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ABSTRACT

Chronic ungulate herbivory impacts are well

documented, consistently showing changes in

plant community dynamics. In contrast, indirect

ungulate effects on soil biota and processes are less

well understood and idiosyncratic. Evidence sug-

gests that increased deer abundance in northeast-

ern North American forests may facilitate invasions

by non-native earthworms and non-native plants

through indirect non-consumptive processes. We

sampled earthworm abundance using paired open

and fenced plots (experimentally excluding deer)

from 2008 to 2011 at 12 sites at West Point, NY and

in 2013 at 21 additional sites across four states that

varied in exclosure size and age since establish-

ment. Fencing decreased earthworm abundance at

West Point and in regional surveys. At West Point,

negative effects of fencing on earthworm abun-

dance decreased with soil pH and were stronger at

sites dominated by native than non-native under-

story vegetation. Sites dominated by native

vegetation had more acidic soils and lower earth-

worm abundance compared to sites dominated by

non-native vegetation. In the regional survey, ne-

gative effects of fencing on earthworm abundance

increased with time since fences were established,

but effects were not affected by exclosure size or

site location. We show unforeseen indirect effects

of deer exclusion on earthworm populations. Re-

sults illustrate the need to account for complex

interactive effects among co-occurring stressors,

such as deer, earthworms, and non-native plants.

Failures to account for these interactions will result

in hidden treatments, will complicate interpreta-

tion of ecological experiments, and will create dif-

ficulties in designing appropriate management

strategies aimed at reducing stressor effects.

Key words: deer; deciduous forest; earthworms;

invasive plants; invasion; multiple stressors;

non-consumptive effects; soil pH.

INTRODUCTION

Ungulate herbivory can result in profound and

long-lasting ecosystem effects including changes in

plant community composition and dynamics as

well as impacts on associated fauna, soil properties,

and nutrient availability (Wardle and others 2001;

Côté and others 2004; Tanentzap and others 2011;

Murray and others 2013). Across northeastern

North America, the effects of white-tailed deer
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(Odocoileus virginianus) on plant composition and

population dynamics are well documented and

evidence consistently shows detrimental deer im-

pacts on forest tree regeneration and understory

plant diversity (Alverson and others 1988; Miller

and others 1992; Anderson and Katz 1993; Porter

and Underwood 1999; Horsley and others 2003;

Rooney and Waller 2003; Ruhren and Handel

2003; Kraft and others 2004; Webster and others

2005). Intense selective deer herbivory creates a

shift in plant species composition towards browse

resistant or unpalatable species (Horsley and others

2003; Tanentzap and others 2011). Detailed studies

consistently show that species in certain functional

groups such as grasses, sedges, and some ferns in-

crease under intense deer herbivory, while overall

herb diversity declines (Horsley and others 2003;

Rooney and Waller 2003). Furthermore, deer her-

bivory may facilitate expansion of non-native plant

species (Eschtruth and Battles 2009; Kuebbing and

others 2013; DiTommaso and others 2014; Kalisz

and others 2014).

On the other hand, deer effects on soil-dwelling

fauna have only recently been recognized and

evidence indicates positive, negative, or neutral

effects (Wardle and others 2001; Nuttle 2011;

Bressette and others 2012). Deer may indirectly

affect soil-dwelling fauna by altering plant com-

position and successional dynamics (De Jager and

others 2013; Thomas-Van Gundy and others 2014)

or by affecting plant resource allocation and hence

the quantity or quality of plant tissue (Mason and

others 2010). In addition, herbivores may affect

soil-dwelling fauna through soil-mediated pro-

cesses. Individual deer consume 3–5 kg of vegeta-

tion a day (Marquis and Brenneman 1981) and

their feeding and activity patterns may increase soil

compaction and alter mycorrhizal colonization

(Heckel and others 2010; Kardol and others 2014).

Moreover, increased return of organic matter and

nutrients through deposition of urine and feces

(Rooney and Waller 2003) may increase microbial

activity and consequently accelerate decomposition

rates (Harrison and Bardgett 2003). Lastly, by

changing vegetation composition, deer may also

affect leaf litter quality and quantity (Harrison and

Bardgett 2003; Nuttle and others 2011; Bressette

and others 2012). For example, in New Zealand,

deer activity reduced soil macrofauna, but this re-

duction was not correlated with the magnitude of

understory plant diversity reduction but to levels of

litter layer habitat diversity (Wardle and others

2001). Considering that soil-mediated processes

can produce positive or negative effects on detriti-

vore food webs, it is not surprising that deer effects

on soil fauna are idiosyncratic (Wardle and others

2004) and that our knowledge of their impacts is

still limited.

White-tailed deer, non-native earthworms, and

non-native plants are major agents of change

throughout northeastern North American forests

(Mack and others 2000; Côté and others 2004; Hale

and others 2006; Vilá and others 2011; Fisichelli

and others 2013). Although their individual im-

pacts have been widely documented (Mack and

others 2000; Côté and others 2004; Hale and others

2006; Vilá and others 2011), we lack information

about potential interactive effects. Strong links

between above- and below-ground food webs (van

der Putten and others 2013) indicate that these

widespread and co-occurring stressors may produce

complex non-additive interactive effects. Interac-

tive effects could occur through a modification of

stressor mode of action (functional process) or

through population facilitation (numerical process)

(Didham and others 2007). For example, deer and

earthworms may produce interactive effects if leaf

litter depletion by earthworms results in increased

plant visibility and higher likelihood of deer con-

sumption (Frelich and others 2006) (a functionally

mediated process, sensu Didham and others 2007).

But interactive effects can also occur if deer pres-

ence facilitates earthworm populations (a nu-

merically mediated process, sensu Didham and

others 2007). Although both processes may result

in similar effects, they arise from different me-

chanisms and may require distinct management

strategies.

