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2 Department of Biology-Microbial Ecology, Lund University, Lund, Sweden

As an alternative to clear-cutting, variable-retention harvesting is now standard forest
management practice on the coast of British Columbia and in temperate forests globally,
due to the benefits associated with maintaining mature forest species and forest
structural diversity. Although there is some evidence that variable-retention harvesting,
particularly single-tree (dispersed) retention will mitigate the impacts of clear-cutting
on soil microbial communities and nutrient cycling, findings have been inconsistent.
We examined microbial community structure (phospholipid-fatty acid), and nutrient
availability (PRS™ probes) in a large (aggregated) retention patch and over three
harvesting treatments: dispersed retention, clear-cut and clear-cut edge 2 years after
harvest. Unlike previous studies, we did not observe elevated nitrate in the harvested
areas, instead ammonium was elevated. Availability of N and other nutrients were
surprisingly similar between the dispersed-retention treatment and the retention patch.
The microbial community, however, was different in the clear-cut and dispersed-retention
treatments, mostly due to significantly lower abundance of fungi combined with an
increase in bacteria, specifically Gram-negative bacteria. This was accompanied by lower
8'3Cppg value of the Gram-negative PLFA's in these treatments, suggesting the decline in
mycorrhizal fungal abundance may have allowed the dominant Gram-negative bacteria
to access more of the recently photosynthesized C. This shift in the microbial community
composition in the dispersed-retention treatment did not appear to have a major impact
on microbial functioning and nutrient availability, indicating that this harvesting practice
is more effective at maintaining generic microbial functions/processes. However, as Mn
levels were twice as high in the retention patch compared to the harvested treatments,
indicating the other “narrow” processes (i.e., those performed by a small number of
specialized microorganisms), such as lignin degradation, catalyzed by Mn peroxidase,
which concomitantly removes Mn from solution, may be more sensitive to harvesting
regimes. The effect of harvesting on such narrow nutrient cycling processes requires
further investigation.
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INTRODUCTION

Variable-retention harvesting (VRH), as opposed to clear-cut
harvesting, is being employed in many contexts because of the
perceived ecological benefits. The goals of VRH (also known
as green-tree retention or just retention harvesting) are to
maintain forest structural diversity, preserve species associated
with mature forests, and support faster post-harvest recovery of
biodiversity (Franklin et al., 1997, 2018). The benefits of retaining
aboveground tree and shrub species for the preservation of
plant and animal diversity are well-documented in the short
term (Work et al, 2003; Atwell et al., 2008; Aubry et al,
2009), particularly for ground-dwelling animals and epiphytic
lichens (Rosenvald and Lohmus, 2008). Although not as well-
documented, there is reason to believe that VRH will impart
similar benefits to belowground biodiversity and function.
The trees retained on clear-cut sites are thought to act as
“lifeboats” for microbes, maintaining belowground plant-soil
interactions and ensuring seedlings will have access to host-
specific mycorrhizae and microbes, which could aid seedling
success (Franklin et al., 1997; Beese et al., 2019). Belowground
plant-soil interactions have been increasingly recognized as
necessary to ecosystem functioning (Bever et al., 1997; Wardle
et al., 2004; Bardgett et al., 2005), and are considered a key
knowledge gap and a major research challenge for retention
forestry (Gustafsson et al., 2012).

Harvesting of trees changes the quality and decreases the
quantity of plant C inputs into the soil (Marshall, 2000), and
affects soil temperature, moisture, pH, and available nitrogen
(Covington, 1981; Chen et al,, 1995; Hassett and Zak, 2005;
Nave et al., 2010). Generally, clear-cut harvesting is followed by
a period of increased availability of soil nutrients (Keenan and
Kimmins, 1993); particularly nitrate (NO;) (Gordon and Van
Cleve, 1983; Mladenoft, 1987; Fisk and Fahey, 1990; Denslow
et al., 1998; Gravelle et al., 2009; Jerabkova et al., 2011). Nitrate
levels typically increase within a year of clear-cut harvesting, and
remain elevated for 3-5 years (Prescott et al., 2003). However,
this depends on site fertility (Vitousek et al., 1979) and the forest
type, as the response in coniferous forests tends to be delayed,
but prolonged, relative to deciduous forests (Futter et al., 2010;
Jerabkova et al., 2011). Other studies have found that NO3 levels
remain low after harvesting (Barg and Edmonds, 1999; Bock and
van Rees, 2002; Jerabkova et al., 2006; Jerabkova and Prescott,
2007); instead, ammonium (NHI) levels increase relative to
uncut forests (Carmosini et al., 2002; Titus et al., 2006; Bradley
and Parsons, 2007; Theil and Perakis, 2009). At the edges of clear-
cuts (within 11 m of the forest edge), nitrogen availability tends to
resemble that in the adjacent forest (Hope et al., 2003; Jerabkova
et al., 2006; Theil and Perakis, 2009).

