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ABSTRACT We evaluated the effect of four different forest management techniques, unthinned
control and three thinning intensities (light, light with gaps, and heavy thin), on arthropod abundance,
diversity, and community structure as an indicator of ecological processes affecting other forest fauna.
Ground-dwelling arthropods were collected during 2000Ð2001, with pitfall traps in June (warm-wet
season) and August (hot-dry season) 5 yr after a thinning treatment in 40- to 60-yr-old Douglas Þr
[Pseudotsuga menziesii (Mirb.) Franco] trees in the Willamette National Forest. We found arthropod
abundance and diversity was higher in heavy and light/gap thinning treatments than the other
treatments. Additionally, four groups (ants, spiders, camel-crickets, and millipedes) preferred the
more intense thinning treatment areas. The abundance of carabids, the third most abundant group,
was higher at the unthinned control than any thinning treatment during the wet season, but not during
the dry season. Although the immediate disturbance associated with thinning might be expected to
decrease population density of fauna such as ground beetles, we hypothesized that the principal effect
of thinning was to increase habitat heterogeneity in these uniform plantations and indirectly increase
species richness and abundance of soil-dwellers. Nonmetric multidimensional scaling (NMS) of
overall arthropod community composition revealed that both seasonality and thinning were highly
signiÞcant, resulting in four separateclustersofpoints,with seasondominating thinning.Bothvariables
were correlated with litter moisture. The NMS results indicated that ants preferred heavy thinning
intensity. Spiders, carabids, and millipedes were positively associated with litter moisture, and camel-
crickets were negatively associated with litter moisture. Overall, our results suggest that some
dominant groups of ground-dwelling arthropods are sensitive indicators of environmental change,
such as forest thinning.
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OVER THE PAST HALF-CENTURY, several million hectares
of mature and old-growth forests have been harvested
in western Oregon and Washington and converted to
young stands (Hunter 1993, 2001). Over time, the
proportion of older forests in the landscape has
steadily decreased, whereas the amount of young
managed forests has vastly increased (Hunter 1993);
therefore, the need for information on impacts of
silvicultural practices has become a signiÞcant part of
the prospective forest management plan in the North-
west Forest Plan. Young Stand Thinning and Diversity
Study (United States Department of Agriculture) and
the Density Management Study (United States De-
partment of the Interior) are designed to determine
how different thinning treatments can accelerate the
development of late-successional habitat, a primary

requirement of the Northwest Forest Plan (Han and
Kellogg 2000).

The overall long-term goals of the multidisciplinary
Young Stand Thinning and Diversity Study are to
determine to what extent management strategies will
(1) accelerate the return of old-growth characteristics
in younger managed stands and (2) promote more
biologically diverse young forests (Hunter 1995,
2001). Forest management through the application of
thinning protocols can alter species composition and
stand structure (Graham 1999). Thinning can also
create more disease- and insect-resistant stands (Ber-
ryman 1986).

Although both unmanaged and managed forest eco-
systems show variation in structure and composition,
the greatest difference between unmanaged and man-
aged stands is the lower density and volume of large
snags and logs, as well as the lower number of trees and
lower basal area of live trees in managed plantations
(Spies et al. 1988, Spies and Franklin 1991, Hunter
1993). Thinning young stands may provide growing
conditions that more closely approximate those con-
ditions historically found in developing old-growth
stands (Tappeiner et al. 1997). Thinning can move
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stands out of the closed-canopy competitive stage and
accelerate the development of conditions found in
late seral forests (Bailey 1996, Hayes et al. 1997).

Arthropods are one of the most speciose groups on
earth, accounting for �70% of all described species,
including insects, which account for 56% of all de-
scribed species (Groombridge 1992, Pollock 1998,
Schowalter 2000). Arthropods represent the vast ma-
jority of recognized species in terrestrial ecosystems
(Schowalter 2000). The diversity of arthropod species
largely reßects an equivalent variety of physiological
and behavioral adaptations to environmental condi-
tions (Schowalter and Sabin 1991, Niemelä et al. 1992,
Niemelä and Spence 1994). This capacity for rapid
response to environmental change allows many ar-
thropods to be useful indicators of change, as well as
major engineers and potential regulators of ecosystem
conditions (Schowalter 2000).

