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of P. cinereus increased, with earthworm abundance. 
Earthworms, which are soft-bodied and nutri-
tious prey, composed most of the salamander diet at 
sites with earthworms, volumetrically accounting 
for > 50% of total prey volume. Despite this, we found 
fewer prey items in the stomach of salamanders at 
earthworm-invaded sites, indicating that salamanders 
are getting a higher caloric intake per feeding while 
expending less energy. We conclude that non-native 
earthworms have a net beneficial effect on P. cinereus 
populations in Eastern Canada, mainly by improving 
diet quality.

Keywords  Gastric lavage · Non-native 
earthworms · Plethodon cinereus · Population 
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Introduction

Ancient earthworm populations that were once native 
to Eastern Canada were extirpated during the Wis-
consin glacial period (ca. 75,000 to 11,000  years 
ago), during which time the Laurentide ice sheet cov-
ered the entire region (Hopfensberger and Hamilton 
2015). Consequently, all earthworm species that are 
present today are non-native and were introduced 
by European settlers through the importation of soil 
and plant material over recent centuries (Gates 1961; 
Reynolds 1977). With a maximum migration rate of 
5–10 m  yr−1 (Marinissen and van den Bosch 1992), 
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it is unlikely that earthworms could have dispersed 
through new habitats as rapidly as they have without 
human facilitation. This is supported by substantial 
evidence that the dispersal of earthworms into new 
habitats within Eastern Canada is closely linked to 
the transport of juveniles and cocoons in the treads 
of tires and shoes, as well as to anglers dumping live 
worm bait around fishing lakes (Drouin et  al. 2016; 
Fugère et  al. 2017). Consequently, earthworm popu-
lations are commonly abundant in urban and agricul-
tural landscapes, and in some forest ecosystems with 
high human activities. In the southern regions of the 
province of Quebec (Canada), remote forested areas 
are generally earthworm-free whereas those used for 
recreation or commercial logging are generally colo-
nized by earthworms. This situation allows us the 
opportunity to study the impacts of non-native earth-
worms on ecological processes, by comparing similar 
forests where earthworms are either present or absent. 
Most studies of this sort have focused on the impacts 
of non-native earthworms on soil properties (e.g., 
Dempsey et al. 2011; Resner et al. 2015; Drouin et al. 
2016) or plant communities (e.g., Hale et  al. 2006; 
Drouin et al. 2014; Craven et al. 2017). Fewer studies 
(e.g., Maerz et  al. 2005; Ransom 2012) have inves-
tigated the effects of non-native earthworms on the 
demographics, diet, or body condition of higher fau-
nal species such as soil surface-dwelling vertebrates. 
If such effects can be demonstrated, it would suggest 
that non-native earthworms play an important link 
between below and aboveground food webs.

One such vertebrate species that could potentially 
interact with non-native earthworms is the eastern 
red-backed salamander (Plethodon cinereus Green). 
This woodland salamander is commonly found in 
sugar maple (Acer saccharum Marsh.) forests of East-
ern Canada, where it is an important animal group 
in terms of total biomass per land area (Burton and 
Likens 1975). It is a predator of forest floor-dwelling 
micro-invertebrates (Walton  2006, 2013), thereby 
regulating their numbers with attendant effects on 
various soil properties (Neupane et al. 2015). By the 
same token, the eastern red-backed salamander is 
prey to larger vertebrate species, which has led to var-
ious antipredator adaptations such as exhibiting color 
polymorphism (Venesky and Anthony 2007) and 
responding to chemical cues (Sullivan et  al. 2002). 
While the eastern red-backed salamander is fully ter-
restrial, it requires a moist environment to enable its 

cutaneous respiration and maintain the viability of its 
eggs. Accordingly, it is commonly found beneath or 
within the forest floor, underneath rocks, inside rot-
ting woody debris, and in naturally occurring holes 
in the mineral soil (Bishop 1944). Thus, the eastern 
red-backed salamander occupies a common habitat 
with earthworms, allowing for possible interactions 
between these two animal groups.

Non-native earthworms could affect the growth, 
fitness and population size of eastern red-backed 
salamanders in several ways. Firstly, earthworms 
consume and remove the forest floor (Dempsey et al. 
2011) thereby increasing the risk of desiccation 
and reducing mobility. Removal of the forest floor 
may also reduce the abundance of prey for the east-
ern red-backed salamander and possibly increase its 
risk of being predated by larger vertebrates (Migge-
Kleian et al. 2006; Maerz et al. 2009). Conversely, the 
presence of earthworms may bring about beneficial 
effects to eastern red-backed salamanders. For exam-
ple, abandoned earthworm burrows can offer a refuge, 
thereby lowering the risk of predation and buffering 
the effects of harsh climatic conditions (Cáceres-
Charneco and Ransom 2010; Ransom 2011). Also, 
earthworms may become a novel prey for eastern red-
backed salamanders, while being more voluminous 
and nutritious than the typical micro-invertebrates 
that make up their native diets (Maerz et  al. 2005). 
Thus, the studies that have explored non-native earth-
worm × salamander interactions have evoked mecha-
nisms that have both positive and negative effects on 
the growth, fitness, and population size of eastern 
red-backed salamanders. However, these past studies 
present a few caveats. For example, none of the prior 
in situ studies (i.e., Maerz et al. 2005, 2009; Brunges 
et  al. 2020) included control sites that were com-
pletely earthworm-free. Among these, only one study 
(Brunges et  al. 2020) directly related earthworm to 
salamander abundances, while the others only pro-
vided indirect evidence for such a relationship (e.g., 
relating earthworm abundance to salamander prey 
abundance: Maerz et  al. 2009). Thus, the net effect 
of non-native earthworms on eastern red-backed sala-
manders remains unclear.

One approach to better understand the relation-
ship between non-native earthworms and the eastern 
red-backed salamander is to investigate the effects 
of individual earthworm feeding guilds. The most 
basic categorization of these feeding guilds is to 
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sort earthworm species according to three ecotypes, 
namely the anecic, endogeic and epigeic earthworms 
(Hendrix 1995). Anecic earthworms create deep ver-
tical burrows and feed on large volumes of leaf litter, 
which they pull into their burrows (Hendrix 1995). In 
Eastern Canada, anecic earthworms have the largest 
body size among the three feeding guilds (Edwards 
and Bohlen 1996) and contribute greatly to the reduc-
tion of the forest floor (Edwards and Bohlen 1996). 
Mature individuals are generally too large to be prey 
for eastern red-backed salamanders, however, their 
abandoned burrows could offer a useful refuge (Ran-
som 2012). For their part, endogeic earthworms cre-
ate networks of horizontal burrows in the upper min-
eral soil horizons. Because they are generally smaller 
than anecic earthworms (Edwards and Bohlen 1996), 
they are less likely to create habitable burrows for 
eastern red-backed salamanders. Moreover, endogeic 
earthworms are not expected to degrade the eastern 
red-backed salamander’s habitat to the same extent 
as anecic species, because they are not active in 
removing fresh litter from the soil surface (Edwards 
and Bohlen 1996; Maerz et al. 2009). As for epigeic 
earthworms, these species live at the soil’s surface 
under rocks and coarse woody debris, they consume 
fresh leaf litter, and they are generally the smallest 
in size among the three feeding guilds (Edwards and 
Bohlen 1996). Epigeic earthworms thus contribute to 
the reduction of the forest floor, but they are probably 
the most visible and accessible as prey for eastern 
red-backed salamanders (Brunges et al. 2020). Thus, 
these three feeding guilds differ in terms of their 
effects on forest floor removal, creation of habitable 
burrows, and provision of prey to the eastern red-
backed salamander.

