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Abstract

Aims To gain a better understanding of how rapidly
microbial communities respond to different magni-
tudes of perturbation that mimic minor or catastrophic
disturbances.

Methods Two montane sites in the western Cascade
Mountains of Oregon with adjacent areas of forest and
meadow vegetation were studied. A reciprocal trans-
plant experiment evaluated both minor (soil cores
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remaining in the same vegetation type) or more severe
disturbance (soil cores transferred to a different vege-
tation type). The biomass and composition of the
bacterial and fungal communities were measured for
2 years following the establishment of the experiment.
Results Minor disturbance (coring) had little impact
on microbial biomass but transferring between vege-
tation type showed greater fungal biomass in soil
incubated in the forest environment. The composition
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of bacterial communities was not influenced by coring
but responded strongly to transfers between vegetation
sites, changing to reflect their new environment after
2 years. Fungal community composition responded
somewhat to coring, probably from disrupting mycor-
rhizal fungal hyphae, but more strongly to being trans-
ferred to a new environment.

Conclusions The response of the microbial communi-
ty to major disturbance was rapid, showing shifts
reflective of their new environment within 2 years,
suggesting that microbial communities have the ca-
pacity to quickly adjust to catastrophic disturbances.

Keywords Bacteria - Fungi - Reciprocal transfer -
Forest soil

Introduction

Forest ecosystems in the Pacific Northwest have
evolved with a history of disturbance ranging in scale
from infrequent catastrophic (Agee 1993) to frequent
small-scale disturbances. Infrequent catastrophic dis-
turbances include wildfire and volcanic eruptions.
Natural fire intervals in the Pacific Northwest are
several hundred years (Franklin and Halpern 2000).
Volcanic eruptions are extremely rare occurrences but
volcanic legacies, such as soils, are major influences in
the ecology of the Pacific Northwest. Although cata-
strophic disturbances can result in dramatic changes to
the landscape, smaller scale disturbances still play a
large role in vegetation dynamics and ecosystem
function.

Meadows occur throughout the upper montane and
subalpine forests in the Cascade Range (Franklin and
Halpern 2000). Many meadows in the Cascades have
been persistent features on the landscape, some for
more than 1,000 years (Hickman 1976). Numerous
factors have contributed to the creation and mainte-
nance of these features on the landscape (Franklin and
Halpern 2000; Halpern et al. 2010; Haugo et al. 2011;
Miller and Halpern 1998; Zald et al. 2012). Some
meadows have remained in place due to the presence
of shallow rocky soils on extremely steep slopes
(Hickman 1976), while others are maintained by
small-scale disturbance such as animal burrowing
(Franklin and Halpern 2000). It is likely that microbial
communities in these systems are well-adapted to
small-scale disturbances.
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Reciprocal transplant experiments, which have the
advantage of examining effects of both environment
and microbial community composition on ecosystem
function (Reed and Martiny 2007), have been used to
examine process-level changes in carbon (C) and ni-
trogen (N) cycling to disturbances. Studies using re-
ciprocal transplants have examined the changes in C-
and N-cycling that occur with succession (Clein and
Schimel 1995), the effects of climate change on N
dynamics (Balser and Firestone 2005; Hart and Perry
1999; Jonasson et al. 1993; Link et al. 2003), the
changes in N mineralization and nitrification due to
clearcutting (Carmonsini et al. 2003; Matson and
Vitousek 1981), the effects of partial cutting on nitrate
concentrations (Prescott et al. 2003), and the effects of
plant invasion on N cycling (Funk 2005). Recently,
several litter decomposition studies have used this
approach, with the results leading to the concept of
“home-field advantage”, that microbial communities
are adapted and optimized to their native substrate and
environmental conditions (Ayres et al. 2009; Strickland
et al. 2009).