Interpreting the responses of a diverse arthropod
community to multiple interacting environmental fac-
tors in integrated ecosystems requires new ap-
proaches, such as multivariate statistical analysis and
modeling (Liebhold et al. 1993, Gutierrez 1996). Such
approaches may beneÞt from avoidance of species-
level resolution, using instead the combination of spe-
cies into phylogenetic or functional groupings. An
ecosystem approach provides a framework for inte-
grating arthropod ecology with the changing patterns
of ecosystem structure and function.

Although previous studies of arthropod responses to
thinning apply to a wide range of 20- to 120-yr-old
stands (Schowalter 1995), there is a lack of arthropod
community data for 40- to 60-yr-old managed Douglas
Þr[Pseudotsugamenziesii(Mirb.)Franco(Pinaceae)]
forests, which are becoming as important a portion of
the Northwest Forest as the widespread young stand

areas (Hunter 1993, Schowalter 1995). For this study,
four thinning treatments were applied to young stands
of 40- to 60-yr-old plantations.

The objective of this study was to determine the
diversity and abundance of ground-dwelling arthro-
pods in young stands of Douglas Þr that had been
subjected to thinning treatments. Our speciÞc hypoth-
esis is that there will be treatment differences (di-
rectly correlated with intensity of disturbance) during
each of the two principal growing seasons of the year
(wet spring and dry summer). Furthermore, we ex-
pect that the effects of thinning would be greatest
during the dry season. Our rationale is based on the
widely documented observation (Bohac et al. 1997,
Hayes et al. 1997, Tappeiner et al. 1997, Hunter 2001)
that young managed plantations are characterized by
homogeneous canopy tree species cover, minimal
shrub and herb cover, and lack of snags and downed
coarse woody debris. Because all three thinning in-
tensities employed in this study are relatively benign,
we expect that the principal effect of thinning will be
to increase heterogeneity on the forest ßoor, thereby
increasing arthropod diversity without drastically re-
ducing the fauna by physical disturbance alone. We
expect that the differences in entomofauna will be
greater during the dry season because moisture will be
affected by thinning treatments more substantially is
the dry season than in the wet season.

Materials and Methods

Study Sites. The study was conducted in 2000 and
2001 at four study blocks located in the Blue River,
McKenzie, and Oakridge Ranger Districts in the Wil-
lamette National Forest (44�07�30� N, 122�15�00� W)
on the western slope of the Cascade Mountain Range

Fig. 1. Map of four study blocks (rectangles), TAP (T), MILL (M), FLAT (F), WALK (W), in Willamette National Forest
in Oregon. Major highways and cities are indicated for reference.
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in Oregon (Fig. 1). This region receives 2,000Ð4,000
mm of rainfall annually, with only 5% falling between
1 Julyand31October.Theaverageyearly temperature
is 10.1�C, with 1.6�C in January and 18.9�C in July. Soils
are generally well developed on a tertiary volcanic
substrate (Zobel et al. 1976). The forest overstory is
dominated by two conifer species: Douglas Þr and
western hemlock [Tsuga heterophylla (Raf.) Sarg.
(Pinaceae)] (Franklin and Dyrness 1973). The re-
gional climate of the typical northwestern mesic forest
zone is Mediterranean, with relatively warm wet win-
ters and hot dry summers.
Thinning Treatments. Four thinning treatments

were selected at each of four blocks (Han and Kellogg
2000). The four blocks were the MILL, TAP, FLAT,
and WALK thinning areas in the Willamette National
Forest (Hunter 1993) (Fig. 1). The four stands in each
block were randomly assigned for the four thinning
treatments, which were unthinned control (CN; 649
residual trees per hectare [TPH]), light thin (LT; 271
TPH), light thin with gap (L/G; 271 TPH with gaps,
equally spaced 0.2-ha patches representing 20% of the
stand area were completely harvested and under-

planted), and heavy thin (HT; 123 TPH with under-
planting; Fig. 2). The thinning treatment areas were
selected for stand characteristic homogeneity of age,
stand index, soil class, treatment size, dominant plant
community type, slope, and elevation at each block
(Hunter 1993). The age of the dominant conifer trees
at the study site is 40Ð60 yr old, and their height is
18Ð27 m. Stands averaged �610 trees/ha �10 cm di-
ameter breast height. Deciduous trees average �7% of
the canopy cover (Bohac et al. 1997). The L/G treat-
mentwas the sameasLTexcept that�20%of the stand
consisted of 0.2-ha openings. The WALK block is
somewhat more mesic than the others because of its
north-facing aspect and is thus dominated by
RhododendronmacrophyllumD. Don (Ericaceae) and
Gaultheria shallon Pursh (Ericaceae).

