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Edge Distribution of Soil Arthropods?
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AssTRACT.—Ecological trap theory suggests that greater predator activity occurs along edge
habitat, thereby reducing prey abundance. Alternatively, environmental gradients associated
with edge habitat may be responsible for changes in prey abundance irrespective of predator
spatial distribution. To test these alternative hypotheses, I measured the distance soil
arthropods were to edge of boxes (21 X 9.5 cm) placed on the forest floor of prairie
(precipitationimited; 1977-1999) and boreal forest (moderate precipitation; 2000-2001)
sites. Predator theory predicted that in either environment predatory groups would be
located close to edge and herbivore/detritivore groups would not be distributed different
from random. In support of this hypothesis, in the precipitation-limited environment 7 of 11
soil arthropod groups were distributed as predicted; however, only 7 of 13 groups followed
predator predictions in the moderate-precipitation environment. In support of the
environmental gradient hypothesis, 22 of 24 soil arthropod groups were distributed as
predicted. Here, all hard-bodied groups, with the exception of snails, were located closer to
edge than expected and all soft-bodied groups, with the exception of slugs, were not located
closer to edge than expected indicating possible avoidance of external dryness. Tests of these
two hypotheses were confirmed with similar results using a regression method to determine if
distribution declined from edge to interior. In conclusion, the results did not support the
predation hypothesis and instead supported the environmental gradient hypothesis with
moisture the likely explanation for the distribution pattern of soil arthropods.

INTRODUCTION

Increasing recognition of the importance of edges has led many researchers to call for
studies of the functional links between habitat edges and community dynamics (Murcia,
1995; Didham et al., 1996; Fagan et al., 1999; Heliota et al., 2001). One approach to studying
ecological edges is to focus on the abiotic edge effects (i.e., environmental conditions that
change from proximity to a dissimilar ecotone) that link edges to community structure (e.g.,
Chen et al., 1995; Lovei and Sunderland, 1996; Magura et al,, 2001). Another approach
emphasizes direct biotic interactions resulting from edge, including disease, parasites,
competition and predation and their trophic consequences (Kareiva, 1987; Roland and
Taylor, 1997; Kotze and Samways, 1999). Understanding the functional roles of edges
relative to biotic and abiotic interactions is important as human activities are resulting in the
creation of more edges on Earth (Brooks, 2000).

The objective of this study was to test between the two hypotheses explaining soil
arthropod distribution under box edges relative to soil arthropod trophic groups (e.g,
predation) and environmental differences (e.g., moisture). Edges are transition zones
between adjacent habitats, often created by fragmentation due to increased human activity,
that increase the risk of local extinctions (Wiens et al., 1985). Changes in biotic conditions in
edge compared with exterior habitat include predation, parasitism and species interactions
(Saunders et al., 1991; Andrén, 1995). The predation hypothesis predicted that predatory
arthropod groups would be located closer to edge in both habitats, whereas herbivore/
detritivore arthropod groups would be distributed randomly under boxes. Predation at
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edges (Ferguson and Joly, 2002) and greater abundance of larger predators has been
observed near box edges and may explain soil arthropod distribution (Ferguson, 2004a).

Edges have distinctive microclimates, with abrupt changes in light, substrate, water
conditions and complexity (Murcia, 1995). These factors are highly significant for small
animals such as soil arthropods (Lévei and Sunderland, 1996). Soil arthropods are
commonly found under logs (Kolstrom and Lumatjarvi, 1999) and the sheltered
environment under boxes provided a similar microenvironment that included less variable
temperatures, greater moisture and reduced light (Ferguson, 2000). Drying out under
boxes from the outside edge to the centre has been reported for precipitation-limited
prairie environments during periods without rain (Ferguson, 2000) and changes in
abundance of smaller arthropods has been reported with changes in humidity, precipitation
and temperature (Ferguson, 2001). The environmental gradient hypothesis predicted that
hard-bodied arthropods that can withstand desiccation would be located closer to box edges
than at random, whereas soft-bodied arthropods that are more susceptible to desiccation
would be distributed randomly with respect to edge habitat. Also, the environmental
gradient hypothesis predicted that soft-bodied arthropods would be more likely to be
located closer to the centre of boxes in the precipitation-limited environment relative to the
moderate-precipitation environment because the boreal forest provided more humid
conditions.

To test the alternative explanations for the distribution of soil arthropods, I surveyed
arthropods under milk carton boxes (21 X 9.5 cm) placed on the forest floor. The side of the
box created a linear discontinuity (i.e., edge) between the under surface of the box and
‘outside’ forest floor. First, I tested whether density or biomass varied with distance to edge
for soil arthropods located under boxes in a precipitation-limited prairie (summer 1997-
1998) and a moderate-precipitation forest (summer 2000-2001) environment. Next, I tested
which arthropod groups were located closer to edge than at random according to the
predictions for the predation and environmental-gradient hypotheses. Last, I tested the
alternative predictions using a regression of distance to edge and density of arthropods
between the two environments.

