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Abstract: Variable retention harvesting (VRH) was designed for timber purposes and biodiversity conservation
in natural forests. This system was globally tested, but few studies are related to soil microbial components.
The objective was to evaluate different retention types (aggregated and dispersed retention) considering
different years-after-harvesting (6, 9, 16 YAH) on soil microbial community attributes compared with
unmanaged primary forests (PF) in Nothofagus pumilio forests of Tierra del Fuego (Argentina). We also
evaluated the influence of climate, soil and understory vegetation. Results showed that aggregated retention
increased microbial biomass carbon (MBC), microbial biomass nitrogen (MBN) and soil basal respiration (SBR)
compared to dispersed retention, but with similar values than PF. However, harvested areas decreased
MBC:MBN values compared with PF. We found an overall decreasing of microbial biomass and activity in 9
YAH stands, with a positive recovery at 16 YAH. Soil pH, mean annual temperature and understory vegetation
cover showed a positive relationship with MBC, MBN, and SBR. The recovery after 16 YAH reaching to a
different microbial community. Therefore, maintenance of retention components in managed stands for longer
periods is needed. Our results highlight some advantages of VRH as a tool for conservation of forest-dwelling
soil microorganisms (microbial biomass and activity).

Keywords: microbial biomass carbon; microbial biomass nitrogen; soil basal respiration; forest
recovery; sustainable forest management

1. Introduction

There is an increasing need for sustainable forest management practices to maintain and enhance
economic, ecological, and social values of native forests for future generations [1,2]. Thus, forest
ecosystems provide many services for society, such as wood production, supporting biodiversity
maintenance and conservation (above- and below-ground), as well as carbon (C) sequestration to
mitigate climate change [3,4]. Although management modifies many components of forest
ecosystems, such as vegetation structure and composition, soil properties, litter, and microclimate,
most of the research has been focused on above-ground components [5-11]. Recent studies
emphasized the forest management impacts on below-ground soil biology changes and the
interactions among microorganisms, plants, and soil components [12-16]. These studies are crucial
to understand the long-term impact of harvesting on soil microbial properties, because
microorganisms are directly related to productivity and sustainability of natural forest ecosystems
[13,14,16-18].

In forests and other terrestrial ecosystems, active soil living microorganisms represent only 0.1-
2.0% of the total soil volume [19], but they are involved in near 90% of soil ecosystem functions
[18,20]. Certainly, soil microorganisms provide multiple functions, and regulating and supporting
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ecosystem services, such as biogeochemical cycles, mineralization of organic matter, plant growth,
CO: fluxes to the atmosphere, and play key roles in the development and maintenance of soil
structure and fertility [21-24]. Additionally, characterization of soil microbial variables is commonly
used to determine soil biological health, including the response of soils to environmental stress such
as climate change, anthropogenic disturbances, and as an indicator of ecosystem resilience [25-27].
Therefore, soil microbial variables could act as a useful indicator of forest sustainability, ecosystem
health and conservation status under different management practices. The magnitude of forest
management depends on direct and indirect effects of soil properties such as bulk density, soil
nutrients, C cycling, soil fertility, understory plant species, substrate (e.g., litterfall and
rhizodeposition) for the soil microorganisms, and microclimate conditions that affect microorganism
activity and abundance [12-14,28,29].

Variable retention harvesting (VRH) is considered an effective tool to support stand-level
biodiversity and used as an indicator for sustainable forest monitoring: e.g., STEMS in British
Columbia (Canada), DEMO in Washington-Oregon (USA), and EMEND in Alberta (Canada)
[14,16,29-35]. Several regeneration methods have been proposed for Southern Patagonian Nothofagus
pumilio (lenga) forests [36-38] based on the natural regeneration [39,40]. These forests have been
mainly managed from selection cuts to clear-cuts, including shelterwood cuts and VRH [37,38]. In
Tierra del Fuego (Argentina), VRH proposes to leave 30% of the forest area as aggregated retention
and 15-20% of the original basal area as dispersed retention [8]. The main goals of VRH are maintain
the economic values of the harvesting, facilitate the in-situ conservation and connectivity for
biodiversity, and provide faster post-harvest forest recovery [41,42]. Although not is well
documented, there are reasons to believe that VRH will provide similar benefits to below-ground
biodiversity and function components. The aggregate retention may facilitate soil microbes by
maintaining below-ground plant-soil-microorganism interactions [24,43-45]. Furthermore, retained
trees can provide refugia for above- and below-ground biota being important to maintain carbon and
nutrient cycling dynamics [46—48]. Additionally, retained trees may maintain physical and chemical
soil properties, and supply C through symbiotic interactions, litterfall and rhizodeposition than the
surrounding harvest areas [15,16,49]. Also, aggregates in VRH buffer environmental extremes
microclimatic conditions by providing shade and maintaining higher soil pH values [13,18,41,46].
Nevertheless, the impact of VRH and years-after-harvesting (YAH) on soil microorganisms was less
documented, where soil microbial biomass, fungi and bacteria richness, microbial community
structure and microbial activity may be reduced, increased or unaffected in openings harvested areas
relative to retention patches [13,16,30,50-55].

Below-ground plant-soil interactions have been increasingly recognized as key factor for
ecosystem functioning [56,57], and this is considered a knowledge gap for retention forestry [44,47].
Indeed, the soil microbial community in ecosystem forests may influence post disturbance rates of
nutrient cycling and, ultimately, plants growth and regeneration success [5,9,11,17,45,48,58].
Therefore, it is important to understand how harvesting influences over soil microbial community in
stands with forest managed by VRH across the YAH. To accomplish this, we used an experiment in
pure N. pumilio forests in Tierra del Fuego (Argentina). This species is a deciduous tree, cold-tolerant
that occurs at lower (sea level) and higher elevations (tree-line), with a remarkable commercial
importance, make it an ideal species to evaluate the impacts of forest managements. To our
knowledge, few studies have evaluated the response of soil microbial variables, such as biomass and
soil respiration, and soil microbial coefficients for VRH across the YAH. Based on further studies
describing impacts of VRH on N. pumilio forests, we formulated the following hypothesis related to
forest management: soil microbial variables greatly impacted in dispersed retention and conserved
at higher levels of retention (e.g., aggregates), and both recover after harvesting but following
different trends (e.g., dispersed retention do not reach the same values of aggregates across the years
during the recovery). Therefore, the objective was to analyze the influence of different retention types
in VRH (aggregated and dispersed retention) across the first 16 YAH on soil microbial community
attributes, considering microbial biomass (carbon and nitrogen), soil basal respiration, and microbial
indexes, and compare them with control unmanaged primary forests (PF). We also evaluated how
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climate, soil, and vegetation factors drive the different soil microbial variables by determining the
relationships between microbial biomass and soil basal respiration with the main environmental
factors. Such knowledge would allow a better understanding of the anthropic, biotic, and abiotic
factors that modulate the biomass and function of the soil microorganisms, and ultimately, the soil
fertility and conservation of forest ecosystems.