The response of microbial communities to the re-
ciprocal transplant approach has been found to vary
from study to study. Transplanting forest floor material
or plant litter between vegetation sites did not show
significant shifts in overall microbial communities
based on phospholipid fatty acids (PLFA) analysis
after 1 year (Hannam et al. 2007; St. John et al.
2011) or of fungal communities based on terminal-
restriction length polymorphism (T-RFLP) analysis
(St. John et al. 2011). After 15 months, Lazzaro et al.
(2011) found that reciprocal transfer of two geologi-
cally different glacial soils had no effect on bacterial
communities as measured by T-RFLP. Longer running
soil transplant studies have more often seen shifts in
microbial abundance or composition, but the nature of
the response has been variable. Balser and Firestone
(2005) used PLFA and found an increase in the rela-
tive abundance of fungi in soils moved from an annual
grassland to a mixed-conifer forest 2 years after
transplanting, but little change in bacterial PLFA bio-
markers. Waldrop and Firestone (2006) observed
shifts in microbial PLFA profiles after 2 years when
soils of an oak savanna were moved from under the
trees to the adjacent grassland, but not vice versa. With
PLFA analysis, Bottomley et al. (2006) found overall
microbial communities shifted in soil cores moved
from high montane meadow to forest and vice versa
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2 years after transplant, but in the same experiment
Boyle et al. (2006) found no effect of reciprocal trans-
fer on communities of denitrifying bacteria using T-
RFLP. Vanhala et al. (2011) measured a shift in PLFA
biomarkers 2 years after the organic layer of boreal
forests was transferred south to a warmer site; howev-
er, the effect was about the same as just excising the
organic layer, suggesting root disturbance was the
cause of the shift. Eleven years after transferring soil
cores to a lower, warmer elevation in the Swiss Alps,
Budge et al. (2011) found a modest shift in microbial
biomass and PLFA biomarkers to values intermediate
between that of soils in the original and current loca-
tions. Collectively, these results suggest that when
using a reciprocal transplant design, it is important to
control for the severity of disturbance caused by the
transplantation, measure multiple microbial groups,
and sample the experiment long enough for effects to
be manifested; the methodology chosen for microbial
community analysis seems less important.

Our goals for this study were to gain a better un-
derstanding of how microbial communities respond to
disturbance and how quickly microbial succession
occurs after disturbance. In the present study, we ad-
dress disturbance on two different scales, small-scale
root disturbance but no change in environment, and
large-scale root disturbance and environmental
change. The first part of the experiment addressed
small-scale disturbance and the changes in microbial
communities that occur when plants roots and myce-
lial connections are severed. We hypothesized that
severing roots and mycelial connections would result
in short-term changes that would disappear once soil
cores were recolonized by roots and fungal hyphae.
We hypothesized that we would see a sampling effect,
i.e.,, a change in community composition due to dis-
turbance occurring during sampling. We also hypoth-
esized that we would see a decomposition effect as
roots and hyphae decompose. Finally, we hypothe-
sized that we would see an effect of root presence or
absence. The second part of the study examined dis-
turbance on a larger scale and the changes in microbial
community that occur when plant communities drasti-
cally change. We hypothesized that we would see
changes in microbial community once soil cores were
transferred to new environments as microbial commu-
nities from their original communities would not per-
sist. For this study, we examined the changes in
microbial communities that occurred during the 2 years

following disturbance. We expected to see differences
in microbial community composition between the for-
est and meadow sites. We also expected to see rapid
colonization of transferred cores by bacteria and fungi
in their new environments.

Methods
Site characteristics

Study sites were located at the H. J. Andrews Exper-
imental Forest, a Long-term Ecological Research site
(44.2°N, 122.2°W) in the Cascade Mountain Range of
Oregon, USA. Two high montane sites (~1,500 m),
designated Lookout and Carpenter, were selected.
Both sites had adjacent meadow and forest communi-
ties. Dominant meadow vegetation at both sites in-
cluded Bromus carinatus Hook. & Arn., Elymus
glaucus Buckl., Pteridium aquilinum (L.) Kuhn, and
Anaphalis margaritacea (L.) Benth. & Hook. Domi-
nant forest trees at both sites included Pseudotsuga
menziesii (Mirb.) Franco, Abies amabilis Douglas ex
Forbes, A. grandis (Dougl. ex D. Don.) Lindl., and
Tsuga mertensiana (Bong.) Carr. Large stumps and
charcoal at the Carpenter meadow site indicate that
the site was harvested and burned in the past. More
detailed descriptions of the Carpenter and Lookout
sites have been published (Mintie et al. 2003; Rich et
al. 2003; Kageyama et al. 2008).