Variable-retention harvested areas have been shown to have
nutrient and microclimate conditions intermediate to uncut and
clear-cut forests (Barg and Edmonds, 1999; Lajzerowicz et al.,
2004; Lapointe et al., 2005; Marenholtz et al., 2010), with elevated
NO;3 levels (relative to uncut forest sites) reported in openings
as small as 0.07 to 1.7 hectares (Prescott et al., 1992, 2003;
Parsons et al., 1994; Bauhus and Bartsch, 1995; Prescott, 2002;
Hope et al,, 2003). Single-tree retention appears to have little

effect on soil nitrogen availability, even when up to 60% of trees
are removed (Knight et al., 1991; Parsons et al., 1994; Hope
et al., 2003; Prescott et al., 2003; Redding et al., 2003; Jerabkova
et al.,, 2011). This muted effect can be attributed to the residual
trees continuing to take up soil N, minimizing environmental
extremes by providing shade, maintaining more consistent soil
moisture and pH (Carlson and Groot, 1997; Franklin et al., 1997;
Jerabkova et al., 2011), and maintaining inputs of C through litter
and root exudates (Lee et al., 2002).

The impact of forest harvesting on soil microbes is less well-
established (Siira-Pietikidinen et al., 2001; Hernesmaa et al., 2005).
Soil microbial biomass has been reported to increase (Sundman
et al., 1978; Entry et al., 1986), decrease (Bradley et al., 2001;
Siira-Pietikdinen et al., 2001; Moore-Kucera and Dick, 2008;
Mummey et al., 2010), or remain the same (Smolander et al.,
1998; Barg and Edmonds, 1999; Li et al., 2004) following clear-
cut harvesting. The impact of clear-cut harvesting on microbial
community composition is similarly inconsistent. Microbial
community composition may not change (Ponder and Tardos,
2002; Hannam et al., 2006); bacteria (Moore-Kucera and Dick,
2008), specifically Gram-negative bacteria (Mummey et al., 2010)
and Actinobacteria (Hartmann et al., 2009) may be reduced;
but more commonly fungal biomass is reduced (Mummey
et al,, 2010) and the fungal community composition is altered,
particularly ratios of ectomycorrhizal and saprotrophic genera
(Jones et al., 2003; Hartmann et al., 2009, 2012). Fewer studies
have examined the impact of VRH on the microbial community,
and results are not in agreement; soil microbial biomass may
be reduced (Lindo and Visser, 2003) or unaffected in openings
relative to retention patches (Churchland et al., 2013). Chatterjee
et al. (2008) observed a reduction of fungi and Gram-negative
bacteria in harvested areas. Similarly Luoma et al. (2006)
reported a decrease in ectomycorrhizal richness with increasing
distance from retention patches. Single-tree removal has been
found to mitigate changes to the microbial community structure
(Kranabetter and Wylie, 1998; Hagerman et al., 1999), although
changes in the fungal community, particularly ectomycorrhizae,
still occur (Kropp and Albee, 1996; Buée et al., 2005; Teste et al.,
2012; Bach et al., 2013).

Retaining live trees on harvested sites provides soil
organisms with a continually replenished source of labile
carbon (C) from root exudates (Hogberg et al., 2001; Zak
et al, 2003), as well as above- and below-ground litter
materials. Recently photosynthesized labile plant C exuded
by roots is typically '3C-depleted relative to older C stored
in coarse woody debris and soil organic matter (Kuzyakov,
2006; Werth and Kuzyakov, 2010). Natural variation in
these carbon sources can be used to infer the flow of C
in the environment (Schweizer et al, 1999). By comparing
the ratio '3C/!2C within microbial signature phospholipid
fatty acids to that of other C pools, including recently
photosynthesized C, it is possible to determine which microbial
groups rely on recently photosynthesized C from living trees
for growth.

The objective of this study was to determine whether
aggregated-retention harvesting (where living trees are retained
in aggregated patches) or dispersed variable-retention harvesting
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(where single dispersed individuals are retained) best maintains
pre-harvest soil microbial community structure and soil
nutrient availability. In addition, through analysis of 3'3Cppp
values in the microbial community we could deduce which
microorganisms are dependent on plant photosynthate for
growth. In order to meet these objectives we used principle
component analysis (PCA) to examine nutrient availability and
13C natural abundance stable-isotope ratios of soil microbial
phospholipid fatty acids (PLFA) in a second-growth forest, along
a clear-cut edge, in a clear-cut and in a dispersed-retention
harvested area, 2 years following harvesting. Soil nutrient
availability at each point was estimated using plant root simulator
(PRS) probes.