2. Materials and Methods

2.1. Study Area and Experimental Design

The study was carried out in three pure natural N. pumilio forests in one east-west gradient that
cover different environmental conditions in Tierra del Fuego (Argentina): (i) Lenga Patagonia S.A. (-
54.482 S, -66.802 W); (ii) Campo Chico ranch (-54.581 S, -66.911 W); and (iii) Los Cerros ranch (-54.381
S, -67.862 W). These forests have a rolling topography ranging in elevation from 157 to 265 m.a.s.l.
We followed a two-factor random design, with VRH and YAH as main factors. We study two
retention treatments: (i) aggregated retention (AR) consisting in one patch of 30 m radius per hectare,
where original forest structure was retained, and (ii) dispersed retention (DR) that left remaining
trees after harvesting distributed between the aggregates (10-15 m? ha! basal area). YAH factor had
three levels: 6 YAH (Lenga Patagonia S.A.), 9 YAH (Campo Chico ranch), and 16 YAH (Los Cerros
ranch). At each forest landscape, eight stands were selected (>2 ha each): four harvested stands where
the two retention types were applied (AR and DR), and four control stands, defined as primary
unmanaged forests (PF) (Figure 1). Control stands were selected for comparisons, considering that
they have a good representation of the original soil microbial biomass and activity before harvesting.
The final design included 36 stands (3 YAH x 3 forest treatments x 4 replicates). AR and DR were
located at least 20 m apart from the aggregate edge, and less than 500 m from PF. Soil samples (n = 4)
were randomly collected within the aggregates, DR and PF.

Figure 1. (A) Study area in the gradient of N. pumilio forests distribution (green) in Tierra del Fuego
(Argentina). (B) Satellite image showing variable retention harvesting design in Los Cerros ranch (AR
= aggregated retention, DR = dispersed retention, PF = unmanaged primary forests). (C) Diagram of
the experimental design and soil sampling points (stars) at each forest stand (AR = blue circles, DR =
red area, PF = green area).

2.2. Characterization of Environmental and Vegetation Variables

The climate parameters (1960-2010) for each area were derived from the WorldClim 2 data set
[59], including mean annual precipitation (MAP) and mean annual temperature (MAT) at a
resolution of 0.008333° (near 1 km). We also include elevation (m.a.s.l.) derived from Farr et al. [60]
due to their direct influence in the regional climate. Tierra del Fuego climate is characterized by short
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and cool summers, and long snowy winters. MAP varied from 419 to 438 mm yr!, and MAT
fluctuated from 4.0 to 4.4°C at Campo Chico ranch, and from 4.7 to 5.1°C at Los Cerros ranch (Table
1). Only three months are free of mean daily air temperatures below 0°C, being the growing season
of approximately five months (November to March) [37].

Forest structure was characterized by two sub-plots, using the point sampling method (BAF = 1-
5) [61] with a Criterion RD-1000 (Laser Technology, NY, USA). At each sampling-point we measured:
(i) dominant height of the stand, using a TruPulse 200 laser clinometer and distance rangefinder
(Laser Technology, NY, USA) by averaging the height of the two taller trees per transect, (ii) tree
density, (iii) basal area (BA), and (iv) volume annual growth at stand level. Associated to these forest
structure, we also measured tree regeneration: (v) recruitment (seedlings) in two plots of 1 m?, (vi)
initial regeneration including seedlings and saplings <1.3 m height in two plots of 1 m? and (vii)
advanced regeneration including saplings with more than 1.3 m height and <5.0 cm diameter at breast
height in two plots of 5 m2. For methodology and modelling see Martinez Pastur et al. [62] and Chaves
et al. [45]. To evaluate the understory, we used the point-intercept method [63] with 50 intercept
points (every 1 m) along the same transects at each sampling plot. We recorded vascular plants
(dicots, monocots, ferns) including tree regeneration less than 1.30 m height, identifying dominant
and suppressed layers. We also recorded the presence data of the species occurring on transects but
that were not intercepted by the points. These data were used to determine richness and forest floor
covers, following Moore [64] and Correa [65]. Cover data was sorted by vascular plant species, bare
soil, cover, bryophyte (mosses and liverworts), woody debris (>1 cm diameter), and litter. Species
richness was calculated as the total number of vascular plant species identified at each plot.
Understory vegetation biomass was determined at the peak of the growing season by clipping up to
the soil surface all above-ground biomass in two quadrats of 0.2 x 0.5 m. Then, samples were dried
(60°C) for 48-h to obtain dry matter plant biomass (total, green, and dead components) expressed in
kg dry matter (DM) ha'.

