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A B S T R A C T   

Belowground biodiversity loss from anthropogenic causes is far less addressed and quantified than aboveground 
biodiversity loss. Soil fauna supports soil productivity and biogeochemical cycles, and their decline needs further 
research. We tested the effects of a woodland harvest gradient (0, 30, 50, and 70% biomass removal) on litterfall, 
mesofauna density, and Oribatida diversity in three sites of northwestern Patagonia (Argentina). Sites contrasted 
in plant community structure and productivity. Acari from litter and soil were compared. Annual litter pro
duction showed a 58% decline at the highest harvest intensity level, which was constant across sites. Litter 
structural α- diversity decreased with the highest intensity harvest only at the high productivity site. The density 
of soil-inhabiting Acari did not change with increasing harvest intensity, while the density of Acari inhabiting the 
litter decreased by 65% at the highest harvest intensity. Within Acari, Oribatida inhabiting the litter had the most 
significant density decline with increasing harvest intensity. Oribatida richness and α- diversity only differed 
among sites, suggesting resistance to increasing biomass removal despite shifts in litter production and litter 
structural diversity. Prostigmata did not respond to increasing biomass removal either in soil or litter. Our study 
is the first to assess Acari response to an aboveground biomass removal gradient in southern woodlands. 
Applying high biomass removal to low productivity sites can compromise micro detritivore density and thus, 
impair its functional role. Site productivity should be considered in management plans entailing conservation of 
soil fauna in southern woodlands.   

1. Introduction 

An improved understanding of the relationship between changes in 
plant communities and belowground biota dynamics post-disturbance is 
a challenge for sustainable forestry (Powers et al., 1999; Doran and 
Zeiss, 2000; Schoenholtz et al., 2000). Efforts to assess the effects of 
anthropogenic disturbances on aboveground diversity are abundant, but 
few studies examine belowground diversity (Wall et al., 2015; Cameron 
et al., 2019; Geisen et al., 2019). Belowground diversity is an essential 

component of ecosystem function. For example, soil fauna community 
structure and composition strongly influence soil quality, which is the 
capacity of a soil to maintain or enhance water quality, air quality, and 
human health (Karlen et al., 1997; Bach et al., 2020). Moreover, man
aging plant structural diversity, horizontal complexity, and resource 
provision can be more relevant for predicting soil biota response to 
disturbance (Schuldt et al., 2019; Tomao et al., 2020). Using quantita
tive disturbance experiments can identify biological thresholds for 
belowground invertebrates. Still, to the best of our knowledge, these 
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studies are scarce in forests and non-existing in woodlands outside the 
northern hemisphere. 

Awareness of soil fauna's relevance for ecosystem functionality has 
increased significantly (Wall et al., 2008; Grandy et al., 2016; Soong and 
Nielsen, 2016; Bach et al., 2020). For instance, mesofauna are micro
arthropods whose body length is between 0.1 and 2 mm. They have a 
critical role in nutrient cycling and soil health (Lavelle et al., 2006). 
Oribatida is one of the main mesofauna taxa present in the soil and litter 
of woodlands and forests (Petersen and Luxton, 1982). They contribute 
to organic soil formation, nutrient mineralization, and litter decompo
sition in temperate areas (García-Palacios et al., 2013; Maaß et al., 
2015). Detritus and leaf litter are essential for mesofauna for various 
reasons: they buffer microclimate fluctuations, provide habitat hetero
geneity and sustain food sources (Luxton, 1972; Anderson, 1978; 
Johnston and Crossley, 1996; González-Polo et al., 2013). To improve 
sustainable ecosystem management, we must understand the relation
ship between mesofauna dynamics, aboveground biomass, and litter 
management. 

Mesofauna dynamics after forest cuts have been studied in the 
northern hemisphere with contradictory results. For example, after 2.5 
years of treatments, Acari density decline was greatest in cut corridors 
and areas with clear-cuts (Lindo and Visser, 2003; Battigelli et al., 2004); 
while over the same time period, Oribatida mite density was similar in 
cut and uncut plots even with high biomass removal (Rousseau et al., 
2018a). In relation to recovery times, some studies found that micro
arthropods density recovered to uncut levels faster (Bird et al., 2004; 
Chauvat et al., 2009), while others found that neither Acari density nor 
diversity recovered even after 8–10 years from clear-cuts (Blair and 
Crossley, 1988; Lindo and Visser, 2004; Malmström et al., 2009; Rous
seau et al., 2018b). Some studies related density declines with loss of 
microbial biomass and fine root biomass for detritivore groups (Lindo 
and Visser, 2003), while other studies highlight the role of coarse- and 
fine-detritus for conserving Acari density despite high biomass removal 
(Rousseau et al., 2018a). In contrast, predators (i.e., Mesostigmata) 
showed no response (Bird et al., 2004) or increased their density after 
harvest (Bird et al., 2004; Battigelli et al., 2004). Collectively, these 
results suggest that microarthropods show irregular recovery rates after 
disturbance (Vanbergen et al., 2007). However, the relationships among 
microarthropod dynamics, disturbance gradients, and aboveground 
plant productivity (Bengtsson et al., 1998) remains unexplored and may 
offer new insights on potential trajectories. 