MATERIALS AND METHODS
Study Site

Samples were collected in the third replicate of the existing
Silviculture Treatments for Ecosystem Management in the
Sayward (STEMS) long-term research installation set up by
the British Columbia Ministry of Forests and Range, close
to Gray Lake on Vancouver Island, B.C. (50°03'43.02"N,
125°35'24.35"W) in early May, 2009. The stand is in a
submontane very dry maritime Coastal Western Hemlock
biogeoclimatic zone (CWHxm2) (de Montigny, 2004; de
Montigny et al, 2018), receives annual precipitation of
~1,529.5mm has and has a mean temperature of 8.4°C
(National Climate data and information archive, 1971-2000).
Soils are mostly Orthic Humo-Ferric Podzols with moder
humus form and sandy-loam structure (de Montigny et al,
2018).

The second-growth stand histories across the STEMS 3
experimental site are similar. Prior to harvest, Douglas-fir
accounted for more than 90% of the total volume across all
treatment units; minor components of western hemlock, western
redcedar, western white pine, and/or red alder were present (de
Montigny et al., 2018). At the pre-harvest measurement in 2006,
treatment units ranged in density from 286 sph in the dispersed
retention area to 549 sph in the aggregated retention area. Basal
area was 33.7 m?/ha in the dispersed retention area and 38.4
m+/ha in the aggregated retention area. In February 2008 the
existing 60-70-year-old stands were harvested using variable-
retention, retaining trees in both aggregated and dispersed
formats. Aggregate-retention patches, within which all the trees
(Douglas-fir dominant and minor western redcedar component)
were retained, ranged from 0.21 to 1.65 ha in size, totaling 4.86 ha
in 14 patches, with clear-cut spaces ranging from 4.4 to 11.5 ha,
in a total area of 35.0 ha. In the dispersed-retention treatment,
approximately 45 trees per ha were retained within a 37.8-ha
area (de Montigny et al., 2018). Douglas-fir and western red
cedar (Thuja plicata) seedlings were planted in March 2009. The
ground vegetation consisted mainly of salal (Gaultheria shallon)
and sword fern (Polystichum munitum). The soils were a mix
of mineral and organic layers in the harvested areas due to soil
disturbance during harvesting; those areas that were not mixed
had a forest floor 6-8 cm deep. The soil pH ranged from 3.5
to 5.0.

Soil Sampling
Two equally distributed 10 x 10 point grids with sampling
points 3 m apart in the north-south direction and 2 m apart in
the east-west direction were laid out, one within the dispersed-
retention area and the other positioned on the northern edge of
an aggregate-retention patch such that it extended 12 m south
into the aggregated-retention patch, and 15m north into the
clear-cut area. At each sampling point, three soil cores were
collected using a 5-cm-diameter stainless-steel corer to a depth of
10 cm. The three cores were combined and stored at 4°C within
6 h. The soil was sieved to <2 mm prior to PLFA analysis.
Samples from the study area (dispersed-retention and
aggregated-retention) were separated into four treatments for
comparison. Samples from the five southernmost rows in the
aggregated-retention area, located at the edge and extending 12 m
into the patch of retained trees, were considered part of the
retention patch (RP, 50 samples). Samples along the next two
rows, just north of the retention patch, located 3 and 6 m into
the clear-cut, were considered clear-cut edge (CCE, 20 samples).
The three northernmost rows of samples at the aggregate-
retention area, between 9 and 15 m from the retention patch, were
denominated clear-cut (CC, 30 samples). The division into CCE
and CC was based on prior knowledge from this particular site,
and from other studies that have demonstrated that the influence
of trees on belowground communities and processes are greatest
within 10 m of the trees (Saetre, 1999; Saetre and Baéth, 2000;
Bengtson et al.,, 2006; Churchland et al., 2013; Chapter 3 this
thesis). Samples collected from the dispersed-retention site (DR)
were not separated (100 samples).

Soil Physical, Biological, and Chemical

Analysis

Phospholipid fatty acids were extracted according to the
Frostegard et al. (1991) method, based upon the Bligh and Dyer
(1959) procedure, and further modified by White et al. (1979).
Briefly, soil samples (1.2g of freeze-dried soil) were vortex-
extracted in a 0.8:1:2 (v/v/v) solution of citrate buffer, chloroform
and methanol. The extracted lipids were then fractionated into
neutral lipids, glycolipids, and phospholipids on Accubond II
Solid Phase Extraction silica columns (Agilent Technologies
Inc., Santa Clara, CA) by elution with chloroform, acetone, and
methanol. A known amount of methyl nonadecanoate (19:0) was
added to the fraction containing the phospholipids to act as an
internal standard. Lipids were then transmethylated to their fatty-
acid methyl esters using mild alkaline methanolysis. Following
this fatty-acid residues were flash-evaporated under N;-gas and
stored at —20°C until analysis.