In this article, we report on a study in which we 
monitored the relative abundance of anecic, endogeic 
and epigeic earthworm species across 38 mature 
sugar maple forest sites in southern Quebec, Canada. 
All sites were similar in tree species composition, 
tree age, drainage class, elevation, climate, and soil 
texture. The 38 sites were chosen to represent a gra-
dient in earthworm abundance, with approximately 
two-thirds of sites being earthworm-free. Over two 
years, we monitored eastern red-backed salamander 
abundances as well as salamander body size and diet. 
Our objectives were to (1) evaluate the net effect of 
invasive earthworms on the demography of the east-
ern red-backed salamander in its northern range, and 

(2) evaluate the importance of exotic earthworms as a 
novel prey for the eastern red-backed salamander.

Materials and methods

Study sites

The study was conducted within a 100  km radius 
around the city of Sherbrooke (45°  24′  16″  N and 
71°  53′  18″  W), located in the province of Quebec, 
Canada. The mean annual temperature of this area 
is 5.6  °C, with a mean monthly low of −10.6  °C in 
January and a mean monthly high of 19.6 °C in July 
(Government of Canada 2022). The mean annual 
precipitation is distributed as 940 mm of rainfall and 
207  cm of snowfall (Government of Canada 2022). 
According to the forest ecological classification sys-
tem of Quebec, the western part of our sampling area 
lies within the sugar maple–basswood bioclimatic 
domain whereas the eastern part lies within the sugar 
maple–yellow birch bioclimatic domain (Saucier 
et al. 1998).

In spring 2019, we located 38 forest stands within 
the study area (Fig. 1) using QGIS software Version 
3.6.2 (QGIS Development Team 2022). Site selec-
tion was based on the following criteria: dominant 
tree species (> 80% sugar maple), stand size (> 5 ha), 
slope (< 30%), drainage (good to moderate), stand 
age (> 50 y-old), canopy cover (> 60%), and dis-
tance to the nearest road (< 1 km). Selected sites were 
located no less than 1  km apart to ensure that sala-
mander populations were independent of one another. 
At a central location within each forest stand, we 
established a (30 × 30) m2 sampling plot to be used 
for earthworm and salamander sampling over the next 
two years.

Soil properties

In summer 2019, we measured the depth of the 
organic forest floor at the four corners of each sam-
pling plot and computed the mean depth for each 
plot. Surface mineral soil samples from each corner 
(0–30  cm depth) were then collected and combined 
into one bulk sample per plot. These were sieved 
through a 5 mm wire mesh, gently homogenized by 
hand mixing, and transferred into plastic bags. Bulk 
mineral soil samples were placed under ice packs in 
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a cooler and transported to the laboratory, where they 
were stored at 4 °C until analyzed.

Mineral soil samples from each plot were char-
acterized according to water holding capacity, pH, 
texture, % organic matter, total C and N, mineraliz-
able N and microbial biomass. Water holding capac-
ity was calculated as the gravimetric moisture content 
of soil subsamples (ca. 20 g) that had been saturated 
with water and left to drain for 24 h on cellulose fil-
ter papers suspended in plastic funnels. Soil pH, in 
deionized water as well as in 1 M KCl solution, were 
measured in soil slurries (soil:liquid = 1:2.5) using 
a hydrogen electrode. Soil texture was determined 
using the hydrometer method (Bouyoucos 1962). 
Percent soil organic matter was measured by mass 
loss on ignition, after burning dried subsamples (ca. 
50 g) in a muffle furnace at 400 °C for 6 h. Total C 
and N were measured by grinding oven-dried sub-
samples with a ball mill, encapsulating 5–10  mg of 
the ground soil in Sn sheets, and analyzing these 
by high-temperature combustion and thermo-con-
ductometric detection using a Carlo Erba NC2500 
elemental analyzer (Carlo Erba Ltd., Val-de-Reuil, 
France). Mineralizable N was determined by incu-
bating field moist subsamples (ca. 15  g) at 22  °C 
for 30 d and extracting these with 100  mL of 1  M 
aqueous KCl solution; the filtered extract solutions 
were colorimetrically analyzed for NH4

+-N (salicy-
late–nitroprusside-hypochlorite assay) and NO3

−-N 

(Cd reduction-sulphanilamide assay) using an Asto-
ria2 Autoanalyzer (Astoria-Pacific, Clackamas, 
OR). Microbial biomass was measured by substrate 
induced respiration (Anderson and Domsch 1978) 
according to the protocol described by Lapointe et al. 
(2005), using a Varian 431-GC gas chromatograph 
(Varian Analytical Instruments, Walnut Creek, CA).

Earthworm species and abundances

Earthworm communities at each site were sampled on 
four occasions, in June and July 2020 and in May and 
September 2021. At each sampling date, two tech-
nicians collected epigeic earthworm species found 
under woody debris, rocks and other coarse frag-
ments, over a period of 15  min. They then sampled 
endogeic and anecic species at eight random locations 
around the perimeter of each plot, using the hot mus-
tard extraction method (Lawrence and Bowers 2002). 
This was accomplished by removing the forest floor 
and excavating the mineral soil over a (30 × 30) cm2 
area, down to 30  cm depth. The excavated soil was 
placed on a plastic sheet and hand sorted to collect all 
earthworms. The technicians then poured 2 L of hot 
mustard solution (10 g L−1) into each hole and waited 
15 min. to expel deeper-dwelling earthworms (Chan 
and Munro 2001). All earthworms collected in each 
plot were fixed in a solution of 10% formaldehyde 
and transported to the laboratory for identification 

Fig. 1   Geographic location 
of the study area within the 
province of Quebec (right 
frame) and each of the 38 
study sites indicated by 
dots (left frame). Sites are 
grouped within eight differ-
ent zones: Green-Mountain 
Nature Reserve (GMNR), 
Massawippi Trails (MT), 
Mont-Bellevue Park 
(MBP), Bois-Beckett Park 
(BBP), Stoke Mountains 
(SM), Frontenac National 
Park (FNP), Mont-Mégantic 
National Park (MMNP), 
and Controlled Harvest-
ing Zone Louise-Gosford 
(ZLG)
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based on Reynold’s key (Reynolds et al. 2017). Juve-
nile earthworms (i.e., those lacking a clitellum) could 
not be identified, therefore we assumed that the spe-
cies relative abundance of these juveniles to be the 
same as adults for a given site. Given that different 
earthworm species vary in size, we converted the 
abundance of each species to an estimate of ash-free 
dry mass (AFDM) using allometric equations gleaned 
from the literature, as per Cameron et al. (2021) (Sup-
plementary Table S1).