Thinning treatments were implemented in 1993Ð
1994 for precommercial thinning, and woody material
was left on the site, both downed and standing, for
reasons of structural diversity, animal habitat needs,
and long-term site productivity (Hunter 1995).
Ground-based skidding, cable, and mechanized (har-
vester-forwarder) harvest systems were used (Han

Fig. 2. (A) An aerial photo of four thinning treatments in landscape view at FLAT block (adapted from a photo taken
by Sonja Weber). (B) A schematic of four thinning treatments. Numbers indicate the number of trees per hectare (tph; CN,
control; LT, light thin; L/G, light with gap thin; HT, heavy thin).
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and Kellogg 2000). After harvest, heavy and light thin
w/gap treatments were underplanted with coniferous
species.
Litter Collecting and Litter Moisture Measure. To

measure moisture content (%) of the litter, Þve sub-
samples of litter (�20 g) were chosen from randomly
selected locations within each treatment. We col-
lected the litter samples above the soil layer and
placed the samples in plastic bags to maintain the
original moisture conditions until the samples could
be measured. The litter sampling periods co-occurred
with arthropod sampling seasons in June and August
in 2000Ð2001. The fresh litter subsamples were
weighed soon after collecting from the treatments,
and the samples were transferred into small envelopes
and dried at 50�C to a constant weight. The litter
moisture contents were calculated into percentages
from the difference of fresh weight and dry weight.
Ground-dwelling Arthropod Sampling. We con-

ducted a 2-yr study to monitor response of ground-
dwelling arthropods to thinning treatments. Samples
were taken using pitfall traps over the intervals 15 June
to 29 June (warm wet season) and 27 July to 11 August
(hot dry season) in 2000, and 18 June to 3 July and 2
August to 18 August in 2001. Each pitfall trap consisted
of two plastic cups (12.5 cm in diameter by 8 cm deep)
stacked and buried ßush within the soil surface. The
upper cup, containing propylene glycol as a preser-
vative, was used for trapping, while the bottom cup
remained in place to reduce local soil disturbance
between collection dates. Each trap was covered by a
metal cover (13 by 13 cm) to prevent rain from di-
luting the preservative and supported by four nails,
leaving a space of �3 cm between the cover and the
rim of the cup, which was at ground level. Five pitfall
traps set out in a pentagon-shaped transect per treat-
ment were maintained for 2 wk per sampling period.

Pitfall trapping represents abundances of arthro-
pods encountering the traps, and therefore, captures
represent activity rather than density (Schowalter et
al. 2003). Pitfall trap data provide useful evidence of
change in relative abundance or activity that results
from environmental changes (Work 2000). To mini-
mize the edge effect of each thinning treatment, the
trap grid was located close to the center of each treat-
ment along a transect (arranged 3 by 3 cross) with 5-m
intervals (Nakashizuka and Stork 2002). In theory, the
three forms of thinning treatments should produce a
graduated response of the ground-dwelling arthro-
pods, because none of the thinning treatments is par-
ticularly severe. The direct effects of gaps are mini-
mized in this research because sampling is conÞned to
the circumference of the gaps and not within the gaps
per se; any effect of gaps would be at the stand level.