Nothofagus forest soils in Tierra del Fuego have been classified as podzols according to IUSS
Working Group WRB [66]. The soil in the study area is characterized by an organic uppermost layer
up to 2 cm thick (O horizon), followed by a mineral layer of less than 40 cm depth where most roots
develop (mostly A horizon), with a variable proportion of stony material. The first soils layers in N.
pumilio forests (O horizons at <5 cm and A horizons <30 cm) account for most of the soil fertility
[11,48,67]. At each plot, four composite soil samples (0-10 cm) were randomly collected using soil
auger cores (5.6 cm in diameter) after removing the litter layer. Soil samples were placed in plastic
bags and stored in refrigerated containers until transport to the laboratory. The four samples were
used for laboratory analysis, including: (i) soil pH determined in 1:2.5 water soil extract; (ii) soil
organic carbon (SOC) concentration were derived from the dry combustion (induction furnace)
method, using a conversion factor of 0.58 [68]; (iii) Kjeldahl digestion was used to determine soil total
nitrogen (N) [69]; and (iv) Olsen methodology was employed to determine available soil phosphorus
(P) [70].
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Table 1. Characterization of the study areas across a regional gradient of the natural distribution of N. pumilio forests in Tierra del Fuego (Argentina). Geographic location, description

of climatic variables, soil physicochemical, and understory vegetation in the studied forest treatments (AR = aggregated retention, DR = dispersed retention, PF = primary unmanaged

forests) and years-after-harvesting (YAH =6, 9, 16). MAP = mean annual precipitation (mm yr'), MAT = mean annual temperature (°C), ELE = elevation (m.a.s.l.), DH = dominant height

(m), TD = tree density (n ha'), BA =basal area (m? ha), FG = forest growth (m?ha yr'), I-R = initial regeneration (n 10> ha'), A-R = advanced regeneration (n 10° ha''), REC = recruitment

(n 10° ha''), SP = species richness, BIO = biomass (kg ha'), DS = dominant species, COV = cover (%), BS = bare soil (%), pH = soil acidity, SOC = soil organic carbon (%), SN = soil nitrogen
(%), SP = soil phosphorus(ug g"'), FEMA = Festuca magellanica, GAAP = Galium aparine, HIRE = Hierochloé redolens, MAGR = Macrachaenium gracile, OSDE = Osmorhiza depauperata, PHAL
= Phleum alpinum, POPR = Poa pratensis, SCRA = Schizeilema ranunculus, TAOF = Taraxacum officinale, VIMA = Viola magellanica. Values showed mean and standard deviation (+SD).

Factor 6-YAH 9-YAH 16-YAH
AR DR PF AR DR PE AR DR PE
Latitude -54.483 -54.480 -54.482 -54.580 -54.581 -54.569 -54.382 -54.381 -54.365
Longitude -66.828 -66.823 -66.802 -66.907 -66.907 -66.927 -67.864 -67.862 -67.869
Climate MAP 486.6+17 4872+12 488.7+2.1 530.0+1.1 530.0+1.1 5206+13 4224:10 4254+10 427.1+36
MAT 47:01 46+0.1 46+0.1 40+0.1 40+0.1 44201 47+01 47+01 50+0.1
ELE 230+ 11 23212 254+ 16 26110 265+ 8 262+21 214+24 208+19 157+3
Forest DH 23.6+3.9 21919 19116 23322 244421 22429 217420 21713 227£27
Structure TD 229111 120+ 87 376+ 89 234+172 6137 671172 354 %170 4520 350114
BA 5104104 183+638 55552 495+75 14930 63.8+11.1 51.0£115 12.8+32 50.3+9.0
FG 33+08 1.1+04 27:06 36+04 13+04 53+15 32+07 0.8+0.2 3310
IR 603 =220 10171 1078 357 446 + 95 94 +40 19531 18161 3121 170+ 39
AR 0£0 0£0 0+0 2:1 33:29 0£0 0+0 40+27 0+0
REC 198+27 21+13 56 30 0+0 3x1 00 31+18 00 13825
Understory SR 17+1 2744 154 1643 232 17+6 15+1 16+2 13+1
vegetation BIO 406+ 131 3613+ 178 779 + 236 1771 + 487 2493 + 1216 859 +184 611+267 1968 727 5241136
DS OSDE, VIMA, POPR  GAAP, OSDE, TAOF OSDE, VIMA, TAOF  OSDE, SCRA, PHAL OSDE, SCRA, VIMA MAGR, SCRA, VIMA GAAP, OSDE, TAOF OSDE SCRA, HIRE GAAP, OSDE, FEMA
cov 103.2+39.2 1415340 785+38.1 1742+49.3 209.0 £ 24.6 89.7 +56.0 63.0+14.8 189.0+33.6 107.5+27.9
BS 255+137 16.0+7.3 375+17.9 7.5+24 55+25 33.0£22.1 3556.2 2516 215106
Soil pH 462+0.44 4245017 444025 4.66+0.21 4.66+0.23 4445044 5244028 5.01+0.37 4744027
soC 8.81+5.10 9.85+2.79 9.85+3.62 19114594 13.63 +2.69 1550 +5.37 824+1.62 7.52+0.57 9.56+1.55
SN 0.34+0.18 0.32+0.04 0.29+0.06 0.69+0.17 0.48+0.13 0.49 +0.30 0.26 +0.03 0.27 +0.03 0.29 +0.04
Sp 559 +36.7 521+17.2 4834345 667 +£34.9 39.0+21.8 6234282 629+17.9 58.4+27.0 475+9.6
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2.3. Soil Microbial Biomass and Activity

Soil microbial variables were sampled and determined during February 2022 (coincident with
the peak plant growth). We used a subsample of 600 g of soil, which were sieved (2 mm mesh) and
then refrigerated at 4°C during a week until microbial variables analyses. Microbial biomass carbon
(MBC) was estimated using the chloroform-fumigation extraction method [71] calculated as: MBC =
(OCft - OCnf)/Kec, where OCf = organic C extracted from fumigated samples, OCnf = C extracted
from non-fumigated samples, and kEC = fumigation efficiency constant (0.45 MBC expressed as mg
C kg! dry soil). Microbial biomass nitrogen (MBN) was determined by a modification of the
fumigation-incubation method [72]. Liquid chloroform (1 mL) was added directly to 30 g moist soil
samples, stirred, and left for 20-h in sealed beakers located in desiccators. Chloroform was then
removed using a vacuum pump. Fumigated and non-fumigated samples were incubated at field
capacity for 10 days at 25°C. After incubation, samples were extracted with 2M KCI and analyzed for
NH4-N by the Berthelot reaction. MBN was calculated as the difference in N between fumigated and
non-fumigated samples, divided by a correction factor (kN). Non-extractable amount of microbial N
was compensated for by a correction factor of kN = 0.54. MBN was expressed as mg N kg dry soil.
Soil basal respiration (SBR) was estimated by quantifying the carbon dioxide (CO2) released in the
process of basal respiration (heterotrophic) during 7 days of incubation at 25°C [73]. This was done
by placing 75 g fresh soil (moistened to 60% of field capacity) into 1.5 L capacity glass containers with
hermetic lids, together with a smaller flask containing 20 mL 0.2 M NaOH to capture the released
CO¢. The released CO2 was determined by titration with 0.1 M HC], after precipitation of the barium
carbonate formed by adding barium chloride (BaCl2) aqueous solution to the NaOH solution,
utilizing phenolphthalein as an indicator. The mean soil respiration (accumulated SBR/7) during the
incubation time was expressed as mg C kg soil day-. Soil microbial metabolic quotient (qCO) is
defined as soil basal respiration per unit of biomass and was calculated as the C-CO:2 evolution (SBR)
per unit MBC and per unit time. Finally, we calculated the ratio of MBC to total C (qMC = MBC/SOC)
and MBC:MBN ratio that indicated shifts in the fungi:bacteria [74-78].