Salamander abundance, body size and diet

In the summer of 2017, 950 coverboards measur-
ing (50 × 25 × 5) cm3 were cut from untreated pine 
wood (Hesed 2012), then placed in a forested area to 
weather for two years. In June 2019, 25 coverboards 
were installed at each site in a 5 × 5 grid, with a 5 m 
distance separating each coverboard. Over the next 
two years (2020 and 2021), the relative abundance 
of eastern red-backed salamanders was measured 
nine times during their active season (May to Octo-
ber). Sampling consisted of lifting each coverboard 
and collecting all eastern red-backed salamanders 
in a plastic bag containing a small amount of deion-
ized water. We measured each individual’s snout-vent 
length (SVL) and tagged newly captured individuals 
with a unique visible implant elastomer (Northwest 
Marine Technologies, Shaw Island, USA) for future 
identification as well as to avoid including multiple 
counts of the same individual (Nauwelaerts et  al. 
2000; Ralston Marold 2001). Elastomer tags con-
sisted of one to four different colors that we injected 
subcutaneously at ventral locations near the base of 
one to four limbs per individual, using a hypodermic 
needle (Heemeyer et al. 2007). The color codes were 
generated using the VIE Color Code Generator pro-
gram (Northwest Marine Technologies, Shaw Island, 
USA). The tagged salamanders were then released 
directly beside the coverboard from which they had 
been captured. Given the two-year sampling period 
and the coverboard sampling design, our data did not 
comply with the basic assumptions of capture-mark-
recapture models to estimate population size (i.e., no 
immigration or emigration, no births or deaths, etc.). 
We thus calculated relative salamander abundance as 
the number of unique individuals (i.e., unique IDs) 
captured over the nine sampling dates.

To test the effect of earthworms on eastern red-
backed salamander diets, we intensively sampled 
two sites where earthworms were abundant and two 
sites that were earthworm-free. In 2021, we visited 
each of these four sites in spring (May–June), sum-
mer (July–August) and fall (September–October), 
coinciding with the active season of the eastern red-
backed salamander. Given that this species is a noc-
turnal feeder that is most active when soils are moist, 
we sampled each site between 5:00 and 10:00 a.m. 
following or during a rainfall event. We sampled 
specimen found under rocks and coarse woody debris 
within an area of 10 m beyond the perimeter of the 
plot so as not to disturb the population of salamanders 
under the coverboards. The captured salamanders 
(~ 90 per site) were temporarily held in a sealed plas-
tic bag containing a small amount of deionized water. 
Each individual was immobilized in a non-bleached 
pre-moistened paper towel, its mouth was held open 
using a wooden toothpick, and a medical-grade soft 
plastic catheter (I.D. 0.38 mm × O.D. 1.02 mm) was 
inserted into its esophagus (Bondi et  al. 2015). The 
catheter was attached to a 6  mL syringe filled with 
deionized water, which was gently pushed into the 
salamander’s stomach in two 3  mL increments. The 
regurgitated stomach content was fixed in a vial con-
taining a 90% ethanol solution and returned to the 
laboratory for identification. Due to the size of the 
catheter, diet samples were only collected from indi-
viduals with a SVL > 34  mm. After performing the 
gastric lavage procedure, salamanders were returned 
directly beside the cover object from which they were 
collected. After returning to the laboratory, each gas-
tric sample was magnified (7.3× to 120×) under a 
model M165FC digital microscope (Leica Microsys-
tems, Wetzlar, Germany). Individual prey items were 
counted and identified to the lowest possible taxo-
nomic level using keys provided by Marshall (2017). 
The volume of each prey item was estimated using 
OMERO (Version 5.11.0) microscope-image process-
ing software (Glencoe Software, Inc., Washington, 
USA).

Statistical analyses

We performed all statistical analyses using R Core 
Team (2019) and RStudio Version 1.2.x RStudio 
Team (2019) software. The abundance of earthworms 
was computed as either a categorical (i.e., presence 
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vs. absence) or numerical (i.e., collected earthworm 
biomass) predictor variable, according to the statisti-
cal test that we used.

We compared the value of each soil property in 
earthworm-invaded vs. earthworm-free sites using 
Student’s t-tests. We used generalized linear mod-
els (GLM) coded in the MASS R package (Venables 
and Ripley 2002) to test the effect of total earthworm 
biomass on forest floor depth as well as on eastern 
red-backed salamander counts. We then used three-
factor GLM models to test the effects of the three 
earthworm feeding guilds (i.e., epigeic, endogeic and 
anecic) on the same two response variables. Each of 
these GLM models used a negative binomial distri-
bution of error terms to account for overdispersion in 
the data.

We used similar GLM models to test the effects of 
earthworm biomass on eastern red-backed salaman-
der body size (SVL). Here, we used a Poisson distri-
bution of error terms because we only included adult 
specimen with SVL ≥ 34  mm (Sayler 1966), which 
yielded a truncated right-skewed data set. For speci-
men that were captured more than once, we used the 
first recorded SVL measurement as the dependent 
variable. Again, we first used a one-factor model to 
test the effect of total earthworm biomass, followed 
by a three-factor model to test the effect of the three 
earthworm feeding guilds. We also compared SVL 
between earthworm-invaded vs. earthworm-free sites 
using the non-parametric two-sample Mann–Whitney 
U test, given that the SVL data were not normally 
distributed.

For each of the three diet sampling periods, we 
compared the regurgitated stomach content of sala-
manders in earthworm-invaded vs. earthworm-free 

sites using multivariate analysis of variance 
(MANOVA) tests. The response variables for these 
tests were the mean volume of prey groups that 
accounted for more than 5% of total prey volume. 
Prey groups that accounted for less than 5% of total 
prey volume were combined into one single group, 
which we labelled as “other”. For each of the three 
sampling periods (i.e., spring, summer and fall), we 
performed Student’s t-tests to compare the mean 
number of prey items, the mean total prey volume and 
the mean non-earthworm prey volume of eastern red-
backed salamanders captured on earthworm invaded 
vs. earthworm-free sites.

Results

Our earthworm survey revealed 19 sites with the 
presence of earthworms (EW+) and 19 sites that were 
earthworm-free (EW-). Fourteen of the 19 EW+ sites 
had total AFDM values in the 5–78 g range whereas 
five sites were in the 1–5  g site−1 range. These five 
low-abundance sites showed similar properties (i.e., 
forest floor depth and salamander counts) as EW- 
sites and were therefore classified as EW- sites. All 
of the remaining 14 EW+ sites included epigeic and 
endogeic earthworm species whereas anecic species 
were present on only seven sites.

Among the various mineral soil properties 
that we measured, EW+ sites had higher pH in 
water (P = 0.004), pH in KCl (P < 0.001), total-N 
(P = 0.014), mineralizable-N (P = 0.001) and micro-
bial biomass (P < 0.001) than EW− sites (Table  1; 
raw data shown in Supplementary Table  S2). 
We found negative effects of total earthworm 

Table 1   Physicochemical 
properties of mineral soil 
(0–30 cm) at earthworm-
invaded (+EW, n = 14) and 
earthworm-free (−EW, 
n = 24) sites

Values represent the 
mean ± 1 S.D. for each 
mineral soil property. 
Means were compared 
using Student’s t-tests. 
Significant P values 
(< 0.05) are shown in bold 
print