Samples collected from each treatment site were
taken to the laboratory and identiÞed with a dissecting
microscope to as Þne a taxonomic resolution as pos-
sible. The identiÞed sample data were pooled to com-
pare abundance and diversity of arthropods under the
separate treatments. Ground beetles (carabids),
widely employed in biodiversity studies, were keyed
to species level (Lindroth 1969). Separate analyses

were performed on (1) total taxa with individual anal-
ysis of Formicidae, Araneae, Gryllacrididae, and
Polydesmida and (2) Carabidae.
Statistical Analyses. Species diversity was measured

by �, �, and � diversity. In general, at the resolution of
this study, � diversity is a measure of microhabitat
diversity within a homogeneous community; � diver-
sity is change between communities or change be-
tween microhabitats within homogeneous communi-
ties; and � diversity is total diversity of all sampled
communities within a geographic area (Cody 1986).
To calculate � diversity, the total number of species (�
diversity) was divided by the average number of spe-
cies (� diversity) per each thinning treatment. The
Shannon-Weiner diversity index was calculated, with
evenness included, as well as the Simpson diversity
index (McCune and Grace 2002).

These thinning treatments were assigned to stands
in a randomized block design. Each of the four study
areas was considered a regional replicate (block), and
the statistical analysis of this studywasbasedonnested
experimental design. Given the randomized block de-
sign of the experiment, we initially evaluated re-
sponses of individual taxa and groups to site (block)
and thinning treatments using the split plot in time
approach by analyses of variance (ANOVAs), with 3
df for block, 3 df for treatment, and 1 df for time
(seasons) (Sokal and Rohlf 1981). ANOVA was used
to test the differences in mean abundance, mean spe-
cies richness, and mean species diversity for the
ground-dwelling arthropod community (SAS Institute
2001). F-statistics were calculated for site, thinning
treatment, season, and interactions. The Tukey-
Kramer procedure was used to compare treatment
means. In all analyses, the level of signiÞcance was at
least P � 0.05 (SAS Institute 2001).

Ordination analyses were done using PC-ORD ver-
sion 4.28 (McCune and Mefford 1999, McCune and
Grace 2002). The pooled main matrices for each ar-
thropod sample had high � diversity, moderate to
extreme row and column skewness, and a high coef-
Þcient of variation among the sums of the columns
(species) in the matrix. Thus, rare species that oc-
curred in �5% of the samples were deleted, and the
data were transformed by taking logarithms. Relativ-
ization by column (species) maxima was then done to
equalize the weights between abundant and less abun-
dant species. The Sorensen distance measure was used
for all analyses. The transformed data were used for
ordination analysis at this point.

Nonmetric multidimensional scaling (NMS)
(Mather 1976, Kruskal 1964, Clarke 1993) is an itera-
tive method based on rank distances between sample
units. It is useful for ecological gradient studies be-
cause of its general robustness and lack of assumptions
about the distribution or type of data. Therefore, NMS
was used to determine the number of factors struc-
turing the complex arthropod community structure
and to qualitatively summarize the overall distribution
of species assemblages across the gradients of different
thinning levels. NMS was used in lieu of other ordi-
nation methods because it avoids the “zero-truncation
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problems” of Beals (1984). We used 10 variables to
determine which of the variables had high correlation
coefÞcients. The variables we used for NMS analysis
are four categorical variables (year, season, site, thin-
ning treatments) and six quantitative variables (ele-
vation, slope, area, stand age, litter moisture, litter
depth).

Our randomized block experiments and simple re-
peated-measure designs, which are common in ecol-
ogy, required blocked multi-response permutation
procedures (MRBP) (McCune and Grace 2002). The
MRBP analysis reassigned randomly the observed val-
ues to different treatments in each block, and the
analysis required a balanced design: there must be one
sample unit for each combination of block and treat-
ment. Additionally, the number of treatments must be
the same among blocks, and each treatment must be
present in each block. Using MRBP focuses the anal-
ysis on block differences, presumably because of the
treatment alone (McCune and Grace 2002). Because
our research Þtted well to the analysis, we could use
MRBP. This procedure was useful for analyzing eco-
logical data because it did not require assumptions of
normality and constant variance (Biondini et al. 1988,
McCune and Mefford 1999).

The analysis of indicator species by the method of
Dufrêne and Legendre (1997) provided a simple, in-
tuitive solution for identifying which species might
serve as indicators of a particular environmental con-
dition. This method calculated the proportional abun-
dance of a particular species in a particular group
relative to the abundance of that species in all groups.
The method calculated the relative abundance of a
certain species in a certain group and calculated the
proportional frequency of the species in each group.