2.4. Statistical Analyses

Data were tested for normal distribution (Shapiro-Wilk test) and homogeneity of variances
(Levene's test). The microbial variables (MBC, MBN, MBC:MBN, SBR, qCO2, gMC) were analyzed
with a two-way analysis of variance (ANOVA) using forest treatments (AR, DR, PF) and YAH (6, 9,
16) as main factors. Significant differences were compared with Tukey test with a significance level
of p <0.05. A principal component analysis (PCA) was used to analyze the relationships among
microbial (MBC, MBN, SBR, MBC:MBN ratio, qCO), climatic and topographic (MAP, MAT,
elevation), soil physical-chemical characteristics (soil pH, SOC, soil N, soil P), and vegetation
variables (species richness, understory vegetation biomass, initial and advanced regeneration,
dominant overstory height, forest growth, vegetation cover, bare soil, tree density, regeneration
recruitment). Simple linear regressions were carried out among microbial (MBC, MBN, SBR,
MBC:MBN), soil (SOC, soil pH, soil N), climatic and topographic (MAT, elevation, MAP) and
vegetation variables (species richness, vegetation cover, forest growth) to determine correlations
between forest treatments and YAH. The dependent variables were soil, topographic, climatic, and
vegetation, while independent variables were MBC, MBN, SBR and MBC:MBN. All the statistical
analyses were performed using INFOSTAT software [79].

3. Results

3.1. Environmental and Vegetation Variables of the Studied Forest Areas

Vegetation cover was higher at 9 YAH stands compared to 6 and 16 YAH stands (Table 1). In
addition, vegetation cover in PF were 78.5 to 107.5%, which contrasted with AR and DR treatments
that showed values of 141.5% (6 YAH), 209.0% (9 YAH), and 189.0% (16 YAH), being higher in AR
than DR. Bare soil fluctuated from 2.5 to 37.5% in DR and PF (Table 1). The studied forests presented
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a species richness between 13 and 27, which varied according to YAH and forest treatments. The
dominant and most representative plant species were Osmorhiza depauperata, Poa pratensis associated
with Viola magellanica, Schizeilema ranunculus, Galium aparine and Taraxacum officinale that varied
among YAH and forest treatments. Understory vegetation biomass was higher in DR compared to
PF. AR had similar understory vegetation biomass values to PF, except at 9 YAH stands, that showed
an increase in the biomass due to tree regeneration. The soil pH values were acidic, decreasing from
5.2in 16 YAH stands to 4.2 in 6 YAH stands. In contrast, SOC and soil N contents were higher at 9
YAH stands. Additionally, soil P varied among areas and forest treatments (Table 1).

3.2. Response of Soil Microbial Variables to Retention Types and Years-after-Harvesting

Soil microbial variables varied (p <0.05) depending on YAH and forest treatments (Table 2). AR
significantly increased MBC and MBN (15-35% and 37%, respectively) compared to DR and PF.
Besides, DR significantly decreased SBR (25%) and MBC:MBN ratio (30%) compared to PF. We
detected no effects of forest treatments on qCO2 and qMC. Regarding YAH, MBN was significantly
higher at 16 YAH stands compared to 6 YAH (57%) and 9 YAH (43%). On the other hand, SBR and
MBC:MBN were significantly different between 9 and 16 YAH. We detected no effects of YAH on
MBC and qCO2. In contrast, qMC decreased (~50%) at 9 YAH compared to 6 YAH and 16 YAH,
where significant interactions were detected between factors for MBC and SBR (Table 2).

Table 2. Analyses of variance for soil biological variables for forest treatments (FT) (PF = primary
unmanaged forests, AR = aggregated retention, DR = dispersed retention) and years-after-harvesting
(YAH) (6, 9, 16) as main factors in N. pumilio forests of Tierra del Fuego. MBC = microbial biomass
carbon (mg kg dry soil), MBN = microbial biomass nitrogen (mg kg? dry soil), SBR = soil basal
respiration (mg C-CO2 kg dry soil d!), MBC:MBN = ratio between MBC and MBN, qCO2 = metabolic
quotient (ugC-CO2 mg! MBC d1), qMC =microbial quotient (%). Mean values and standard deviation
are shown. Different letters indicate significant differences (p <0.05).

Treatments Levels MBC MBN SBR MBC:MBN qCO2 qMC

FT PF 8654228 ab 6633 a 133437 b 139 Db 0.17+0.07a  0.81x0.29 a
AR 1021+206 b 104+42 b 155+31 b 10+4 a 0.15+0.02a  1.09+0.60 a
DR 6584331 a 65+50 a 99+46 a 10+8 a 0.1720.07a 0.75+0.44 a

F(p)  7.50(<0.05)  8.62(<0.05)  12.82(<0.05) 5.58(<0.05)  0.15(0.86)  3.00(0.06)

YAH 6 835+226 a 75+47 a 129+30 ab 1147 ab 0.17+0.05a 1.08+0.50 b

9 7124378 a 55+32 a 109+55 a 13£9Db 0.16+0.06 a  0.43+0.26 a
16 970+256 a 122439 b 141434 b 8+4 a 0.15+0.06 a  1.26+0.40 b

F(p) 1.70(0.20)  11.20(<0.05)  8.28(<0.05)  6.24(<0.05)  0.67(0.52)  9.38(<0.05)

FT x YAH 293(<0.05)  047(0.75)  5.36(<0.05)  1.79(0.15)  1.62(0.19)  1.25(0.31)

The interaction between forest treatments and YAH for MBC showed that 6 YAH and 16 YAH
stands did not present statistical differences, while at 9 YAH the DR decreased in MBC compared
with AR and PF (Figure 2A). However, the interaction between forest treatments and YAH for SBR,
determined that AR had higher values at 6 and 9 YAH compared with DR and PF. In addition, the
magnitude of change in SBR was higher at 9 YAH than 6 YAH (DR < PF < AR), but without differences
at 16 YAH (Figure 2B).
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Figure 2. Response of (A) microbial biomass carbon (MBC), and (B) soil basal respiration (SBR) for
the primary unmanaged forests (PF) and managed stands (AR = aggregated retention, DR = dispersed
retention) across the different years-after-harvesting (YAH =6, 9, 16) in N. pumilio forests of Tierra del
Fuego. Different letters indicate significant differences (p <0.05).