PLFA peaks were identified by means of a combination of
mass spectra and retention times relative to the internal standard
19:0, and an external bacterial acid methyl-ester standard
(BAME; Sigma-Aldrich co., 47080-U, Oakville, ON, Canada).
PLFA '2C/13C were analyzed with a Gas Chromatograph (Agilent
Technologies Gas Chromatograph 6890N, Santa Clara, CA,
United States), interfaced with a combustion furnace (GV
instrument GC5 MK1) in turn interfaced with a Isoprime
ratio mass spectrometer (GV instrument, both Cheadle Hulme,
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TABLE 1 | Abundance (mol %) of PLFAs in the clear-cut treatment, the clear-cut edge treatment (within 9 m of the retention patch), the retention patch and the

dispersed-retention treatment.

Clear-cut Clear-cut edge Retention patch Dispersed retention
Mean SE (n = 30) Mean SE (n = 20) Mean SE (n = 50) Mean SE (n = 100)
i15 8.5 0.4 7.6 0.4 7.2 0.3 7.3 0.2
atb 3.3 0.1 3.1 0.1 2.7 0.1 3.2 0.1
iC16:0 4.0 0.3 3.4 0.2 3.4 0.2 4.1 0.2
Cl16:1w7c 9.1 0.2 8.4 0.3 8.3 0.2 8.2 0.1
C16:1wbc 3.5 0.1 3.4 0.1 3.1 0.1 3.5 0.1
C16:0 16.5 0.8 17.8 0.6 17.6 0.4 15.7 0.4
i17:1w8c 21 0.1 1.9 0.1 1.8 0.1 2.4 0.1
10Me17:0 6.5 0.4 6.1 0.4 55 0.3 6.7 0.2
iC17:0 1.4 0.1 1.3 0.0 1.2 0.1 1.6 0.1
aC17:0 1.6 0.1 1.7 0.1 1.6 0.1 1.9 0.1
C18:2w6,9 6.5 0.4 8.5 0.8 114 0.4 7.2 0.3
C18:1w9c 11.4 0.2 12.5 0.3 11.8 0.4 10.5 0.2
C18:1w7c 12.5 0.5 11.2 0.4 1.7 0.3 121 0.3
C18:0 3.0 0.1 3.0 0.1 2.7 0.1 3.3 0.1
cy19:0 10.3 0.6 10.0 0.5 10.4 0.4 12.3 0.4

SE represents standard error of the means.

United Kingdom) at the Belowground Ecosystem Group Stable
Isotope Facility in the Faculty of Forestry at the University of
British Columbia. Sample batches were two-point calibrated to
20:0 isotopic standards that bracketed the expected range of
813Cppp values (20:0’s equaled —30.68 %o, standard deviation
0.02% vs. VPDB, and —6.91%, standard deviation 0.04% vs.
VPDB; isocanoic acid methyl ester, certified reference material,
Indiana University). The following fatty acids were chosen to
represent bacterial PLFAs: i15:0, al5:0, 15:0, i16:0, 16:1w7c,
i17:1w8¢c, 10Mel7:0, i17:0, al7:0, 18:1w7c, 18:1w5c, cyl9:0
(Kroppenstedt, 1985; Frostegard et al, 1993; Zogg et al,
1997). The branched PLFAs i15:0, al5:0, i16:0, i17:0, and al7:0
were considered to be indicative of Gram-positive bacteria,
and 16:1w7¢, 18:1w7¢, and cy19:0 of Gram-negative bacteria.
There was one fungal biomarker PLFA,18:2w6,9. Abundance of
identified fatty acids are expressed as nmols per gram of freeze-
dried soil (nmols g_l). Total microbial biomass was calculated as
the sum of all PLFAs listed in Table 1.

Three sets of anion and cation Plant Root Simulator
(PRS)™ available-nutrient probes (Western Ag innovations)
were incubated in the upper 10 cm of the soil 2-5cm apart, at
each of the sampling locations within the retention sites for 90
days. After removal the probes were washed with distilled and
deionized water and scrubbed with a stiff brush to remove any
residual soil before being shipped to Western Ag Innovations
Inc. Laboratory in Saskatoon, Saskatchewan for chemical analysis
(Hangs et al., 2004). The following cations and anions were
analyzed: NOJ, NH;, Ca*", Mg?", K, H,POj, Fe**, Mn*,
Cu?t, Zn?t, B3, SOi_, Pb?*, AI**. The three (PRS)™ probes
at each sampling location were analyzed together, making one
composite sample (200 samples in total). Values express the
nutrient absorbed per surface area of the ion exchange membrane

(ngofion/10 cm?) (Qian and Schoenau, 2002; Hangs et al., 2004)
over 90 days.

Statistical Analysis

Variations in microbial community composition and nutrient
availability among harvesting treatments were assessed by
a principal component analysis of the relative abundance
(mol %) of the different PLFAs and the concentrations of
nutrients in the PRS probes, respectively. The factor scores
for the samples in the different treatments were then used
in a Kruskall-Wallis ANOVA by ranks followed by two-
tailed multiple comparison of means, in order to determine
if microbial community composition and nutrient availability
were significantly affected by the treatments. The same tests
(Kruskall-Wallis ANOVA by ranks followed by a two-tailed
multiple comparison of means) was used to assess treatment
differences in the other measured variables. All statistical analyses
were performed in STATISTICA, version 11 (StatSoft, Inc. Tulsa,
OK, United States).