STUDY AREA AND METHODS

Study area.—Two study sites were surveyed. The first study area occurred in the
precipitation-limited prairie environment and consisted of a 0.13 kmstand of undisturbed
trembling aspen (Populus tremuloides Michaux) forest located within 1.5 km of the city of
Saskatoon (elevation 504 m) in the prairie region of southcentral Saskatchewan, Canada
(52°10'N, 106°41'W). Grassland prairies in this region include small patches of forest
dominated by an aspen overstory. Precipitation on the dry-climate prairies is highly variable
both within and between years (Sala and Lauenroth, 1982; Ferguson, 2001). Mean monthly
daily temperature (1961-1990 normals) varied from 11.5 C in May to 18.2 C in July (annual
mean = 2.2 C) and mean monthly precipitation varied from 29.0 mm in Sept. to 61.1 mm in
June (annual mean =29.2 mm). There was no evidence or known history of grazing or other
agricultural use of the site.

The second study area occurred in a moderate-precipitation environment and consisted
of a 1 km”® stand of boreal forest located along the McIntyre River within the city of Thunder
Bay, Ontario, Canada (48°22'N, 89°19'W; elevation 199 m). The mixed boreal forest
consisted of jack pine (Pinus banksiana Lamb.), black spruce [Picea mariana (Mill.) B.S.P.],
balsam fir [ Abies balsamea (L.) Mill.], white spruce [Picea glauca (Moench) Voss], white birch
(Betula papyrifera Marsh.) and trembling aspen (Populus tremuloides Michx.). The study
site lies within the Boreal Ecosystem that consists of rolling rocky uplands with coarse
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Fi6. 1.—Comparison of weather between precipitation-limited environment (Saskatoon, SK) (O) and
moderate-precipitation environment (Thunder Bay, ON) (®) for (a) days with measurable precipitation,
(b) degree-days above 18 C, (c) relative humidity (0600L%), and (d) precipitation (mm) over the study
season, May-September

well-drained soils (Rowe, 1972). The climate is humid continental with a mean minimum
January temperature of —15 C and a mean maximum daily temperature for July of 18 C
(Environment Canada, 2001). Mean annual precipitation is approximately 700 mm,
including a mean winter snowfall of 196 cm (Environment Canada, 2001). For the study
period (May to September), mean monthly daily temperature (1961-1990 normals) varied
from 9.0 C in May to 17.7 C in July (annual mean = 2.4 C) and mean monthly precipitation
varied from 69.3 mm in May to 88.5 mm in August (annual monthly mean = 58.6
mm) (Environment Canada, 2001).

In comparing the two study sites, the precipitation-limited study site (Saskatoon) received
considerably less precipitation than the moderate-precipitation environment (Thunder
Bay), particularly during the field season (May-September), and also had fewer days with
precipitation (i.e., longer dry periods; Fig. 1a). Saskatoon was not only hotter (Fig. 1b) and
received less rainfall (Fig. 1d), but also the combination of hot days with little moisture
resulted in lower relative humidity (Fig. 1c).

Sampling.—Twenty plots, consisting of three adjacent boxes, were randomly distributed
within each of the two forests (not along the forest edge) with a minimum distance between
plots of 5 m. Each cardboard box consisted of two 2-liter milk cartons, fitted inside the other
(to create a solid box) and filled with sand (ca. 2 kg). Boxes placed on the leaf litter created
a footprint-sized depression 21 by 9.5 cm. Boxes were initially placed in the field 3 wk before
surveys commenced for the first year at each study site and boxes were replaced as necessary
1 wk before the start of surveys each subsequent year. Boxes depressed the leaf litter creating
a microhabitat island for a diverse soil fauna community similar to that beneath a rock
resting on the forest floor. Casual inspection of rocks and fallen logs within each study area
indicated that boxes supported similar soil fauna.
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During count surveys, boxes were approached cautiously, overturned quickly and the
numbers and size of all soil arthropods (>1 mm) directly under the box were visually
counted. Individual boxes were lifted without disturbing adjacent boxes. Survey seasons
began approximately 1 wk after snow had melted, typically in late April, and ended once
daytime temperatures fell below zero, typically in late September. For the precipitation-
limited environment, 23, 24 and 20 weekly surveys were conducted from May to October
1997, 1998 and 1999, respectively. After the third year of surveys on the Canadian prairies,
the study site was changed to a boreal forest habitat to make comparisons of the associated
soil fauna. For the moderate-precipitation environment, 20 and 11 weekly surveys were
conducted from May to September 2000 and 2001, respectively. Thus, for all years between
20 and 24 weekly surveys were conducted, with the exception of the 2001 survey where
a reduced sampling protocol was implemented to accommodate a different experiment
(Ferguson, 2004b).

Soil arthropod groups (see Bolger et al., 2000) were used to group all soil arthropods
observed under boxes based on differences in size and feeding habits and included:
springtails (Collembola), spiders (Arachnida), ant adults (Formicoidae), centipedes
(Chilopoda), diplurans (Diplura), adult flies (Diptera), mites (Acari), bugs (Hemiptera),
slugs and snails (Mollusca: Gastropoda), Isopods (woodlice), beetles (Coleoptera, adults
and larvae) and earthworms (Annelida). Groups were distinguished as predators,
herbivores/detritivores, hard-bodied or soft-bodied based on available information
(Eisenbeis and Wichard, 1987; Brock et al., 1994). Most of the soillitter invertebrate
community can be described as belonging to two trophic levels, one feeding on the
superficial litter layers and a second trophic level feeding on the consumer group (Ponsard
and Arditi, 2000). For centipedes a noticeable difference between large and small
individuals occurred which may relate to their ability to endure desiccation. Therefore, I
split the group into large (>2 cm) and small (<2 cm) individuals. Some minor arthropod
groups (e.g., moths) were excluded from the analyses if fewer than 20 distance measures
were recorded during a field season.