Contemporary forestry practices often negatively impact soil fauna. 
Clear-cut harvest and alternatives (i.e., partial cut, gap felling, stump 
harvest with blading, full-tree extraction) are detrimental to soil struc
ture and soil organic matter, negatively affecting mesofauna density 
(Siira-Pietikäinen et al., 2001; Lindo and Visser, 2004; Malmström et al., 
2009; Rousseau et al., 2018a, 2018b). Moreover, blading, stump, and 
forest floor removal changes plant diversity, soil cover, and detritus 
provision (Marshall, 2000; Battigelli et al., 2004; Lilles et al., 2018). 
Overall, these practices are associated with high levels of disturbance (e. 
g., logging, site preparation, >70% biomass removal) and often lead to a 
decrease in the α-diversity of mesofauna (Thomas et al., 1999; Lindo and 
Visser, 2004; Jandl et al., 2007; Rousseau et al., 2018a). It is unclear 
what happens to mesofauna when the disturbance is caused by in
crements of one harvesting tactic, such as biomass removal in strips. 
Studying the response of mesofauna to a disturbance gradient should 
improve our understanding of the quantitative relationship between 
harvest intensity, resource provision for mesofauna (litterfall), and their 
tolerance threshold to aboveground harvesting in woodlands. 

The impacts of biomass removal on leaf litter supply affect meso
fauna in litter directly compared to those in the soil (Donegan et al., 
2001; Hättenschwiler et al., 2005; Nielsen et al., 2010; Mori et al., 
2015). Litter and debris increase mesofauna diversity because they 
create microhabitat heterogeneity in organic layers (Déchêne and 
Buddle, 2010; González-Polo et al., 2013). Opening the canopy with 
clear-cut harvest practices increases exposure to drought and heat, 

which may negatively affect mesofauna density in the forest floor (Siira- 
Pietikäinen et al., 2001; Lindo and Visser, 2004). Yet, plant productivity 
could play a significant role in regulating the response of organisms in 
partially harvested sites. Litter production often increases with canopy 
openings; therefore, the diversity of mesofauna in medium and high 
productivity sites with low and intermediate disturbance intensity could 
increase (Huston, 2014). In Patagonia, strip-harvest biomass removal 
could compromise sustainable firewood provision and conservation of 
mesofauna in woodlands (Goldenberg et al., 2020). Still, there is no 
quantification of litter provision changes and the associated response of 
mesofauna along a biomass removal gradient in southern woodlands. 

In Patagonia, woodlands support the region's highest biodiversity, 
providing residents with environmental and economic goods (Speziale 
and Ezcurra, 2011). Yet, because woodlands have low timber produc
tivity, they are usually overexploited for firewood, replaced by exotic 
tree timber production, or degraded with crop and cattle production 
(Rusch et al., 2017). Local forestry policies require woodlands to be 
managed with sustainable plans ensuring multiple ecosystem services 
provision (sensu Law 26.331, 2007). Systematic strip harvesting is a 
promising option for firewood production, species enrichment, and 
many other ecosystem services in Patagonian woodlands (i.e., pollina
tion, biodiversity) (Goldenberg et al., 2018; Coulin et al., 2019; Gross
feld et al., 2019; Agüero et al., 2020; Carrón et al., 2020; Chillo et al., 
2020; Nacif et al., 2020). Soil mesofauna dynamics have been studied 
after fire disturbance (Rizzuto, 2018), but biomass removal impacts 
remain unexplored. In this work, we use mesofauna to understand the 
potential effects of biomass removal on belowground fauna. 

Greater litter production after partial biomass removal could in
crease mesofauna density, microsite heterogeneity, and microhabitat 
availability contributing to oribatid diversity (Anderson, 1978). Since 
harvest can decrease plant competition and stimulate plant growth by 
increasing abiotic resources (i.e., water, light, nutrients), we believe that 
litter production and resource provision for mesofauna may increase at 
low disturbance (30% biomass removal). This outcome could vary ac
cording to site productivity in different landscape positions. Site pro
ductivity regulates plant growth after disturbance through differential 
nutrient and water availability. But also, site productivity may regulate 
understory plant diversity dynamics, which finally determines detri
tivores and predatory mesofauna taxa density (i.e., Oribatida, Meso
stigmata) (Karg, 1993; Scherber et al., 2010; Chillo et al., 2020). 

We present results from an aboveground biomass removal gradient 
in three contrasting woodlands in northwestern Patagonia (Argentina). 
We aimed to (1) explore the effects of increased biomass removal on 
Acari communities in litter and soil and (2) assess how litter production 
and its structural composition could be linked to mesofauna responses in 
sites with contrasting productivity. We hypothesize that: 1) litter pro
duction will respond positively to low harvest intensity because limited 
tree removal often stimulates primary productivity. High-intensity 
biomass removal lowers plant density enough to decrease litter pro
duction; 2) mesofauna density declines more in litter than soil with 
biomass removal because litter is directly exposed to changing abiotic 
conditions from canopy openings; 3) similar to litter production, in high 
productivity sites, mesofauna density will respond positively to low 
harvest intensity due to higher substrate availability. Mesofauna density 
will decline at medium and high-intensity biomass removal due to 
extreme forest-floor exposure, and 4) Oribatida richness and α-diversity 
will respond positively to increasing harvest intensity in sites with 
higher plant productivity. In low productivity sites, increasing harvest 
intensity will decrease Oribatida richness and α-diversity. 