RESULTS

Microbial Biomass and Community

Composition

Total microbial biomass did not differ between treatments
(Figure 1, Kruskal-Wallis ANOVA by ranks, p = 0.66,
H = 159, df = 3). However, PCA of the PLFA data
indicated a clear difference in microbial community composition
between the retention patch and the dispersed retention
treatment, and between the clear-cut and the clear-cut edge
treatments (Figure 2A, Kruskal-Wallis ANOVA by ranks,
p < 0.001, H = 1848, df = 3). The first principal

Frontiers in Forests and Global Change | www.frontiersin.org

January 2021 | Volume 3 | Article 609216


https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org
https://www.frontiersin.org/journals/forests-and-global-change#articles

Churchland et al.

Variable-Retention Harvesting Mitigates N Losses

350

150

Total PLFAs (nmol g soil)
g
|
1

cc CCE RP DR

Treatment

FIGURE 1 | Total microbial biomass in the dispersed retention (DR) treatment,
the retention patch (RP), in the clear-cut treatment (CC, 9 m, or more from the
retention patch) and in the clear-cut edge treatment (CCE, within 9m of the
retention patch).

component, which explained 44% of the variation, separated
samples from the retention patch, clear-cut edge, and clear-
cut treatments, from samples taken in the dispersed-retention
treatment (Figure 2A). The second principal component, which
explained 17% of the variation, grouped together samples from
within the retention patch and samples from the dispersed-
retention treatments and also grouped together samples from
the clear-cut edge and clear-cut treatments. Fungal PLFA
abundance was significantly reduced in the clear-cut and
clear-cut edge compared to the retention patch (p < 0.001,
H=21.34,df =3).

The differences in microbial community composition between
the treatments was mostly the result of the lower abundance of
the fungal PLFA biomarker 18:2w6,9 at the dispersed-retention
treatment (p < 0.001, H = 21.34, d.f. = 3, Figure 2B, Table 1).
The abundance of 18:2w6,9 was highest in the retention patch
and lowest in the clear-cut treatment, with the clear-cut edge and
dispersed-retention treatments being intermediate (p < 0.001, H
= 21.34, d.f. = 3, Table 1). Compared to the retention patch,
the abundance of C18:2w6,9 decreased by 35.1, 23.4, and 41.4%
in the DR, CCE, and CC, respectively. The decrease in fungal
abundance in the dispersed-retention area co-occurred with an
increase in the relative abundance of the Gram-negative PLFA
biomarker cy19:0 (p < 0.05, H = 10.90, d.f. = 3, Table1).
The abundance of cy19:0 increased by 18.3% in the dispersed-
retention area compared to the retention patch, abundance of
cy19:0 remained similar to the retention patch in the clear-
cut and clear-cut edge treatments. In fact, the reduced fungal
abundance due to tree harvesting seemed to generally be
associated with increased bacterial abundance (Figure 3).

A
4
3 E
2 4
cc2
a cc1
X
g " +
S RP +
o 14 DR
8]
a
-2 A
-3 4
-4 T T T T T T T
-4 -3 -2 -1 0 1. 2 3 4
PC1:4394%
B
4
3 -
2 ~
1 5
© 4 2 B 10Mel7:0
& 18109 g m 16107
E 0 a17:0 1.315.17'_0'16'0
B W 16:0 18:0mpl '/
s [ ] 16rlwse  17:108c
& -1 1 18:2w6,9 18:1w7c
<2 9 B cy19:0
_3 -
-4 T T T T T T T
-4 -3 -2 -1 0 1 2 3 4
PC1:43.94 %
FIGURE 2 | Principal component analysis ordination showing (A) soil microbial
communities based on PLFA abundance (mol%) in the dispersed-retention
(DR) treatment, the retention patch (RP), in the clear-cut treatment (CC, 9m, or
more from the retention patch) and in the clear-cut edge treatment (CCE,
within 9 m of the retention patch). (B) The relative contributions of individual
PLFAs to the community structure. Horizontal and vertical error bars represent
standard error.

813Cppg Values of Microbial PLFAs

The weighted average 813Cppp values of PLFA biomarkers were
significantly lower in the retention patch relative to the clear-
cut treatment (Figure4, p < 0.001), with the clear-cut edge
treatment being intermediate to these. This trend was also
observed in the 8*Cppg values of fungal as well as Gram-
negative and Gram-positive biomarker PLFAs (Figure 4). The
weighted-average 813Cppp values of PLFA biomarkers in samples
from the dispersed-retention treatment were generally similar to
samples from the retention patch. For fungi the ANOVA showed
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FIGURE 3 | Bacterial abundance (expressed as mol% bacterial PLFAS) in the
dispersed-retention (DR) treatment, the retention patch (RP), in the clear-cut
treatment (CC, 9m, or more from the retention patch) and in the clear-cut
edge treatment (CCE, within 9 m of the retention patch).

