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Plants are particularly vulnerable to physical disturbance in low productivity areas, due to the high energetic cost of replacing lost tissue. In the eastern United States, serpentine savannahs are fragmented ecosystems with high concentrations of rare endemic plant species, low concentrations of soil nutrients, and severe deer overpopulation. This study assessed the recovery of flowering plants in a serpentine savannah when deer were excluded. Plant count, flower count, vegetative area, and plant height of 10 serpentine plant species were compared inside and outside of deer exclusion structures throughout an entire growing season. Throughout the growing season and across the plant community, deer exclusion consistently increased values for all plant response traits measured. Species that responded most strongly to deer exclusion included Arabis lyrata (Brassicaceae, the wide ranging lyre-leaf rockcress) and the serpentine near-endemic Symphyotrichum depauperatum (a serpentine aster known only in the eastern US). The slender knotweed, Polygonum tenue performed worse in excluded areas, which may indicate exclusion by more competitive species, or, alternatively, local scarcity. Overall, species richness did not increase in excluded plots, which may indicate that years of deer overbrowsing have depleted the local seed banks. While longer term studies might reveal different results, this study showed significant differences in vegetation response traits between excluded and unexcluded areas in just one year. We recommend that further restoration efforts should include reintroductions of locally extirpated species, in combination with deer exclusion to allow rare serpentine plant communities and their seedbanks to recover from intense overbrowsing pressure.
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INTRODUCTION

Severe ecosystem disturbances including species invasion, anthropogenic land use change, and extinction of carnivores have resulted in dramatic changes in ecosystem composition and losses of global biodiversity (Rambo and Faeth, 1999; Myers et al., 2000; Raghubanshi and Tripathi, 2009; Strong and Frank, 2010). Especially when disturbances directly impact the abundance and distribution of vegetation, their effects can propagate across ecosystems, reducing foodweb stability and resilience (Nakamura et al., 2000; Raghubanshi and Tripathi, 2009; Strong and Frank, 2010; Ripple and Betschta, 2012). Understanding both the scale and cascading impacts of disturbance across ecosystems, and exploring their mitigation is imperative to prevent the loss of unique species (Raghubanshi and Tripathi, 2009). Species loss, even of uncommon and weakly interacting species, can degrade an ecosystem's resiliency to disturbance and invasion, increase variability of ecosystem processes, and result in the loss of additional unique species (O'Gorman et al., 2010).

In the past few decades, white-tailed deer (Odocoileus virginianus) populations have expanded across the eastern United States, due to local extinction of natural predators, landscape and ecological changes, reduction in hunting pressure, and the ability of deer to adapt to human-modified ecosystems (Côté et al., 2004; Latham et al., 2005; Creacy, 2006; Rawinski, 2008; Strong and Frank, 2010). At high densities, deer alter community dynamics and ecosystem processes through trampling and selective browsing, especially of reproductive plant parts (Augustine and Frelich, 1998; Latham et al., 2005; Geddes and Mopper, 2006; Averill et al., 2017). Strong browsing pressure limits the reproductive potential of preferred plants (Nakahama et al., 2020) and can reduce the density and diversity of herbaceous plants over time, causing local extinctions (Augustine and Frelich, 1998; Strong and Frank, 2010). As a result, white-tailed deer are considered a keystone species, because their browsing has such strong direct and indirect impacts on the ecosystems they live in (Rooney, 2001; Rooney and Waller, 2003).

The effects of deer browsing on plant communities may be magnified in low productivity areas (Olff and Ritchie, 1998; Proulx and Mazumder, 1998; Bakker et al., 2006) where low soil nutrient availability increases the energetic costs of replacing lost plant tissue (Janzen, 1974). This may be especially true for serpentine barrens, which are globally rare, heavily fragmented habitats that occur on resource-poor soils derived from ultramafic rock (Latham and McGeehin, 2012). Due to the increased cost of regrowth in resource-poor environments, serpentine plant species have reduced resilience to herbivory (Coley et al., 1985; Lau et al., 2008; Strauss and Boyd, 2011).