2. Materials and methods 

2.1. Study site 

This study was carried out near “El Foyel” (S 41◦ 38′ 47′′, W 71◦ 29′

55′′) and “Los Repollos” (S 41◦ 46′ 32′′, W 71◦ 28′ 18′′), Río Negro, in 
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northwestern Patagonia. The study region is a temperate forest/steppe 
ecotone with broadleaf woodlands dominated by Nothofagus antarctica 
((G. Forst.) Oerst.). Climate is temperate-cold, with mean annual tem
perature ranging from 8 ◦C to 10 ◦C and rainfall concentrated during the 
winter (Gallopín, 1978; Reque et al., 2007, Table 1). 

We selected three study sites that encompass the environmental and 
landscape heterogeneity of woodlands in NW Patagonia. In this region, 
the position on the landscape regulates nutrient availability, soil depth, 
and plant community structure (Table 1, Chauchard et al., 2015; Carrón 
et al., 2020). All these factors determine site quality and, therefore, plant 
productivity. We used mean annual increment (MAI, m3 ha− 1 yr− 1) and 
basal area increment (BAI: m2 ha− 1 yr− 1) as indicators of woody biomass 
productivity for the sites (Table 1, Goldenberg et al., 2020). The “High 
productivity” site is a mixed species woodland with a dominant tree 
height of about 4 m, located on a south-facing hillside in Foyel. Woody 
species found at this site are: N. antarctica, Diostea juncea ((Gillies & 
Hook.) Miers), Schinus patagonicus (Phil.) I.M. Johnst. ex Cabrera, 
Lomatia hirsuta (Lam.) Diels, and Embothrium coccineum (J.R. Forst. & G. 
Forst) (Fig. 1A). The “Mid-productivity” site is a mid-tall (3 m) mixed 
woodland located on a north-facing hillside in “El Foyel” (Fig. 1A). 
Dominant woody species are N. antartica, S. patagonicus, L. hirsuta, 
Fabiana imbricata (Ruiz & Pav.), and E. coccineum. The “Low produc
tivity” site is a monospecific woodland dominated by N. antartica and 
located on a valley floor nearby the locality of “Los Repollos.” At the 
“Low productivity” site, all trees are no taller than 2.5 m in height 
(Fig. 1A). Sites are structurally different, with higher productivity and 
higher plant taxonomic and functional diversity in the high productivity 
site (Coulin et al., 2019; Chillo et al., 2020). 

2.2. Experimental design 

We quantified biomass removal using harvest intensity (HI) defined 
as the percent of basal area removed. Variation in HI was achieved by 
longitudinal harvesting strips of vegetation (strip-cutting) in plots of 
1417.5 m2 (31.5 × 45 m; Fig. 1B). All plots were harvested in strips of 
increasing width (1.5; 2.5 and 3.5 m), resulting in approximately 30%, 
50%, and 70% of basal area removal, respectively (Fig. 1C). Within each 
strip, the vegetation was cut at ground level; woody debris was left as 
mulch, and coarse wood (> 4 cm diameter) was piled at the head of each 
strip (Fig. 1B). In the 0% HI plots (i.e., control) vegetation was left uncut. 
The experiment had four levels of harvest intensity of 0%, 30%, 50%, 
and 70%, with two replicates of each harvest treatment at each site 
(three sites, total = 24 plots). 

2.3. Annual litter production and litter structural diversity 

The annual litter production was calculated as the sum of monthly 
litter production expressed as dry weight (Mg ha− 1 year− 1). Litter pro
duction was estimated using 0.25 m2 square litter collectors (n = 20 per 
plot) installed in a 5 × 4 m grid from the plot center. The collectors were 
constructed using 1-mm mesh, and four galvanized wire legs at 20 cm 
from the ground, which allowed for airflow and prevented damage from 
excessive moisture and microorganisms (Swift et al., 1979). Monthly 
litterfall collection was conducted from March 2017 to March 2018, 
except during the winter months (May to August). Once collected, 
samples were preserved in paper bags and transported to the laboratory, 
where they were oven-dried at 65 ◦C for 48 h and dry weight measured. 
Litter was classified into structural components: leaves, branches ≥2 cm 
in diameter, branches <2 cm in diameter, reproductive material 
(flowers, seeds), and bark. With each element's proportion, a Shannon- 
Wiener Index for litter structural components was calculated for each 
plot (De Paz et al., 2013). We report mean (± standard error) for both 
litter variables. 

2.4. Acari density 

All three sites were sampled twice, in the autumns of one and three 
years after harvest (2015 and 2017). Samples from litter and soil were 
obtained from 5 random points per plot using a PVC corer (5 cm 
diameter, 10 cm depth). Mesofauna was extracted with Berlese-Tullgren 
funnels and preserved in 70% ethanol solution until sorting into taxa 
using a stereomicroscope. Acari were counted and sorted into suborders 
Oribatida, Prostigmata and Order Mesostigmata (Krantz and Walter, 
2009). We calculated taxa density by pooling the five subsamples per 
plot (individuals m− 2). 