A beneficial effect of deer on non-native earth-

worm abundance has been proposed (Frelich and

others 2006), but we lack field or experimental data

to confirm such patterns. A Web of Science �
search (8 July 2014) using key words ‘‘deer’’ and

‘‘earthworm’’ yielded 22 citations: Only four as-

sessed effects of deer on earthworms (Karberg and

Lilleskov 2009; Rearick and others 2011; Seki and

Koganezawa 2013; Shelton and others 2014) and

three of those found a positive effect of deer on

earthworm abundance. Earthworms appear to

benefit from high nutrient deer fecal pellets, espe-

cially in areas with acidic soils and low-quality leaf

litter input such as in hemlock (Tsuga canadensis)

stands (Karberg and Lilleskov 2009). Comparisons

of earthworm populations between open and

fenced plots that manipulated deer access indicate

higher earthworm abundance in open plots in two

studies (Rearick and others 2011; Seki and Ko-

ganezawa 2013) and no difference between open

and fenced plots in a third study (Shelton and

others 2014). Overall, albeit limited, evidence

1030 A. Dávalos and others



indicates facilitative effects of deer on earthworms

(Karberg and Lilleskov 2009; Rearick and others

2011; Seki and Koganezawa 2013) and non-native

forest plant invasions (Eschtruth and Battles 2009;

Kalisz and others 2014), which themselves are fa-

cilitated by earthworm invasions (Nuzzo and others

2009; Roth and others 2015). Reported links

among these organisms suggest that their popula-

tions are intricately connected through a network

of indirect pathways, likely driven by soil-mediated

effects produced by deer (Wardle and others 2004;

Kardol and others 2014) and earthworm activity

(Bohlen and others 2004).

Here we report on the effects of experimental deer

exclusion (through fencing) on earthworm com-

munity composition, density, and biomass at 12

forested sites at US Army Garrison West Point, New

York State, USA (hereafter referred to asWest Point)

from 2008 to 2011. Sites at West Point varied in

abundance of three non-native plant species (Al-

liaria petiolata, Berberis thunbergii, and Microstegium

vimineum) allowing us to also assess effects of non-

native plant invasion on earthworm abundance,

measured as both number of organisms and total

biomass. Based on previous results, we expected

higher earthworm abundance at sites dominated by

non-native plant species (Nuzzo and others 2009)

but had no a priori expectation for the effect of deer

exclusion on earthworm communities. In order to

assess fencing effects over a larger geographical area

and timescale, we conducted a complementary re-

gional study covering 21 locations in the northeast-

ern deciduous forest region of North America

(Figure 1). We selected sites with established deer

exclosures of different size and age since establish-

ment, and compared earthworm abundance inside

fenced plots to earthworm abundance in adjacent

paired unfenced (open) plots with otherwise similar

site characteristics. Based on preliminary results

from our West Point study, we hypothesized that

deer exclusion will result in lower earthworm

abundance compared to earthworm abundance in

deer accessible areas. Furthermore, we expected

deer exclusion effects to accumulate over time, such

that the difference in earthworm abundance be-

tween open and fenced (deer excluded) plots will

increase with years since fences were established.

MATERIALS AND METHODS

Annual Surveys at West Point

West Point, a 65 km2 facility located on the west

bank of the Hudson River, NY, USA is located

within the Hudson Highlands Province, character-

ized by rugged hilly terrain with rocky outcrops

Figure 1. Study locations

to assess earthworm

abundance in the

Northeastern USA. For

reference, the

approximate extent of the

Wisconsinan Glaciation is

represented by the east–

west wavy line

(Pennsylvania Bureau of

Topographic and Geologic

Survey—Deparment of

Conservation and Natural

Resources 1995). For site

characteristics please see

Tables 1 and 2.
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and frequently thin soils. We selected 12 upland

deciduous forested sites greater than 1 km apart

avoiding areas with high military training intensity

and/or restricted access (Figure 1). Study sites are

dominated by oak (Quercus rubra and Q. prinus)

and/or sugar maple (Acer saccharum) but differ in

land use history, aspect, soil, and understory plant

species composition. We selected 6 sites based on

the presence and abundance of three non-native

plant species (A. petiolata, B. thunbergii, M. vimineum;

2 sites each) and 6 sites with few or no non-native

plant species present (Table 1). At each site, we

established two 30 m 9 30 m plots situated

5–50 m apart. One plot of each pair was randomly

selected to be an open plot accessible to deer, and

the other a fenced plot to exclude deer. We con-

structed deer-proof exclosures with black

polypropylene fencing (2.6 m high, 3.8 cm 9 5 cm

cell size, 408 kg breaking strength, Deer Busters,

Frederick MD) from 7 to 11 July 2008.

We removed leaf litter and collected soil samples

(7 cm in diameter, 5 cm deep) at 10 random loca-

tions in each open or fenced plot in October 2008.

We homogenized soils and removed all roots and

rocks before submitting samples for analyses of pH,

C, P, and Ca (extracted through the Modified

Morgan procedure) at the Cornell Nutrient Ana-

lysis Laboratory Ithaca NY).

We collected vegetation data in May and July

2008–2012 in 10 1-m2 permanent quadrats located

at random in each fenced and open plot. We esti-

mated cover of each native and non-native plant

species in 17 cover categories (midpoints: 0.01, 0.2,

0.5, 1, 3, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 98, and

100%)and leaf litter volumebymeasuring thedepth

of the litter at four equi-distant locationswithin each

quadrat, and then multiplying by the proportion of

the quadrat covered by leaf litter. We estimated

vegetation height by measuring the average height

of vegetation at four locations within each quadrat,

and then averaging these heights for each quadrat.