In the eastern United States, serpentine barrens are biodiversity hotspots for rare endemic serpentine plant species, as well as many locally or regionally endangered species (Rajakaruna et al., 2009; Flinn et al., 2017). In recent decades, these ecosystems have been overwhelmed by increasing browsing pressure from white tailed deer (Prince et al., 2004; Floyd, 2006). Several endangered flowering forbs, including downy lobelia (Lobelia puberula) and white heath aster (Symphyotrichum ericoides) have been locally extirpated from eastern serpentine barrens in the past decades (Latham and McGeehin, 2012). While it is unclear that deer overbrowsing is directly responsible for these declines, it is clear that rare and endangered species highly preferred by deer are vulnerable. Latham and McGeehin (2012) suggest that any attempt to restore rare eastern serpentine grasslands without limiting the deer population is a “lesson in futility” and “the only practical method” to protect vulnerable endemic species is the complete exclusion of deer.

Herbivore exclusion, particularly deer exclusion, has been a common technique to restore rare plant communities worldwide (Rambo and Faeth, 1999; Ruhren and Handel, 2003; Stephan et al., 2017). This method of restoration has been widely successful at increasing herbaceous plant diversity for ecosystems that were overbrowsed by deer (Ruhren and Handel, 2003; Stephan et al., 2017; Nakahama et al., 2020). However, herbivore exclusion as a method of restoration may not always improve plant diversity. The efficacy of restoration by herbivore exclusion is dependent on the length and severity of herbivory disturbance (Nakahama et al., 2020). Areas that have experienced chronic browsing disturbance for decades may have depleted seedbanks and dwindling soil nutrients, and may not recover from disturbance, even when herbivores are excluded. Additionally, certain species, particularly those with energetically costly adaptations, are sensitive to disturbance and may not recover when herbivores are excluded (Tamura, 2010). Alternatively, herbivore exclusion may decrease biodiversity (Mortenson et al., 2017). If deer preferentially feed on highly competitive or exotic species, browsing may provide less competitive species an advantage. In this scenario, herbivore removal could destabilize plant communities by allowing dominance of one or a few competitive plant species (Mortenson et al., 2017). This may be particularly true in low productivity environments, characterized by plants with limited competitive abilities.

In order to assess serpentine ecosystem recovery from deer browsing, we deployed deer exclusion plots to quantify differences in flowering plant community composition and key response traits (total plant number per plot, total flower number per plot, average blossom area per plot, average vegetative area per plot, and average height per plant) between areas of deer presence and absence. Response traits describe how plants respond to changes in their environments (Violle et al., 2007). Plant community response to deer exclusion was assessed over the course of one growing season. In a recovery scenario, we expected increases in diversity and response trait values where deer were excluded. In a depleted seedbank scenario, we expected no difference between treatments. In a scenario where deer played a role in increasing plant diversity through indirect effects on plant competition, we expected lower plant diversity in excluded areas, and the proliferation and dominance of one or a few plant species. This research was conducted in an eastern serpentine savannah, a globally rare and highly fragmented habitat for which restoration from deer overbrowsing has not been attempted.



METHODS


Study Site

Serpentine savannas, defined as serpentine areas with 10–25% tree cover (Flinn et al., 2017), are considered to have an especially high conservation value, and house nearly all of the rare endemic plant and pollinator species characteristic of serpentine barrens (Floyd, 2006; Smith, 2010; Flinn et al., 2017). Up to 96% of eastern serpentine savannahs are found in the Northern Piedmont of Maryland and Pennsylvania, covering only 3,400 acres in total (about 5 square miles) (Latham and McGeehin, 2012). Located in suburban Baltimore, Soldiers Delight Natural Environmental Area includes the largest remaining serpentine savannah ecosystem in the eastern United States, covering 1,900 acres (Tyndall, 1992; Tyndall and Hull, 1999; Floyd, 2006).

The soil at Soldiers Delight is a sandy loam with a low concentration of calcium and a high concentration of magnesium and nickel (Tyndall, 2012). Dominant savannah species include true prairie grasses, such as little bluestem (Schizachyrium scoparium) and Indian grass (Sorghastrum nutans) (Tyndall, 1994; Tyndall and Hull, 1999). Over 39 rare, threatened, or endangered plant species also occur at Soldiers Delight, including the fringed gentian flower (Gentianopsis crinita), serpentine aster (Symphyotrichum depauperatum), serpentine chickweed (Cerastium arvense L. var. villosum) and the ten lobe false foxglove (Agalinis decemloba) (Tyndall, 1994, 2005; Tyndall and Hull, 1999; Floyd, 2006; Flinn et al., 2017). White tailed deer density around Soldiers Delight has increased dramatically (from 10/km2 to 40/km2) since the 1970s (Porter, 1991; Floyd, 2006; Walters et al., 2016), and has had an uncharacterized impact on the unique flora and fauna of this rare ecosystem.