For individual arthropods, I measured distance (mm) from the centre of locations prior
to movements to the closest box edge (Ferguson, 2000). Once boxes were overturned,
coloured toothpicks were placed where fast-moving arthropods were first observed. For ants,
I only measured distance to edge if fewer than two ants were observed under an individual
box, as large numbers of ants were associated with colonies. For comparison to random
distances to edge, 100 random location points under a theoretical box were generated using
a GIS algorithm (Ferguson, 2000). Random distances provided the available distribution to
which observations could be compared relative to expected patterns. Measures of 0 cm
distance were included in both observed and expected values as these indicated locations on
the edge and sometimes arthropods actually attached to the box edge (e.g., slugs).

Both density and biomass were calculated, as differences in size of individuals of the same
group have been found to influence distance to edge (Ferguson, 2000). For each taxonomic
group, five categories were used to estimate body size in the field with 1 as the smallest and 5
as the largest. I measured body lengths for a sample of 20 arthropods, 4 from each of the five
size categories, within each taxonomic category. Body lengths were measured using calipers
for specimens greater than 5 mm or an ocular micrometer on a dissecting binocular
microscope for specimens less than 5 mm. Body length measurements were made to the
nearest 0.1 mm from the most anterior part of the head to the anus but excluded
appendages. Taking of individuals for measurements occurred during the first year and the
first month for each study site and numbers removed were small relative to the total number
of individuals available. Mean body length measurements by size category were used to
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calculate biomass (dry weight per m?) for the various taxa via published regression
equations (Edwards, 1967; Dotson and Kalisz, 1989; Ganihar, 1997).

Statistical analysis.—For comparative purposes, previously published data on distance to
edge measurements for soil arthropods from the precipitation-limited environment
(Ferguson, 2000) were included in this analysis. The differences from previous analyses
include the addition of data on distance to edge for mites, dividing the centipedes into two
groups (large and small) and using regression analysis to objectively compare distributions
according to distance to edge.

Soil arthropod count and distance data were not normally distributed (Wilk’s Shapiro
normality test, P > 0.05) and transformations failed to normalize all variables. Therefore,
I used nonparametric analyses by ranking data before correlation analyses (Conover and
Iman, 1981). The sample units were measurements of distance to edge for individual
arthropods. The measurements were randomly distributed among box sites so as to not
predispose measurements to any site’s microclimatic conditions. I report untransformed
means * 1 standard error. All statistical analyses were done using SAS (SAS, 1987) statistical
software.

Analyses were performed to determine if density and biomass of arthropod groups varied
with distance (ANOVA of ranked data). Seasonal differences were controlled by using
a general linear model with survey as a repeated measure. Distance to edge for arthropod
groups was compared with a random distribution of locations to determine if some groups
were located closer to edge than expected. The null hypothesis is that there is no difference
between the treatments. Predator-prey theory predicted that herbivore/detritivore groups
would not be located closer to edge habitat than expected whereas predator groups would
be closer to edge habitat relative to a random distribution. Here, I tallied the number of
distance to edge relationships that followed predator/prey predictions in either
environment (precipitation limited vs. moderate precipitation). Environmental gradient
hypothesis predicted that hard-bodied groups would be located closer to edge than either
soft-bodied groups or at random. Again, I compared the number of arthropod groups that
were closer to edge than at random for either hard or soft bodied arthropod groups. As
a secondary test, regression analysis was used to determine whether a significant relationship
existed between density and distance according to the same predictions.

RESULTS

Comparison of distance to edge between sites.—In support of the environmental gradient
hypothesis, density and biomass of soil arthropods was greater closer to edge within the
precipitation-limited environment relative to the moderate-precipitation environments
(Table 1). Overall, soil arthropods were closer to edge in the precipitation-limited
environment (1.45 cm) versus the moderate-precipitation environment (1.87 cm) as well as
for each month of surveys (Fig. 2).

Comparison of arthropod groups between sites.—For the precipitation-limited environment,
spiders, bugs, adult flies, ants, beetles and large centipedes were located closer to edge than
at random (Table 2). Beetle larvae, mites, small centipedes, diplurans, and springtails were
not found closer to edge than at random. Only spiders were generally located within 1 cm of
box edges.

For the moderate-precipitation environment, earthworms were found closer to the centre
of boxes although distances were not significantly different from random (Table 2). Beetle
larvae, snails, small centipedes, springtails and diplurans were found at distances not
significantly different from random. Bugs, slugs, ants, isopods, spiders, and beetles were
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TABLE 1.—Analysis of variance of ranked data to determine the effects of distance to edge on density
and biomass of arthropod groups

Density (no./m?) Biomass (mg/mg)
Source of variation df F P df F P
(A) Precipitation-limited environment:
Arthropod group 8 6.9 0.0001 8 7.3 0.0001
Distance 5 38.7 0.0001 5 37.4 0.0001
Distance by group 14 5.1 0.003 14 3.1 0.005
Error 955 955
(B) Moderate-precipitation environment:
Arthropod group 9 5.8 0.0001 9 13.0 0.0001
Distance 5 6.8 0.0001 5 10.2 0.0001
Distance by group 15 3.2 0.008 15 2.9 0.006
Error 1292 1292

found closer to edge than at random (Table 2). Bugs and slugs were generally observed
within 1 cm of box edges.