Leaf litter and height estimates included all vegeta-

tion present in the quadrat (native and non-native).

Regional Survey

We selected 21 forested sites with existing deer

exclosures ranging in size (100–2,428,000 m2) and

years since fence establishment (2–21 years; Ta-

ble 2). We chose sites in 2013 based on availability

of an adjacent unfenced area with comparable soil

type, vegetation, and former land use conditions.

Existing fences (metal or plastic) were 2–3 m high

and excluded deer but allowed access by small

mammals such as rodents. At two sites, Flintwood

Preserve Blowdown and Beaver Meadow State

Table 1. Characteristics of the 12 Study Sites at West Point, NY

Site1 Vegetation and soil Earthworms

Vegetation type2 Non-native

cover (%)3
Species

richness

Soil pH Density4 Biomass (g)4 Dominant

genus

4 Native 0 27 3.6 0.33 ± 0.13 0.02 ± 0.01 Dendrobaena

2 Native 0 21 3.8 2.48 ± 0.81 0.44 ± 0.22 Dendrobaena

9 Native 0.10 ± 0.023 59 4.3 14.08 ± 1.43 5.30 ± 0.99 Dendrobaena

8 Native 0.01 ± 0.01 58 4.6 7.60 ± 2.25 3.36 ± 1.29 Dendrobaena

11 Native 0.20 ± 0.06 36 4.7 1.13 ± 0.47 0.44 ± 0.21 Lumbricus

10 Native 0.01 ± 0.005 31 4.7 11.63 ± 2.37 4.57 ± 1.23 Lumbricus

12 Microstegium vimineum 81.01 ± 7.2 25 4.8 9.15 ± 2.79 4.56 ± 1.58 Aporrectodea

6 Berberis thunbergii 80.14 ± 3.92 9 4.9 12.10 ± 1.73 7.48 ± 1.44 Lumbricus

7 Alliaria petiolata 3.14 ± 0.38 32 5.1 12.50 ± 3.84 8.49 ± 2.76 Amynthas

3 Microstegium vimineum 31.12 ± 2.85 61 5.2 9.80 ± 2.46 5.17 ± 1.15 Aporrectodea

5 Alliaria petiolata 2.30 ± 0.42 42 5.2 13.60 ± 4.09 9.51 ± 2.99 Amynthas

1 Berberis thunbergii 26.81 ± 1.29 44 6.4 1.98 ± 0.40 1.19 ± 0.37 Amynthas

1Sites are ordered according to soil pH and understory vegetation type.
2Indicates site classification according to understory vegetation type (native/non-native). Sites with non-native vegetation were selected based on the presence and abundance of
three target non-native plant species (A. petiolata, B. thunbergii, and M. vimineum; 2 sites each). All sites with non-native species had higher soil pH than native sites and
hence are grouped in the lower section of the table.
3Plant cover in May (for A. petiolata) and July (remaining sites) 2008 (%; mean at start of study, n = 20 1-m2 permanent quadrats/site). We estimated vegetation cover in 17
categories (midpoints: 0.01, 0.2, 0.5, 1, 3, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 98, and 100%).
4Earthworm density (number per 0.25 m2; mean ± SD) and wet biomass (g per 0.25 m2) (n = 10 quadrats/site) in July 2008–2011. We extracted earthworms by pouring
3.79 l of mustard solution at 15 g l-1 per quadrat.
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Forest, tree blowdowns in the past year had dam-

aged the fence and we observed limited evidence of

deer presence in the enclosed area; however, this

was minimal compared to the considerable deer

browse we observed in the paired open plots.

Earthworm Sampling

At all sites, we sampled for earthworms in five

randomly located 0.25 m2 quadrats in each open

and fenced plot. Samples were located at least 3–

5 m from the fence to avoid potential edge effects.

At each sampling location, we pushed a metal

frame into the topsoil, removed, and manually

searched all leaf litter for earthworms, and then

poured 3.79 l of mustard solution at 15 g l-1

(Frontier Natural Products Co-op, Norway, IA)

onto the soil to extract earthworms (Lawrence

and Bowers 2002). Mustard extraction is a non-

destructive method that, like most non-destruc-

tive methods, is sensitive to soil moisture and

earthworm activity patterns (Eisenhauer and

others 2008). We fixed specimens in 10% for-

malin, transferred them to 70% ethyl alcohol for

storage, and identified each individual to species

when possible (only sexually mature worms can

reliably be identified to species). We obtained

individual earthworm biomass for West Point

2009–2011 and total earthworm biomass per

sample (0.25 m2) for West Point 2008 and re-

gional survey samples. At West Point, we annu-

ally assessed earthworm abundance in late July

from 2008 to 2011. We collected regional survey

samples on one occasion per site July through

November 2013 (for exact dates please see Sup-

plemental Table 1). We collected samples in

paired open and fenced plots per site on the same

day.