Reciprocal transplant study design and sampling

The details of this reciprocal transplant experiment
have been fully described previously (Bottomley et
al. 2004; Bottomley et al. 2006; Boyle et al. 2006).
Briefly, 35%x35 m grids were installed in adjacent
meadow and forest locations at Carpenter and Lookout
in September 2000. Each grid had 64 sampling points
spaced 5 m apart. At 48 randomly selected points, the
superficial litter layer was removed from the soil sur-
face and soil cores (5 cm diameter, 15 cm length) were
collected in PVC pipe. Roots were left intact in the soil
cores. This allowed for 12 cores for each of four
treatments: open remaining, open transfer, closed
remaining, and closed transfer. The open remaining
and open transfer cores were placed in bags (1-mm
mesh fiberglass screening) that allowed root growth
into the cores. The closed remaining and closed
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transfer cores remained enclosed in PVC pipe in order
to exclude roots and were capped with 1-mm mesh
screening to exclude litter inputs. Open and closed
remaining cores were replaced into the hole from
which they were taken. Transfer cores were transplanted
from the meadow and moved to the adjacent forest
and vice versa at both the Carpenter and Lookout
sites. The remaining 16 points were designated for
the collection of background cores, which were
collected at each sampling date. Four of these
background cores were collected at the time of
installation in 2000 for characterization of the mi-
crobial community at the start of the experiment.
In September of 2001 and 2002, six cores of each
type (background, open remaining, open transfer,
closed remaining, and closed transfer) were col-
lected after incubating in situ for 1 and 2 years.
To ensure adequate soil for subsequent analysis,
two randomly selected cores of each treatment
were pooled into a composite sample and homog-
enized through a 4-mm sieve. The three composite
soil samples of each treatment served as replicates
for statistical analysis.

Microscopic estimates of microbial biomass

Light microscopy was used to determine the biomass of
fungi and bacteria. Fresh soil (1 g) was added to 9 ml of
0.2 M phosphate buffer at pH 7.2. An agar film was
prepared using 0.5 ml of the 1:10 soil suspension and
1 ml of liquefied 1.5 % (w/v) agar (Ingham and Klein
1984). Differential interference contrast microscopy
(200X) was used to measure hyphal lengths. To quantify
bacteria, a 1:100 soil suspension was made. Cells were
stained with fluorescein isothiocyanate and filtered onto a
0.4-um polycarbonate filter. Epifluorescent microscopy
at 1000X with oil immersion was used to examine
filters (Babiuk and Paul 1970). Bacterial and fun-
gal biomass was calculated by converting the vol-
ume of bacterial cells or fungal hyphaein 1 g of dry
soil, assuming that bacterial cell density averages
330 mg cm > and fungal tissue density averages
410 mg cm " (Ingham et al. 1991).

Data for bacterial and fungal biomass were log
transformed prior to analysis by ANOVA using PROC
GLM and selected treatment comparisons made with
PROC LSMEANS using Tukey’s adjustment for multi-
ple comparisons (SAS Institute Inc., Cary, NC, USA).
Only results with p<0.05 are reported as significant.
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DNA extraction and length heterogeneity PCR