These percentages were regarded as the faithfulness
or constancy of presence within a particular group.
The two proportions were multiplied to yield a per-
centage, used as an indicator value for each species in
each group. Because the component terms are mul-
tiplied, both indicator criteria must be high for the
overall indicator value to be high. The highest indi-
cator value for a given species across groups is saved
as a summary of the overall indicator value (IV) of that
species and evaluated by a Monte Carlo method with
randomly reassigned sample units to groups 1,000
times. The probability of type I error was the propor-
tion of times that the IV from the randomized data set
equals or exceeds the IV from the actual data set. The
null hypothesis is that IV is no larger than would be
expected by chance (McCune and Grace 2002).

Results

Thinning Treatment and Seasonal Effects on Ar-
thropod Species Abundance. The mean abundance of
arthropods was statistically different between CN, LT,
and L/G and HT thinning treatments, and it seemed
to be correlated directly to thinning intensity during
the warm wet season but did not show a consistent
treatment effect during the dry season (Fig. 3). The
mean abundance of arthropods in the warm wet sea-
son was higher than that in the hot dry summer for all
treatments (F1,128 � 31.55; P � 0.0001).

The mean abundance of captured arthropods was
signiÞcantly greater in L/G than in CN or LT during
both seasons (Fig. 3). Results in HT were the same as
LT during the spring and the same as LT/CN during
the dry summer. The mean abundance of arthropods
in each of the treatments was greater during the spring

Fig. 3. Mean abundance and SE of ground-dwelling arthropods at each treatment during wet and dry seasons in 2000 and
2001. Bars having different letters differ signiÞcantly (by Tukey-Kramer procedure).
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than during the dry summer (Fig. 3). For the data
analysis of season (S) and thinning treatment (T),
each proved statistically signiÞcant for all taxa (P �
0.0001), but their interaction effect was not statisti-
cally signiÞcant for all taxa (P � 0.128).

To quantify how much the thinning treatments dif-
fer for total fauna, a pairwise comparison was con-
ducted (Table 1). It was found that there was a sig-
niÞcant difference between L/G and HT treatments
relative to both CN and LT, respectively. There was no
evidence of a difference in abundance in LT treatment
relative to CN or between L/G and HT.

We also examined separately the Þve dominant taxa:
Formicidae (ants), Araneae (spiders), Carabidae
(ground beetles), Gryllacrididae (camel-crickets),
and Polydesmida (millipedes) (Fig. 4). The relative
abundances of Formicidae and Araneae were 25 and
16%, and the relative abundances of three taxa, Cara-
bidae, Gryllacrididae, and Polydesmida, were 9, 8, and
7.5%, respectively. Formicidae and Araneae, (Fig. 4A
and B) showed higher mean abundance during the
wet season. The mean abundance for both taxa gen-
erally increased with the intensity of thinning during
both seasons but not signiÞcantly for ants. The third
most abundant group, Carabidae, showed a higher
mean abundance during the wet season; however, its
mean abundance decreased with the intensity of
thinning (Fig. 4C). Gryllacrididae showed higher
abundance during the dry season (Fig. 4D), and
Polydesmida showed a higher mean abundance
during the wet season (Fig. 4E). The mean abundance
for Araneae, Gryllacrididae, Polydesmida, and Formi-
cidae generally increased with the intensity of thin-
ning during the wet season (but not signiÞcantly for
ants). Gryllacrididae was the only major taxon to in-
crease with the intensity of thinning during the dry
season.
Species Diversity and Richness. Although mean

species richness of arthropods did not show a statis-
tical difference among thinning treatments at each
season, a nonsigniÞcant increasing trend of mean spe-
cies richness (�) was shown with the intensity of
thinning (CN � LT � L/G � HT) within each season
(Table 2). Mean � diversity calculated from total spe-
cies (� � 73) and species richness (�) decreased with
thinning intensity, but not signiÞcantly (data not
shown). Shannon diversity and Simpson diversity
showed a signiÞcant difference between seasons but
did not show any difference among treatments during
each season. Simpson diversity of the three thinning

treatments relative to the CN during the wet season
showed a statistically inconclusive increase (Table 2).
Community Response of Arthropods. The patterns

generated by NMS in overall arthropod community
composition revealed that both season (wet [W] and
dry [D]) and thinning treatment (L [CN and LT] and
H [L/G and HT]) were important variables in deter-
mining community composition (Fig. 5). The NMS
result revealed four separate clusters of points with
moisture dominating thinning along axis 2.