Soil property  +EW  −EW t-Value P > 1 t |

Water holding capacity (%) 94.6 ± 0.3 85.2 ± 0.2 1.349 0.186
pH (water) 4.9 ± 0.3 4.6 ± 0.2 3.113 0.004
pH (1 M KCl) 4.3 ± 0.3 3.9 ± 0.2 4.249  < 0.001
Sand (%) 61.9 ± 14.1 58.8 ± 11.3 0.753 0.753
Clay (%) 4.0 ± 2.0 3.1 ± 1.7 1.330 0.192
Organic matter (%) 10.7 ± 3.2 9.8 ± 2.7 0.850 0.401
Total C (%) 5.3 ± 1.6 4.9 ± 1.4 0.388 0.400
Total N (%) 0.4 ± 0.1 0.3 ± 0.1 2.581 0.014
Mineralizable N (ug g−1) 28.6 ± 9.0 19.0 ± 6.6 3.769 0.001
Microbial biomass (ug Cmic g−1) 355.2 ± 124.6 223.1 ± 85.7 3.870  < 0.001
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biomass (P < 0.001) and endogeic earthworm bio-
mass (P < 0.001) on forest floor depth (Fig.  2A 
and C). Conversely, we found positive effects of 
total (P < 0.001), endogeic (P < 0.001) and ane-
cic (P < 0.017) earthworm biomass on eastern 

red-backed salamander counts (Fig.  3A, C and 
D). We did not find any meaningful relationship 
between earthworm biomass (i.e., total biomass 
and individual feeding guilds) and SVL, although 
the slope within each model was positive (data not 
shown). A Mann–Whitney U test revealed a larger 

(A) 

(B)

(C)

(D)    

P < 0.001

P < 0.001

P = 0.444

P = 0.308

Fig. 2   The effect of A total, B epigeic, C endogeic, and D 
anecic earthworm abundance, expressed as ash-free dry mass 
(AFDM), on forest floor (FF) depth. Shaded areas represent 
95% confidence intervals. P values < 0.05 are shown in bold 
print (N = 38)

Fig. 3   The effect of A total, B epigeic, C endogeic, D ane-
cic earthworm abundance, expressed as ash-free dry mass 
(AFDM), on Eastern red-backed salamander counts. Shaded 
areas represent 95% confidence intervals. P values < 0.05 are 
shown in bold print (N = 38)
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(P < 0.001) mean SVL on EW+ than on EW− sites 
(Fig. 4; raw data shown in Supplementary Fig. S1).

In each of the three sampling periods, MANOVA 
tests revealed distinct salamander diets on earth-
worm-invaded compared to earthworm-free sites 
(P < 0.001). Most notably, earthworms were an 
important prey on EW+ sites, comprising 50–85% of 
total prey volume on five out of six site × date com-
binations (Fig.  5; raw data shown in Supplementary 
Table  S3). Results from Student’s t-tests revealed 
fewer prey items per salamander on EW+ than on 
EW− sites during the spring (P = 0.004) and fall 
(P = 0.001) sampling periods (Fig. 5). However, total 
prey volume was higher on EW+ sites, especially in 
the fall period (P = 0.044). The non-earthworm prey 
volume was higher on EW− sites during the spring 
(P = 0.029) and fall (P = 0.002) sampling periods.

Discussion

The higher microbial biomass, higher total and 
mineralizable-N, as well as higher pH that we 
observed in the mineral soil of EW+ plots is consist-
ent with the comminuting and burrowing activities 

of earthworms that accelerate nutrient cycling and 
generally improves soil fertility (e.g., van Groenigen 
et  al. 2014). However, the soil property that con-
cerned us the most in terms of potential impacts on 
eastern red-backed salamander populations was the 
depth of the organic forest floor. Forest floor depth 
in EW- plots was roughly 3–7 cm deep, but declined 
sharply as total earthworm abundance increased, in 
accordance with results from prior studies (Frelich 
et  al. 2006; Suárez et  al. 2006; Hale et  al. 2008). 
The fact that endogeic earthworms was the only 
feeding guild to show a strong negative relationship 
with forest floor depth came as a surprise. The lit-
erature tells us that only epigeic and anecic species 
are active in the comminution of leaf litter (Addison 
2009), whereas endogeic species are not expected to 
participate in the removal of the forest floor (Shipi-
talo and Edwards 1998; Maerz et al. 2009). However, 
the broad classification scheme of earthworms into 
three feeding guilds may be too simplistic, as some 
species display traits that can be assigned to two of 
these categories at once (Bottinelli et  al. 2022). For 
example, the earthworm L. rubellus (Hoffmeister) 
found across our EW+ plots is conventionally classi-
fied as an endogeic species, although it purportedly 
feeds on forest floor organic matter and is thus better 
defined as an “epi-endogeic” species (Addison 2009). 
Accordingly, Suárez et  al. (2006) found that soil 
inhabited by two endogeic species (L. rubellus and 
Octolasion tyrtaeum Savigny) had substantially less 
forest floor than a neighbouring soil inhabited by an 
anecic species (L. terrestris Linnaeus). Some authors 
have also reported that endogeic earthworms partici-
pate indirectly to litter decomposition, by stimulat-
ing other soil faunal groups (Bonkowski et al. 2001). 
Hence, it is reasonable to presume that all earthworm 
feeding guilds, including endogeic species, could 
contribute to a reduction of the forest floor and, with 
that, a modification of habitat for eastern red-backed 
salamander populations.

A reduction of the forest floor due to earthworms 
may have several negative effects on the eastern red-
backed salamander. Firstly, the water storage capacity 
of organic forest floors in temperate deciduous forests 
is several times greater than that of mineral soil hori-
zons (Leuschner 1998). As a lungless amphibian, the 
eastern red-backed salamander relies on the humid-
ity of the forest floor to buffer dry weather conditions 
and maintain a moist microclimate that enables its 

Fig. 4   Box and whisker plot comparing of mean snout-vent 
length (SVL) of adult (SVL ≥ 34  mm) Eastern red-backed 
salamanders on earthworm-invaded (EW+ , n = 668) and earth-
worm-free (EW−, n = 522) sites. Means were compared using 
a Mann–Whitney U-test (P < 0.001)
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cutaneous respiration during its movements (Feder 
1983). This is supported by field data showing a 
strong relationship between forest foor moisture and 
the abundance of this salamander species (Heatwole 
1962). Besides reducing the forest foor, earthworms 
also create macropores in the mineral soil that provide 
preferential flow pathways that allow surface water to 
infiltrate deeper into the soil (van Schaik et al. 2014). 
Thus, even on EW+ sites where the forest floor is still 
present, the burrowing activities of earthworms will 
likely reduce moisture because of increased drainage. 
Secondly, a reduction of the forest floor coincides 
with a reduction of soil and litter-dwelling micro-
arthropods, such as oribatid mites and collembola, 
which constitute the typical native prey of eastern 
red-backed salamanders (Migge 2001; Stuczka et al. 
2016). Maerz et al. (2009) proposed that this reduc-
tion in prey may cause a decline in eastern red-backed 
salamander populations. Thirdly, the forest floor pro-
vides cover for eastern red-backed salamanders dur-
ing displacements and when foraging, making them 
less visible to predators (Walls 1995). In spite of these 
plausible negative effects of forest floor removal, our 
data showed an increase in eastern red-backed sala-
mander populations with increasing earthworm abun-
dance. This suggests that exotic earthworms are pro-
viding some other benefits to salamander populations 
that more than compensate for any detrimental effect 
related to forest floor loss.