Soil aliquots were frozen and stored at —20 °C until
DNA extraction was done within a few months. DNA
was extracted from 0.5 g of soil (fresh weight) using
the FastDNA® kit (Bio 101, Inc., Irvine, CA, USA)
according to the manufacturer’s directions. Extracted
DNA quality was checked by agarose gel electropho-
resis and was quantified with a BioSpec-1601
DNA/Protein/Enzyme Analyzer (Shimadzu Corpora-
tion, Kyoto, Japan). Extracts were diluted to 25 ng of
DNA per ul for PCR amplification. DNA was ampli-
fied using 6-carboxyfluorescein (6-FAM) labeled for-
ward primers for Length Heterogeneity PCR (LH-
PCR). Primers for the internal transcribed spacer re-
gion of ribosomal DNA, 6-FAM labeled forward prim-
er ITS1F (Gardes and Bruns 1993) and unlabeled ITS4
(White et al. 1990), were used for the amplification of
fungi from soil, producing amplicons of about 500—
750 bp. Eubacterial primers for the 16S rRNA gene, 6-
FAM labeled forward primer 27F (Hicks et al. 1992)
and an unlabeled reverse primer 338R (Amman et al.
1990), were used to amplify bacterial communities
from soil, producing amplicons of about 300-360 bp.
Reaction mixtures (50 pl) contained soil DNA (100 ng),
AmpliTaqg DNA polymerase (2.5 U), GeneAmp PCR
buffer (1x), MgCl, (2 mM), deoxynucleoside triphos-
phates (0.2 mM each), forward and reverse primers
(0.2 uM each), and bovine serum albumin
(0.064 g mI™"). For the ITS primers, PCR amplification
was conducted as follows using a PTC-100 hot bonnet
thermocycler (MJ Research, Inc., Waltham, MA,
USA): 94° for 2 min followed by 35 cycles of 94°
for 30 s, 55° for 30 s, 72° for 1 min. A final extension
followed for 72° for 2 min. For the 16S primers, initial
denaturation at 94 °C for 3 min was followed by 25
cycles consisting of denaturation at 94 °C for 45 s,
annealing at 55 °C for 45 s, and extension at 72 °C for
2 min. There was a final extension step that consisted
of 72 °C for 7 min. Amplicons were visualized with
electrophoresis on 1 % agarose gels stained with
ethidium bromide. One pl of each amplicon (~1 ng
of DNA) was submitted for capillary sequencing with
an ABI Prism” 3100 Genetic Analyzer (Applied
Biosystems, Inc., Foster City, CA, USA) at the Core
Labs of the Center for Genome Research and
Biocomputing (Oregon State University, Corvallis,
OR, USA). Amplicons were run on the Genetic Ana-
lyzer along with X-Rhodamine MapMarker™ 1000
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internal lane size standard (BioVentures, Inc., Mur-
freesboro, TN, USA).

LH-PCR data analysis

Size and relative abundance of LH-PCR fragments
were quantified using GeneScan® v. 3.5 software
and Genotyper® v. 2.5 software (Applied Biosystems,
Inc., Foster City, CA, USA). Sequence length and
peak area data was obtained using Genotyper. Data
were downloaded into Microsoft® Excel and manually
binned (+2 bp). We excluded fragments that were
below 1.5 % of the total peak area for each sample.
We also excluded rare peaks that occurred in less than
5 % of our samples. The dataset was then relativized
by the total fluorescence of each sample to adjust for
differences in fluorescence levels between samples.

Community data were analyzed with PC-ORD v.
5.15 (MJM Software, Gleneden, OR, USA). Ordina-
tions of LH-PCR fragment data were run in PC-ORD
using nonmetric multidimensional scaling (NMS)
using the autopilot feature, “slow and thorough”, with
the Serensen distance measure. We chose to use NMS
because it avoids the assumption of linear relation-
ships among variables and allows the use of any
relativization method (McCune and Grace 2002).
Multi-response permutation procedures (MRPP) were
used to test for treatment differences of the bacterial
and fungal communities. MRPP is a nonparametric
method that is used to test for group differences
(McCune and Grace 2002). Only results with p<0.05
are reported as significant.

Results
Natural temporal variation

Data collected from the background cores provides an
insight into the natural temporal variation of the mi-
crobial communities. During the study, bacterial bio-
mass averaged about 100 mg kg ' soil across sites and
vegetation types (Table 1), with a significant three-
way interaction among year of sampling, site, and
vegetation. Bacterial biomass was about 30 % lower
in 2000 compared to the following 2 years. Within a
year there were only a few significant effects of site
and vegetation; however, bacterial biomass was higher
in forest compared to meadow vegetation in all but

one case where there was not a significant difference.
Fungal biomass was more variable than bacterial bio-
mass, and showed no differences with year of sam-
pling or by site but was more than four-fold higher
under forest than meadow vegetation (Table 1). The
strong influence of vegetation type on fungi compared
to bacteria resulted in fungal:bacterial biomass ratios
averaging 22 for forest soil versus 5 for meadow soil
(Table 1). Forest sites had significantly higher
fungal:bacterial ratios in 2000 compared to 2001 and
2002 because of the lower bacterial biomass in 2000.