Table 2. Study Site, Exclosure Size (m2), Years Since Fence was Established at the Time of Sampling,
Earthworm Density and Biomass per Year (mean ± 1SE), and Dominant Earthworm Genus Found at 21 Sites
in Regional Survey

Site Location Size (m2) Years

since

fencing

Earthworm

density1
Earthworm

biomass (g)2
Dominant

genus

Bucks Brook State For. (NY1) Otselic, NY 2230 7 0 0

Beaver Meadow State For. (NY2) Smyrna, NY 8100 6 5.2 ± 3.48 2.22 ± 1.48 Lumbricus

Mundy Wildflower Preserve (NY3) Ithaca, NY 24,281 5 20 ± 3.18 10.81 ± 1.45 Amynthas

Polson Preserve (NY4) Ithaca, NY 114 21 2.6 ± 1.83 0.96 ± 0.94 Lumbricus

Red Trillium, W. Hill School Rd (NY5) Richford, NY 2770 5 16.4 ± 3.36 5.35 ± 1.32 Lumbricus

Meadow, W. Hill School Rd (NY6) Richford, NY 7500 4 12.5 ± 3.46 2.56 ± 1.09 Dendrobaena

Driveway, W. Hill School Rd (NY7) Richford, NY 1170 6 31.4 ± 2.42 5.92 ± 1.19 Lumbricus

Lacawac Sanctuary New (PA8) Lake Ariel, PA 6380 2 0.9 ± 0.27 0.31 ± 0.15 Aporrectodea

Lacawac Sanctuary Old Oak (PA9) Lake Ariel, PA 6500 19 0.7 ± 0.26 0.20 ± 0.16 Lumbricus

Lacawac Sanctuary Old

Hemlock (PA10)

Lake Ariel, PA 6500 19 0.6 ± 0.31 0.44 ± 0.32 Aporrectodea

Plummer’s Hollow (PA11) Tyrone, PA 12,820 12.5 0 0

Duke Farms Migration For. (NJ12) Hillsborough, NJ 2,428,000 5 5.7 ± 1.09 6.31 ± 0.95 Lumbricus

Duke Farms Research For. (NJ13) Hillsborough, NJ 121,406 10 4.2 ± 1.25 4.72 ± 1.61 Lumbricus

Welkinweir Old (PA14) Pottstown, PA 100 12 9.3 ± 1.29 11.85 ± 2.04 Amynthas

Waterloo Mills Preserve (PA15) Chadds Ford, PA 100 10 1.5 ± 0.58 2.6 ± 0.99 Amynthas

Kendal-Crosslands Communities (PA16) Kennett Square, PA 100 8 10.4 ± 1.65 7.9 ± 1.41 Amynthas

Longwood For. (PA17) Kennett Square, PA 195 4.5 14.7 ± 1.88 14.12 ± 2.72 Amynthas

Longwood Garden (PA18) Kennett Square, PA 195 4.5 5.1 ± 0.64 3.37 ± 0.42 Amynthas

Flintwood Preserve Blowdown (DE19) Centreville, DE 4187 8 11.5 ± 2.26 9.52 ± 1.97 Amynthas

Flintwood Preserve Diversity (DE20) Centreville, DE 2689 9 8.2 ± 1.75 5.35 ± 1.21 Amynthas

Flintwood Preserve Former Field (DE21) Centreville, DE 4351 10 10.3 ± 4.45 7.75 ± 2.23 Amynthas

Sites are abbreviated as the two-letter state abbreviation followed by sequential numbers from North to South.
Sites in bold indicate sites excluded from analyses because we found no earthworms (NY1, PA11), collected < 10 earthworms across all samples (PA8, PA9, PA10), or
earthworm invasion front had not reached both plots (NY2).
1Earthworm density (number per 0.25 m2; mean ± 1SE) and wet biomass (g per 0.25 m2) (n = 10 quadrats/site).
2We extracted earthworms by pouring 3.79 l of mustard solution at 15 g l-1 per quadrat on one occasion per site in Jul–Sep 2013.
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Statistical Analyses

We conducted separate analyses for West Point and

regional surveys. For West Point data, we evaluated

effects of fencing and study year (2008–2011) on

percent cover of the three focal non-native plant

species and on leaf litter volume via independent

repeated measures linear models, including site and

plot within site as random factors. We arcsine

square-root transformed cover values to meet

model assumptions.

We also evaluated effects of year (2008–2011)

and vegetation origin (dominated or not by non-

native plant species) on earthworm density and

biomass at West Point with linear mixed models,

including site and plot within site as random fac-

tors. We log transformed biomass data to meet as-

sumptions of normal distribution and constant

variance. We averaged data from five samples

taken per plot each year to correct for lack of in-

dependence among samples.

We compared earthworm diversity between sites

dominated by European earthworms to sites

dominated by the Asian genus Amynthas using the

Shannon Diversity Index (Spellerberg and Fedor

2003). We estimated the Shannon Index for each

site and ran Analyses of Variance to compare the

index between Amynthas-dominated and Euro-

pean-dominated sites. We performed separate

analyses for West Point and the regional survey.

To evaluate effects of fencing on earthworm

abundance (density and biomass) across sites in the

West Point study and the regional survey, we es-

timated the magnitude of fencing effects at each

study site (and year for West Point) as the differ-

ence in mean earthworm density (number per

0.25 m2, N = 5 samples per plot) or biomass (g per

0.25 m2, N = 5 samples per plot) between paired

open and fenced plots relative to the plot with the

higher earthworm abundance in the pair [fencing

effect = (fenced - open)/max(fenced, open)]. The

denominator was included to avoid potential bias

towards negative values (Markham and Chanway

1996). Estimated fencing effects vary from -1 to 1

with a value of zero indicating no fencing effects,

negative values indicating negative effects of fenc-

ing, and positive values indicating positive effects of

fencing on earthworm density or biomass.

For West Point data, we applied linear mixed

models to evaluate effects of year (2008–2011), soil

pH, Ca and P concentration, understory species

richness, leaf litter volume, and their two-way in-

teractions on fencing effects. We included soil and

vegetation characteristics in the model in order to

account for differences among sites that may po-

tentially affect earthworm communities or earth-

worm response to fencing. We evaluated effects of

fencing on earthworm density and biomass with

separate models. Models included site as a random

factor to account for repeated measures. We ex-

cluded site 4 from all analyses because we captured

<10 earthworms per year (Table 1).

