

20–30 cm

35–45 cm

F2,85 = 0.63

F2,85 = 0.91

F2,81 = 2.12

= 0.54

= 0.41

= 0.13

Temperature (�C) 8–15 cm

20–30 cm

35–45 cm

F2,85 = 1.19

F2,85 = 0.88

F2,81 = 0.64

= 0.31

= 0.42

= 0.53

pH Surface F2,37 = 1.00 = 0.38

Volumetric water content (m3 m-3) Surface F2,42 = 0.76 = 0.48

Moisture (%) Surface F2,85 = 15.5 \ 0.05*

Fig. 4 Electroconductivity

(mS/cm) and temperature

(�C) of subplot soil depths:

a 8–15 cm, b 20–30 cm, and

c 35–45 cm. Error bars

identify ± 95% CI
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focal species during their first year of growth. Our

findings represent the importance of testing assump-

tions associated with an invasive plant species,

specifically those connected with outcompeting native

tree species.

In both study settings, a disturbance legacy effect

explained native tree seedling compromise (Corbin

and D’Antonio 2012). When disturbing Berberis

through soil sample extraction for the greenhouse

study, P. serotina’s survivorship and Q. velutina’s

growth (3:4 metrics) was slightly compromised com-

pared to control soils. Slightly more compromises

occurred through Berberis management. Both P.

serotina’s and Q. velutina’s survivorship was less

likely when compared to invaded subplots. Anecdo-

tally, throughout monitoring in both settings, seedlings

exhibited signs of elevated stress such as leaf brown-

ing or loss. We believe soil moisture and ambient

temperature were significant factors that ultimately led

to compromised seedlings, especially in environmen-

tal conditions heavily influenced by infestation. Man-

aged and invaded subplots shared soil

physicochemistry: greater soil moisture levels

(12.0–14.9%) than control subplots, potentially due

to a shading effect that kept soils cooler and less prone

to evaporation. In the greenhouse setting, invaded soil

samples dried out quickly since the composition was

no longer reliant on Berberis’ recalcitrant understory,

cooler microclimate, and root mass to retain water

moisture, and in the field setting managed subplot

soils—already high in moisture—were splashed up

under seedling leaves by rainfall. Such conditions

accompanied by higher temperature/light exposure in

both settings surely enhanced stressors, along with

additional seedling decapitation by small rodents/

birds in the field setting.

Positive facilitative interactions between non-na-

tive and native plant species, although commonly

overlooked in most studies, are most frequently shown

by mechanistic changes through habitat modification

and belowground soil processes (Rodriguez 2006;

Molina-Montenegro et al. 2015; French et al. 2017).

Dense Berberis facilitated native seedling success by

alleviating stressful abiotic factors, specifically by

providing coverage from solar exposure, temperature,

moisture, and rain-fall soil splash (Gómez-Aparicio

et al. 2008; Zarnetske et al. 2013). Additionally,

belowground soil processes such as elevated arbuscu-

lar mycorrhizal fungi levels could be assisting intro-

duced seedling success (Sarah Daugherty, Chatham

University, unpublished data). We believe our results

represent the value of directly planting natives in

intact, dense Berberis stands that perform as a shrub

‘‘nurse’’ plant (although typically identified in litera-

ture as a native in Mediterranean habitats) which can

greatly benefit restorative efforts, specifically for

woody seedling success (Gómez-Aparicio et al.

2004; Castro et al. 2004; Padilla and Pugnaire 2006;

Jordan et al. 2011). Lastly, Berberis management

facilitates further invasion of other plant species (C.

Fig. 5 Soil pH, volumetric water content (m3 m-3), and moisture/saturation percent of subplots. Tukey’s HSD post hoc of significance

at p values\ 0.05 are indicated by ‘*’. Error bars identify ± 95% CI
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orbiculatus and R. multiflora) that might not have been

an issue otherwise and would still require additional

revegetation techniques, such as native seedling

introduction (Kettenring and Adams 2011; Ward

et al. 2013; Flory and Bauer 2014; REDW-SAMO

2017). Before Berberis management initiates and

when pursuing restorative efforts, we suggest that land

managers consider possible consequences from dis-

turbing dense Berberis infestation which has been

shown by our study to cause drastic and stressful

environmental conditions that negatively influence

native plant and ecosystem restoration. If management

of Berberis occurs after tree seedlings establish, those

trees can in turn become nurse plants which shape

canopy composition, provide a local source of seeds

and limit environmental over-exposure to future

native seedlings, but additional observations would

be needed to assess the long-term success of these

seedlings in the canopy class.