Nonmetric multidimensional scaling ordination indi-
cated that LH-PCR fragments of both the bacterial 16S
rRNA gene and fungal ITS region from background
cores showed variation among years, sites, and vegeta-
tion (Fig. 1). In general, temporal variation was greater
for bacterial than fungal communities, with bacterial
communities in 2000 differing from other years for
Carpenter meadow soil, between 2000 and 2002 for
Carpenter forest soil, and between 2000 and 2001 for
Lookout forest soil (MRPP: p<0.05); however, overall
temporal variation was less than variation between sites
or vegetation type. In each year, both bacterial and
fungal communities differed between the two meadow
sites, but forest sites did not differ (MRPP: p<0.05). The
most pronounced difference for bacterial and fungal
communities, however, was between vegetation types,
with forest and meadow soil communities differing at
each site for each year (MRPP: p<0.05).

Temporal response to disturbance

Disturbance treatments can be viewed at two scales, or
degrees. The remaining cores reflect the response of
soils to excluding litter and roots in the closed cores
and of excluding litter while allowing root regrowth to
occur in open cores. The transferred cores added the
additional stress of being moved to a new environ-
ment, which included differences in microclimate and
vegetation.

Microbial biomass Averaged across sites and transfer
treatments, bacterial biomass was 8-19 % higher in
closed cores compared to background or open cores;
however, this was statistically significant only in 2002
(data not shown). Bacterial biomass was significantly
higher in 2002 than 2001, ranging from 10 to 42 %
higher depending upon transfer treatment (Fig. 2a).
Source of soil and location of incubation interacted
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Table 1 Microbial biomass as measured by direct microscopy
in undisturbed locations at the Carpenter and Lookout sites
sampled in 2000, 2001, and 2002. Means+standard error, n=3.
Within the same column, letters designate significant differences

at p<0.05. Note these comparisons reflect a significant year by
site by vegetation effect for bacteria, no significant interactions
and only a significant vegetation main effect for fungi, and a
significant year by vegetation effect for the fungal:bacterial ratio

Year Site Vegetation Bacteria Fungi Fungal:bacterial ratio
(mg kg™ soil) (mg kg™ soil)
2000 Carpenter Forest 83+2 ¢ 2465+293 * 29.87+£3.75 *
Meadow 7745 ° 509+33 ° 6.63+0.15 *°
Lookout Forest 82+6 ¢ 2862+574 % 34.18+4.46 °
Meadow 7146 © 438+59 ° 6.17+0.71 *
2001 Carpenter Forest 102£5° 1675+767 * 16.08+6.95
Meadow 110+1 438+114° 4.00+1.08 ©
Lookout Forest 139+4 1994+670 # 14.48+5.04 ¢
Meadow 103+7° 685+175° 6.96+2.33 ©
2002 Carpenter Forest 139+6 * 1829+675 * 13.49+5.48 °
Meadow 104+5° 333+52° 3.22+0.56 ¢
Lookout Forest 11848 2484+568 ° 21.23+5.00 °
Meadow 97+5° 551193 ° 5.51+1.68 ¢

significantly, with bacterial biomass consistently low-
er when incubated in forest environments, although
this was significant only for forest soil at Lookout in
2002 (Fig. 2a).

Neither year of sampling nor core type had a signif-
icant effect on fungal biomass or on fungal to bacterial
ratios but fungal biomass was significantly higher
(~50 %) at Lookout compared to Carpenter. The patterns
of fungal biomass were consistent across years and sites,
with higher fungal biomass in forest than meadow soils
(~150 %) and in soils incubated in forest compared to
meadow locations (~150 %; Fig. 2b). In effect, fungal

biomass increased when meadow soils were moved into
the forest, whereas it decreased when forest soils were
moved into the meadow. Fungal to bacterial ratios large-
ly reflected the dynamics of the fungal biomass
(Fig. 2c), although only the effect of soil origin was
statistically significant.