We tested for correlation of fixed factors using

Spearman’s rank correlation test. Soil pH was sig-

nificantly correlated with Ca (Spearman’s rank

correlation = 0.61, P < 0.001). Sites dominated by

native vegetation had lower pH (F1,10 = 10.25,

P < 0.01) and Ca (F1,10 = 4.24, P = 0.06) than sites

dominated by non-native vegetation. To avoid

problems in model building due to multi-

collinearity, we excluded Ca concentration from

the models and fitted a second set of models that

did not include soil pH to evaluate effects of site

vegetation status (native or non-native).

For the regional survey, we applied linear models

to evaluate effects of site latitude, exclosure size,

years since fencing was established, and their in-

teractions on the relative difference in mean

earthworm density between open and fenced plots.

We ran a second set of models to evaluate effects of

all factors and interactions on relative differences in

mean earthworm biomass. Earthworms were ab-

sent (2 sites), present in low abundance (<10 at 3

sites), and their invasion front only reached one of

the plots (1 site) at 6 sites, which we therefore

excluded from further analyses (Table 2).

We also evaluated fencing effects on the most

abundant earthworm genera (Amynthas, Aporrec-

todea, Dendrobaena, and Lumbricus) at our study

sites, fitting independent models for each genus

and survey (West Point or regional). Given the

uneven distribution of earthworm genera across

sites, we only included sites at which the genus was

present (>10 individuals) in genera models. For

West Point data, we evaluated year (2008–2011)

effects with mixed linear models, including site as a

random factor. For the regional survey, we

evaluated effects of exclosure size and years since

fencing was established with linear models.

Starting with the full model, we evaluated the

explanatory power of competing models with

Akaike Information Criterion corrected for small

samples sizes (AICc) and selected the best-fit model

based on minimum AICc (Burnham and Anderson

2002). We conducted all tests in R 2.14 (R Core

Team 2014) and fitted mixed models with the lme4

package (Bates and others 2014).
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RESULTS

Annual Surveys at West Point

Soil characteristics varied across sites, but did not

differ between paired open and fenced plots at the

start of the study. Soil pH ranged from 3.7 to 6.4,

with lowest pH recorded at sites with low earth-

worm abundance (sites 2 and 4; Table 1). Soil pH

was not correlated with total earthworm density

(Spearman rank correlation = 0.12, P = 0.24) but

positively correlated with earthworm biomass

(correlation = 0.21, P = 0.04).

Across the 12 sites, cover of target non-native

vegetation ranged from 0 to 81% and was higher at

B. thunbergii (27 and 80%) andM. vimineum (31 and

81%) sites than at A. petiolata sites (3% at each site;

Table 1). Non-native vegetation cover did not differ

between paired open and fenced plots in 2008 when

fences were erected. By 2011 (4 years after fencing),

cover of A. petiolata and M. vimineum was sig-

nificantly lower in fenced than open plots

(P < 0.05), but B. thunbergii cover remained similar

between open and fenced plots (P > 0.05). Leaf

litter volumewas not significantly different between

years or between open and fenced plots (P > 0.05).

Mean earthworm density (0.33 to 14.08 earth-

worms per 0.25 m-2 per site) and biomass (0.02 to

9.51 g per 0.25 m-2 per site) varied among sites

and sampling years. Earthworm biomass was sig-

nificantly higher at sites dominated by non-native

than native understory vegetation throughout the

study period, whereas earthworm density was sig-

nificantly higher at sites dominated by non-native

vegetation in 2008 and 2011 only (Figure 2, Sup-

plemental Table 2).

We recorded 13 non-native earthworm species in

eight genera with the genera Amynthas, Aporrec-

todea, Dendrobaena, and Lumbricus being most

abundant. The epigeic Amynthas spp. (mean indi-

vidual biomass 0.63 g) was present at eight sites,

dominant at three sites, and at two sites accounted

for 95 and 98% of earthworms we collected (Sup-

plemental Figure 1). Amynthas spp. consisted of a

mixture of mature and immature A. agrestis and A.

hilgendorfi. The endogeic Aporrectodea spp. (mean

individual biomass 0.15 g) and the epigeic Den-

drobaena octaedra (mean individual biomass 0.05 g)

were dominant at two and four sites each, ac-

counting for 45–85% and 41–49% of earthworms,

respectively. We identified two Aporrectodea species:

A. caliginosa species complex and A. rosea. The an-

ecic Lumbricus terrestris (mean adult biomass 2.4 g)

was present at six sites in relatively low abundance

(1–17%). However, juveniles of this genus were

common and accounted for 23% of all captured

earthworms and for 15–27% of earthworms cap-

tured at each site (Supplemental Figure 1). Lum-

bricus castaneus and L. rubellus were restricted to few

sites and occurred at lower abundance. We

recorded no native earthworms.

Sites dominated by European earthworm species

exhibited higher earthworm species diversity

(Shannon diversity index = 1.08 ± 0.11; N = 9)

than sites dominated by the Asian earthworm genus

Amynthas (Shannon diversity index = 0.27 ± 0.18;

N = 3; F1,10 = 12.73, P = 0.005).

Fencing effects (estimated as the relative differ-

ence between paired fenced and open plots) on

earthworm density and biomass were significantly

and similarly affected by an interaction between

study year and soil pH (Table 3, Supplemental

Table 3). Although at the beginning of the study

fencing effects did not differ from zero and were

unaffected by soil pH, by 2010 fencing effects were

positively correlated with soil pH (Figure 3).
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Figure 2. Number (per 0.25 m2) and biomass (g per

0.25 m2) of earthworms captured at sites dominated by

native and non-native vegetation (N = 6 per vegetation

type) at West Point, NY from 2008 to 2011. Data are

untransformed means ± 1 SE. Note different scales on

number and biomass y-axes.
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Vegetation height, leaf litter volume, and under-

story species richness had no significant effect and

dropped from the final model. Models excluding an

outlier site that has higher soil pH than remaining

study sites (Site 1) indicated a significant interac-

tion between year and soil pH for the effect of

fencing on earthworm density (Supplemental Ta-

ble 4), but no effect of fencing on biomass (best

model included random term only).