A first mechanism that may be driving the increase 
in eastern red-backed salamander populations is that 
of an improved diet in the presence of earthworms 
(Maerz et al. 2005; Ransom 2012). Our data provide 
strong support for this argument, given that we found 
higher prey volume in the stomachs of salamanders 
on EW+ plots compared to those on EW− plots. Fur-
thermore, earthworms generally comprised 50–80% 
of total prey volume on EW+ plots, with only one 
exception (i.e., site #3 in July–August). Earthworms 
are a higher quality prey than the typical native diet 
of eastern red-backed salamanders (i.e., small artho-
pods) because they are nutrient-rich, soft-bodied and 
easier to digest (Maerz et  al. 2005; Anthony et  al. 
2017). Moreover, earthworms accounted for a smaller 
percentage of total prey items relative to their per-
centage of total prey volume. This indicates that east-
ern red-backed salamanders on EW+ plots are getting 
a higher caloric intake per feeding while expending 
less energy. This, in turn, could explain the greater 

body size (SVL) that we observed on EW+ plots. 
Wise and Jaeger (2021) demonstrated that maternal 
body size of eastern red-backed salamanders was a 
good predictor of reproductive success. More spe-
cifically, they found that maternal SVL was positively 
related to clutch size, to offspring SVL as well as to 
offspring survival. This overall increase in fitness 
could explain the higher abundances of eastern red-
backed salamanders that we observed on EW+ plots.

A second mechanism that may favor an increase in 
eastern red-backed salamanders on EW+ plots is their 
possible use of anecic earthworm burrows as a ref-
uge. Adult anecic earthworms, such as L. terrestris, 
are generally too large to serve as prey for the east-
ern red-backed salamander (Ransom 2012). However, 
they do create extensive networks of vertical burrows 
that are size-appropriate for use by eastern red-backed 
salamanders (Cáceres-Charneco and Ransom 2010). 
Plethodontid salamanders in general rely on the avail-
ability of suitable pre-existing burrows, as they are 
generally unable to dig their own (Heatwole 1960). 
Rather, they occupy naturally occurring fissures in the 
soil, root hollows left after the decay of dead roots, 
and burrows created by other organisms (Heatwole 
1960; Ransom 2011). These burrows can be used 
to avoid their predators such as birds (Kraemer and 
Adams 2014), small mammals (Brodie et  al. 1979) 
and reptiles (Ransom 2011). In addition to predator 
evasion, these burrows can also protect eastern red-
backed salamanders from adverse weather conditions. 
During warmer months, the soil surface becomes dry, 
especially in forest environments with little forest 
floor. Eastern red-backed salamanders can therefore 
use anecic earthworm burrows to retreat underground 
where it is cool and moist (Feder 1983). Conversely, 
during colder winter months, they can use these bur-
rows to avoid freezing surface temperatures and to 
enter a state of torpor (Ransom 2012). At its deep-
est, the soil frostline in Southern Quebec extends 
to around 1 m below the surface (Transport Québec 
2021), whereas anecic earthworm burrows may be up 
to 3 m deep (Lee 1985). Although our study did not 
test for the use of earthworm burrow by eastern red-
backed salamanders, there is corroborative evidence 
in the fact that the three sites with the highest sala-
mander abundances were among the seven EW+ sites 
where anecic earthworms were present.

One potential bias that we considered in our study 
was whether a reduction or elimination of the forest 
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floor by earthworms may cause eastern red-backed 
salamanders to gravitate towards the cover boards, 
or to spend more time there. While we have no way 
of knowing this, it is a fact that the forest floor had 
already been reduced or eliminated for some time 
on earthworm-invaded sites. If the presence of a 
forest floor was important for maintaining eastern 
red-backed salamander populations, then we would 
expect extremely small salamander counts on our 
earthworm invaded sites. It is unlikely that adding 
the cover boards would have prompted a long-range 
migration of salamanders towards these boards, 
given their very small home range. This is supported 
by data from Kleeberger and Werner (1982) who 
showed that most eastern red-backed salamanders 
are found in mineral soil burrows or within rotting 
logs, whereas their presence in the forest floor is only 
transient. These authors also reported that the aver-
age daily movement of P. cinereus was 0.4 m, which 
could increase to about 1.0 m during periods of strong 
precipitation, with a nearly 100% return rate to their 
permanent refuge. Hence, we believe that eastern red-
backed salamander counts under coverboards is a reli-
able estimate of relative abundances across sites.

Our study adds to the growing body of evidence that 
the consequences of earthworm invasions are exten-
sive, not only having impacts on soil microbial and 
plant communities but extending beyond to at least the 
level of soil-dwelling vertebrate fauna. We found that 
exotic earthworm populations, when present, constitute 
the most important prey for eastern red-backed sala-
manders in southern Quebec, coinciding with higher 
salamander body size and population densities. This 
opens the discussion on whether the introduction of 

exotic earthworms alters further trophic interactions 
by shifting ecosystem energy flow towards yet higher 
consumers. Burton and Likens (1975) estimated that 
the biomass of eastern red-backed salamander popu-
lations in hardwood forests of the neighbouring state 
of New Hampshire (USA) was approximately twice 
that of birds and approximately equal to that of small 
mammals. Thus, the eastern red-backed salamander 
is potentially an important prey to passeriform birds, 
small mammals (e.g., raccoons, skunks and moles), 
amphibians and reptiles (e.g., frogs and snakes). Fur-
ther research should therefore strive to determine 
whether exotic earthworms create cascades of ecologi-
cal change such as diversifying adaptive traits of preda-
tors (Broderson et al. 2015), shifting spatial and tempo-
ral patterns of prey abundance (Maerz et al. 2005) and 
regulating nutrient cycling patterns (Milanovich and 
Peterman 2016).
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Fig. 5   Mean prey volume of Eastern red-backed salamanders 
collected in two earthworm-free (EW−) and two earthworm-
invaded (EW+) sites during spring (May–June), summer 
(July–August) and fall (September–October) sampling peri-
ods. At each sampling period, a total of 30–35 individuals 
were sampled at each site. The reported P value in each frame 
is the result of a MANOVA test comparing the diets of sala-
manders on EW− (1 and 2) and EW+ (3 and 4) sites. These 
tests were based on prey groups that accounted for more than 
5% of total prey volume (Supplementary Table S3). The prey 
group “Other” includes Gastropoda, Hymenoptera, Myriapoda, 
Arachnida (Araneae and Opiliones), Arachnida (Acariform and 
Parasitiform) and Collembola. Boxes on the right report the 
results of Student t-tests comparing the mean number of prey 
items, the mean total prey volume and the mean non-earth-
worm prey volume for each sampling period

◂



198	 T. Scott et al.

1 3
Vol:. (1234567890)

in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://creativecommons.org/licenses/by/4.0/.