Microbial communities Bacterial communities based
on LH-PCR of the 16S rRNA gene did not differ
among background, closed, or open core types, there-
fore data for closed and open cores were combined
for analysis. Nonmetric multidimensional scaling

Fig. 1 Nonmetric 16S
multidimensional ordination 1.0
of bacterial (16S) and fungal
(ITS) communities from
undisturbed forest and mead-
ow soils sampled from the
Carpenter and Lookout sites in
2000, 2001, and 2002. Data
are means with standard error
bars (n=3). The ordination
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Fig. 2 Microbial biomass as measured by direct microscopy for
Carpenter and Lookout sites one (2001) and two (2002) years
after transferring cores: (a) bacterial biomass, (b) fungal bio-
mass, and (c¢) fungal:bacterial biomass ratio. Data are means
with standard error bars (n=6) for open and closed cores com-
bined, because there was not a significant effect of core type,
except for bacterial biomass in 2002. Significant differences (p<
0.05) among the four treatments at a site within a year are shown
by lower case letters

ordinations clearly show that bacterial communities
of forest soils remaining in place were distinct
from meadow soil remaining in place in both years
at both sites (Fig. 3; MRPP: p<0.05). This was
the only statistical difference among the bacterial
communities at the Carpenter site in 2001, but in

2002 cores collected from the meadow were dif-
ferent from those collected from the forest,
suggesting that bacterial communities had become
indistinguishable from their current environment
regardless of initial origin. At the Lookout site in
2001, the bacterial community of the meadow soil
differed from all other treatments, suggesting that
the bacterial community of meadow soil trans-
ferred to the forest environment had already as-
sumed a distinct composition that was similar to
that of the forest soil. The bacterial community of
the forest soil transferred to the meadow was still
similar to that of its origin and had not yet shifted
towards that of its new environment, but in 2002
it had transitioned to being intermediate, and not
statistically separable, from that of either the
meadow or forest soils.

As with bacterial communities, fungal communities
based on LH-PCR of the ribosomal ITS region were
statistically different between forest soils remaining in
place and meadow soils remaining in place (Fig. 4;
MRPP: p<0.05). Unlike bacterial communities, how-
ever, fungal communities showed some influence of
core type. In both years at Lookout forest, the fungal
community in the background (undisturbed) core was
significantly different than the closed core and in 2001
from the open core, but fungal communities in the
open and closed cores did not differ. Core type did
not significantly affect fungal communities in the
remaining cores in the meadow at either site or the
forest site at Carpenter in either year. There was no
effect of core type on fungal communities of forest
soils transferred to the meadow environment at either
site in either year; in contrast, fungal communities of
open and closed cores did differ in meadow soil
transplanted into forests in both years at the Carpenter
site and in 2002 at the Lookout site.

The pattern of response of fungal communities to
soil transfers differed somewhat from that of bacterial
communities, generally showing more significant ef-
fects of movement to a new environment (Figs. 3 and
4). At both sites in 2001, fungal communities of soils
moved from meadows to forests were significantly
different from their original meadow soils, although
based on MRPP analysis the fungal communities of
only the open cores at the Carpenter site were similar
(i.e., not significantly different) than those of their
new, forest environment. By 2002, fungal communi-
ties of Carpenter meadow soil moved into the forest
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Fig. 3 Nonmetric multidimensional ordination of bacterial
(16S) communities of the Carpenter and Lookout sites one
(2001) and two (2002) years after transferring cores. Data are
means with standard error bars (n=6) for open and closed cores
combined, because there was not a significant effect of core
type. The diamond-shaped diagram adjacent to each panel title
represents statistical significance based on MRPP: treatment

had shifted to be similar to those of the forest soil. This
was also the case for closed cores at the Lookout site.
After 2 years, the fungal communities of most forest
soils transferred to the meadow environment were
significantly different from their original environment,
with the closed cores at Carpenter being the only
exception. Most of these forest-to-meadow fungal
communities were still significantly different than
meadow fungal communities, with the exception of
open cores transferred from the forest to meadow at
the Carpenter site.