Tests of the predator hypothesis using distance to edge.—Predator theory predicted that pre-
datory arthropod groups would be located close to edge in either precipitation-limited or
moderate-precipitation environment. In support of the predation hypothesis, in the preci-
pitation-limited environment 7 of 11 soil arthropod groups were distributed as predicted:
herbivore/detritivore groups were not located closer to edge habitat than expected and
predator groups were closer to edge habitat relative to a random distribution (Table 2).
However, only 7 of 13 groups matched predator predictions for the moderate-precipitation
environment. In total 58% (14 of 24) of groups of arthropods followed predator predictions.

Tests of environmental gradient hypothesis using distance to edge.—In support of the en-
vironmental gradient hypothesis, 92% (22 of 24) of soil arthropod groups were distributed
as predicted in either environment (Table 2). All hard-bodied groups, with the exception of
snails, were located closer to edge than expected. In contrast, all soft-bodied groups, with
the exception of slugs, were not located closer to edge than expected. The two exceptions
occurred for the moderate-precipitation environment which followed predictions based on
the environmental-gradient hypothesis that patterns would be less strong if moisture was not
limiting.

Secondary test of predator hypothesis using linear relationship.—Next, I compared the soil-
arthropod groups from each site relative to the linear relationship between abundance and
distance for the precipitation-limited and moderate-precipitation environments (Table 3).
Predator theory predicted that predatory groups would be located close to edge in either
forest, whereas herbivore/detritivore groups would not be located closer to edge habitat
than expected relative to a random distribution. For the precipitation-limited environment,
spiders, ants, adult beetles, large centipedes and bugs showed a linear decline in abundance
with distance from edge. In contrast, small centipede, beetle larvae, dipluran, springtail and
mite abundance showed no significant decline in abundance (slope not different from zero)
with distance from edge. The tally indicated 6 of 10 predictions followed predictions based
on the predator hypothesis.

For the moderate-precipitation environment, spiders, ants, adult beetles, large
centipedes, bugs and snails declined in abundance with distance from edge (Table 3).
Small centipedes, beetle larvae, diplurans, springtails, mites, slugs, earthworms and isopods
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Fi6. 2—Comparison of monthly changes in distance to edge of soil arthropods between precipitation-
limited environment (Saskatoon, SK) (O) and moderate-precipitation environment (Thunder Bay, ON)
(®). Differences in monthly mean distance to edge (*1 sE) were indicated if letters differ for the
moderate-precipitation environment (top) and precipitation-limited environment (bottom)

showed no significant relationship with distance to edge. The tally for the moderate-
precipitation environment was 8 of 13 followed predator predictions. In total only 54% (13
of 24) of groups followed predator predictions for either environment.

Secondary test of environmental-gradient hypothesis using linear relationship.—The environmen-
tal-gradient hypothesis predicted that hard-bodied groups would be located closer to edge
than expected and soft-bodied groups would not be located closer to edge (because edges
dry out sooner). In support of the environmental gradient hypothesis, all five hard-bodied
soil arthropod groups in the precipitation-limited environment were negatively related to
distance to edge as predicted, whereas none of the soft bodied (n=5) were linearly related
to edge (Table 3). For the moderate-precipitation environment, 6 of 7 hard-bodied
arthropod groups were negatively related to distance to edge and 7 of 7 soft-bodied
arthropod groups were not linearly related to edge. The only exception was for isopods in
the moderate-precipitation environment, which were not negatively related to distance to
edge (P =0.08). In total, 96% (23 of 24) of arthropod groups followed the environmental-
gradient predictions.

Of note, spiders and ants had greater negative slopes in precipitation-limited envi-
ronment versus the moderate-precipitation environment for the linear regression between
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TapLE 2.—Distance to box edge for soil-surface arthropod groups in a (A) precipitation-limited
environment (prairie) and a (B) moderate-precipitation environment (boreal forest). Arthropod
groups that are closer to edge than expected (above dashed line) do not share the same letter as
random points (multiple comparison ANOVA test)

Arthropod Multiple Mean Standard Sample
group Characteristics® comparison* (cm) deviation size Median Mode
(A) Precipitation-limited environment:
Spiders Pred/Hard e 0.80 0.94 174 0.5 0.0
Bugs Herb/Hard e 1.01 1.07 121 0.6 0.0
Adult flies Pred/Hard de 1.20 1.33 121 0.6 0.0
Ants Pred/Hard cd 1.2 1.17 302 0.8 0.0
Beetles Pred/Hard cd 1.35 1.17 179 1.0 0.0
Centipedes L* Pred/Hard cd 1.60 1.20 46 1.8 0.0
Beetle larvae Pred/Soft abc 1.69 1.16 114 1.7 2.0
Mites Herb/Soft ab 1.76 0.97 139 1.4 1.2
Centipedes s* Pred/Soft ab 1.91 0.88 60 1.8 1.4
Diplurans Pred/Soft ab 2.22 1.10 92 2.0 1.5
Springtails Herb/Soft ab 2.35 1.14 204 2.0 1.4
Random points* a 2.43 1.35 100 2.5 1.5
(B) Moderate-precipitation environment:
Bugs Herb/Hard e 0.91 0.76 38 0.8 0.2
Slugs Herb/Soft e 0.98 0.99 159 0.6 0.4
Ants Pred/Hard de 1.21 0.83 31 1.0 0.4
Isopods Herb/Hard cde 1.32 0.78 209 1.1 0.8
Spiders Pred/Hard cde 1.49 1.27 70 1.1 0.2
Beetles Pred/Hard cde 1.49 0.99 217 1.2 0.9
Centipedes L* Pred/Hard cde 1.50 0.90 46 1.2 0.8
Larvae Pred/Soft bed 1.66 0.96 83 1.4 0.8
Snails Herb/Hard bed 1.99 1.24 44 1.7 0.9
Centipedes S* Pred/Soft abe 2.05 1.10 159 1.7 1.4
Springtails Herb/Soft ab 2.35 1.22 46 2.5 1.4
Diplurans Pred/Soft ab 2.51 1.08 61 2.0 1.4
Earthworms Herb/Soft a 2.82 2.44 390 2.2 1.6
Random points* ab 2.43 1.35 100 2.5 1.5