In this NMS ordination, axis 1 and axis 2 explained
19 and 40% of the variance between sampling points
(P � 0.02 from the Monte Carlo test based on 50
randomizations). Regarding the 10 variables, com-
posed of 4 categorical variables and 6 quantitative
variables, that we used for NMS ordination, our results
showed that both axis 1 and axis 2 were positively
correlated to litter moisture and negatively correlated
to stand age (Table 3). It is likely that litter moisture
was sensitive to both season and thinning intensity. Of
the dominant taxa, Formicidae were negatively asso-
ciated with axis 1 (r � 	0.572); Araneae, Carabidae,
and Polydesmida (Harpaphe haydeniana) were nega-
tively associated with axis 2 (r� 	0.418, 	0.722, and
	0.0745, respectively); and Gryllacrididae (Pristoceu-
thophilus spp.) were positively associated with axis 2
(r � 0.516).

The MRBP test was used to Þnd statistically explicit
differences among treatments within blocked sites
with the graphical results shown by the NMS ordina-
tion (Fig. 5). Thinning treatments were grouped, and
the paired sites were blocked at both years. This test
was run using the 2-yr matrix. The test showed a
statistically signiÞcant difference for the matrix (T-
statistics � 	4.36, A-statistic; chance corrected with-
in-group agreement � 0.131, P � 0.0006).
Indicator Taxon Analysis. The indicator analysis of

Dufrêne and Legendre (1997) examined the re-
sponses of individual taxa to both thinning treatments
and seasonal abundance (Table 4). Generally, treat-
ment effects occurred only when seasonal effects
were absent (10 of 15 examples). Heavier thinning
favored Lygaeidae, Cicadellidae, Formicidae, Acridi-
dae, Thomisidae, and miscellaneous spiders; Lygaei-
dae and Acrididae are taxa indicative of early succes-
sion (A.M., unpublished data). Less intense thinning
favored snails (mollusks) and Curculionidae.

Eight arthropod groups were chosen as indicators
for the June wet season (all have over 40% of IV, allP�
0.05). Two families were indicators for the August dry
season: Cicadellidae and Gryllacrididae (Pristoceu-
thophilus sp.; Table 4). The June wet season was char-
acterized by four times as many indicator taxa as the
August dry season.

One of the dominant families, Carabidae, was ana-
lyzed by thinning intensity and season; there were no
carabid indicator species for thinning intensity. There
were four indicator species,Cychrus tuberculatusHar-
ris, Omus dejeani Reiche, Promecognathus crassus Le-
Conte, and Pterostichus lama Menetries, for the wet
season (Table 4).

Table 1. Pairwise comparison of thinning treatments for
ground-dwelling arthropods

CN LT L/G HT

CN 0.5819 �0.0001a 0.0062b

LT �0.0001a 0.0011b

L/G 0.1766
HT

Values are P values.
a P � 0.001; b P � 0.01.
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Fig. 4. Relative abundance of dominant taxa. The Þve dominant taxa comprise over 67% of all taxa. Mean abundance with
SE bars of each taxa, shown separately for both seasons, warm wet spring and hot dry summer, with four thinning treatments
in 2000 and 2001. Bars having different letters were statistically different (P� 0.05). ab, no statistically signiÞcant difference
between letters a and b (P � 0.05). NS indicates no statistically signiÞcant difference (P � 0.05).
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Discussion

Species Abundance, Richness, and Thinning Effect.
Heavier thinning is associated with a higher abun-
dance of large ground-dwelling arthropods than
lighter thinning, a response detectable during both the
spring wet season and summer dry season. The abun-
dance of four dominant taxa, Formicidae, Poly-
desmida, Gryllacrididae, and Araneae, were all signif-
icantly higher in the heavier thinning treatments. This
trend parallels species richness, and it might be ex-
plained simply by either an increase in resources or
habitat heterogeneity correlated with increasing thin-
ning intensity.