The second set of models in which we evaluated

the effect of vegetation origin (dominated by native

or non-native vegetation) rather than soil pH

indicated a significant interaction between year

and vegetation origin on the effects of fencing on

earthworm density (likelihood ratio test: X2 = 4.79,

P = 0.03). At sites dominated by native vegetation

(with more acidic soil pH), the effect of fencing on

earthworm density significantly decreased over

time, whereas at sites dominated by non-native

vegetation fencing effects were negative but tended

to increase throughout the study period (Figure 4).

The effect of fencing on earthworm biomass was

not significantly affected by vegetation origin.

Analyses by genus indicated that fencing effects

on density of the four most abundant genera did

not vary with year and were significantly lower

Table 3. Model Results for the Effects of Study Year and Soil pH on the Effects of Fencing on Earthworm
Density and Biomass at 12 Sites at West Point, NY from 2008 to 2011

Factor1 Density Biomass

Estimate SE X2 P Estimate SE X2 P

Intercept 0.60 0.96 -0.55 1.26

Year -1.26 0.35 -0.75 0.30

pH -0.14 0.19 0.07 0.26

Year x pH 0.25 0.07 10.72 0.001 0.17 0.06 6.54 0.01

1Estimates and standard errors are reported from the model fitted with restricted maximum likelihood. Chi-squared statistics and P values are from likelihood ratio tests with
each parameter removed from the maximum likelihood-based model, with all other parameters retained. It was not possible to test the significance of all terms because of higher
order interactions.
Models included site as random factor.
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Figure 3. Relationship between study year, soil pH, and

fencing effect on density of earthworms captured in

paired open and fenced plots at West Point, NY from

2008 to 2011. Fences were erected 3 weeks prior to 2008

earthworm sampling. Estimated fencing effects vary from

-1 to 1 with a value of zero indicating no fencing effects,

negative values indicating negative effects of fencing and

positive values indicating positive effects of fencing on

earthworm density. Lines represent predicted and 95%

confidence intervals from Linear Mixed Model with site

included as random factor.
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Figure 4. Relationship between vegetation origin (na-

tive or non-native) and effect of fencing on density of

earthworms captured in open and fenced plots at 12 sites

(N = 6 of each vegetation type) at West Point, NY from

2008 to 2011. Estimated fencing effects vary from -1 to 1

with a value of zero indicating no fencing effects, nega-

tive values indicating negative effects of fencing, and

positive values indicating positive effects of fencing on

earthworm density.
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than zero (95% confidence interval estimated via

Wald method) for Amynthas (present at 3 sites) and

Aporrectodea (present at 4 sites) genera only (Fig-

ure 5) indicating lower earthworm abundance of

these genera inside exclosures. We found no sig-

nificant fencing effects on biomass of any of the

four genera.

Regional Survey

We collected 1638 earthworms at 15 of 21 study

sites. Mean earthworm density (1.5 to 31.4 earth-

worms per 0.25 m-2) and biomass (0.96 to 14.12 g

per 0.25 m-2) varied among sites (Table 2). We

recorded 12 non-native earthworm species in six

genera with Amynthas (54%; 9 sites) being most

abundant followed by Lumbricus (23%; 8 sites),

Dendrobaena (12%; 3 sites), Aporrectodea (6%; 4

sites), and Octolasion (3%; 4 sites). We recorded no

native earthworm species.

Amynthas spp. dominated sites south of the last gla-

cial (Wisconsinan glacier) line extent (Figure 1), but

were present and dominant at one site north of this

border (Mundy Wildflower Garden, Ithaca, NY; Sup-

plemental Figure 2) in the regional survey, and were

also present at West Point. Sites included in the re-

gional survey anddominated byEuropean earthworm

species exhibited higher earthworm species diversity

(Shannon diversity index = 0.92 ± 0.26; N = 6) than

sites dominated by the Asian earthworm genus

Amynthas (Shannon diversity index = 0.11 ± 0.06;

F1,13 = 13.27; P = 0.002; N = 9), a pattern also found

at West Point.

Fencing effects (estimated as the relative differ-

ence between paired fenced and open plots) were

significantly <0 for earthworm density (95% CI

-0.44 to -0.03; t = -2.43; P = 0.02) and earthworm

biomass (95% CI -0.45 to -0.02; t = -2.35;

P = 0.03), indicating a negative effect of fencing on

earthworm abundance. Across the 15 study sites,

fencing effects on density (F1,13 = 9.43, P = 0.008)

and biomass (F1,13 = 6.45, P = 0.02) were inversely

correlated with fence age (years since establish-

ment of fences; Figure 6). Size of the fenced plot,

site latitude, and interactions were not significant

and dropped from the final model. Models ex-

cluding the oldest site in the sample to account for

an outlier site (Polson Preserve, age 21) also found

a negative correlation between fencing effects and

age of the fenced plot on earthworm density

(F1,13 = 4.27, P = 0.06), but not on earthworm

biomass (F1,13 = 0.95, P = 0.35). Although total

earthworm abundance decreased inside fences,

analyses by genus indicated no significant effects of

fencing on density of individual genera in the re-

gional survey.
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Figure 5. Relative effects of fencing on density of most

abundant earthworm genera captured in fenced and open

plots at West Point, NY from 2008 to 2011. Estimated

fencing effects vary from -1 to 1 with a value of zero

indicating no fencing effects, negative values indicating

negative effects of fencing, and positive values indicating

positive effects of fencing on earthworm density or bio-

mass. Data represent estimated mean effects and 95%

confidence intervals (Wald method) estimated from Lin-

ear Mixed Model with site included as random factor.