3.3. Relationships of Soil Microbial Variables with Environmental Factors

Principal component analyses (PCA) determined that the first two axes explained 47-56% of the
total variance of the samples (30-37%, and 18-19% for PC1 and PC2, respectively). There was a clear
split between DR and AR or PF (Figure 3A). This pattern was explained because DR presented higher
species richness, vegetation cover, understory vegetation biomass, and advance regeneration, while
AR or PF exhibited higher tree density, stand forest growth, initial regeneration, SBR and MBC. In
addition, PCA showed a clear separation between 9 and 16 YAH stands (Figure 3B), being strongly
correlated with SOC, soil N and elevation for 9 YAH stands, and MBN, SBR, and MAT for 16 YAH
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Figure 3. Principal components analyses (PCA) including microbial variables (MBC = microbial
biomass carbon, MBN = microbial biomass nitrogen, SBR = soil basal respiration, MBC:MBN ratio,
qCOz2 = metabolic quotient), climate and topographic variables (MAP = mean annual precipitation,
MAT = mean annual temperature, elevation), soil characteristics (soil pH, SOC = soil organic carbon,
N = soil nitrogen, P = soil phosphorus) and understory vegetation variables (species richness,
understory vegetation biomass, advance regeneration, dominant height, recruitment, initial
regeneration, forest growth, bare soil, tree density) in N. pumilio forests of Tierra del Fuego. (A) Forest
treatments including primary unmanaged forests (PF, green), aggregated retention (AR, blue), and
dispersed retention (DR, red). (B) Years-after-harvesting including 6 YAH (white), 9 YAH (grey), and
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16 YAH stands (black). The ellipses indicate clustering of treatments: green for PF and 16 YAH, red
for DR and 9 YAH, and blue for AR and 6 YAH.

There was a separation between forest treatments (see Appendix Figure Al-A) where AR
presented higher MAT, soil pH, MBC, MBN and SBR values, and DR were related to areas with
higher elevation. In the analyses, there was also a separation between 16 YAH related to MBC, MBN,
SBR, and qCO, and 6 with 9 YAH related to MBC:MBN, vegetation cover, species richness, and
understory vegetation biomass (see Appendix Figure A1-B). To better visualize the relationship
between soil microbial and environmental variables (soil physicochemical, climate, understory
vegetation), we analyzed correlations by using the most significant variables obtained from PCA.
MBC was positively correlated with the SOC, soil pH and N (Figure 4A, B and C). In contrast, MBN
was negatively correlated with the SOC and N (Figure 4D and F), while MBN showed positively
correlated with soil pH (Figure 4E). On the contrary, SBR showed a weak and not significant response
to SOC and N (Figure 4G and I), whereas SBR was positively correlated with soil pH (Figure 4H).
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Figure 4. Relationships among soil microbial biomass and soil activity variables in N. pumilio forests
of Tierra del Fuego. (A) Microbial biomass carbon (MBC) and soil organic carbon (SOC), (B) MBC and
soil pH, (C) MBC and soil nitrogen (N), (D) microbial biomass nitrogen (MBN) and SOC, (E) MBN
and soil pH, (F) MBN and soil N, (G) soil basal respiration (SBR) and SOC, (H) SBR and soil pH, and
(I) SBR and soil N. Dots were classified as primary unmanaged forests (green), aggregated retention
(blue) and dispersed retention (red) considering different years-after-harvesting (6 = triangles, 9 =
squares, 16 = circles). Lines showed a linear regression, where r? = adjusted parameter, and p =

probability.

MBC, MBN, and SBR were positively correlated with the MAT (Figure 5A, D and G) and
negatively correlated with elevation (Figure 5B, E and H). MBN showed a negative correlation with
MAP (Figure 5F), while MBC and SBR showed a weak and not significant response to MAP (Figure
5C and I). MBC, MBN, and SBR declined significantly with the increased species richness (Figure 6A,
D and G). In addition, MBC, MBN, and SBR showed positively related to vegetation cover (Figure
6B, E and H). Finally, MBC and SBR showed a positively correlated with forest growth (Figure 6C
and I). MBC:MBN ratio was positively correlated with SOC and soil N. In addition, MBC:MBN ratio
was negatively correlated with the MAT, while showed positively correlated with elevation and
MAP. However, MBC:MBN ratio showed a weak response to soil pH. In contrast, MBC:MBN ratio
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was positively correlated with species richness, but negatively correlated with vegetation cover.

Finally, MBC:MBN ratio was positively correlated with forest growth (see Appendix Figure A2).
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Figure 5. Relationships among soil microbial biomass and activity and climatic variables in N. pumilio
forests of Tierra del Fuego. (A) Microbial biomass carbon (MBC) and mean annual temperature
(MAT), (B) MBC and elevation, (C) MBC and mean annual precipitation (MAP), (D) microbial
biomass nitrogen (MBN) and MAT, (E) MBN and elevation, (F) MBN and MAP, (G) soil basal
respiration (SBR) and MAT, (H) SBR and elevation, and (I) SBR and MAP. Dots were classified as
primary unmanaged forests (green), aggregated retention (blue) and dispersed retention (red)
considering different years-after-harvesting (6 = triangles, 9 = squares, 16 = circles). Lines showed the
linear regression, where r? = adjusted parameter, and p = probability.