* Groups with the same letter did not differ using Tukey’s multiple comparison test (a0 = 0.05)

¥ One hundred points were randomly generated

# Large (>2 cm) and small (<2 cm) centipedes separated

% Hard = exoskeleton limits desiccation; Soft = soft body susceptible to desiccation; Pred = largely
predaceous; Herb = largely herbivore/detritivore

density and distance to edge (Table 3). Thus, spider and ants were found closer to edge at
both sites; however, the relationship was stronger in the precipitation-limited environment.
No other arthropod groups differed in slopes between the two sites.

Discussion

Within the two forest communities, soil arthropod abundance and distribution appeared
to be influenced more by abiotic, environmental gradients than by biotic predation
influences. In all, predation predictions were supported by 54-58% of the tests. In contrast,
the environmental-gradient hypothesis explained 92-96% of the observed distance to edge
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TaBLE 3.—Regression statistics for density vs. distance from edge for soil arthropod groups measured
in a precipitation-limited environment (Saskatoon, 1997-1999) and a moderate-precipitation en-
vironment (Thunder Bay, 2000-2001). Symbols as in Table 2

(A) Precipitation-limited (B) Moderate-precipitation
Arthropod environment environment
group Characteristics” Slope P ”? Slope P I
Spiders Pred/Hard —27.4 0.026 0.85 —6.6 0.041 0.80
Ants Pred/Hard —41.9 0.006 0.94 —4.6 0.019 0.96
Beetles Pred/Hard —27.6 0.003 0.97 —23.4 0.006 0.94
Centipedes L* Pred/Hard —18.0 0.01 0.90 24.8 0.008 0.90
Centipedes s* Pred/Soft —16.1 0.25 0.58 15.2 0.94 0.15
Bugs Herb/Hard —18.2 0.002 0.97 —8.0 0.05 0.90
Larvae Pred/Soft —16.1 0.16 0.53 —-16.9 0.38 0.51
Diplurans Pred/Soft —45.3 0.46 0.29 —81.7 0.41 0.57
Springtails Herb/Soft 10.5 0.85 0.12 —-0.5 0.99 0.07
Mites Pred/Soft 5.8 0.95 0.09 —-19.5 0.55 0.12
Slugs Herb/Soft —45.7 0.089 0.67
Snails Herb/Hard —-3.0 0.046 0.78
Earthworms Herb/Soft 174 0.66 0.07
Isopods Herb/Hard —63.5 0.078 0.70

patterns. In additional support of the environmental-gradient hypothesis, some of the linear
relationships (ants and spiders) were stronger (steeper slope) within the precipitation-
limited vs. moderate-precipitation environment, suggestive of a response to decreased
humidity on the prairies. And of the few arthropod groups that did not follow
environmental gradient predictions, all occurred in the moderate-precipitation environ-
ment where moisture limitation was considerably reduced. This study provides correlative
evidence that soil arthropod distribution relative to edges is largely determined by moisture
gradients at the scale of 21 X 9.5 cm boxes. However, biotic variables likely contributed to
the spatial distribution of soil arthropods, although perhaps at a different temporal scale
than that investigated.

Conclusive testing of these alternative explanations will require a more detailed
experimental design that incorporates a more comprehensive understanding of individual
species’ life histories. Therefore, interpretations of the results of this study should be
tempered by recognition of the limitations of the sampling methodology (André et al., 2002)
that includes the coarseness of taxonomic analysis and the general lack of knowledge of diets
and resistance to desiccation of individual species. The experimental design did not properly
control for annual variation as the two studies at different sites were conducted one after the
other rather than at the same time. Still, the precipitation-limited environment was studied
over 3 y and the moderate-precipitation environment over 2 y, which incorporated at least
some annual variation. Changes in the distribution and abundance of particular species,
genera or families of arthropods, relative to predation and moisture, may be more important
in understanding distributional changes associated with edge habitat than the general
grouping of arthropods used here. Another uncontrolled effect was differences in precipi-
tation between study sites that resulted in differences in vegetation and subsequently
differences in soil-arthropod community assemblages. Once again, species-specific responses
to moisture changes associated with these different communities may have been obscured by
the taxonomic scale used in this study. Research into community ecology requires balancing
more simple studies of predator-prey perspectives and environmental influences with
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ecological system analysis that accounts for the dynamic attributes of interacting species and
their response to the details of habitat structure (e.g., Roland and Taylor, 1997).