Figure 6. Relationship between age since establishment

of the fenced plot and fencing effect on density (A) and

biomass (B) of earthworms captured in paired fenced and

open plots at 15 sites in four states in July–September

2013. Lines depict predictions from linear regression

models including all sites (black) and excluding the site

with the oldest fenced plot (Polson Preserve, age 21;

gray).
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DISCUSSION

Our findings that deer exclusion results in lower

earthworm abundance in fenced areas and that this

effect becomes stronger over time, add important

new insights into multi-trophic interactions between

above- and below-ground organisms and processes.

Despite some recent advances, impacts of mam-

malian herbivores on plant and decomposer com-

munities as well as nutrient cycling are still poorly

understood (Cherif and Loreau 2013). Empirical

studies have found a range of effects (Wardle and

others 2001), and this low predictability, in part, is

thought to be a function of the varying effects and

interactions of different herbivores with the vary-

ing productivity and fertility of different ecosystems

(Wardle and others 2004). Previously, most studies

failed to account for potential interactive effects

among the myriad of biotic components in the

studied systems that may account for the reported

differences. We are aware of only two other studies

reporting similar effects of deer exclusion on

earthworms in Virginia, USA (Rearick and others

2011) and Japan (Seki and Koganezawa 2013).

Earthworms and deer in the studies from Virginia

and Japan were native, whereas in our case we

only detected non-native earthworms, suggesting

that origin of earthworms does not affect their

interaction with deer.

At West Point, soil pH, non-native plant cover,

and non-native earthworm abundance were intri-

cately related, such that sites with higher pH (and

Ca concentration) had higher earthworm abun-

dance and higher non-native plant cover. Positive

associations between earthworms and higher soil

pH and Ca availability had been reported before

(Holdsworth and others 2007; Bernard and others

2009; Holdsworth and others 2012; Fisichelli and

others 2013), as well as associations between

earthworms and non-native plants (Nuzzo and

others 2009; Roth and others 2015). We cannot

establish if earthworms and non-native plants both

benefited from similar site conditions or to what

extent these organisms altered site characteristics to

their benefit. Regardless of the cause for such as-

sociation, experimental exclusion of deer results in

different effects according to soil pH (and hence

non-native plant cover): at sites with lower pH

earthworms benefited from deer presence, whereas

at sites with higher soil pH earthworms were

negatively affected by deer presence. Beneficial

effects of deer at sites where earthworm expansion

is limited by low soil pH suggest deer play an im-

portant role in facilitating earthworm expansion

into otherwise unsuitable sites.

Interestingly, different earthworm genera

showed variable responses to fencing. While fenc-

ing was negative for all genera combined at West

Point and in the regional survey, it was only sig-

nificantly different from zero for Amynthas and

Aporrectodea at West Point when analyzing the re-

sponse of individual genera. These variations in

response may be partially due to uneven distribu-

tion of genera across sites, which reduced overall

replication of the study, or to confounding effects of

species grouped into the same genus but which

have distinct ecological behaviors (Zicsi and others

2011). As an alternative, earthworms are often

classified into ecological feeding groups (anecic,

epigeic, and endogeic); however, these groups are

not necessarily a cohesive assemblage of species

with common behaviors (Edwards and Bohlen

1996; Zicsi and others 2011). Therefore, detailed

behavioral studies of individual species are needed

in order to understand why some earthworm spe-

cies are positively associated with deer while others

do not seem to respond.

In both surveys (West Point and regional),

earthworm diversity at sites dominated by the

Asian genus Amynthas was lower than at sites

dominated by European genera. At many sites,

Amynthas was the only represented genus, sug-

gesting an ability to outcompete European earth-

worms, potentially through dietary flexibility

(Zhang and others 2010). Amynthas spp. were

widespread south of the extent of the last glacia-

tion, although their presence north of this line in

our survey and at other northern locations (Görres

and Melnichuk 2012) indicates that climate con-

ditions do not prevent Amynthas invasion. South-

ern sites were closer to large population centers or

botanical gardens, suggesting that these may con-

stitute invasion hubs from which the genus is ex-

panding northward and westward. Both

observations highlight the need to perform detailed

assessments of Amynthas impacts, spread rate, and

interactions with other soil biota.

The effect of deer exclusion at West Point per-

sisted despite wide fluctuations in earthworm

abundance during the study period. Earthworm

abundance varied across sampling years and was

significantly lower in 2010 at all twelve sites when

our sampling coincided with a drought. While dry

periods can affect earthworm recruitment, survival,

activity, and also sampling efficacy (Eisenhauer and

others 2008), the relationship of earthworm re-

sponse to deer was not affected by the low abun-

dance during drought.

As in any field study, vegetation and soil char-

acteristics varied across our study sites potentially

1038 A. Dávalos and others



affecting local earthworm abundance. Earthworm

populations are affected by many factors, including

leaf litter quality, soil chemical content (Hale and

others 2005; Holdsworth and others 2007), forest

successional age (Szlavecz and Csuzdi 2007; Crow

and others 2009), and proximity of sites to human-

modified environments, especially roads and agri-

cultural fields (Holdsworth and others 2007). Our

design of paired open and fenced plots allowed us to

evaluate deer exclusion as well as to include soil and

vegetation characteristics of each site thatmay affect

local earthworm abundance or their response to

deer. Notably, except for soil pH, inclusion of these

variables did not change our results or importance of

the fencing effect on earthworm abundance at West

Point. As past land use and vegetation composition

may affect soil pH (Koerner and others 1997; Flinn

and others 2005), this measure is likely encom-

passing multiple site characteristics and processes.