Deer Exclusion Plot Construction

Exclusion plots are frequently used to restore plant communities that have experienced overbrowsing pressures (Rambo and Faeth, 1999; Pasari et al., 2014; Averill et al., 2017; Stephan et al., 2017; Nakahama et al., 2020). We identified two sites 0.27 km apart within Soldiers Delight with similar physical, topographic, and edaphic characteristics (39.41 °N, −76.83 °W). Between both sites, a total of 10 plots (five fenced plots and five adjacent unfenced plots) were established. Plots were established February 2019. Due to shallow soil depth at the study site, exclosures were constructed using 19-liter buckets of cement anchoring 2 m tall wooden posts, and 2 m tall polypropylene fence with 5 cm mesh openings, to permit movement of pollinators and birds. Two holes (10 × 12 cm) were cut in the bottom of each 5 m length of fence in order to allow small mammals access (a total of eight holes per exclusion structure). Additionally, 1 cm thick wire was wrapped around the bottom of each structure to prevent fawns from accessing the plots.



Plant Sampling

In ecosystems with low diversity, measuring changes in species abundance is more informative than measuring biodiversity alone (Mendenhall et al., 2011; Murphy and Romanuk, 2014), thus both were quantified here. To quantify the effect of deer exclusion on the diversity and abundance of flowering plant species, monthly plant inventories were conducted. Differences in plant response traits between excluded and unexcluded areas can indicate the efficacy of restoration treatments and their comprehensiveness across plant communities (Sandel et al., 2011; Piqueray et al., 2015). At the center of experimental plot, two 1 × 1 m quadrats were established diagonally from one another, leaving a minimum distance of 1.5 m to the fence. Percent cover of plant species was recorded for each sampling event. Additionally, for each plot, the number of flowering plants, the number of flowers on each plant, and the height of each plant was recorded. Plant height and percent cover of plants in grassland ecosystems can indicate competitive ability to procure water, sunlight, and soil nutrients (Craine and Dybzinski, 2013; Funk et al., 2016). Abundance and density of flowering plants and flowers on plants is positively correlated with the number of visitations by pollinators, and may represent a greater chance of reproductive success (Vasquez et al., 2009; Peuker et al., 2020). Sampling occurred every 2–3 weeks for a total of ten sampling events (two sampling sessions per season) in order to capture peak bloom for all species present.



Statistical Analyses

To quantify patterns in community composition data over the growing season, we used a non-metric multidimensional scaling (NMDS) ordination to divide sampling points throughout the year into distinct season groups based on their unique plant community compositions (NMDS; McCune and Grace, 2002). The input data were total counts for plant species that were flowering at each sampling date that were relativized prior to NMDS analysis. The NMDS was performed using the package vegan in R, using the Bray-Curtis dissimilarity index as a distance measure (Oksanen et al., 2015). Based on their distinct groupings, sampling dates were divided into five significantly different seasons: spring, early summer, mid-summer, late summer, and fall [F(4, 9) = 18.535 p = 0.005, dimensions = 2, stress = 0.04]. Community composition differences between these seasons were compared using a permutational multivariate analysis of variance (PERMANOVA).

Counts of flowering plant number per plot, total flower number per plot, and flower number per plant for each species were compared between control and exclusion treatments for each unique combination of date, plot, and treatment using a negative binomial regression with repeated measures. Treatment and season were treated as fixed explanatory variables. All negative binomial regressions were run using the package MASS in R (Venables and Ripley, 2002). To assess differences in plant diversity between treatments, the package vegan was used to calculate Shannon's Diversity Index for each unique combination of date, plot, and treatment (Oksanen et al., 2015). Diversity values were compared between treatments over time using linear models.

Mean herbaceous plant cover, and mean plant height per species for each unique combination of date, plot, and treatment were analyzed using general linear mixed effects model with repeated measures (GLMMs). In all models, “plot” and “quadrat” were treated as random factors. The GLMMs were validated visually (Zuur et al., 2010) leading to Box-Cox transformations for plant cover and plant height variables. Diversity values were compared between treatments over time using GLMMs. All GLMMs were run using the package lme4 in R (Bates et al., 2015), and best models were determined based on AIC values.