References

Addison JA (2009) Distribution and impacts of invasive earth-
worms in Canadian forest ecosystems. Biol Invasions 
11:59–79. https://​doi.​org/​10.​1007/​s10530-​008-​9320-4

Anderson JPE, Domsch KH (1978) A physiological method 
for the quantitative measurement of microbial biomass in 
soils. Soil Biol Biochem 10:215–221. https://​doi.​org/​10.​
1016/​0038-​0717(78)​90099-8

Anthony C, Hickerson CM, Jaworski K, Messner M (2017) 
Differences in prey availability within the territories of 
striped and unstriped Eastern red-backed salamanders 
(Plethodon cinereus). Herpetol Rev 48:509–514

Bishop SC (1944) Handbook of salamanders: the salamanders 
of the United States, of Canada, and of Lower California. 
Cornell University Press, New York

Bondi C, Green S, Beier C (2015) Evaluation of gastric lavage 
method for diet analysis of the Eastern red-backed sala-
mander (Plethodon cinereus). Herpetol Rev 46:1–7

Bonkowski M, Geoghegan IE, Birch ANE, Griffiths BS (2001) 
Effects of soil decomposer invertebrates (protozoa and 
earthworms) on an above-ground phytophagous insect 
(cereal aphid) mediated through changes in the host plant. 
Oikos 3:441–450. https://​doi.​org/​10.​1034/j.​1600-​0706.​
2001.​950309.x

Bottinelli N, Hedde M, Jouquet P, Capowiez Y (2022) 
An explicit definition of earthworm ecological cat-
egories – Marcel Bouché’s triangle revisited. Geoderma 
372:114361. https://​doi.​org/​10.​1016/j.​geode​rma.​2020.​
114361

Bouyoucos GJ (1962) Hydrometer method improved for mak-
ing particle size analyses of soils. Agron J 54:464–465. 
https://​doi.​org/​10.​2134/​agron​j1962.​00021​96200​54000​
50028x

Broderson J, Howeth JG, Post DM (2015) Emergence of a 
novel prey life history promotes contemporary sympatric 
diversification in a top predator. Nat Commun 6:8115. 
https://​doi.​org/​10.​1038/​ncomm​s9115

Brodie ED, Nowak RT, Harvey WR (1979) The effectiveness 
of antipredator secretions and behavior of selected sala-
manders against shrews. Copeia 2:270–274. https://​doi.​
org/​10.​2307/​14434​13

Brunges HJ, Dunn JP, Helder DR, Otieno S (2020) Effects of 
invasive earthworm feeding guilds and their interactions 
with physiographic conditions on the relative abundance 
and distribution of woodland salamanders. Herpetol Con-
serv Biol 15:16–24

Burton TM, Likens GE (1975) Salamander populations and 
biomass in the Hubbard Brook Experimental Forest, New 
Hampshire. Copeia 1975:541–546. https://​doi.​org/​10.​
2307/​14436​55

Cáceres-Charneco RI, Ransom TS (2010) The influence of 
habitat provisioning: use of earthworm burrows by the 
terrestrial salamander, Plethodon cinereus. Popul Ecol 
52:517–526. https://​doi.​org/​10.​1007/​s10144-​010-​0204-y

Cameron A, Boilard G, Dubois R, Bradley R, Benetková P, 
Józefowska A, Thevathasan N, Whalen J, Šimek M (2021) 
Distribution of earthworm communities in agroecosys-
tems with forested riparian buffer strips: a multiscale 
study. Appl Soil Ecol 167:104035. https://​doi.​org/​10.​
1016/j.​apsoil.​2021.​104035

Chan KY, Munro K (2001) Evaluating mustard extracts for 
earthworm sampling. Pedobiologia 45:272–278. https://​
doi.​org/​10.​1078/​0031-​4056-​00084

Craven D, Thakur MP, Cameron EK, Frelich LE, Beauséjour 
R, Blair RB, Blossey B, Burtis J, Choi A, Dávalos A, 
Fahey TJ, Fisichelli NA, Gibson K, Handa IT, Hop-
fensperger K, Loss SR, Nuzzo V, Maerz JC, Sackett T, 
Scharenbroch BC, Smith SM, Vellend M, Umek LG, 
Eisenhauer N (2017) The unseen invaders: introduced 
earthworms as drivers of change in plant communi-
ties in North American forests (a meta-analysis). Glob 
Chang Biol 23:1065–1074. https://​doi.​org/​10.​1111/​gcb.​
13446

Dempsey MA, Fisk MC, Fahey TJ (2011) Earthworms increase 
the ratio of bacteria to fungi in northern hardwood forest 
soils, primarily by eliminating the organic horizon. Soil 
Biol Biochem 43:2135–2141. https://​doi.​org/​10.​1016/j.​
soilb​io.​2011.​06.​017

Drouin M, Bradley R, Lapointe L, Whalen J (2014) Non-native 
anecic earthworms (Lumbricus terrestris L.) reduce seed 
germination and seedling survival of temperate and boreal 
trees species. Appl Soil Ecol 75:145–149. https://​doi.​org/​
10.​1016/j.​apsoil.​2013.​11.​006

Drouin M, Fugère M, Lapointe L, Vellend M, Bradley RL 
(2016) Linkage between exotic earthworms, understory 
vegetation and soil properties in sugar maple forests. 
For Ecol Manag 364:113–121. https://​doi.​org/​10.​1016/j.​
foreco.​2016.​01.​010

Edwards CA, Bohlen PJ (1996) Biology and ecology of earth-
worms. Chapman and Hall, London

Feder ME (1983) Integrating the ecology and physiology of 
Plethodontid salamanders. Herpetologica 39:291–310

Frelich LE, Hale CM, Scheu S, Holdsworth AR, Heneghan 
L, Bohlen PJ, Reich PB (2006) Earthworm invasion into 
previously earthworm-free temperate and boreal forests. 
Biol Invasions 8:1235–1245. https://​doi.​org/​10.​1007/​
978-1-​4020-​5429-7_5

Fugère M, Bradley RL, Vellend M (2017) Exotic earthworms 
dispersion through protected forest areas and their poten-
tial impacts on nitrous oxide production. Biol Invasions 
19:773–783. https://​doi.​org/​10.​1007/​s10530-​016-​1331-y

Gates G (1961) Ecology of some earthworms with special 
reference to seasonal activity. Am Midl Nat 66:61–86. 
https://​doi.​org/​10.​2307/​24228​68

Government of Canada (2022) Historical Climate Data. https://​
clima​te.​weath​er.​gc.​ca. Assessed 10 November 2022

Hale CM, Frelich LE, Reich PB (2006) Changes in hard-
wood forest understory plant communities in response to 
European earthworm invasions. Ecology 87:1637–1649. 
https://​doi.​org/​10.​1890/​0012-​9658(2006)​87[1637:​cihfup]​
2.0.​co;2

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s10530-008-9320-4
https://doi.org/10.1016/0038-0717(78)90099-8
https://doi.org/10.1016/0038-0717(78)90099-8
https://doi.org/10.1034/j.1600-0706.2001.950309.x
https://doi.org/10.1034/j.1600-0706.2001.950309.x
https://doi.org/10.1016/j.geoderma.2020.114361
https://doi.org/10.1016/j.geoderma.2020.114361
https://doi.org/10.2134/agronj1962.00021962005400050028x
https://doi.org/10.2134/agronj1962.00021962005400050028x
https://doi.org/10.1038/ncomms9115
https://doi.org/10.2307/1443413
https://doi.org/10.2307/1443413
https://doi.org/10.2307/1443655
https://doi.org/10.2307/1443655
https://doi.org/10.1007/s10144-010-0204-y
https://doi.org/10.1016/j.apsoil.2021.104035
https://doi.org/10.1016/j.apsoil.2021.104035
https://doi.org/10.1078/0031-4056-00084
https://doi.org/10.1078/0031-4056-00084
https://doi.org/10.1111/gcb.13446
https://doi.org/10.1111/gcb.13446
https://doi.org/10.1016/j.soilbio.2011.06.017
https://doi.org/10.1016/j.soilbio.2011.06.017
https://doi.org/10.1016/j.apsoil.2013.11.006
https://doi.org/10.1016/j.apsoil.2013.11.006
https://doi.org/10.1016/j.foreco.2016.01.010
https://doi.org/10.1016/j.foreco.2016.01.010
https://doi.org/10.1007/978-1-4020-5429-7_5
https://doi.org/10.1007/978-1-4020-5429-7_5
https://doi.org/10.1007/s10530-016-1331-y
https://doi.org/10.2307/2422868
https://climate.weather.gc.ca
https://climate.weather.gc.ca
https://doi.org/10.1890/0012-9658(2006)87[1637:cihfup]2.0.co;2
https://doi.org/10.1890/0012-9658(2006)87[1637:cihfup]2.0.co;2