Our results highlight the importance of deer as one

of many factors that may affect earthworm distri-

bution and abundance, in addition to habitat char-

acteristics and anthropogenic influences.

Although non-consumptive impacts of deer have

received less attention than impacts produced by

herbivory, mounting evidence indicates that deer

activity may exert non-consumptive effects on

native and non-native flora (Knight and others

2009; Heckel and others 2010; Dávalos and others

2014; Kalisz and others 2014) and soil-dwelling

fauna (Wardle and Bardgett 2004). Results suggest

that deer affect earthworm populations through a

soil-mediated process, by which deer activity either

increases soil pH or releases constraints imposed on

earthworms by low soil pH.

Soil-mediated effects, including changes in soil

physical properties, mycorrhizal infection rate, and

nutrient availability (Heckel and others 2010;

Murray and others 2013; Kardol and others 2014),

constitute important pathways by which deer may

exert ecosystem impacts. Although there is no

evidence indicating that deer can significantly af-

fect soil pH over short-term experiments (Kuebbing

and others 2013; Kardol and others 2014; Relva

and others 2014), deer may affect decomposition

and decomposer communities including alterations

in the quantity, quality, or composition of re-

sources returned to the brown food web that in

turn may affect soil microbial communities (Bard-

gett and Wardle 2003; Kardol and others 2014).

Furthermore, changes in microbial composition,

abundance, and activity may follow if plants re-

spond to deer herbivory by altering root exudates,

secondary chemistry, or other defense traits

(Bardgett and Wardle 2003).

In addition, large ungulate trampling and

potential compaction of soils may affect nutrient

dynamics, decomposition, and decomposer com-

munities as well as fitness of certain plant species

(Heckel and others 2010; Kumbasli and others

2010; Gass and Binkley 2011; Bressette and others

2012; Schrama and others 2013). Over time, deer

herbivory, particularly at elevated levels, can have

strong sorting effects on plant communities, shift-

ing plant communities from highly palatable to less

palatable (Côté and others 2004; Wardle and others

2004), often favoring introduced species (Eschtruth

and Battles 2009; Knight and others 2009; Abrams

and Johnson 2012; Kalisz and others 2014), which,

as our results and previous reports (Heneghan and

others 2007; Nuzzo and others 2009) indicate, are

associated with increased earthworm abundance.

Increase of understory native cover with associated

decrease of non-native cover in the fenced plots at

West Point, only occurred after 4 years of fence

establishment, yet the effect of deer exclusion on

earthworms preceded these vegetation changes

(Nuzzo and others unpublished data). Therefore,

changes in vegetation cover cannot explain the

differences in earthworm abundance recorded

earlier in the study.

Herbivores change net primary productivity and

thus overall litter production through consumption

but also return partially, often more easily decom-

posable resources in the form of urine and feces to

the litter that further stimulate soil biota (Hobbs

1996; Schrama and others 2013). While the fertil-

izing effect of ungulates at the landscape scale ap-

pears trivial compared to aerial deposition, actual

measurements show the importance of herbivore

feces and urine to localized (Hobbs 1996; Murray

and others 2013) and landscape nutrient dynamics

(Seagle 2003; Abbas and others 2012). These re-

sults are consistent with previous reports indicating

that the earthworm L. terrestris benefits from nu-

trient subsidies provided by fecal pellets on deer

winter ranges (Karberg and Lilleskov 2009). This

overall fertilization effect and stimulation of mi-

crobial decomposition benefits earthworms by in-

creasing the palatability of plant litter as well as

increasing microbial communities, which consti-

tute an important yet variable component of

earthworm diets.

Both deer and introduced earthworms are con-

sidered ecosystem engineers (Côté and others 2004;

Hale and others 2006), important agents of envi-

ronmental change, and major problems for con-

servation of native biota (Côté and others 2004;

Maerz and others 2009). Our results show that

their populations are linked through a rather
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intricate network of interactions (although we do

not know if earthworms affect deer abundance in

reciprocal ways) and it is likely that the status of

plant, herbivore, and earthworm as native or in-

troduced, as well as their abundance will affect the

outcome of these interactions. These interactions

are likely facilitated through abiotic changes, soil

microbial communities, and legacy effects. But the

ultimate mechanisms responsible for the

documented patterns currently elude us. We ex-

pect these relationships to play out over a multi-

decadal time frame, while our own assessment

spans only two decades and with few truly old

exclosures in our sample set.

Studies investigating ecosystem effects of earth-

worms, deer, below-groundmicrobial communities,

and invasive plants and their interactions are a re-

cently emerged phenomenon with enormous po-

tential to further our ecological understanding.

Much more detailed work capturing more compo-

nents of ecosystems and their responses will be

needed and more and novel assessment protocols

using interdisciplinary approaches will be required

to further understand these interactions. Deer ef-

fects are frequently quantified by installation of a

deer-proof fence, while earthworm effects are

typically studied without manipulation of ungulate

populations. Our results clearly show the short-

comings of either approach due to the interactions of

deer, earthworms, and introduced plant species. It is

of considerable importance to recognize these in-

teractions, as they constitute a ‘‘hidden treatment’’

(Huston 1997) with important consequences for

interpretation of experiments aimed at under-

standing deer or earthworms (or invasive plant)

impacts. However, our results also emphasize the

critical role of white-tailed deer in forest ecosystems.

Reducing deer densities may have multiple benefits

beyond protecting vegetation (Baiser and others

2008; Christopher and Cameron 2012), including

decrease of other stressor populations, such as

earthworms and non-native plants.
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Vilá M, Espinar JL, Hedjda M, Hulme PE, Jarošik V, Maron JL,
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