To determine which flowering species were driving differences in flower counts between exclusion and control plots, average values for each species in control and exclusion plots were calculated for five plant functional responses: total plant number per plot, total flower number per plot, average blossom area per plot, average vegetative area per plot, and average height per plant. To determine the magnitude of difference between exclusion and control plant responses, the ratio of the response between exclusion and control for each species and each functional response was calculated. Responses were weighted equally by adding all ratio values for each vegetation response and dividing each individual ratio value by the sum. An NMDS was performed comparing ratios of plant functional responses between exclusion and control plots across species, to determine which species showed the greatest differences in plant response between control and exclusion treatments. NMDS analysis was performed using the package vegan in R, using the Euclidean distance as a dissimilarity index (Oksanen et al., 2015).

To assess community response to exclusion treatments, community weighted means (CWMs, Garnier et al., 2004; Violle et al., 2007) were calculated for four plant functional responses: total flower number per plot and number of flowers per plant (metrics of reproductive capacity), and average vegetative area per plot and average height per plant (metrics of competition). An NMDS was performed comparing plant response trait responses on the CWMs between exclusion and control plots using the package vegan in R, using the Euclidean distance as a dissimilarity index (Oksanen et al., 2015). The functional trait responses between control and exclusion treatments were compared using a PERMANOVA.




RESULTS

The total number of flowering plants on the landscape fluctuated over the course of the growing season, peaking during the late summer (Figure 1). NMDS was used to assess how plant community functional responses differed between control and exclusion treatments. Both the magnitude and variability of all plant response traits were higher in the exclusion treatment compared to the control treatment (dimensions = 2, stress = 0.02; Figure 2). Permanova results showed that plant functional responses were significantly different in exclusion plots relative to control plots [F(1, 8) = 5.6, p = 0.02], and pairwise analysis showed that all plant response variables differed significantly between the two treatments (Supplementary Table 1).


[image: Figure 1]
FIGURE 1. Total flowering plant count between deer exclusion (E) and control plots (C) over the course of the growing season.
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FIGURE 2. NMDS plot showing net vegetation response based on community weighted means of plant response variables to deer presence and absence. Points represent net average community response values for each control and exclusion plot, and arrow length reflects the relative contribution of each plant response variable to the magnitude of community response. The larger area for the exclusion treatment polygon reflects greater overall variability in plant response values compared to the control treatment.


Flowering plant count in exclusion plots was consistently greater than in control plots ([image: image] = 12.79, p < 0.001). Deer presence had a significant negative impact on all measured plant response variables: species and floral counts, vegetative area per plot, number of flowers per plant, and average plant height per species (Table 1, Supplementary Table 2). Based on NMDS analysis, flower species that responded most positively to deer exclusion were lyrate rockcress (Arabis lyrata) and serpentine aster (S. depauperatum) (dimensions = 2, stress <0.001; Figure 3, Supplementary Table 3). Shannon's Diversity did not vary between control plots and exclusion plots [F(1, 40) = 0.38, p = 0.82].


Table 1. Effect of deer presence on vegetation over time using analysis of deviance (Type II test).
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[image: Figure 3]
FIGURE 3. NMDS plot showing that the species Arabis lyrata (ARLY) and Symphyotrichum depauperatum (SYDE) were most affected by deer presence, using an integrated combination of all plant response variables. Points represent average plant response values across species. Length of arrows corresponds to magnitude of the ratio in species response between disturbed and control plots, with longer length indicating greater differences between control and exclusion. Asterisks indicate p values <0.05.




DISCUSSION

This study examined serpentine plant community recovery after one year of deer exclusion. If deer exclusion promoted community recovery, we predicted excluded plots would exhibit increased diversity and response trait values in excluded plots. If deer browsing caused an increase in diversity by limiting the abundance of competitive species, we expected to find lower diversity in excluded areas, the proliferation of one or a few plant species and their trait values, and a decrease in trait values for all other species. If however, decades of deer browsing resulted in irreversible degradation of the seedbank, we expected no changes between treatments. Rather than finding strong support for one scenario, after only one year of data collection, we found evidence to support all three.