199Non‑native earthworms increase the abundance and diet quality of a common woodland salamander…

1 3
Vol.: (0123456789)

Hale CM, Frelich LE, Reich PB, Pastor J (2008) Exotic earth-
worm effects on hardwood forest floor, nutrient avail-
ability and native plants: a mesocosm study. Oecologia 
155:509–518. https://​doi.​org/​10.​1007/​s00442-​007-​0925-6

Heatwole H (1960) Burrowing ability and behavioral responses 
to desiccation of the salamander, Plethodon cinereus. 
Ecology 41:661–668. https://​doi.​org/​10.​2307/​19317​98

Heatwole H (1962) Environmental factors influencing local 
distribution and activity of the salamander, Plethodon 
cinereus. Ecology 43:460–472. https://​doi.​org/​10.​2307/​
19333​74

Heemeyer JL, Homyack JA, Haas CA (2007) Retention and 
readability of visible implant elastomer marks in eastern 
red-backed salamanders (Plethodon cinereus). Herpetol 
Rev 38:425–428

Hendrix PF (1995) Earthworm ecology and biogeography in 
North America. CRC Press, Boca Raton, FL

Hesed KM (2012) Uncovering salamander ecology: a review of 
coverboard design. J Herpetol 46:442–450. https://​doi.​org/​
10.​1670/​10-​220

Hopfensperger KN, Hamilton S (2015) Earthworm communi-
ties in previously glaciated and unglaciated eastern decid-
uous forests. Southeast Nat 14:66–84. https://​doi.​org/​10.​
1656/​058.​014.​0106

Kleeberger SR, Kirwin Werner J (1982) Home range and hom-
ing behavior of Plethodon cinereus in Northern Michigan. 
Copeia 2:409–415. https://​doi.​org/​10.​2307/​14446​22

Kraemer AC, Adams DC (2014) Predator perception of bate-
sian mimicry and conspicuousness in a salamander. Evo-
lution 68:1197–1206. https://​doi.​org/​10.​1111/​evo.​12325

Lapointe B, Bradley RL, Shipley B (2005) Mineral nitro-
gen and microbial dynamics in the forest floor of 
clearcut or partially harvested successional boreal for-
est stands. Plant Soil 271:27–37. https://​doi.​org/​10.​1007/​
s11104-​004-​1830-y

Lawrence AP, Bowers MA (2002) A test of the ‘hot’ mustard 
extraction method of sampling earthworms. Soil Biol 
Biochem 34:549–552. https://​doi.​org/​10.​1016/​S0038-​
0717(01)​00211-5

Lee KE (1985) Earthworms: their ecology and relationships 
with soils and land use. Academic Press, New York

Leuschner C (1998) Water extraction by tree fine roots in the 
forest floor of a temperate Fagus-Quercus forest. Ann Sci 
for 55:141–157. https://​doi.​org/​10.​1051/​forest:​19980​109

Maerz JC, Karuzas JM, Madison DM, Blossey B (2005) Intro-
duced invertebrates are important prey for a generalist 
predator. Divers Distrib 11:83–90. https://​doi.​org/​10.​
1111/j.​1366-​9516.​2005.​00125.x

Maerz JC, Nuzzo VA, Blossey B (2009) Declines in woodland 
salamander abundance are associated with non-native 
earthworm and plant invasions. Conserv Biol 23:975–981. 
https://​doi.​org/​10.​1111/j.​1523-​1739.​2009.​01167.x

Marinissen JCY, van den Bosch F (1992) Colonization of new 
habitats by earthworms. Oecologia 91:371–376. https://​
doi.​org/​10.​1007/​bf003​17626

Marshall SA (2017) Insects: their natural history and diversity: 
with a photographic guide to insects of Eastern North 
America. Firefly Books, Richmond Hill

Migge S (2001) The effect of earthworm invasion on nutri-
ent turnover, microorganisms and microarthropods in 

Canadian aspen forest soil. Dissertation, Technische Uni-
versität Darmstadt

Migge-Kleian S, McLean MA, Maerz JC, Heneghan L (2006) 
The influence of invasive earthworms on indigenous fauna 
in ecosystems previously uninhabited by earthworms. 
Biol Invasions 8:1275–1285. https://​doi.​org/​10.​1007/​
s10530-​006-​9021-9

Milanovich JR, Peterman WE (2016) Revisiting Burton and 
Likens (1975): nutrient standing stock and biomass of a 
terrestrial salamander in the midwestern United States. 
Copeia 104:165–171. https://​doi.​org/​10.​1643/​OT-​14-​180

Nauwelaerts S, Coeck J, Aerts P (2000) Visible implant elasto-
mers as a method for marking adult anurans. Herpetol Rev 
31:154–155

Neupane A, Maynard DS, Bradford MA (2015) Consistent 
effects of eastern subterranean termites (Reticulitermes 
flavipes) on properties of a temperate forest soil. Soil 
Biol Biochem 91:84–91. https://​doi.​org/​10.​1016/j.​soilb​
io.​2015.​08.​025

QGIS Development Team (2022) QGIS Geographic Informa-
tion System. Open Source Geospatial Foundation Pro-
ject. http://​qgis.​osgeo.​org. Accessed 5 December 2022

Transport Québec (2021) Thaw report: protecting the road 
network is a priority. https://​www.​trans​ports.​gouv.​qc.​
ca/​en/​camio​nnage/​degel-​perio​de-​restr​ictio​ns-​charg​es/​
Docum​ents/​fiche-​degel-​ang.​pdf. Accessed 2 December 
2022

R Core Team (2019) R: a language and environment for statis-
tical computing. R Foundation for Statistical Computing, 
Vienna, Austria. https://​www.R-​proje​ct.​org/. Accessed 21 
March 2023

Ralston Marold MA (2001) Evaluating visual implant elasto-
mer polymer for marking small, stream-dwelling salaman-
ders. Herpetol Rev 32:91–92

Ransom TS (2011) Earthworms, as ecosystem engineers, 
influence multiple aspects of a salamander’s ecol-
ogy. Oecologia 165:745–754. https://​doi.​org/​10.​1007/​
s00442-​010-​1775-1

Ransom TS (2012) Comparison of direct, indirect, and eco-
system engineering effects of an earthworm on the red-
backed salamander. Ecology 93:2198–2207. https://​doi.​
org/​10.​1890/​11-​2024.1

Resner K, Yoo K, Sebestyen SD, Aufdenkampe A, Hale C, 
Lyttle A, Blum A (2015) Invasive earthworms deplete key 
soil inorganic nutrients (Ca, Mg, K, and P) in a northern 
hardwood forest. Ecosystems 18:89–102. https://​doi.​org/​
10.​1007/​s10021-​014-​9814-0

Reynolds JW (1977) The earthworms (Lumbricidae and 
Sparganophilidae) of Ontario. Royal Ontario Museum, 
Toronto

Reynolds JW, De Sir C, Fleming S, Reynolds KW (2017) Les 
vers de terre sur la rive nord du Saint-Laurent (Quebec). 
Megadrilogica 4:145–161