2.5. Oribatida morphospecies 

For taxonomic analysis, oribatid mites sampled in 2017 were used. 
All adult individuals were cleared in 80% lactic acid solution, mounted 
in Hoyer's medium, and identified using a contrast phase microscope 
Leica DM1000 (800 × magnification). All individuals were identified to 
the morphospecies level (when possible) using keys by Balogh and 
Balogh (1992) and named following the nomenclature by Subías (2004, 
15th update 2020). We used litter samples for taxonomic analysis. We 
then calculated species richness and α-diversity (Shannon-Wiener Index) 
and used these indices to characterize oribatid mites' community 
structure and composition (Magurran, 2004). 

2.6. Statistical analysis 

All statistical analyses were done in R software (v.3.5.0, R Core 
Team, 2018). We used mixed-effects models to assess biomass removal 
influence on annual litter production, litter structural α-diversity, mes
ofauna taxa density, oribatid mite richness, and α-diversity. Mixed- 
effects models consider the hierarchical structure of the data 
combining fixed and random effects (Zuur et al., 2009; Seoane, 2014). 
We used multimodel inference as the inferential statistical framework 
(Burnham et al., 2011). We selected the minimum adequate model by 
the lowest AIC value (corrected form of the Akaike Information Criteria) 
using the dredge function (MuMIn package, Burnham et al., 2011). We 
calculated the relative importance (R.I.) of each predictor variable with 
the importance function (MuMIn package, Burnham et al., 2011). This 
function sums the ‘Akaike weights’ over all the models that include the 
predictor variable. 

We assessed the influence of biomass removal on annual litter pro
duction and litter structural α-diversity using the lme4 package (Bates 
et al., 2015). The global mixed-effects model (GM) for annual litter 
production and litter structural α-diversity considered the fixed effect of 
biomass removal (HI: 0, 30, 50, 70%), biomass removal squared (for 

Table 1 
Sites characterization. *MAI: Mean annual increment. *G: Basal area. *dg: 
Quadratic mean diameter. *H: dominant height. *T min: minimum annual 
average temperature. *T max: maximum annual average temperature. *P: mean 
annual precipitation. *Soil temperature: mean temperature (March 2017). *VWC: 
mean volumetric water content (March 2017). *Solar rad: Mean annual solar 
radiation. Dasonomic data taken from Goldenberg et al. (2020).  

Site High productivity Mid productivity Low productivity 

Slope orientation South hillside North hillside – 
Geographic position Low hillside Low hillside Bottom valley 
Soil depth (cm) 125 55 90 
Soil taxonomy Hapludands Hapludands Udivitrands 
MAI 

(m3 ha− 1 year− 1) 
3.6 ± 0.3 1.8 ± 0.3 0.4 ± 0.3 

G (m2 ha− 1) 46.7 34.8 23.52 
T min (◦C) 3 2 1.5 
T max (◦C) 15 14 15 
P (mm) 1100 1100 1100 
Solar rad (W m− 2) 155 165 170 
Soil T (◦C) 9.8 11.9 5.8 
VWC (%) 75 54 89 
Wind speed 

(km h− 1) 
1.1 7.2 6.2  
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possible nonlinear responses), site (Low Productivity, Mid-Productivity, 
High Productivity), and their two-way interactions. In both models, we 
evaluated the random effect of plots. We assumed a normal distribution 
for both response variables and tested normality assumptions using 
graphical (i.e., residuals vs. fitted plots, residuals vs. predictors, Q-Q 
plot) and analytical methods (i.e., Shapiro-Wilk test). We corrected the 
heteroscedasticity with varIdent or varExp functions when needed (Zuur 
et al., 2009). 

We analyzed the effects of increased biomass removal on Acari (total 
and each Suborder separately) density using a mixed-effects model per 
strata (i.e., soil, litter) (glmmTMB package, Brooks et al., 2017). The GM 
for density considered the fixed effect of biomass removal (HI: 0, 30, 50, 
70%), biomass removal squared (for possible nonlinear responses), site 
(Low Productivity, Mid-Productivity, High Productivity), and their in
teractions for each strata (i.e., soil, litter). In the same models, we also 
evaluated the random effect of plots. We considered the date as relevant 
to detect lag effects from biomass removal on mesofauna taxa. Negative 
binomial error distribution and log link function were used according to 
the residual distribution of the density data. 

We initially calculated Oribatida species richness and α-diversity 
(exponential Shannon-Wiener Index) with different vegan package’ 
functions (Oksanen et al., 2018). Oribatida richness was transformed as 
(log (richness +1)) to meet normality and homoscedasticity assump
tions. We tested model assumptions using graphical (i.e., residuals vs. 
fitted plots, residuals vs. predictors, Q-Q plot) and analytical methods (i. 
e., Shapiro-Wilk test), correcting the heteroscedasticity with varIdent or 
varExp functions when needed (Zuur et al., 2009). We assessed biomass 
removal influence on the oribatid mite’ richness and α-diversity using 
the lme4 package (Bates et al., 2015). The GM for richness and α-di
versity considered the fixed effect of harvest intensity (HI: 0, 30, 50, 
70%), harvest intensity squared (for possible nonlinear responses), site, 
and their two-way interactions. In both models, we evaluated the 
random effect of plots. 

