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Abstract

We explored the relationship between the diversity and abundance of the soil arthropod predator community

and the overwinter survival of engorged larval Ixodes scapularis Say under variable snow cover in a hardwood

forest. We reduced the snow cover over 30 soil core field microcosms, simulating predicted changes in snow

pack in the northeastern United States. An additional 29 microcosms were used as references with no snow

pack manipulation. Each microcosm contained 15 engorged larval I. scapularis. We expected lower soil temper-

ature without insulating snow cover to reduce tick survival. However, we observed that reduced snow cover

had no effect, with 44.2 and 44.7% overwintering successfully in the reference and snow-removal plots, respec-

tively. Increasing taxonomic family richness of arthropod predators and the total number of large (>1 mm)

arthropod predators significantly reduced the overwinter survivorship of I. scapularis within the microcosms.

Small (<1 mm) arthropod predator abundance had no effect. Our results suggest that forests with complex

natural arthropod predator communities show reduced tick survival.
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Ixodes scapularis (blacklegged tick) Say is the primary vector for

many widespread zoonotic diseases in the United States, including

Lyme disease, anaplasmosis, and babesiosis. This important disease

vector spends >95% of its 2-yr life cycle on or in the soil, but the

impact of the soil environment on its survival is understudied, par-

ticularly over the winter. Most research regarding I. scapularis has

focused on interactions with hosts (Ostfeld et al. 2001, Keesing

et al. 2009, Kilpatrick et al. 2014), or during their summer and fall

activity peaks (Stafford 1994, Berger et al. 2014). With few excep-

tions (Lindsay et al. 1995, Brunner et al. 2012), factors impacting

their overwinter survival in the field have been neglected (Ostfeld

and Brunner 2015). Additionally, arthropod predators are known to

eat I. scapularis in laboratory settings (Samish and Alexeev 2001,

Samish et al. 2004), but the impact of arthropod predators, many of

which are widespread generalists (Scheu 2001, Digel et al. 2014),

has received little investigation.

We explored the impact of snow cover and the composition of

the soil arthropod community on the overwinter survival of

engorged larval I. scapularis as they molted into nymphs in the field.

Larvae emerge and feed in late summer, molt into nymphs in the au-

tumn, and then emerge to feed in the late spring the following year

(Ostfeld et al. 1996). Laboratory trials have shown that engorged

larval I. scapularis survival is greatly reduced by temperatures below

�10�C (Burks et al. 1996, Vandyk et al. 1996), but the time scale of

these trials was hours rather than weeks or months. Moreover, labo-

ratory conditions often prevent ticks from behavioral adaptations

that are available in the field. Snow cover can insulate the soil, and

may protect ticks from cold as it does with many other soil-dwelling

arthropods (Templer et al. 2012). Snow pack is predicted to de-

crease in the northeastern United States, with reduced early winter

snowfall (Hayhoe et al. 2008, Campbell et al. 2010), possibly de-

creasing soil temperatures throughout the winter (Hardy et al.

2001).

Snow cover removal affects soil arthropod communities

(Templer et al. 2012), and recent research suggests that changes

in soil food web structure can cascade to influence blacklegged

tick populations (Coyle et al. 2013, Burtis et al. 2014).

Interactions between snow cover manipulation and soil arthropod

communities may affect the survivorship of blacklegged ticks. We

tested the impact of reduced snow cover, simulating predicted

conditions in the northeastern United States, on the overwinter

survival of I. scapularis, and examined the role of arthropod pred-

ator richness and abundance on overwinter survival under re-

duced snow cover.
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Materials and Methods

Collecting and Rearing of I. scapularis
Larval I. scapularis were collected at the Cary Institute of Ecosystem

Studies in Millbrook, NY (41� 4705.1300 N; 73� 4400.8300 W) in July

and August (2013) using a dragging method. Larvae were fed on 18

wild-type Peromyscus leucopus from the University of South

Carolina’s Peromyscus Genetic Stock Center. The engorged larvae

were placed in humidified vials, and stored at 5�C until they were

placed in the field in September 2013. Engorged larvae from individ-

ual mice were mixed randomly before placement into microcosms.