RStudio Team (2019) RStudio: integrated development envi-
ronment for R. RStudio, PBC, Boston, MA. http://​www.​
rstud​io.​com. Accessed 5 December 2022

Saucier JP, Bergeron JF, Grondin P, Robitaille A (1998) 
Les régions écologiques du Québec méridional: un 
des éléments du système hiérarchique de classification 
écologique du territoire mis au point par le Ministère des 
Ressources Naturelles du Québec. L’aubelle 1:8

https://doi.org/10.1007/s00442-007-0925-6
https://doi.org/10.2307/1931798
https://doi.org/10.2307/1933374
https://doi.org/10.2307/1933374
https://doi.org/10.1670/10-220
https://doi.org/10.1670/10-220
https://doi.org/10.1656/058.014.0106
https://doi.org/10.1656/058.014.0106
https://doi.org/10.2307/1444622
https://doi.org/10.1111/evo.12325
https://doi.org/10.1007/s11104-004-1830-y
https://doi.org/10.1007/s11104-004-1830-y
https://doi.org/10.1016/S0038-0717(01)00211-5
https://doi.org/10.1016/S0038-0717(01)00211-5
https://doi.org/10.1051/forest:19980109
https://doi.org/10.1111/j.1366-9516.2005.00125.x
https://doi.org/10.1111/j.1366-9516.2005.00125.x
https://doi.org/10.1111/j.1523-1739.2009.01167.x
https://doi.org/10.1007/bf00317626
https://doi.org/10.1007/bf00317626
https://doi.org/10.1007/s10530-006-9021-9
https://doi.org/10.1007/s10530-006-9021-9
https://doi.org/10.1643/OT-14-180
https://doi.org/10.1016/j.soilbio.2015.08.025
https://doi.org/10.1016/j.soilbio.2015.08.025
http://qgis.osgeo.org
https://www.transports.gouv.qc.ca/en/camionnage/degel-periode-restrictions-charges/Documents/fiche-degel-ang.pdf
https://www.transports.gouv.qc.ca/en/camionnage/degel-periode-restrictions-charges/Documents/fiche-degel-ang.pdf
https://www.transports.gouv.qc.ca/en/camionnage/degel-periode-restrictions-charges/Documents/fiche-degel-ang.pdf
https://www.R-project.org/
https://doi.org/10.1007/s00442-010-1775-1
https://doi.org/10.1007/s00442-010-1775-1
https://doi.org/10.1890/11-2024.1
https://doi.org/10.1890/11-2024.1
https://doi.org/10.1007/s10021-014-9814-0
https://doi.org/10.1007/s10021-014-9814-0
http://www.rstudio.com
http://www.rstudio.com


200	 T. Scott et al.

1 3
Vol:. (1234567890)

Sayler A (1966) The reproductive ecology of the red-backed 
salamander, Plethodon cinereus, in Maryland. Copeia 
1966:183–193. https://​doi.​org/​10.​2307/​14411​25

Shipitalo MJ, Edwards WM (1998) Runoff and erosion control 
with conservation tillage and reduced-input practices on 
cropped watersheds. Soil Tillage Res 46:1–12. https://​doi.​
org/​10.​1016/​S0167-​1987(98)​80102-5

Stuczka A, Hickerson CA, Anthony C (2016) Niche partition-
ing along the diet axis in a color polymorphic population 
of Eastern red-backed salamanders, Plethodon cinereus. 
Amphib-Reptil 37:283–290. https://​doi.​org/​10.​1163/​
15685​381-​00003​055

Suárez ER, Fahey TJ, Yavitt JB, Groffman PM, Bohlen PJ 
(2006) Patterns of litter disappearance in a northern hard-
wood forest invaded by exotic earthworms. Ecol Appl 
16:154–165. https://​doi.​org/​10.​1890/​04-​0788

Sullivan AM, Maerz JC, Madison DM (2002) Anti-predator 
response of red-backed salamanders (Plethodon cinereus) 
to chemical cues from garter snakes (Thamnophis sirtalis): 
laboratory and field experiments. Behav Ecol Sociobiol 
51:227–233. https://​doi.​org/​10.​1007/​s00265-​001-​0434-2

van Groenigen JW, Lubbers IM, Vos HMJ, Brown GG, De 
Deyn GB, van Groenigen KJ (2014) Earthworms increase 
plant production: a meta-analysis. Sci Rep 4:6365. https://​
doi.​org/​10.​1038/​srep0​6365

van Schaik L, Palm J, Klaus J, Zehe E, Schröder B (2014) 
Linking spatial earthworm distribution to macropore num-
bers and hydrological effectiveness. Ecohydrol 7:401–
408. https://​doi.​org/​10.​1002/​eco.​1358

Venables WN, Ripley BD (2002) Modern applied statistics 
with S. Springer, New York

Venesky D, Anthony CD (2007) Antipredator adaptations and 
predator avoidance by two color morphs of the Eastern 
red-backed salamander, Plethodon cinereus. Herpetolog-
ica 63:450–458. https://​doi.​org/​10.​1655/​0018-​0831(2007)​
63[450:​aaapab]​2.0.​co;2

Walls SC (1995) Differential vulnerability to predation and 
refuge use in competing larval salamanders. Oecologia 
101:86–93. https://​doi.​org/​10.​1007/​BF003​28904

Walton BM (2013) Top-down regulation of litter invertebrates 
by a terrestrial salamander. Herpetologica 69:127–146. 
https://​doi.​org/​10.​1655/​herpe​tolog​ica-d-​12-​00029

Walton BM, Tsatiris D, Rivera-Sostre M (2006) Salamanders 
in forest-floor food webs: invertebrate species composi-
tion influences top-down effects. Pedobiologia 50:313–
321. https://​doi.​org/​10.​1016/j.​pedobi.​2006.​04.​001

Wise SE, Jaeger RG (2021) Maternal body size and condi-
tion predict measures of reproductive success and future 
reproductive allocation in territorial Eastern red-backed 
salamanders. Copeia 109:55–63. https://​doi.​org/​10.​1643/​
h2019​323

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://doi.org/10.2307/1441125
https://doi.org/10.1016/S0167-1987(98)80102-5
https://doi.org/10.1016/S0167-1987(98)80102-5
https://doi.org/10.1163/15685381-00003055
https://doi.org/10.1163/15685381-00003055
https://doi.org/10.1890/04-0788
https://doi.org/10.1007/s00265-001-0434-2
https://doi.org/10.1038/srep06365
https://doi.org/10.1038/srep06365
https://doi.org/10.1002/eco.1358
https://doi.org/10.1655/0018-0831(2007)63[450:aaapab]2.0.co;2
https://doi.org/10.1655/0018-0831(2007)63[450:aaapab]2.0.co;2
https://doi.org/10.1007/BF00328904
https://doi.org/10.1655/herpetologica-d-12-00029
https://doi.org/10.1016/j.pedobi.2006.04.001
https://doi.org/10.1643/h2019323
https://doi.org/10.1643/h2019323

	Non-native earthworms increase the abundance and diet quality of a common woodland salamander in its northern range
	Abstract 
	Introduction
	Materials and methods
	Study sites
	Soil properties
	Earthworm species and abundances
	Salamander abundance, body size and diet
	Statistical analyses

	Results
	Discussion
	Acknowledgements 
	Anchor 13
	References