Although our study has not identified a significant

compromise to native tree seedling growth or sur-

vivorship associated with Berberis invasion, consid-

eration should be given to the study limitations. Since

our study was temporally limited to a single-field

season, not all life history stages were included in

these experiments: the initial germination of native

seedlings was performed in store-bought media to

make sure root formation occurred. However, despite

such a limitation, significant seedling inhibition would

have occurred given that the seedling stage is most

vulnerable to environmental stressors and herbivory

(Boege and Marquis 2005). In addition, severe Ber-

beris density observed in our study site, limited

cohabitating invasive species such as M. vimineum

Fig. 6 Visual illustrations at Eden Hall Campus (top) and Irwin Run (bottom) before (left panels) and after (right panels) removal of

Berberis
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and R. multiflora, and recorded subplot measurements,

i.e. soil moisture, microclimatic temperature, and light

exposure, corresponded with other notable studies

(Silander and Klepeis 1999; D’Appollonio 2006).

Other recognizable studies on Berberis and studies

that shared the same forest stand observed altered pH

levels (Kourtev et al. 2003; Utz et al. 2018), whereas,

in this study, soil pH, electroconductivity, tempera-

ture, and volumetric water content were similar

between subplots. Such measurements, although asso-

ciated with Berberis, may not be indicative to all

Berberis infestation. Other limitations to our findings

could be that introduced seedling species were not

representative of the full diversity of the woodland.

However, the three-focal species represented com-

mon, desirable species for timbering and ecosystem

services in eastern temperate deciduous forests (Ax-

elrod 1966). Furthermore, despite such limited repre-

sentation, our results compliment another account

which has reported little to no impact on understory

plant communities (Flinn et al. 2014).

Additional methodological caveats may be that in

the greenhouse experiments, the soil microbial com-

position almost certainly changed once soils were

extracted from the field (Waldrop and Firestone 2006).

Other studies have executed similar tests of native

plant performance in extracted invaded soils (Zubek

et al. 2016) and the in situ stages of our experiment

likely did maintain the microbial differences (Batten

et al. 2006). Lastly, seedlings experienced no her-

bivory in the controlled greenhouse setting and the

presence of field personnel, fencing, and buffer zones

free of Berberis surely influenced herbivore behavior

in the field which constrained or deterred seedling

predators’ interaction with introduced seedlings. Yet,

woodland rodents (i.e. chipmunks and mice) could

access subplots despite fencing which could explain

decreased P. serotina survival in control subplots that

anecdotally contained dense fern populations which

may have provided a groundcover habitat for rodents

(Royo and Carson 2006; Labatore et al. 2017). In

addition, other studies have shown that introduced

seedlings within invaded areas experience less her-

bivory (e.g. Bauer and Reynolds 2016; Shen et al.

2016) and open-area sites free from shrub coverage

have less seedling regeneration/success (e.g. Gómez-

Aparicio et al. 2004, 2008; Elgar et al. 2014).

As Berberis invasion continues, its density in both

our forests’ understories (Fig. 6) is likely to be or

become shared by other forest stands (e.g. Vilà et al.

2011; Labatore et al. 2017). Even though Berberis

management can be successful and most desirable at

the initial stages of infestation to limit any effects on

native plant communities (Link et al. 2018) and/or soil

conditions (Kourtev et al. 1999), populations become

dense quickly—completely covering a forest under-

story within as little as three years in some cases

(Matson 2011). Due to Berberis’ varying density

gradients and management’s disturbance legacy

effect, current management practices are inadequate

for reestablishing native communities and ecosystem

functions (Lichstein et al. 2004; Bauer and Reynolds

2016; Schuster et al. 2018). Myriad factors influence

native tree densities which include decreased overall

native propagule availability, post-management

legacy effects, and native performance due to envi-

ronmental over-exposure (Cordell et al. 2009; Laba-

tore et al. 2017). We accounted for these factors

through active restoration management by directly

planting tree seedlings to Berberis-invaded subplots

(Beasley and McCarthy 2011) and monitoring intro-

duced native plants and environmental conditions

post-Berberis management (D’Antonio and Meyerson

2002; Marchante et al. 2009) which plays a crucial role

when managing severe non-native, invasive plant

densities, as observed by Berberis.

Conclusion

Many non-native, invasive plant species outcompete

natives and alter ecosystem functions. In the hopes of

successfully managing an invasive species, it is crucial

to test such an assumption, especially when native

plant restoration is the goal. Studies have shown that

dense Berberis populations support lower densities of

native tree seedlings compared to uninvaded areas, a

phenomenon observed with severity in our study

location. However, our results show little support for

the assumption that inhibited native tree seedling

densities are due to Berberis-induced environmental

changes such as, decreased solar exposure, decreased

ambient understory temperature, and increased soil

moisture. Although there were mechanistic changes

observed by Berberis, such factors benefited some

native tree species. Lastly, when disturbing environ-

ments heavily influenced by Berberis caused via

extracting soil cores and managing the species,

123

Plant Ecol



introduced native seedling survivorship and growth

were compromised through a disturbance legacy

effect. For future research, we recommend testing

assumptions of additional non-native plant species

associated with outcompeting natives, accounting for

post-management legacy effects for native restoration

efforts and conducting experiments on native seedling

predation in Berberis which may explain the associ-

ation of lower tree seedling densities observed in

former studies.
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