We performed a non-metric multidimensional scaling analysis 
(NMDS) using the metaMDS function for visualizing the Oribatida 
community structure between sites and harvest intensity treatments 
(vegan package, Oksanen et al., 2018). NMDS was based on Bray Curtis 
dissimilarity, and both site and species scores were estimated using 999 
free permutations. We assessed the differences in composition between 
sites and harvest intensity treatments using the adonis function (vegan 
package, Oksanen et al., 2018). 

3. Results 

3.1. Response of annual litter production to harvest intensity gradient 

Annual litter production responded negatively and nonlinearly to, 
with increasing harvest intensity across sites (Tables 2 and 3). Annual 
average litter production in the uncut plots varied from 1.38 (±) 0.08 
Mg ha− 1 year− 1 in the low productivity site to 1.42 (±) 0.41 Mg ha− 1 

Fig. 1. Experimental design and detail of the treat
ment assignment per-block (site). A: Detail of the 
width on harvest strips by treatment in the high 
productivity site. HI is harvest intensity. Harvest 
strips are detailed in pink. B: Front view of harvest 
strip width in plots with different harvest intensity 
assignments on the high productivity site. From left 
to right: 0, 30, 50 and 70% HI. *Photograph credits: 
Marcos Nacif. (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the web version of this article.)   

Table 2 
Relative importance of each predictor from the global model for litter produc
tion (litter P), structural diversity (litter D), Oribatida richness and diversity. 
Relative importance values are calculated from the sum of the “Akaike weights” 
overall models, including the predictor variable. Bold relative importance values 
are variables or variable interactions included in the averaged minimum 
adequate model. Rows show: HI: harvesting intensity. HI2: harvesting intensity 
(nonlinear effect). Richness: Oribatida richness. α-Diversity: Oribatida diversity 
(Shannon-Wiener Index).  

Parameters Litter P Litter D Richness α-Diversity 

HI 0.91 0.18 <0.05 <0.05 
Site 0.14 1.00 <0.05 <0.05 
HI: Site <0.05 0.10 <0.05 <0.05 
HI2 0.91 0.89 <0.05 <0.05 
HI2: Site <0.05 0.85 <0.05 <0.05  

M.M. Fernández et al.                                                                                                                                                                                                                         



Applied Soil Ecology 169 (2022) 104242

5

year− 1 in the high productivity site (0% HI, Table 4). Litter production 
decreased by 58% at the 70% HI level compared to the uncut plots (0% 
HI, Fig. 2A). 

Litter structural diversity had a nonlinear relationship with harvest 
intensity that differed among sites (Tables 2 and 3). The “High pro
ductivity” site showed a 54% decrease in litter structural α- diversity at 
the highest intensity harvest compared to the uncut plot, mainly driven 
by a lower proportion of woody components (Fig. 2B; Fig. S1). The other 
sites showed stability of litter components across biomass removal 
treatments. 

3.2. Acari density 

We collected a total of 3935 Acari combining one- and three-year 
post-harvest sampling. Pooling litter and soil, the density of Acari was 
approximately 32,504 (individuals m− 2) at the uncut plots (Table S2). 
One year after harvest, Acari included 52.9% Oribatida, 29.3% Pros
tigmata, and 17.7% Mesostigmata. Three years after the harvest, Acari 
included 61% Oribatida, 21.3% Prostigmata, and 19.8% Mesostigmata. 

In the litter, Acari density response to biomass removal was linear 
but variable among sites. Important predictors for Acari density in the 
litter were: the number of years after harvest (date) and the interaction 
between site and harvest intensity (Tables 3 and 5). In the “Low pro
ductivity” site, there was a negative relationship between density and 
harvest intensity that persisted three years after harvest (Fig. 3). At this 

site, we observed a 65% decline in Acari density in the litter, with the 
lower density overall after three years of biomass removal by harvest 
(Fig. 3, Table S1). In contrast, the relationship between the density of 
Acari and increasing biomass removal by harvest was positive on the 
mid- and high-productivity sites. Finally, there was no relationship be
tween density and the predictors for soil inhabiting Acari (Table 5). 

The density of Oribatida exhibited a linear relationship with harvest 
intensity in the litter, with shifting patterns depending on the sites 
(Fig. 3). The density of Oribatida in the “Low productivity” site pre
sented a negative linear relationship with increasing biomass removal. 
In contrast, it had a weak positive relationship in the other sites (Ta
bles 3 and 5). After one year, Mesostigmata in litter responded positively 
to increasing biomass removal in a pattern that varied among sites 

Table 3 
Estimated fixed-effect coefficients of the minimum adequate model. Rows show: Date: 2015, 2017. Sites: High P, Mid P, Low P. HI: harvesting intensity. Columns show: 
Litter P: Annual litter production. Litter D: Litter α-Diversity (Shannon-Wiener Index). Richness: Oribatida richness. α-Diversity: Oribatida diversity (Shannon-Wiener Index).  