Discussion
Measuring microbial community composition
The LH-PCR fingerprinting method we used to mea-

sure bacterial and fungal community composition has
been shown to work well for this purpose (Ritchie et
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abbreviations (F forest remaining, FM forest to meadow, MF
meadow to forest, M meadow remaining) connected by a gray
line are not significantly different (p<0.05). The variation
explained by the x- and y-axes were: 57.6 % and 18.5 % for
Carpenter in 2001, 55.7 % and 39.3 % for Carpenter in 2002,
69.1 % and 23.4 % for Lookout in 2001, and 73.5 % and 22.7 %
for Lookout in 2002

al. 2000; Mills et al. 2007) and to distinguish between
the background microbial communities at our study
sites (Kageyama et al. 2008); however, it does have
several shortcomings. Fingerprinting techniques do
not provide the taxonomic resolution of current high-
throughput sequencing approaches (e.g., Roesch et al.
2007; Caporaso et al. 2012) nor do they allow for the
direct identification of taxa. Because comparisons of
community composition are dependent mainly on the
dominant taxa, fingerprinting methods are often ade-
quate and we found them to be sensitive to treatment
differences in this study, which was our emphasis. We
were restricted, however, in identifying the taxa asso-
ciated with the shifts in microbial communities that we
observed.

Natural variations in microbial communities

Vegetation type had the greatest effect on bacterial and
fungal abundance, and on the composition of their
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Fig. 4 Nonmetric multidimensional ordination of fungal (ITS)
communities of the Carpenter and Lookout sites one (2001) and
two (2002) years after transferring cores. Data are means with
standard error bars (n=3). The diamond-shaped diagram in the
lower right of each panel represents statistical significance based
on MRPP: treatment abbreviations (F forest remaining, FM
forest to meadow, MF meadow to forest, M meadow remaining

communities. This agrees with a transect study done a
year earlier at the same sites (Kageyama et al. 2008), as
does the similarity of the bacterial and fungal commu-
nities of the two forest sites and difference between
these communities of the two meadow sites. These
trends were consistent during all 3 years of the current
study.

There is likely seasonal variability in microbial
communities, as observed by others in alpine ecosys-
tems (Lazzaro et al. 2011; Lipson and Schmidt 2004);
however, by sampling in September when soils
reached their annual nadir in soil moisture, we were
able to determine the degree of interannual variability
in the microbial community of meadow and forest
soils. The fungal community was stable, both in terms
of biomass and community composition, perhaps

for transfer type, B background, C closed, O open for core type)
connected by a gray line are not significantly different (p<0.05).
The variation explained by the x- and y-axes were: 35.5 % and
26.3 % for Carpenter in 2001, 31.2 % and 27.3 % for Carpenter
in 2002, 57.5 % and 17.3 % for Lookout in 2001, and 33.0 %
and 26.1 % for Lookout in 2002

because of a dominance of plant-associated mycorrhi-
zal fungi that act to buffer it against environmental
perturbations. The bacterial community did shift some
from year to year, being lower in biomass the first
year, and showing a consistent trend in compositional
shift throughout the 3 years of the study. We do not
know the cause of this trend, but it was not related to
obvious climatic differences among years, based on
temperature and rainfall data for the site (http://
andrewsforest.oregonstate.edu/).

Small-scale root disturbance
By having open and closed cores remaining at their

site of origin, it was possible to determine if severing
roots had a lasting effect on microbial communities.
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After 1 year, physical disruption caused by taking
cores and, in the case of closed cores, the exclusion
of roots had little effect on bacterial biomass; however,
after 2 years bacterial biomass was significantly higher
in closed cores. This may have been associated with
the soil in these cores being wetter, particularly when
incubated in the forest (Supplemental Table 1), there-
by potentially providing a better habitat for bacterial
growth and decomposition of severed roots. This in-
creased biomass did not appear to be due to the in-
creased growth of particular members of the bacterial
community, because no effect of core type was ob-
served on the composition of the bacterial community.
The minimal impact of excluding roots on bacterial
communities that we observed contrasts with other
studies in forest ecosystems that have shown that
interruption of root inputs of C for months to years
have affected bacterial communities (Brant et al. 2006;
Chen et al. 2012; Rasche et al. 2011; Yarwood et al.
2009).