15001 . |suu- . 1500-
£ 1200+ 1200 Ay B 1200 "
3 g 0, e —"
900+ o0 *, ® - ] o ® e /‘/,J/
w - i g T
= 600 600-| v & rae [ T
g . & A a
E & y=84.7x +629.7
Q ¥= 2,00+ 660.8 fm 020
g s 3004 = o024 07 o " e
p<0.05 L
0 T - T ) T T
0 3 D50 100 150 200 250 0 | 2 3 4 5 & 7
150- 180 . 180- B
£ 150 150 z 8 5 39 o & %, y--b2x+TER
g 120 120 e % 120 ee T
o - o % allee, p: 0.092
& %0 90 £2 90 _
= ——"m . -
£ s 60| ,}("r A 0] o
£ Ay 037x+362 abd,a g
£ 30 204 " " o030 1 mm » m =
= . <05 =
L) U T T T 1 T T T T T T T T
0510 15 20 25 30 35 0 50 10 150 20 250 0 ( 2 3 4 5 6 7
Rl L L] =
£ 200 200 F 4 200 . °
£ N A
= 160 604 o ®og '_.(/'1" wo- & b oL e
s N = s L -
2 Tes 1204 120 L 2 8 1204 e
Bz A o
S 4 . 5
g v 2 R T T R e ¥ 1489928
<~ il " ke B i o | 2= (0,17
40 a0 o014 40 ¢
2 . <005 L P03
= o b - r T r . . T —— —
0510 15 20 25 30 35 o so loo 1so 200 2% o0 | 2 3 4 S5 6 7

Species richness (n)

Vegetation cover (%)

Forest growth (m™ bl yr''y

Figure 6. Relationships among soil microbial biomass and activity and vegetation variables in N.
pumilio forests of Tierra del Fuego. (A) Microbial biomass carbon (MBC) and species richness, (B) MBC
and vegetation cover, (C) MBC and forest growth, (D) microbial biomass nitrogen (MBN) and species
richness, (E) MBN and understory vegetation cover, (F) MBN and forest growth, (G) soil basal
respiration (SBR) and species richness, (H) SBR and understory vegetation cover, and (I) SBR and
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forest growth. Dots were classified as primary unmanaged forests (green), aggregated retention (blue)
and dispersed retention (red) considering different years-after-harvesting (6 = triangles, 9 = squares,
16 = circles). Lines showed the linear regression, where r2 = adjusted parameter, and p = probability.

4. Discussion

We determined that variable retention harvesting in N. pumilio forests caused shifts on soil
microbial biomass and activity. Overall, our results showed that aggregated retention increased
MBC, MBN and SBR compared to DR, but conserved similar values that PF (except for MBN). The
interaction between forest treatments and YAH showed that the soil biomass (MBC and MBN) and
microbial activity (SBR) were most pronounced at 6 and 9 YAH stands. We found that the responses
of MBC, MBN, and SBR were strongly dependent on soil, climatic and vegetation variables. Soil pH,
MAT and vegetation cover showed a positive relationship with MBC, MBN, and SBR compared with
elevation and species richness that showed a negative relationship. Soil microbial biomass and
activity is closely related to soil fertility, being one of the most sensitive indicators to disturbances
and ecosystems management [25,26]. In our study, retention of living trees in N. pumilio forests as
aggregates was successful in conserving and increasing the soil microbial biomass (MBC, MBN, and
SBR) compared to primary forests. Although microbial biomass was unaffected by dispersed
retention, there was a shift in MBC and MBN caused by aggregated retention (with a trend to
decrease). This was consistent with other studies in other forest ecosystems [12,16,80]. However, there
are antecedents that showed a negative effect of timber harvesting on soil microbial biomass
[28,30,53,81], and other studies that did not find changes in MBC and MBN [18,29]. This inconsistency
might be caused by differences in soil type, litter quantity and quality and climate conditions among
forest ecosystems, such as MAP, MAT, and elevation compared with our forest growing at these
latitudes [29,30,81,82]. Another explanation for the differences found in the present study can be
related to the understory vegetation, as a very competitive organisms for inorganic nutrients, and the
high uptake rates and extensive root systems [83-86].