Weighted average dPDB
(] WAdPDB G-
(] WAdPDB G+

[ WA bacterial PLFAS

53C
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FIGURE 4 | Weighted average 3'3Cppg of all analyzed PLFAs (red), the fungal
biomarker PLFA 18:2w6,9 (green), and bacterial Gram-negative (blue) and
Gram-positive (black) biomarker PLFAs in the dispersed-retention (DR)
treatment, the retention patch (RP), in the clear-cut treatment (CC, 9m, or
more from the retention patch) and in the clear-cut edge treatment (CCE,
within 9 m of the retention patch).

a significant difference between treatments (H = 27.06, d.f. 3,
p < 0.001, Figure 4), but the following two-tailed comparison
of means showed no difference between the dispersed retention
treatment and the retention patch. For Gram-positive bacteria
the ANOVA showed a significant difference between treatments
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FIGURE 5 | Principal component analysis showing (A) soil nutrient availability
based on the concentration of anions and cations adsorbed onto PRS-probes
in the dispersed-retention (DR) treatment, the retention patch (RP), in the
clear-cut treatment (CC, 9 m, or more from the retention patch) and in the
clear-cut edge treatment (CCE, within 9 m of the retention patch). (B) Relative
contributions of individual ions to differences in nutrient availability. Horizontal
and vertical error bars represent standard error.

(H = 3222, d.f. 3, p < 0.001, Figure 4), but the following two-
tailed comparison of means showed no difference between the
dispersed retention treatment and the retention patch. For Gram-
negative bacteria the ANOVA showed a significant difference
between treatments (H = 13.94, d.f. 3, p < 0.01, Figure4),
but the following two-tailed comparison of means showed no
difference between the dispersed retention treatment and the
retention patch.

Nutrient Availability

The availability of soil nutrients, as indicated by the PRS-probes,
was remarkably similar in the dispersed-retention treatment and
the retention patch (Figure 5A). Only two nutrients differed in
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TABLE 2 | pH and soil nutrient availability (top 10 cm) in the clear-cut treatment, the clear-cut edge treatment (within 9 m of the retention patch), the retention patch and

the dispersed-retention treatment as estimated using PRS probes.

Clear-cut Clear-cut edge Retention patch Dispersed retention

Mean SE(n = 30) Mean SE(n = 20) Mean SE(n = 50) Mean SE(n = 100)
pH 3.6 0.1 3.9 0.1 3.5 0.1
Total N 10.7 2,08 9.1 1.4A 5.3 0.58¢ 5.6 0.9¢
NO3-N 0.7 0.3 2.1 11 0.6 0.1 1.0 0.5
NH4-N 6.5 1.94 2.9 0.7/8 1.3 0.48¢ 1.3 0.6°
Ca 606.8 63.58 610.5 51.9"8 705.3 48,278 837.9 4017
Mg 111.4 12.98 109.3 12,778 1231 8.6"8 150.7 7.6"
K 473.5 68.3" 332.2 31.3* 219.3 17.7 3234 18.94
P 38.9 414 35.4 3.94 29.6 2,778 24.1 2.48
Fe 5.7 0.9 4.6 0.9 5.8 0.9 4.8 0.6
Mn 17.5 2.38 33.2 3.84 31.8 3.6° 17.8 1.38
Cu 0.0 0.0 0.1 0.1 0.0 0.0 0.0 0.0
Zn 1.5 0.1 1.9 0.2 1.8 0.2 1.6 0.1
B 0.1 0.0"8 0.3 0.2/8 0.2 0.08 0.0 0.0

16.0 1.28 13.1 1.6°8 12.7 1.0%8 12.3 0.9"
Pb 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0
Al 19.0 2.0 20.6 2.8 19.2 1.4 21.9 1.1
Cd 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

SE represents standard error of the means. Separate for each nutrient, similar capital letters indicate the individual treatments are not significantly different (Kruskall-Wallis ANOVA by

ranks followed by a two-tailed multiple comparison of means, a > 0.05).

availability: K and Mn (Table 2). Mn concentrations were almost
twice as high within the retention patch and at the clear-cut
edge treatment compared to the dispersed-retention treatment,
whereas K concentrations were slightly lower within the
retention patch compared to the dispersed-retention treatment.

In contrast, the availability of nutrients in the clear-cut
edge and clear-cut treatments were significantly different than
in the retention patch (Figure5A, p < 0.001). Most notably
NH] availability was highest in the clear-cut edge and clear-
cut treatments (Figure 5B, Table 2). There were no differences
in concentrations of NO; between any treatments. Higher
concentrations of K and P in the clear-cut edge and clear-cut
treatments compared to the retention patch were also observed,
and the effect was most pronounced in the clear-cut (Figure 5B,
Table 2). Concentrations of Ca and Mg were higher at the
dispersed-retention treatment than in the clear-cut treatment (p
< 0.05), and comparisons between the clear-cut edge treatment,
the clear-cut treatment, and the retention patch revealed a
similar trend (Table 2). Manganese concentration in the clear-
cut treatment was similar to that at the dispersed-retention
treatment; however, it was 45% higher within the retention patch
(Table 2). In contrast, there was no significant difference in Mn
concentration between the retention patch and the clear-cut
edge treatment.