No differences in overall herbaceous plant Shannon's Diversity Index were observed between control and exclusion treatments. These results could be explained by a number of factors, including exclusion of annual seedlings by established perennials, changes in soil composition due to deer trampling, or a depleted seedbank at Soldiers Delight. Tamura (2010) reports that if deer overbrowsing remains unchecked for over 10 years, recovery may be a long and difficult process. Deer have existed at high densities (approximately 40/km2 since the 1990s) around Soldiers Delight for several decades (Porter, 1991; Walters et al., 2016). Serpentine barrens are already vulnerable to herbivory pressures, due to their low plant productivity, low plant species diversity, and nutrient poor soils (Safford and Mallek, 2011; Strauss and Boyd, 2011; Flinn et al., 2017). As a result, chronic browsing pressure could have driven preferentially consumed species to extinction (Anderson et al., 2001; Latham and McGeehin, 2012). These results are consistent with studies of Midwest prairies, that have attributed low floral diversity to decades of intense deer browsing (Anderson et al., 2001). However, this research was only conducted for one year, and a continuation of this study might reveal different results.

Although plant diversity was unaffected by deer exclusion, flowering plant functional responses and abundances dramatically increased in exclusion plots. Throughout the growing season (Figure 2) and across the plant community (Figure 3), deer exclusion consistently increased values for all plant response traits measured (Table 1), including plant and flower count, vegetative area, flowers per plant, and plant height for herbaceous species. In other words, deer exclusion resulted in plant communities with traits indicative of greater competitive (increased height and percent cover) and reproductive ability (increased species and floral counts). These results are consistent with numerous studies that found deer exclusion dramatically increases the abundance and response trait values of flowering plants in prairie (Anderson et al., 2017) and temperate forest ecosystems (Ruhren and Handel, 2003; Wang and Mopper, 2008; Sakata and Yamasaki, 2015; Nakahama et al., 2020). Stephan et al. (2017) suggests that in addition to increases in height, size and abundance, plants can allocate more resources to defense against other herbivores in the absence of significant biomass loss from deer.

Although deer exclusion caused higher response values at the community level, not all plant species responded in the same way. Species most impacted by deer herbivory included A. lyrata and S. depauperatum. Exclusion had a strong positive impact on the height of S. depauperatum plants, and both the height and plant area of A. lyrata plants. At our sites, both species were perennials with long flowering times of up to 2 months. Plant area increased most for S. rugosa, and flower count increased most for O. biennis (Figure 3). The only species that did not follow the community trend of increasing abundance or trait values in the absence of deer was slender knotweed (Polygonum tenue). In control plots this species grew taller and was more abundant. The unexpected results from this species may reflect overall plant scarcity, or competitive exclusion of P. tenue when deer were absent. During the late summer when P. tenue was flowering, Liatris spicata was hyper-abundant in exclusion plots, at a density as high as 41 flowers per square meter. In control plots, L. spicata was never more abundant than 11 flowers per square meter. The dominance of L. spicata in exclusion plots may result in limited nutrients or space for P. tenue to thrive.

Serpentine barrens are considered to be zones of high conservation concern (Latham and McGeehin, 2012; Flinn et al., 2017). Of the flowering plants observed in this study, L. spicata, C. arvense and S. depauperatum are ranked as critically imperiled and highly rare in the state of Maryland (Maryland Natural Heritage Program, 2021). S. depauperatum is additionally classified as critically endangered and near-endemic to eastern serpentine barrens (Rajakaruna et al., 2009; Latham and McGeehin, 2012; Maryland Natural Heritage Program, 2021). If left unprotected, eastern serpentine grasslands may lose these unique rare species, and be permanently degraded by continued intense browsing pressure (Latham and McGeehin, 2012; Flinn et al., 2017). Although plant diversity did not increase in exclusion plots, and P. tenue performed worse in exclusion plots than control plots, we observed dramatic recovery in the abundance and response traits of rare imperiled species in a single growing season. If fences were maintained and vegetation was monitored over additional years, we expect the herbaceous plant community would continue to recover biomass, increase reproductive potential, and possibly increase species diversity. However, due to the long legacy of deer overbrowsing, and possible seed bank depletion, we recommend that effective restoration include reintroductions of extirpated species, and additional planting of competitively excluded species, in combination with deer exclusion (Ruhren and Handel, 2003; Nakahama et al., 2020). Constructing fences to exclude deer may be a simple yet effective strategy to protect endemic species and restore ecosystem functionality to historically degraded eastern serpentine habitats.
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