Based on several prior studies, we had anticipated
that soil fungi would be more adversely impacted than
bacteria by the physical disruption caused by taking
cores and the exclusion of roots in the closed cores,
mainly because of the impact on mycorrhizal fungi
(Wallander et al. 2001; Hogberg et al. 2007; Yarwood
et al. 2009); however, this is not what we observed.
Neither fungal biomass nor fungal community com-
position was affected, with the exception of Lookout
forest. At Lookout forest, coring caused a shift in the
fungal community in 2001, which persisted in the
closed cores in 2002. This suggests that severing roots
did alter the fungal community at this site but that the
fungal community ultimately recovered as roots
recolonized the open cores in the second year
(Bottomley et al. 2006) and ectomycorrhizal hyphal
connections were reestablished.

Large-scale disturbance effects

The goal of the transfer treatment was to mimic a
large-scale disturbance such as clearcutting or wild-
fire. Although there was a general trend for bacterial
and fungal biomass to increase when soil cores were
transferred from the meadow to the forest, or to de-
crease when soil cores were transferred from the forest
to the meadow environment (Fig. 2), this was statisti-
cally significant only for bacterial biomass at the
Lookout site in 2002. Collectively, these data on
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microbial biomass suggest that the forest environment
was generally more favorable for supporting a higher
microbial biomass, which is consistent with the data
for undisturbed soil (Table 1) and using the PLFA
fungal biomarker (Bottomley et al. 2006). Although
we cannot definitively separate the effect of different
vegetation types from that of microclimate, we think
that differences in microclimate are more likely be-
cause there were few differences in biomass between
open and closed cores and because forest soils were
moister than meadow soils at the time of sampling
(Supplemental Table 1).

The influence of reciprocally transplanting soil
cores was more marked on the composition of
bacterial and fungal communities than on their
biomasses. Two years after transplantation, bacte-
rial communities resembled those of their new
habitat at both sites, a trend that was already
apparent after 1 year (Fig. 3). Less consistent re-
sults were obtained in previous studies of ammo-
nia oxidizers and denitrifiers at these sites, with
communities of transplanted cores resembling
those of their new habitat less than half of the
time (Bottomley et al. 2004; Boyle et al. 20006).
One explanation may be that significant shifts in
general heterotrophic bacteria overshadowed a lack
of response by these two groups. Clearly it would
be interesting to identify those members of the
microbial community that did respond to the core
transfers, but sequencing was beyond the scope of
the study when the reciprocal transplant treatment
was implemented.

Fungal communities generally responded more
slowly than bacterial communities to core transfers
(Fig. 4). This was contrary to our expectations because
severing roots should quickly impact mycorrhizal fun-
gi (Wallander et al. 2001; Jones et al. 2003; Hogberg
et al. 2007; Yarwood et al. 2009). Although mycorrhi-
zal fungi no longer receive carbon from plants once
roots are killed, it is known that some ectomycorrhizal
mycelium may persist for a short time after clear-cuts
(Hagerman et al. 1999; Harvey et al. 1980; Perry et al.
1987). Such persistence may partially explain why soil
cores transferred from the forest to meadow environ-
ment responded more slowly than cores transferred
from meadow to forest. The more rapid response of
meadow soils transferred to the forest likely reflected
colonization by ectomycorrhizal fungi, although we
cannot discount a shift in the saprotrophic fungal
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community in response to different microclimatic con-
ditions. As with the bacterial community, sequencing
of the fungal community would have provided a more
definitive explanation for the community shifts we
observed.

Microbial community response to disturbance

Disturbance events open up new habitat for coloniza-
tion and result in increased heterogeneity in the system
(Denslow 1985), e.g., the catastrophic Yellowstone
Fires of 1988 resulted in a mosaic pattern on the
landscape (Platt and Connell 2003; Turner et al.
1998). Similarly, the composition of a microbial com-
munity following small- or large-scale disturbance de-
pends on the ability of individuals to survive, adapt to
new conditions, and recolonize disturbed sites (Zak
1992; Friese et al. 1997; Reed and Martiny 2007;
Allison and Martiny 2008; Chaer et al. 2009). Our
results show that bacterial and fungal communities
are resilient and adapt within a few years to small- or
large-scale disturbances.
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