DISCUSSION

The aim of variable-retention harvesting is to maintain stand
structural diversity and biodiversity associated with mature
forests, which includes soil microbial diversity (Franklin et al.,

1997; Beese et al., 2019). In this study, retention of living trees
in harvested areas was not successful in preserving the structure
of the soil microbial community and activity. Although total
microbial biomass was unaffected by harvesting, there was a
clear shift in microbial community composition due to clear-
cutting, even within 9m of a retention patch. The differences
between the dispersed-retention treatment and the retention
patch, clear-cut and clear-cut edge treatments were even more
pronounced. The variation was mostly due to a lower abundance
of the fungal PLFA biomarker 18:2w6,9 in the clear-cut, clear-
cut edge and dispersed retention treatments, resulting in a
microbial community largely dominated by bacteria. However, at
the dispersed-retention treatment we also observed a slight shift
toward Gram-negative bacterial dominance.

The observed decrease in 18:2w6,9 in the clear-cut (—41.4%),
clear-cut edge (—23.4%), and dispersed-retention (—35.1%)
treatments compared to the retention patch, probably indicates
reduced abundance of mycorrhizal fungi. Mycorrhizae are
dependent on recent tree photosynthates for carbon and so
are particularly susceptible to tree harvesting (Hagerman et al.,
1999; Byrd et al., 2000; Busse et al., 2006; Hartmann et al.,
2009). Girdling studies have shown that removal of recent
photosynthates belowground reduces the fungal, and to a lesser
extent bacterial communities within weeks (Hogberg et al,
2008). Accordingly, Mummey et al. (2010) found that fungal
biomass was significantly reduced in grand fir, lodgepole pine,
and Douglas-fir forest soils following clear-cutting. Similarly,
Luoma et al. (2004), found a decrease in ectomycorrhizal (ECM)
sporocarp production in sites with lower stem retention in both
aggregated- and dispersed-harvesting regimes. However, other
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studies have shown that the presence of aggregated tree clumps
can support mycorrhizal communities up to 10m (Jones et al.,
2008) and even 20 m into a clear-cut area through root-exuded C
(Churchland et al., 2012).

The low 8!3Cppp value of PLFAs in both the retention patch
and the dispersed-retention treatment, compared to the clear-
cut and clear-cut edge treatments, concurs with the fact that
recently photosynthesized labile plant C exuded by roots is
typically 3*C-depleted relative to older C stored in coarse woody
debris and soil organic matter (Kuzyakov, 2006; Werth and
Kuzyakov, 2010). This suggests that the microbial community
in the clear-cut and clear-cut edge treatments is more reliant
on C sources that are older and more recalcitrant, whereas
recently photosynthesized plant C is a major C source in the
retention patch and at the dispersed-retention treatment. Even
if the average 313Cppp value of microorganisms was similar in
the retention patch and in the dispersed-retention treatment,
differences in microbial community composition between the
two suggest that the recently photosynthesized labile plant C was
utilized by different microorganisms. Mycorrhizal fungi absorb
recently photosynthesized C directly from the tree root and
tend to be *C-depleted (Bowling et al., 2008; Churchland et al.,
2013). The dispersed-retention treatment had significantly lower
abundance of the fungal PLFA biomarker 18:2w6,9 than the
retention patch. Instead, plant C seemed to be directly utilized
by bacteria, particularly Gram-negative bacteria, as suggested
by the increased abundance of the Gram-negative biomarker
PLFA cy19:0 in the dispersed-retention treatment relative to the
retention patch. Accordingly, Gram-negative bacteria are the
dominant bacteria associated with the rhizosphere (Paterson,
2003). The decline in mycorrhizal fungal abundance may have
allowed the dominant Gram-negative bacteria to access more of
the recently photosynthesized C, as also indicated by the lower
813Cppp value of the Gram-negative PLFA%s, resulting in the
observed increase in their abundance. Churchland et al. (2012)
recently demonstrated through !*C-labeling studies of mature
tree photosynthate, that fungi and Gram-negative bacteria are the
main utilisers of tree root exudate carbon.