Effects of a moisture gradient under boxes were more extreme for the precipitation-
limited environment relative to the moderate-precipitation environment. The precipitation-
limited environment was representative of temperate prairie grasslands where it is known
that water limits primary productivity (Knapp et al, 2001), in part, due to extreme
interannual variation (Frank and Inouye, 1994). Soil moisture and rainfall are generally the
strongest correlates with densities of soil-surface arthropods in grassland areas (Reddy and
Venkataiah, 1990; Ferguson and Joly, 2002). Prairie environments have greater temporal
variability in precipitation, whereas boreal forests have greater primary production and less
variability in precipitation (Knapp and Smith, 2001). Forests, with their relatively large
plants, have high production from year to year, with grasslands coming in second and
deserts third (Knapp and Smith, 2001). They found a different pattern in how these three
biomes responded to fluctuations in precipitation. Forests, which receive fairly stable
amounts of annual rainfall, grow roughly the same amount in wet or dry years. In contrast,
grasslands proved more extreme in rainfall and four times more variable in year-to-year
rainfall than forests. In this study, the precipitation-limited study site (prairie) received
considerably less precipitation, particularly during the May-September field season, and
had fewer days with precipitation that resulted in longer dry periods (Ferguson, 2004a). The
combination of hot days with little moisture on the prairie site resulted in lower relative
humidity which would have resulted in periods of drying-out under boxes. This pattern may
explain the low numbers of earthworms, slugs and snails under boxes placed on the
precipitation-limited environment relative to the moderate-precipitation environment.

Soil arthropods can survive drought by physiological tolerance to loss of body water
(Crowe et al,, 1992), evolving lessened water permeability of their integument to resist
desiccation (Vannier, 1983) or moving to moist microsites during drought periods, either
vertically (Héagvar, 1983) or horizontally (Verhoef and Van Selm, 1983). This latter strategy
could explain changes in distribution associated with edges. Migration may enable
arthropods to survive transient drought spells, but longerlasting or extreme drought is
likely to incur physiological stress. Moreover, evapotranspiration by plants tends to dry out
the soil in the whole root zone, leaving soil invertebrates living in precipitation-limited
environments with no moist place in which to migrate (Holmstrup et al., 2001).

Soil-dwelling arthropods living in precipitation-limited environments are, therefore, likely
to be physiologically stressed during summer droughts that result in loss of body water.
Springtails respond to light by moving away, which is likely a response to avoid the risk of
desiccation (Salmon and Ponge, 1998). Changes in movement patterns are the simplest,
and perhaps most widespread, edge-mediated effect (Kareiva, 1987; Henein and Merriam,
1990; Ims, 1995; Andreassen et al., 1998). Also, microclimatic conditions differ greatly across
edges (e.g, Chen et al, 1992, 1995), thereby influencing the survival of dispersing
arthropods. Surface dispersal abilities may be important in environments where suitable
habitats are patchy and individuals rely on dispersal between patches to reduce risk of
desiccation (Hertzberg and Leinaas, 1998; Hertzberg et al., 2000). The ability of soil
arthropods to physiologically adapt to drought and behaviourally disperse will modify the
distribution and abundance in edge habitats. Greater structural diversity characterizes edge
habitats relative to interior habitat (Harper and Macdonald, 2001) and, therefore, affects
soil arthropod distribution along the edge-to-interior gradient. Previous research in the
precipitation-limited environment found soil-arthropod predators located closer to edge
than small arthropod prey and large predators were located closer to edge than small
predators (Ferguson, 2000).
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The most studied edge mediated change in species interactions is the so-called ecological
trap hypothesis (Gates and Gysel, 1972) whereby nesting passerine birds behaviourally favor
the edges of forest patches at the risk of increased mortality from edge-foraging generalist
predators and nest parasites (Pasitschniak-Arts and Messier, 1995; but see Lariviere, 2003).
Edges that act as biological barriers (e.g., Wegner and Merriam, 1979) may increase animal
movement parallel to edges resulting in “travel corridors” (Bider, 1968; Kaiser, 1983). Travel
corridors generate a disproportionately high frequency of interspecific contacts at edges,
including predation (Gates and Gysel, 1972; Angelstam, 1986; Patterson and Messier, 2000).
Use of travel corridors by predators was the mechanism proposed to explain the spatial
distribution of soil arthropod predators and prey in the precipitation-limited environment
(Ferguson, 2000).

However, the research results reported here indicate that moisture gradients may be
a more heuristic explanation of the distribution patterns of soil arthropods under boxes.
Habitat edges are a principal component of fragmentation and patch patterns (Weathers
et al., 2001). Habitat fragmentation and patchiness have at least as much potential to affect
species interactions and communities as they do to affect population dynamics. Therefore,
understanding the impact of edges is key to deciphering how community dynamics change
as functions of habitat structure and spatial scale. Future experimental efforts should focus
on the community impacts of habitat edges that will help understand spatial dynamics by
combining movement data with information on demographics and species interactions to
obtain a more complete interpretation of overall biotic and abiotic effects of edges.
Monitoring soil arthropod biodiversity will provide means to assess changes in forest
environments due to global climate change and conserve biodiversity.

Acknowledgments.—Financial support was provided by post-doctoral funding from NSERC and Bowater
Pulp and Paper Inc., Thunder Bay Woodlands Division. Quin Ferguson contributed field assistance.
I thank two anonymous reviewers who provided helpful comments on previous versions of the
manuscript.