Our results showed that N. pumilio forests increased the understory species richness and
vegetation cover in the dispersed retention treatments compared to aggregate retention. Thus,
understory vegetation may restrict soil microbial activity via competition for soil available nutrients.
Our study found a negative relationship between species richness and microbial biomass (MBC and
MBN) and activity (SBR). The competitive dynamic between plants and soil microbes for nutrients
has been demonstrated in the forest and other ecosystems [82,86-88]. Furthermore, in our study, the
dispersed retention increased understory vegetation cover and biomass, while soil microorganism
biomass and activity decreased. However, aggregate retention in N. pumilio forests did not modify
the understory structure (richness, biomass, vegetation cover), but changes in soil biomass and
microbial activity occurred for this forest treatment. In our study, soil microbial growth and activity
during late summer (soil sampling in February) might be limited by soil available nutrients due to
high understory plant nutrients uptake. Lencinas et al. [9] and Toro Manriquez et al. [11] found that
variable retention modified original understory plant assemblages with greater effects in DR than in
AR, and where plant distribution was driven by microclimatic conditions. On the other hand, the
impacts of harvesting could be influenced by below-ground resources, since roots contribute with
similar amounts of litter than above-ground litter as a source of organic matter in forest soils. Average
rates of fine-root production in forests range from 3.1 to 6.0 ton ha! y! [89], which is similar to leaf
litter production (4.62 ton ha! yr-?) [84]. Similarly, a global meta-analysis demonstrated that root litter
accounted for 48% of annual plant-litter inputs in forests, compared to 41% from leaf litter [90]. Soil
microbial may be enhanced within patches of living trees after forest harvesting, e.g., at STEMS
experiment in British Columbia and EMEND in Alberta (Canada), soil microbial [16,29,30], fungal
communities [55], and decomposition of fine roots [34] maintained their levels in retention patches,
but not in the dispersed retention. Prescott and Grayston [91] showed that the organic compounds
exuded from living roots and associated mycorrhizal fungi were essential for soil biodiversity. It is
now evident that a substantial fraction of soil biota depends directly on photosynthate produced from
the tree canopy [92]. Thus, our results highlight some advantages of aggregated retention as a tool
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for conservation of forest-dwelling soil microorganisms. In Douglas-fir forests, Simard et al. [93]
found smaller reductions in forest-floor C one year after harvesting in areas where living trees were
retained either as single trees (25 large stems ha?) or in 30 m diameter patches, compared with
harvested areas. Martinez Pastur et al. [44,62] showed the importance of preserving N. pumilio forest
connectivity to maintain both above- and below-ground forest ecosystem functioning. The response
of soil microbial may be the result of trees-soil-microorganism interactions, where N. pumilio forests
with high tree density, regeneration and growth rate, may increase SOC (aggregated retention), and
therefore improve microbial biomass and activity (MBC, MBN, SBR). This is consistent with previous
study, where microbial biomass (bacterial and fungal) increased with SOC, soil N and soil pH
[24,57,82]. The effects of these three factors are strongly linked to each other, since SOC and soil N
are the major soil resource components, and soil pH influences over the availability of these nutrients.
In particular, several studies have identified soil pH as a key environmental variable driving soil
microbial communities [94]. In our N. pumilio forests, soil microbial biomass increased with soil pH
(4.2 to 5.2). Differences in soil pH can arise from many factors, including vegetation type, soil
characteristics, and climate variables [27,57,94,95]. Regardless of the mechanism, our results
demonstrated that soil pH was a good predictor of soil microbial variables (MBC, MBN, SBR) in the
studied forests. In addition, another possible explanation for the response of microbial community to
silvicultural treatments in N. pumilio forests could be related to changes the microorganism
communities. Our results demonstrated that the retention treatments tended to decrease the
MBC:MBN values compared with the primary unmanaged forests. Soil microbial C:N stoichiometry
can reflect microbial community structures. Changes in MBC:MBN ratio indicated shifts in the
fungi:bacteria ratio [75,77,78]. In our study, we determined low MBC:MBN values when the forests
were harvested (AR and DR), which suggest an increase of bacteria or a decrease in soil fungi [76].
Because fungi (mycorrhizae) are dependent on tree photosynthates for carbon, it is expected to be
particularly susceptible to harvesting [16,32,43,53,96]. Girdling studies have shown that removal of
below-ground photosynthates reduces the fungal, and to a lesser extent of bacterial communities
[14,55,88,97]. Similarly, Luoma et al. [50], found a decrease in ectomycorrhizal in sites with lower
trees retention in both aggregated and dispersed harvesting regimes. Also, there are antecedents of a
positive relationship between tree cover and the soil myco-biota in N. pumilio forests [43]. Therefore,
although aggregate patches cover a smaller area (0.28 ha), it appears that dispersed trees (80 tree ha-
1) maintain the conditions necessary for persistence of soil fungi in early stand development stage.

Forest management significantly affects the above- and below-ground structure of the primary
N. pumilio forest over time [9,11,36,37]. The canopy opening allows a rapid growth of forest
regeneration, due to the increase of light intensity at understory level and soil water availability
[6,40,98]. However, these microclimatic changes produce an impact over the natural cycles and soil
microorganisms [11,44,45,48,80]. Understanding changes or recovery of soil microbial community of
harvested forests is essential to evaluate the potential impact of variable retention forest management.
We found an overall decreasing trend of microbial biomass (MBN) and activity in 9 YAH stands, but
we found some evidence of a positive recovery in 16 YAH stands, suggesting that forest management
after 16 years maintained greater soil microbial biomass and activity possible positive effects on
microbially-mediated processes that feed back into forest productivity. Webster et al. [99] found that
herbaceous litter, labile needle and bark residues, serve as an important short-term substrate for
microbial respiration, while coarser residues (e.g., large branches and stumps) provide substrate
availability for soil microorganism in the medium term (5-15 years) bridging a gap until the
regenerating forest can produce substantial quantities of litter [100]. Possibility, in austral forests the
initial establishment phase largely governed by microclimatic conditions, followed by an accelerated
growth phase associated with crown development and understory reflecting increased nutrient
demand and greater competence with soil microorganisms.

In Southern Patagonian forests, the increase in bacterial dominance (lower MBC:MBN) in 16-
YAH stands was likely related to accelerated microbial turnover and SOC cycling rate, which may
increase both soil N level and microbial-derived C accumulation [46,101,102]. Moreover, a lower
MBC:MBN ratio is indicative of bacterial dominance (copiotrophs) over fungi (oligotrophs) [78]. The
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possible increase in soil bacteria due to treatments has been reported in other studies conducted in
different forest types and time intervals. For example, bacterial abundance was observed 1-2 years
post-harvest in a Norway Spruce stands [28], 4 YAH in oak/hickory stands [103], and 8 YAH in a
Douglas-fir stands [104]. Particularly, gram-negative bacteria abundance increase following the
harvest treatment may be caused by greater resource availability from rhizodeposition processes.
Gram-negative are common single-celled soil bacteria that utilize recent plant C sources such as
rhizodeposition [14,105]. Thus, the increase in bacterial dominance (lower MBC:MBN ratios) in N.
pumilio forests may likely be related to accelerated microbial turnover and SOC cycling rate, which
may increase both in situ organic N level and microbial-derived C [102]. However, previous studies
also reported the non-significant effect on MBC:MBN [106] or unchanged fungi:bacteria ratios [107].
Philpott et al. [34] found similar species compositions in the 13 and 70 years-old Douglas-fir stands,
indicating that VRH has only marginal short-term effects on 3-diversity in the fungi community.
Indeed, he not found enough evidence to support the hypothesis that ectomycorrhizal fungi were
more abundant under either AR or DR or even in uncut stands. Besides, Varenius et al. [108] found
that ectomycorrhizal fungi and fungal communities were significantly altered by forests harvesting
but recovering after a >20 YAH period. Therefore, these results may imply a dominance of bacterial
community and soil N regulation and driving soil C accumulation in our N. pumilio forests. Moretto
and Martinez Pastur [109] indicated that this phenomenon could be explained by microorganism
immobilization due to the scarce N soil availability which was evident in our study. In addition, we
determined an increase in the microbial quotient (QMC) 16-YAH compared to 6 (15 %) and 9 (56 %)
YAH. The gMC ratio was affected by YAH in N. pumilio forests. Thus, we found that the contribution
of MBC to SOC increased up to 56% during seven year (from 9 to 16 YAH) suggesting that MBC acts
as an important indicator in ecosystem recovery for austral forest ecosystems [25]. Therefore,
maintenance of >10 years forest harvested stands (AR and DR) is essential for soil microbial biomass
and activity recovery in N. pumilio forests under management. Spake et al. [110] reported that 90 years
was the average time for recovery of soil microorganisms’ richness of old-growth forest. Similarly,
Holden and Treseder [111] found that microbial responses were negative for the first 15 years
following disturbance in boreal forests. Thus, the recovery of soil microbial biomass following
harvesting may be controlled by the recovery of forest primary productivity and SOC accumulation.