Coefficients Acari (Litter) Oribatida 
(Litter) 

Litter P Litter D Richness α-Diversity 

(Intercept) 7.79 8.84 1.34 0.91 n.s n.s 
Date 0.23 0.72 – – n.s n.s 
HI 0.79 − 0.02 − 0.0025 0.00025 n.s n.s 
HI2 n.s n.s − 0.000072 − 0.00002 n.s n.s 
Mid P 0.56 0.12 – 0.13 n.s n.s 
Low P 0.52 0.35 – 0.11 n.s n.s 
HI: High P 1.79 0.71 – – n.s n.s 
HI: Low P − 1.72 − 4.18 – – n.s n.s 
HI2: High P n.s n.s – − 0.00004 n.s n.s 
HI2: Low P n.s n.s – 0.00003 n.s n.s 

Non significant parameters denoted as n.s. 

Table 4 
Mean annual litter production (Litter P in Mg ha− 1 year− 1), mean litter structural 
α- diversity (Litter D), and oribatid diversity (H′, both Shannon-Wiener index) 
(± standard error) per site and harvest treatment. Rows show: Litter P: Annual 
litter production (Mg ha− 1 year− 1). Litter D: Litter structural α-diversity (Shannon- 
Wiener index). H′: oribatid α-diversity (Shannon-Wiener Index).   

Site Harvest intensity (%) 

0 30 50 70 

Litter 
P 

Mid 
Productivity 

1.26 (±) 
0.1 

1.02 (±) 
0.3 

1.05 (±) 
0.1 

0.95 (±) 
0.1 

High 
Productivity 

1.42 (±) 
0.1 

1.34 (±) 
0.0 

1.18 (±) 
0.1 

0.99 (±) 
0.1 

Low 
Productivity 

1.38 (±) 
0.4 

1.03 (±) 
0.1 

1.15 (±) 
0.1 

0.41 (±) 
0.3 

Litter 
D 

Mid 
Productivity 

0.91 (±) 
0.0 

0.87 (±) 
0.0 

0.89 (±) 
0.1 

0.79 (±) 
0.0 

High 
Productivity 

1.05 (±) 
0.05 

0.95 (±) 
0.0 

0.94 (±) 
0.1 

0.69 (±) 
0.0 

Low 
Productivity 

1.03 (±) 
0.1 

1.03 (±) 
0.1 

1.03 (±) 
0.1 

1.08 (±) 
0.0 

H′ Mid 
Productivity 

1.01 (±) 
1.0 

1.35 (±) 
0.7 

1.61 (±) 
0.3 

0.9 (±) 
0.9 

High 
Productivity 

1.3 (±) 
0.03 

1.9 (±) 
0.1 

1.12 (±) 
0.2 

0.6 (±) 
0.6 

Low 
Productivity 

0.36 (±) 
0.01 

0.29 (±) 
0.3 

1.17 (±) 
0.4 

1.51 (±) 
0.3  

Fig. 2. Response of annual litter production (Mg ha− 1 year− 1, A) and litter 
structural α-diversity (B) to harvest intensity. Each point is the estimated litter 
production and structural diversity per plot (n = 5 sub replicates). Lines are the 
predicted values from mixed-effects models. Sites: High productivity in circles, 
Mid productivity in squares, Low productivity in triangles. 
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(Fig. S2). Mesostigmata response was different between years in the soil 
but was constant across sites (Table 5). After three years from harvest, 
Mesostigmata showed a nonlinear negative relationship with increasing 
biomass removal. Prostigmata was not affected by increasing biomass 

removal in soil or litter (Table 5). 

3.3. Oribatida richness, α-diversity, and community composition 

We collected 1344 individuals from 24 morphospecies of oribatid 
mites and 17 different Oribatida families (Table S1). Of those in
dividuals, 574 were adults that were used for taxonomic identification. 
The most common oribatid mite species (≥ 5%) across sites were: Ori
batula sp., Paraphauloppia australis (Hammer, 1962), Cultroribula argen
tinensis (Balogh & Csiszár, 1963), and Membranoppia (Pravoppia) 
argentinensis (Balogh & Csiszár, 1963). Tectochepeus velatus (Michael, 
1880) and Lanceoppia kovacsi (Balogh & Csiszár, 1963) were among the 
most abundant morphospecies in the high productivity site. Camisia sp. 
was the most abundant Oribatida in the mid-productivity site. 
P. australis and Oribatula sp. comprised over 85% of the individuals 
found in the “Low productivity” site. 

Oribatida richness and α-diversity were not affected by increasing 
biomass removal, site, or their interaction (Table 2). Overall, the rich
ness of oribatid mites was highest at the “Low productivity” site (21 
species) and lowest at the Mid-productivity site (16 species). The 
assumption of homogeneity of multivariate dispersion was met for both 
ordinations (Fig. 4A, p = 0.34; Fig. 4B, p = 0.70). There was a gradient of 
dissimilarity in composition from the more productive site, the inter
mediate productivity site, and the less productive site. The “High pro
ductivity” site was significantly different in composition from the “Low 
productivity” site (Fig. 4A, adonis test: p = 0.015*). Important drivers of 
species compositional differences between sites were: P. australis, 
Camisia sp., and Suctobelbella sp. (Adonis test, p = 0.05*). The lack of 
differences in the oribatid mite community composition between the 
different harvest intensity treatments suggests that oribatid mites were 
resistant to increasing biomass removal (Fig. 4B, adonis test: p > 0.05). 