Field Installation
Our field installation was located in a northern hardwood forest

near Ithaca, NY (42� 2804.0600 N; 76� 25034.2100 W). The 20- by

10-m installation contained 63 soil core microcosms. Each micro-

cosm was wrapped in fine-mesh cloth and contained within a PVC

pipe (10 cm diameter by 5 cm deep) which enclosed soil and leaf ma-

terial from the site, as well as the associated arthropod community.

Additional information regarding microcosm construction is avail-

able in Brunner et al. 2012. Microcosms were clustered into a snow-

removal group (30 cores), and a reference group (29 cores) where

snow cover was not manipulated. Two TidbiT HOBO temperature

data loggers, in larvae-free microcosms, were placed in each group

(four total). Data loggers were positioned directly under the leaf lit-

ter and recorded temperatures every 4 h. All nondata logger micro-

cosms contained 15 engorged I. scapularis larvae.

Snow was removed from half the plot between 12 November

2013 and 21 January 2014 to simulate predicted snowfall pattern

changes in the northeastern United States (Hayhoe et al. 2008,

Campbell et al. 2010). All snow was removed except for the first

centimeter, which was packed down to minimize leaf litter distur-

bance. Snow depth was recorded twice a week at 8 points on each

plot. Air temperature was recorded at the Northeastern Regional

Climate Center, located 4.5 km from our Ithaca field site.

Collection of I. scapularis and Other Arthropods
I. scapularis and other arthropods were collected from the micro-

cosms between 3 July and 28 July 2014. Soil and leaf materials from

each microcosm were hand sorted for 2 h (Supp Fig. 1 [online only]).

Afterward, all materials were placed in Berlese funnels for 7 d to col-

lect additional nymphs and arthropods. All arthropods were sorted

to taxonomic order. Arthropod predators in the class Chilopoda and

the orders Araneae, Mesostigmata, Pseudoscorpionida, and

Trombidiformes were sorted to taxonomic family (Dindal 1990,

Ubick and Dupérré 2005, Krantz and Walter 2009).

Statistical Analyses
We used two polynomial models to examine differences in daily

mean soil temperatures between the snow removal and reference

plots: 1) examined temperature differences during the snow-removal

period, and 2) differences outside the snow-removal period. Both

models included "snow removal" as a factor, and “date" as a third-

order polynomial. We explored the impact of snow removal on

I. scapularis survival with a Student’s t-test.

We ran three mixed-effects linear models examining the relation-

ship between the litter community and I. scapularis overwinter

survival including the effects of predator family diversity, large
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Fig. 1. Mean daily temperatures recorded at the litter–soil interface from the data loggers in the snow removal (blue) and reference (red) plots, along with the av-

erage air temperature (dashed-grey), and snow depth on the reference plot (black). The vertical dashed line signifies the end of the snow-removal period. The hor-

izontal solid line represents the temperature at which I. scapularis mortality begins to increase substantially (Vandyk et al. 1996). The difference in mean snow

depth between the plots after February 4th was 0.12 cm.
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(>1 mm) arthropod predator (Araneae or Chilopoda) abundance,

and small (<1 mm) arthropod predator (Mesostigmata or

Pseudoscorpionida or Trombidiformes) abundance. A fourth model

examined the effect of predator family richness on large arthropod

predator abundance. Collection date was included as a random ef-

fect, accounting for temporal variation in arthropod predator popu-

lations. P-values were corrected for multiple comparisons using a

false-discovery-rate method (Benjamini and Hochberg 1995).

Analyses were run in the statistical program "R" (R Core Team

2014).

Results

During the snow-removal period, snow depth averaged 4.33 cm

(6 0.38) on the reference plot. Mean daily soil temperatures were

0.62�C lower in the snow removal compared with the reference plot

during the snow-removal period (F¼5.13; df¼1, 137; P¼0.025),

and there was no significant difference outside the snow-removal pe-

riod (F¼1.906; df¼1, 271; P¼0.169). The lowest air temperature

recorded was �19.75�C, while the lowest soil temperature was

�4.23�C (Fig. 1). I. scapularis survival (percentage of nymphs recov-

ered) was not impacted by snow removal (t¼0.071; df¼53;

P¼0.944), with 44.2% (6 4.96) and 44.7% (6 3.91) surviving in

the snow removal and reference plots, respectively.