LITERATURE CITED

ANDRE, H. M., X. DUCARME AND P. LEBRUN. 2002. Soil biodiversity: myth, reality or conning? Oikos, 96:3-24.

ANDREN, H. 1995. Effects of landscape composition on predation rates at habitat edges, p. 225-255. In:
L. Hansson, L. Fahrig and G. Merriam (eds.). Mosaic landscapes and ecological processes.
Chapman and Hall, London, UK.

ANDREASSEN, H. P., K. HERTZBERG AND R. A. Ims. 1998. Space-use responses to habitat fragmentation and
connectivity in the root vole Microtus oeconomus. Ecology, 79:1223-1235.

ANGELSTAM, P. 1986. Predation on ground-nesting birds’ nests in relation to predator density and habitat
edge. Oikos, 47:365-373.

BmDER, J. R. 1968. Animal activity in uncontrolled terrestrial communities as determined by a sand
transect technique. Ecol. Monogr., 38:269-308.

BoLcer, D. T., A. V. Suarez, K. R. Crooks, S. A. MorrisoN aND T. J. Case. 2000. Arthropods in urban
habitat fragments in southern California: area, age, and edge effects. Ecol. Appl., 10:1230-1248.

Brock, T. D., M. T. MADIGAN, J. M. MARTINKO AND J. PARKER. 1994. Biology of microorganisms, 7th ed.
Prentice Hall, Englewood Cliffs, New Jersey.

Brooks, L. 2000. Living on the edge. Nature, 403:26-28.

CHEN, J., J. F. FRANKLIN AND T. A. Spigs. 1992. Vegetation responses to edge environments in old-growth

Douglas-fir forests. Ecol. Appl., 2:387-396.
. 1995. Growing-season microclimatic gradients from clearcut edges into old-growth Douglas-fir
forests. Ecol. Appl., 5:74-86.

CoNOVER, W. AND R. IMaN. 1981. Rank transformations as a bridge between parametric and non-

parametric statistics. Am. Statist., 35:124-129.




86 THE AMERICAN MIDLAND NATURALIST 152(1)

CROWE, J., F. HOEKSTRA AND L. CROWE. 1992. Anhydrobiosis. Ann. Rev. Phys., 54:579-599.
Dipuam, R. K., J. GHAzZOUL, N. E. STORK AND A. J. Davis. 1996. Insects in fragmented forests: a functional
approach. TREE, 11:255-260.
Dotson, D. B. anp P. J. Kawsz. 1989. Characteristics and ecological relationships of earthworm
assemblages in undisturbed forest soils in the southern Appalachians of Kentucky, USA.
Pedobiol., 33:211-220.
Epwarps, C. A. 1967. Relationships between weights, volumes and numbers of soil animals, p. 585-594.
In: O. Graff and J. E. Satchell (eds.). Progress in soil biology. North-Holland Publishing Com-
pany, Amsterdam.
EiseENBELS, G. AND W. WICHARD. 1987. Atlas on the biology of soil arthropods. Springer-Verlag, Berlin.
ENVIRONMENT CaNADA. 2001. Canadian climate normals 1961-1990. http://www.cmc.ec.gc.ca/climate/
normals/ THBAY001.html. Dec. 10, 2001.
Facan, W. F., R. S. CANTRELL AND C. CosNEr. 1999. How habitat edges change species interactions. Am.
Nat., 153:165-182.
FERGUSON, S. H. 2000. Predator size and distance to edge: is bigger better? Can. J. Zool., 78:713-720.
. 2001. Changes in trophic abundance of soil arthropods along a grass-shrub-forest gradient. Can.
J- Zool., 79:457-464.

. 2004a. Influence of edge on predator-prey distribution and abundance. Acta Oecologia, 25:111—
117.

. 2004b. Effects of poisoning nonindigenous slugs in a boreal forest. Can. J. For. Res., 34:449-455.
AND D. O. Jory. 2002. Dynamics of springtail and mite populations: the role of density

dependence, predation, and weather. Ecol. Entom., 27:565-573.

Frang, D. A. anp R. S. INOUYE. 1994. Temporal variation in actual evapotranspiration of terrestrial
ecosystems: patterns and ecological implications. J. Biogeog., 21:401-411.

Gares, J. E. AND L. W. GysiL. 1972. Avian nest dispersion and fledgling success in field-forest ecotones.
Ecology, 59:871-883.

GANIHAR, S. R. 1997. Biomass estimates of terrestrial arthropods based on body length. J. Biosci., 22:
219-224.

HAGVAR, S. 1983. Collembola in Norwegian coniferous forest soils II. Vertical distribution. Pedobiologia,
25:383-401.

HARPER, K. A. AND S. E. MacpONALD. 2001. Structure and composition of riparian boreal forest: new
methods for analyzing edge influence. Ecology, 82:649-659.

HELIOTA, J., M. Korvura AND J. NIEMELA. 2001. Distribution of Carabid beetles (Coleoptera, Carabidae)
across a boreal forest-clearcut ecotone. Cons. Biol., 15:370-377.

HEeNEIN, K. AND G. MERRIAM. 1990. The elements of connectivity where corridor quality is variable.
Landscape Ecol., 4:157-170.