Although microbial community composition was significantly
altered by the dispersed-retention harvesting, nutrient
concentrations remained remarkably similar to those in the
uncut patch of retained trees. In contrast, shifts in the microbial
community composition in the clear-cut and the clear-cut edge
treatments co-occurred with altered nutrient availability. This
was most clearly manifested as a five- and two-fold increase
in available NH; concentrations in the clear-cut and clear-cut
edge treatments, respectively, compared to both the dispersed
retention and retention patch. The different nutrient availability
in the dispersed-retention, the clear-cut and clear-cut edge
treatments cannot be explained by changes in the microbial
biomass, as we found no significant difference in total microbial
biomass among these treatments. However, microbial biomass
has been shown to respond slowly to environmental change,
even when there is up to 10-fold variation in microbial activity
(Bloem et al, 1992; Rousk and Baith, 2011). The isotopic
data suggest that the soil microbes in the clear-cut and clear-
cut edge treatments may have had less access to labile C in

the form of root exudates, compared to the retention patch
and the dispersed-retention treatment, which would reduce
microbial activity. Since the quantity and quality of C often limits
microbial growth and activity (Bengtson et al., 2005; Demoling
et al., 2007), the greater availability of recent photosynthates
would result in more vigorous microbial growth, which in
turn would influence the availability and turnover of nutrients
(Bengtsson et al., 2003). There are also indications that when
the availability of labile plant-C is low, gross N mineralization
exceeds gross N immobilization, resulting in net mineralization
of N, while net immobilization occurs at high availability of
labile plant-C (Bengtson et al, 2012). This may explain the
low NH, concentrations in the retention patch and at the
dispersed-retention treatment.

The similarity in concentrations of nutrients in the dispersed-
retention treatment and within the retention patch suggest that
dispersed-retention harvesting is effective in avoiding elevated
concentrations and potential leaching losses of nutrients such as
N and K. Most studies agree that single-tree retention mitigates
N losses (Hope et al., 2003; Prescott et al., 2003; Redding et al,,
2003; Jerabkova et al., 2011). Our results suggest that dispersed-
retention harvesting that retains as few as 40 trees ha™!, is
sufficient to maintain pre-harvest N availability. In contrast,
clear-cutting resulted in elevated NH, availability. Proximity to
a retention patch did not affect N availability in our study, unlike
previous studies (Theil and Perakis, 2009).

Taken together, our results suggest that as long as the
microbial community has access to recent plant C, as was the
case in the dispersed-retention treatment, the functions which
the microbial community provides in terms of nutrient cycling
remain largely unchanged after harvest. This indicates that
these particular functions are generic-i.e., as long as the total
microbial biomass and activity remains the same, decomposition
and nutrient cycling will not be greatly affected by shifts
in microbial community composition. There was, however,
one major exception. The Mn?* concentration, as determined
by PRS-probes, was almost twice as high in the retention
patch (and in the clear-cut edge treatment) compared to the
dispersed-retention and the clear-cut treatments. This may be
related to the low abundance of ectomycorrhizal fungi in the
dispersed-retention and in the clear-cut treatments. Manganese
is only soluble in its reduced state (Schwab and Lindsay,
1983). It has been demonstrated that the abundance of Mn-
reducing bacteria is several times higher in the rhizosphere of
plants colonized by arbuscular mycorrhizae compared to non-
mycorrhizal plants, resulting in higher concentrations of soluble
Mn (Nogueira et al., 2007). To our knowledge there have been
no studies designed to test if ectomycorrhizae have the same
stimulatory effect on Mn-reducing bacteria, but our results
suggest that this may be the case. Manganese reduction is only
performed by a few specialized microorganisms. Therefore, even
though dispersed-retention harvesting methods are successful in
preserving generic soil functions, specialist functions are more
responsive to changes in microbial community composition. An
alternative explanation to the reduced Mn concentrations in the
dispersed-retention and the clear-cut treatments is that the fungal
communities in these two areas were dominated by saprotrophic
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fungi growing on woody debris and partly decomposed litter.
Manganese peroxidase (MnP) is the most common lignin-
modifying enzyme produced by white-rot fungi and other
wood and litter decomposing basidiomycetes (Hofrichter, 2002).
Manganese peroxidase catalyzes the oxidation of soluble Mn?*
to highly reactive Mn3*, which effectively removes the Mn from
the soil solution.

In conclusion, our results demonstrate that harvesting of
trees influences the soil microbial community composition, alters
the microbial communities’ access to labile C sources, and
affects soil nutrient availability. The presence of a retention
patch did not appear to lessen the impact of harvesting on
soil microbial community structure or nutrient availability in
the clear-cut, or clear-cut edge. In contrast, dispersed-retention
harvesting seemed to mitigate the effects of harvesting on
nutrient cycling, as demonstrated by the remarkably similar
concentration of nutrients in this treatment relative to the
retention patch. Dispersed-retention harvesting appears to
be the most effective variable-retention-harvesting system to
maintain microbial functioning and nutrient cycling. Shifts in
the microbial community composition in response to harvesting
at the dispersed-retention site did not have a major impact
on microbial functioning and nutrient availability. However,
this may only be true for generic functions/processes; other
“narrow” processes (those performed by a small number of
specialized microorganisms) such as manganese reduction or
lignin degradation, may be more sensitive.
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