4. Discussion 

We designed a systematic strip-harvest gradient to assess how 
controlled biomass removal impacts resource provision (litterfall) and 

Table 5 
Relative importance of each predictor for Acari density in litter and soil. Relative 
importance values are calculated from the sum of the “Akaike weights” overall 
models, including the predictor variable. Relative importance values in bold are 
variables or variable interactions included in the averaged minimum adequate 
model. *HI: harvesting intensity. HI2: harvesting intensity (nonlinear effect).  

Coefficients Litter 

Acari Oribatida Mesostigmata Prostigmata 

Date 1.00 0.99 0.99 0.95 
HI 0.95 0.90 0.97 0.55 
Site 0.91 0.70 0.77 0.34 
HI: Site 0.76 0.65 < 0.05 0.25 
HI2 0.23 0.26 0.20 0.16 
Date: HI 0.22 0.20 0.96 0.11 
Date: Site 0.08 0.12 0.72 0.11 
Date: HI2 < 0.05 < 0.05 < 0.05 < 0.05 
HI2: Site < 0.05 < 0.05 < 0.05 < 0.05 
Date: HI: Site < 0.05 < 0.05 < 0.05 < 0.05 
Date: HI2: Site < 0.05 < 0.05 < 0.05 < 0.05   

Coefficients Soil 

Acari Oribatida Mesostigmata Prostigmata 

Date 1.00 1.00 1.00 0.93 
HI 0.40 0.28 0.28 0.43 
Site 0.12 0.08 0.23 0.08 
HI: Site < 0.05 < 0.05 < 0.05 < 0.05 
HI2 0.41 0.52 0.96 0.26 
Date: HI 0.08 0.09 < 0.05 0.09 
Date: Site < 0.05 < 0.05 < 0.05 0.05 
Date: HI2 0.22 0.36 0.95 < 0.05 
HI2: Site < 0.05 < 0.05 < 0.05 < 0.05 
Date: HI: Site < 0.05 < 0.05 < 0.05 < 0.05 
Date: HI2: Site < 0.05 < 0.05 < 0.05 < 0.05  

Fig. 3. Response of total Acari and oribatid mites density to harvest intensity in the litter. Each point is the pooled density per plot (n = 5 sub replicates), and lines 
are the predicted values from mixed-effect models. Sites: High productivity in circles, Mid productivity in squares, Low productivity in triangles. 
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microarthropods communities of three contrasting temperate wood
lands in northwest Patagonia. A coarse taxonomic resolution was suffi
cient to detect changes in this community of micro invertebrates. Our 
results suggest that a combination of altered microhabitat and resource 
provision can condition Acari densities after high-intensity harvest. 
However, despite substantial variation in aboveground productivity 
across sites, Oribatida diversity exhibited similar resistance to biomass 
removal. Thus, site-specific responses of Acari taxa and plant commu
nity productivity should be considered when planning harvest systems 
with conservation goals. 

Contrary to our expectation, we observed a negative impact of har
vest intensity on litter provision with only site-specific changes on litter 
structural diversity, thus, rejecting our first hypothesis. The magnitude 
of litter production decline observed with biomass removal was similar 
to what Bahamonde et al. (2015) found between N. antarctica untreated 
and harvested forests (50% basal area removal). Lindo and Visser (2003) 
also quantified a similar decrease in litterfall when comparing uncut 
forests and partial cuts in mixed boreal forests 2.5 years after harvest. 
According to the Connector-Habitat Hypothesis, litter layer thickness 
and diversity of structural components build high microscale heteroge
neity, promoting high Oribatida diversity (Aoki, 1977; Anderson, 1978; 
Wehner et al., 2016; Korboulewsky et al., 2016). In this sense, the strong 
decline in litter structural diversity in sites with 70% biomass removal 
could be of concern because of the significant loss of woody structures. 
Interestingly, while we did not find a similar pattern between litter 
structural diversity decline or litter production decline with Oribatida 

diversity. 
Biomass removal impacted litter Acari more than soil Acari, con

firming our second hypothesis. This differential vulnerability to biotic 
homogenization was reported by other authors (Siira-Pietikäinen and 
Haimi, 2009; Mori et al., 2015; Rousseau et al., 2019). In the “Low 
productivity” site, Acari-inhabiting litter experienced a 65% decline in 
density, in contrast to the stable response of Acari at mid- and high- 
productivity sites. Moreover, this decline in density matched annual 
litter production along the biomass-removal gradient at “Low produc
tivity” sites which partially confirmed our third hypothesis. We expected 
that low biomass removal (30%) would increase overall plant growth 
and litterfall provision in mid- and high-productivity sites, but there was 
not an observable compensatory plant growth that counter-backed the 
elimination of vegetation in the short term (Lindo and Visser, 2004). In 
this sense, only detritivore taxa (i.e., Oribatida) were negatively affected 
by medium and high-intensity biomass removal, highlighting the rele
vance of litterfall as a resource for oribatids inhabiting litter. 