Arthropods from 17 taxonomic orders were found in our micro-

cosms, and 13 arthropod predator families were identified (Supp

Tables 1 and 2 [online only]). The dominant large arthropod preda-

tors were in the family Lithobiidae (Chilopoda). The dominant small

arthropod predator family was Parasitidae (Mesostigmata).

Arthropod predator family richness (t¼�3.59, df¼57, P<0.001;

Fig. 2A) and large arthropod predator abundance (t¼�3.82,

df¼57, P<0.001; Fig. 2C) both had a significant negative effect on

I. scapularis survival. There was no relationship between small ar-

thropod predator abundance and I. scapularis survival (t¼�1.23,

df¼57, P¼0.226; Fig. 2B). There was also a positive relationship

between predator family richness and large arthropod predator

abundance (t¼5.42, df¼57, P<0.001; Table 1). Snow-removal

treatment had no effect, and was not included in these analyses

(DAIC<2).

Discussion

Snow removal had no impact on the overwinter survival of I. scapu-

laris in our microcosms. Despite air temperatures below �19�C,
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Fig. 2. The percentage of engorged larval I. scapularis that overwintered successfully plotted against—(A) arthropod predator family richness, (B) small arthropod

predator abundance, and (C) large arthropod predator abundance, with best fit lines and 95% confidence intervals. Noise has been added to the data to make

overlapping values visible.
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temperatures under the leaf litter, where I. scapularis overwinters

(Yuval and Spielman 1990, Daniels et al. 1996), never dropped be-

low �4.23�C. Laboratory trials suggest survival of engorged larval

I. scapularis is not strongly reduced until temperatures reach

�10.83�C (Vandyk et al. 1996). Our snow-removal treatment had

minimal impact on the soil temperature, partly because the snow

cover during the removal period was intermittent (Fig. 1). It seems

unlikely that predicted changes to winter soil temperature as a result

of reduced snow cover in regions with intermittent early winter

snow cover will have a strong direct effect on the overwinter sur-

vival of I. scapularis. Our results agree with previous field observa-

tions of the effect of temperature on I. scapularis overwinter

survival (Lindsay et al. 1995, Brunner et al. 2012). It is possible that

prolonged exposure to cold in areas with a permanent early winter

snow pack, where snow removal has a stronger effect on soil tem-

perature (Decker et al. 2003, Templer et al. 2012), would impact

I. scapularis overwinter survival. More study is needed in these

regions.

In contrast, soil arthropod predator community richness had a

significant negative effect on nymphal survival (Fig. 2A), unrelated

to snow-removal treatment. The density of large arthropod preda-

tors, predominantly centipedes in the family Lithobiidae, had a neg-

ative relationship with I. scapularis survival (Fig. 2C), while no such

trend existed for small arthropod predators (Fig. 2B). It is possible

that large arthropod predators targeted I. scapularis in our micro-

cosms, while predatory mites were too small to attack I. scapularis.

Additionally, we observed that as the arthropod predator communi-

ties grew more complex, as measured by family richness, more large

arthropod predators were present. This may indicate that as soil

communities grow more complex, they can support more large ar-

thropod predators, as previously hypothesized (Chen and Wise

1999, Kalinkat et al. 2013).

The density and richness of the soil arthropod communities in

our microcosms were lower than those observed in other studies

(Burtis et al. 2014). The impact of some larger arthropods, particu-

larly spiders, may actually be greater than that observed in our mi-

crocosms. Additionally, our lack of knowledge regarding

interactions between I. scapularis and arthropod predatory taxa

makes it difficult to directly link the decline in I. scapularis survival

to the predators in the cores. Our data represent a snapshot of the

arthropod community, as we could not detect inactive or dead ar-

thropods. Thus, predators not active in July were unaccounted for,

again leading to an underestimation of their potential impact.

The impact of the soil food web on I. scapularis survival has re-

ceived little study, and our data suggest that it warrants further eval-

uation. It is increasingly evident that I. scapularis density can be

impacted by many factors within the soil ecosystem (Coyle et al.

2013, Burtis et al. 2014). This study focused on one portion of the

I. scapularis life cycle and is limited in scale, but it indicates that

soil-dwelling arthropod predators may affect I. scapularis survival.

Further studies may help clarify which factors affect the localized

spatial distribution of this important disease vector.
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