In our study, significant reductions soil microbial biomass had been observed in dispersed
retention at the site 9 YAH. However, seems that microbial biomass and activity recovered 16 YAH.
Thus, forest soils of 16 YAH stands supported a greater microbial biomass and activity, but a different
microbial communities (as indicated by MBC:MBN) than 9 YAH or 6 YAH forest soils. There are
antecedents that the composition of the forest soil microbial community can rebound to pre-harvest
levels within 5-10 YAH [28]. It is possible that the efforts to reduce soil disturbance and the facilitation
of natural regeneration and biodiversity of N. pumilio forests preserved the resilience of the forest
floor microbial communities to disturbance [2,8,9,24]. If soil microbial biomass and activity do not
recover after severe harvested N. pumilio forests, a limiting nutrients availability could limit the
ecosystems productivity. Our study showed that forest growth was related to MCB and SBR.
Therefore, future forest productivity will depend on the ability of soil microbial community to
recover activity previous harvesting. However, future studies on the composition of microbial
community structure, soil enzyme activities, and bacterial and fungal biodiversity of forest soils are
needed to validate the long-term effect of harvesting, as has been studied in other forest ecosystems
[14,16,29-35].

5. Conclusions

Our results showed that aggregated retention increased MBC, MBN and SBR compared to
dispersed retention, but decreased MBC:MBN values compared with the primary unmanaged
forests. We found an overall decreasing trend of microbial biomass and activity in dispersed retention
at the site 9 years after harvested, but we found some evidence of a positive recovery in the sites 16
YAH. Thus, forest soils of 16 YAH stands supported a greater microbial biomass and activity, but a
different microbial community than 9 or 6 YAH forest soils. Therefore, more than 10 years are needed
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without forest intervention to recuperate the microbial soil ecology (oil microbial biomass and
activity) in N. pumilio forests under management (aggregated and dispersed retention forest). Also,
nutrient retention in microbial biomass would help in ecosystem recovery following disturbance.
Therefore, our results highlight some advantages of aggregated retention forest management as a
tool for conservation of forest-dwelling soil microorganisms. Such knowledge would allow a better
understanding of the anthropic, biotic and abiotic factors that modulate the growth and function of
the soil microorganisms and, ultimately, the soil fertility and conservation of forest ecosystems.

Author Contributions: ST: Investigation, Methodology, Formal analysis, Writing-review draft, Writing-review
and editing. GMP: Investigation, Project administration, Methodology and Writing-review and editing. JRS:
Data curation, Project administration, Investigation, Methodology and Resources. PLP: Conceptualization,
Investigation, Writing-review and editing. ST, GMP, JRS, PLP: Drafted the manuscript, and all authors were
involved in critical revision and approval of the final version.

Funding: This work was supported by the National Institute of Agricultural Technology (INTA) of Argentina.

Data Availability Statement: The datasets generated during and/or analysed during the current study are
available from the corresponding author on reasonable request.

Conflicts of Interest: The authors declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper.

Appendixes
. & AR @ rr & or . IE @ i6van [ 9van  /\ 6-YAH
~
3 ! s, 3 -
i “f”“ SBR @ P
o sotp Loy \

2 P L K S AU MERY] ~ N 5 Hare yoil /A Tree density
=, B0c / * N e
5 A 5
EN & Mnchgy * ?-_:"-\ \ = I-Regeneratiog
= P e TN £ 0 o
o ",, < — i ® ] o \’z . 7\
2 Lefaion o @ “s.‘__ o0 g g ¥ Recruifhn S0® 77~

& /4 e 2 AN "“ /rm co, ® Y

i P .__- ~SBR qCO, ’I
\, o -
M - * s VBN~ o
s
5 3 2 0 2 3 5 = 3 3 0 2 3 5
PC 1(37%) PC 1(28 %)

Figure Al. Principal components analyses (PCA) including microbial variables (MBC = microbial
biomass carbon, MBN = microbial biomass nitrogen, SBR = soil basal respiration, MBC:MBN ratio,
qCOz2 = metabolic quotient), climate and topographic variables (MAP = mean annual precipitation,
MAT = mean annual temperature, elevation), soil characteristics (soil pH, SOC = soil organic carbon,
N = soil nitrogen, P = soil phosphorus) and understory vegetation variables (species richness,
understory vegetation biomass, advanced regeneration, dominant height, recruitment, initial
regeneration, forest growth, bare soil, tree density) in N. pumilio forests of Tierra del Fuego. (A) Forest
treatments including primary unmanaged forests (PF, green), aggregated retention (AR, blue) and
dispersed retention (DR, red), and (B) Years-after-harvesting including 6 YAH (white), 9 YAH (grey),
and 16 YAH (black).
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Figure A2. Relationships among MBC:MBN ratio and soil variables, climatic variables, and vegetation
variables in N. pumilio forests of Tierra del Fuego. (A) MBC:MBN and soil organic carbon (SOC), (B)
MBC:MBN and soil pH, (C) MBC:MBN and soil nitrogen (N), (D) MBC:MBN and mean annual
temperature (MAT), (E) MBC:MBN and elevation, (F) MBC:MBN and mean annual precipitation
(MAP), (G) MBC:MBN and species richness, (H) MBC:MBN and understory vegetation cover, and (I)
MBC:MBN and forests growth. Dots were classified as primary unmanaged forests (green),
aggregated retention (blue) and dispersed retention (red) considering different years-after-harvesting
(6 = triangles, 9 = squares, 16 = circles). Lines showed the linear regression, where r? = adjusted
parameter, and p = probability.
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