HERTZBERG, K. AND H. P. LEINAAS. 1998. Drought stress as a mortality factor in two pairs of sympatric

species of Collembola at Spitsbergen, Svalbard. Polar Biol., 19:302-306.

, N. G. Yoccoz, R. A. Ims aNp H. P. LEiNaas. 2000. The effects of spatial habitat configuration on
recruitment, growth and population structure in arctic Collembola. Oecologia, 124:381-390.
Hormstrup, M., H. SjurseN, H. RavN aND M. BavLiy. 2001. Dehydration tolerance and water vapour

absorption in two species of soil-dwelling Collembola by accumulation of sugars and polyols.
Funct. Ecol., 15:647-653.
Ims, R. A. 1995. Movement patterns related to spatial structures, p. 85-109. /n: L. Hansson, L. Fahrig and

G. Merriam (eds.). Mosaic landscapes and ecological processes.Chapman and Hall, London,
UK.

Kaiser, H. 1983. Small scale heterogeneity influences predation success in an unexpected way: model
experiments on the functional response of predatory mites (Acarina). Oecologia, 56:249-256.

Kareva, P. 1987. Habitat fragmentation and the stability of predator-prey interactions. Nature, 326:
388-390.

Knarp, A. K. AND M. D. SmitH. 2001. Variation among biomes in temporal dynamics of aboveground
primary production. Science, 291:481-484.



2004 FERGUSON: SoOIL ARTHROPODS 87

——, J. M. BrigGs AnD J. K. KOELLIKER. 2001. Frequency and extent of water limitation to primary
production in a mesic temperate grassland. Ecosyst., 4:19-28.

Korstrom, M. anp J. LumatjarvL. 1999. Decision support system for studying effects of forest
management on species richness in the boreal forest. Ecol. Model., 119:43-55.

Kotze, M. AND M. J. Samways. 1999. Invertebrate conservation at the interface between the grassland
matrix and natural Afromontane forest fragments. Biodiv. & Cons., 8:1339-1363.

Larviire, S. 2003. Edge effects, predator movements, and the travel-lane paradox. Wildl. Soc. Bull.,
31:315-320.

Lover, G. L. anp K. D. Sunperranp. 1996. Ecology and behavior of ground beetles (Coleoptera:
Carabidae). Ann. Rev. Entomol., 41:231-256.

Macura T., B. TorumERrEsz AND T. MOLNAR. 2001. Forest edge and diversity: carabids along forest-
grassland transects. Biodiv. & Cons., 10:287-300.

Murcaia, C. 1995. Edge effects in fragmented forests: implications of conservation. TREE, 10:58-62.

PASITSCHNIAR-ARTS, M. AND F. MEssiER. 1995. Risk of predation on waterfowl nests in the Canadian
prairies: effects of habitat edges and agricultural practices. Oikos, 73:347-355.

PATTERSON, B. R. AND F. MESsIER. 2000. Factors influencing killing rates of white-tailed deer by coyotes in
eastern Canada. J. Wildl. Manag., 64:721-732.

PonsarD, S. AND R. ArbiTr. 2000. What can stable isotopes (8'°N and 8'3C) tell about the food web of soil
macro-invertebrates? Ecology, 81:852-864.

REDDY, M. V. AND B. VENKATAIAH. 1990. Seasonal abundance of soil-surface arthropods in relation to some
meteorological and edaphic variables of the grassland and tree-planted areas in a tropical semi-
arid savanna. Internat. J. Biometeorol., 34:49-59.

RoLAND, J. AND P. D. TavLOR. 1997. Insect parasitoid species respond to forest structure at different spatial
scales. Nature, 386:710-712.

ROWE, J. S. 1972. Forest regions of Canada. Canadian Forestry Service. Department of the Environment.
Information Canada Catalogue No. 47-1300. Ottawa, Canada.

Sara, O. E. AND W. K. LAUENROTH. 1982. Small rainfall events: an ecological role in semiarid regions.
Oecologia, 53:301-304.

SALMON, S. AND J. PONGE. 1998. Responses to light in a soil-dwelling springtail. Europ. J. Soil Biol., 34:
199-201.

SAUNDERs, D. A, R. J. HoBss anp C. R. MarRGULES. 1991. Biological consequences of ecosystem frag-
mentation: a review. Cons. Biol., 5:18-32.

VANNIER, G. 1983. The importance of ecophysiology for both biotic and abiotic studies of the soil, p. 289—
314. In: P. Lebrun (eds.). New trends in soil biology. Dieu-Brichart, Ottignes-Louvain-la-Neuve,
Belgium.

VERHOFEF, H. AND A. VAN SELM. 1983. Distribution and population dynamics of Collembola in relation to
soil moisture. Holarctic Ecol., 6:387-394.

WEATHERS, K. C., M. L. CapENAssO AND S. T. A. PickeTT. 2001. Forest edges as nutrient and pollutant
concentrators: potential synergisms between fragmentation, forest canopies, and the
atmosphere. Cons. Biol., 15:1506-1514.

WIENs, J. A., C. S. CRawrORD AND J. R. Gosz. 1985. Boundary dynamics: a conceptual framework for
studying landscape ecosystems. Otkos, 45:421-427.

WEGNER, J. F. AND G. MERRIAM. 1979. Movements by birds and small mammals between a wood and
adjoining farmland habitats. J. Appl. Ecol., 8:349-357.

SusmITTED 1 AucusT 2003 AcCEPTED 6 FEBRUARY 2004