The problem is that it is not easy to quantify the total
number of potential habitats or niches under compar-
ative conditions. Ecologists usually assume that higher
species richness requires a greater number of micro-
habitats, proving the causality is daunting when ar-
thropod diversity is analyzed. It is possible, however,
to rule out the possibility that total food resources (i.e.,
total soil-dwelling Collembola and Oribatida) are
greater in proportion to thinning intensity. From a

parallel study on litter-dwelling microarthropods, Yi
(2003) found both abundance and richness decrease
signiÞcantly with thinning intensity.

Although we hypothesized initially that the re-
sponses to thinning would be more evident during the
dry season because the differential effects of thinning
would be more signiÞcant, we have no direct evidence
for this. Ants, spiders, and Gryllacridids were the only
taxa to be collected in sufÞcient numbers during the
dry season for analysis; of these taxa, only ants showed
a greater treatment response during the dry season.
Thinning Effects on the Seasonal Occurrence of
Ground-dwellers. The abundance of ground-dwelling
arthropods reveals strong differences between two
seasons: warm wet season and hot dry season. Large
arthropod abundance, measured by pitfall trapping, of
the wet season is higher than that of the dry season.
Although a seasonal trend in total abundance of ar-
thropods captured was apparent, it is difÞcult to ex-
plain the difference in terms of the distribution of
individual taxa among treatments (Greenberg and
Thomas 1995, Greenberg and McGrane 1996). In this
study, the dominant predaceous taxa (e.g., Formici-
dae, Carabidae, and Araneae) have higher abun-
dances in wet season than in dry season, and they
numerically drive the entire faunal response.
TaxonomicComposition.NMS for ground-dwelling

arthropods also documents a thinning response that is
much less than that for seasonal change. Even though
the thinning treatment is relatively weak, many of the
species that invade the HT are unique and are nor-
mally found in an open-canopy situation (and never in
the denser forests). Thus, twice as many taxa were
indicators of HT than of LT (e.g., Lygaeidae, Cicadel-
lidae, Formicidae, Thomisidae, and other Araneae; see
Table 4). The gaps created by L/G and HT are inßu-
enced by direct sunlight and the drying effect of
winds, and thus, these treatments cause the most se-

Table 3. Correlation coefficients between variables used for
NMS analysis

Variables
Axis 1 Axis 2

r r2 r r2

Stand age (yr) 	0.380 0.144 	0.317 0.100
Litter moisture (%) 0.449 0.202 0.319 0.102

Table 2. Mean arthropod abundance, species richness, and Shannon and Simpson diversity indices of ground-dwelling arthropods for
thinning treatments in 2000 and 2001

Season Treatment S 
 SE � 
 SE HÕ 
 SE DÕ 
 SE

Wet CN 27.83 
 4.92b 20.13 
 1.72a 2.17 
 0.09a 0.79 
 0.03ab
LT 27.78 
 5.13b 20.50 
 1.85a 2.23 
 0.15a 0.81 
 0.03a
L/G 35.78 
 3.92a 21.63 
 1.74a 2.17 
 0.08a 0.81 
 0.02a
HT 38.98 
 4.37a 23.13 
 1.36a 2.19 
 0.08a 0.82 
 0.03a

Dry CN 15.20 
 2.15c 13.38 
 1.89b 1.82 
 0.07b 0.75 
 0.03b
LT 14.68 
 1.29c 14.38 
 1.44b 2.03 
 0.10b 0.80 
 0.02ab
L/G 27.78 
 4.56b 16.63 
 1.66b 1.92 
 0.08b 0.76 
 0.02b
HT 17.43 
 3.37c 15.25 
 1.31b 1.91 
 0.09b 0.76 
 0.03b

Within a column, means followed by the same lowercase letter are not statistically different (Tukey-KramerÕs test).
Total taxa � � � 73.
S, mean abundance; �, species richness; HÕ, Shannon diversity; DÕ, Simpson diversity.