Differential responses of Acari taxa to increasing biomass removal 
across sites could be due to shifts in understory microhabitats and litter 
provision. At high productivity sites for instance, mesostigmatid density 
in litter increased with increasing biomass removal (Fig. S2). This in
crease could be related to greater prey availability (e.g., Collembola) 
(Karg, 1993; Battigelli et al., 2004; Berch et al., 2007; Fernández et al., 
unpubl. data) or increased habitat quality from greater understory 
vegetation (Marshall, 2000; Chillo et al., 2020). Mesostigmatid density 
is usually positively related to understory plant richness and functional 

Fig. 4. Non-metric multidimensional scaling plot showing species composition per site (A) and per harvest intensity treatment (B) using Bray-Curtis dissimilarity as 
parameters. Significant differences in Oribatid community composition were detected between sites (adonis test: p = 0.015**). Codes for scientific names for Ori
batida are detailed in Table S1. 
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diversity (Scherber et al., 2010; Chillo et al., 2020), which increased 
significantly in the mid- and high-productivity sites following distur
bance. In contrast, detritivore taxa density (e.g., Oribatida) exhibited 
steep declines with high-intensity biomass removal (70%) (Déchêne and 
Buddle, 2009; Farská et al., 2014), while other Suborders remained 
similar to uncut woodland (Lindo and Visser, 2004). These contrasting 
responses among different mesofauna taxa reflect the complex in
teractions that can occur along biomass removal gradients of varying 
site productivity. 

Contrary to our fourth hypothesis, we found that Oribatida richness, 
α-diversity, and composition did not change with increasing biomass 
removal. The degree of soil disturbance may be key to understanding 
contrasting results in the literature. Our diversity results are in line with 
hand-felling in boreal forests (Bird et al., 2004), which also minimally 
affected the soil. In contrast, many studies that disturbed the soil using 
high-intensity harvest methods showed considerable decline in meso
fauna density and diversity (Bird and Chatarpaul, 1986; Lindo and 
Visser, 2004; Déchêne and Buddle, 2009; Malmström et al., 2009; 
Rousseau et al., 2018a, 2018b). In these areas, harvesting practices 
causing soil compaction (Battigelli et al.2004; Berch et al., 2007), in 
combination with blading, litter compositional changes, loss of woody 
debris, or removal of the organic material from the forest floor (Battigelli 
et al., 2004; Mori et al., 2015; Farská et al., 2014; Rousseau et al., 2018a, 
2018b; Trentini et al., 2018) could be related to such drastic and long- 
term changes. In relation to this, we suspect that minimum distur
bance to the soil from our strip-harvesting operations was a key factor 
(Chillo et al., 2020). Preserving both coarse and fine debris on the forest 
floor after biomass removal could have had a positive impact for orib
atids resistance to disturbance (Johnston and Crossley, 1996; González- 
Polo et al., 2013; Rousseau et al., 2018a). Finally, compositional dif
ferences at our sites were observed only between Oribatida communities 
from the “High productivity” and the “Low productivity” sites. Even if 
both sites are dominated by N. antarctica, the “Low productivity site” has 
a monospecific canopy, which constitutes a relevant factor for the 
structuring of Oribatida community (Korboulewsky et al., 2016). 

Our study provides new information for designing sustainable har
vesting cycles in southern woodlands, extending benefits from firewood 
harvest to multiple ecosystem services relying on soil biota. Our focus on 
biomass removal highlights the sustainability of strip-harvest as a 
management option suitable for woodlands with contrasting produc
tivity. Specifically, low- and mid-intensity strip harvest show potential 
to balance both firewood productivity and mesofauna conservation in 
mid- and high-productivity woodlands (Bengtsson et al., 1998; Gold
enberg et al., 2020). Yet, careful consideration should be paid to high- 
intensity strip harvest because its negative effects on Oribatida pop
ulations can compromise decomposition and nutrient cycling at “Low 
productivity” sites (Srivastava et al., 2009; García-Palacios et al., 2013). 

5. Conclusions 

Our experimental approach allowed us to assess the trade-off be
tween firewood biomass harvest and soil fauna conservation. There is 
potential to sustain mid-intensity harvests in sites with high and medium 
productivity without compromising microarthropods in the short term. 
Site productivity played a relevant role on regulating Acari response to 
increasing biomass removal. The strong density declines for detritivore 
Acari in “Low productivity” woodlands matched the overall trend for 
litter production, which highlights the role of litter provision for habitat 
and food conservation. Our study suggests that strip-harvest up to 70% 
of basal area can conserve Acari community structure regardless of site 
productivity. A coarse taxonomic resolution was sufficient to visualize 
impacts in these woodlands, which usually is a bottleneck to build 
ecological indicators including microarthropods. Management plans 
including firewood extraction in southern woodlands should incorpo
rate site productivity considerations in management decisions for 
conserving soil fauna and long-term soil productivity. 
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