Fig. 5. NMS ordinations of pitfall arthropod samples for
season (W, wet; D, dry) and thinning treatments (L, CN and
LT; H, L/G and HT) in 2000 and 2001 (minimized Þnal stress,
20%; Þnal instability, 0.00002).
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vere and rapid effects on the forest ßoor arthropod
fauna, which are most often detected by an increase
of open-habitat species (Koivula 2002). Herbivores,
such as the Lygaeidae and Cicadellidae, invade the
heavy thinning treatments as a heliophilic herb layer
establishes after thinning. Predators, such as spiders
and ants, presumably respond secondarily to all the
herbivorous species precluded from the closed-can-
opy environment by the lack of an herb layer.

Lindroth (1969) and Work (2000) reported carabid
beetles among the many forest-dwelling taxa with
various forest ecosystem effects. While distribution of
these species may be caused in part by microclimate
changes resulting from tree harvest effects, they may
also indirectly reßect prey availability across the gra-
dient (Parsons et al. 1991). Parsons et al. (1991) also
indicated the role prey availability plays in the pres-
ence of Scaphinotus angusticollis Harris, S. marginatus
Fisher, and Promecognathus crassus LeConte. In this
study, the prey of the different species of carabids are
not well understood. P. crassus LeConte and its prey
[Polydesmida: Harpaphe haydeniana (Wood)] are
correlated, and both are tied to ground moisture con-
tents.
Arthropods and Vertebrates on Thinning Treat-
ment.Epigeic macroarthropods (the species generally
caught in pitfall traps) responded to thinning with
increased abundance. We have hypothesized that the
increase in the pitfall-trapped macroinvertebrate
fauna is related to the increase in the amount of slash
and ground disturbance caused by the logging. This
increases the heterogeneity of the environment
greatly and provides refuges for the larger species
(mostlypredators) tohide successfully fromtheirown
vertebrate predators. This increase in heterogeneity is
obvious to anyone visiting the plot, but is difÞcult to

quantify in a meaningful manner for arthropods whose
limiting factors are imprecisely known. Mammalogists
cite the same factor as a limiting factor for small mam-
mals in Northwest forests but can seldom successfully
correlate it directly to abundance patterns (Garman
2001). Whether this means that the generally held
hypothesis of limiting refuges is incorrect or that the
appropriate descriptors again have not been used is
unknown. It is clear that this type of thinning distur-
bance certainly increases prey availability for all the
insectivorous vertebrates foraging on the forest ßoor.
Deciduous shrub growth after thinning also increases
the food resources for insectivorous vertebrates in the
Northwest (Hagar and Starkey 2002, Hagar 2003, Yi
2003).

Acknowledgments

The authors thank the U.S. Forest Service of Blue River
District in Oregon for funding, T. Schowalter for assistance
with experimental design, B. McCune for assistance with
multivariate data analysis, J. Miller for reading a previous
version of this manuscript, M. Yi for statistical assistance, and
Y. Kim for assisting with Þeld data collection.

References Cited

Bailey, J. D. 1996. Effects of stand density reduction on
structural development in western Oregon Douglas-Þr
forestsÑa reconstruction study. PhD dissertation, Ore-
gon State University, Corvallis, OR.

Beals, E.W. 1984. Bray-Curtis ordination: an effective strat-
egy for analysis of multivariate ecological data. Adv. Ecol.
Res. 14: 1Ð55.

Berryman, A. A. 1986. Forest insects: principles and prac-
tices of population management. Plenum, New York.

Biondini, M. E., P. W. Mielke, and K. J. Berry. 1988. Data-
dependent permutation techniques for the analysis of
ecological data. Vegetatio. 75: 161Ð168.

Bohac, S. A., M. D. Lattig, and G. F. Tucker. 1997. Initial
vegetative response to alternative thinning treatments in
second growth Douglas-Þr stands of the Central Oregon
Cascades. The Evergreen State College, Olympia, WA.

Clarke, K. R. 1993. Non-parametric multivariate analyses of
changes in community structure. Aust. J. Ecol. 18: 117Ð
143.

Cody,M.L. 1986. Diversity, rarity and conservation in Med-
iterranean-climate regions, pp. 122Ð152. In M. E. Soulé
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