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Abstract

Context Although saproxylic beetles use deadwood

in industrial exotic forest plantations, deadwood and

historical land use patterns may interact among each

other making difficult the implementation sustainable

management intended to conserve saproxylic beetle

diversity.

Objectives We assessed the additive and interactive

effects of deadwood and landscape-scale variables on

alpha (a) and gamma (c) diversity of saproxylic beetles.
Methods We installed 1034 traps in 80 stands of

pine/eucalyptus plantations, clear-cuts and native

forest distributed in 29 1-km radius landscape units.

Deadwood amount/diversity and composition (native

vs. exotic) were estimated for each habitat. A 14-year

image time series was used to estimate the cover of

native forest and the temporal coefficient of variation

of clear-cut cover, CV(CC), an indicator of how

extensive clear-cut areas have been in each landscape.

Results The amount/diversity of deadwood affected

positively the a-diversity of all species, but its effect

turned negative in clear cut stands. Exotic deadwood

had an overall negative effect on a diversity of

fungivores and was more marked as the cover of native

forest increased within landscapes. The c diversity of

all species and predators responded negatively to

CV(CC), while fungivores responded negatively to the

current native forest cover. Deadwood and landscape-

scale management had nonlinear effects on c diversity,
with the deadwood composition effect being depen-

dent on clear-cut cover. All species and predators were

less diverse as the proportion of exotic deadwood

increased, but this effect turned positive within

landscapes with high CV(CC).
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Conclusions Landscape-scale forest management

has long- and short-term effects on saproxylic beetles

that are modulated by deadwood and propagate

through species functional dimensions.

Keywords Alpha and gamma diversity � Maulino

forest � Clear-cut cover � Beetles � Biodiversity � Forest
management

Introduction

Understanding how wildlife responds to land use

change involves considering the extent to which

populations, communities and ecosystems are resilient

to novel human-caused environmental conditions

(e.g., Haila 2002; Fahrig et al. 2011). Wild animals

are particularly vulnerable to short- and long-term

decrease in the amount and quality of resources

available in the matrix (Kupfer et al. 2006; Tscharntke

et al. 2012). Such a dynamic matrix is inherent to

landscapes dominated by industrial exotic forest

plantations managed under the clear-cutting system

(Keenan and Kimmins 1993). Stands of exotic trees,

such as Pinus spp. or Eucalyptus spp., may accumulate

large amounts of logging waste over time and support

a dense understory, thus increasingly turning into a

suitable habitat for wildlife (Lindenmayer and Hobbs

2004; Brockerhoff et al. 2008). However, not all

species may benefit from the resources and conditions

available in exotic forest plantations. Depending on

their ecological traits (e.g., micro-habitat specializa-

tion, trophic guild position, or dispersal ability),

animal species can be more, or less sensitive to

anthropogenic changes in habitat suitability (Ewers

and Didham 2006; Gámez-Virués et al. 2015). In this

sense, saproxylic (deadwood dependent) organisms

may be negatively affected by forestry management

that reduces drastically the quantity and quality of

deadwood, as well as the level of habitat naturalness

(Franc et al. 2007; Müller and Bütler 2010; Gossner

et al. 2013).

Short harvesting cycles (e.g. 10–20 year rotations)

cause a break down in the continuous supply and a

growing scarcity of deadwood microhabitats (Jonsson

and Siitonen 2012) through their mechanical destruc-

tion, burning or early removal for biofuel (Rudolphi

and Gustafsson 2005; Lassauce et al. 2012). Forestry

management also affects diversity and physical–

chemical properties of deadwood. Compared to

unmanaged native forests (e.g., deciduous forest of

Nothofagus spp.), exotic deadwood substrates in forest

plantations (e.g., stands of Pinus radiata) tend to be

smaller and less diverse, but also more resinous and

fibrous, with the latter properties slowing down the

decaying process (Fierro et al. 2017; Ulyshen et al.

2018 and herein). Although the activity of the wood-

decaying community would tend to increase with the

age of plantations, deadwood quality may also

decrease as management simplifies understory or

canopy cover (Gossner et al. 2016; Johansson et al.

2017), as well as after the application of insecticides,

herbicides and fertilizers (Miller and Miller 2004).

Saproxylic species usually exhibit threshold (non-

linear) responses to deadwood available at different

spatial scales (e.g., Müller and Bütler 2010). However,

preferences or requirements for deadwood also vary

between functional groups (e.g., predators, fungivores

and detritivores; Vanderwel et al. 2006; Andersson

et al. 2012), but also change with habitat degradation,

fragmentation and loss (e.g., Komonen et al. 2000;

Sverdrup-Thygeson et al. 2014). In landscapes dom-

inated by industrial exotic forest plantations managed

under the clear-cutting system, the amount and

suitability of deadwood can vary substantially depend-

ing on the disturbance regime caused by forest

management (Müller and Bütler 2010; Jonsson and

Siitonen 2012; Ulyshen et al. 2018). Such a marked

heterogeneity in deadwood quality and quantity may

make the effects of deadwood on saproxylic beetles

unpredictable in landscapes dominated by exotic

plantations, thus preventing the implementation of

sustainable forest management (Jonsson 2012; Sver-

drup-Thygeson et al. 2014). Therefore, the conserva-

tion of saproxylic beetles in landscapes dominated by

industrial exotic forest plantations requires that

forestry management integrates deadwood and land

use dynamics across multiple scales (Ranius and

Kindvall 2006; Rubene et al. 2017). Three potential

drivers of saproxylic beetle diversity can be particu-

larly important to consider for sustainable forestry

management:

Current land cover composition

The relative amounts of native forest and exotic forest

plantations to landscape scale are thought to be

123

622 Landscape Ecol (2020) 35:621–638



important for wildlife conservation (Swart et al. 2018).

Large remnants of native forest may function as

reservoirs of saproxylic beetle diversity by providing

large, stable and rich deadwood microhabitats while

promoting the recolonization of small remnants and

exotic forest plantations (Vandekerkhove et al. 2013;

Bouget and Parmain 2015). Conversely, clear-cut

stands can be a hostile habitat for many organisms

(Niemelä et al. 1993; Janssen et al. 2017), acting as

potential dispersal barriers for saproxylic species

specialized on decomposed wood (Hjältén et al.

2010; Jonsell and Schroeder 2014).

Historic land management

The effects of forestry on saproxylic fauna can

accumulate on successive harvest rotations (Ranius

and Kindvall 2006; Sverdrup-Thygeson et al. 2014).

Steady deforestation usually causes rapid decline of

biodiversity while increasing the extinction risk of

several species, as found in tropical forests (Leidner

et al. 2010). However, landscapes dominated by exotic

forest plantations usually sustain a characteristic

biodiversity, dominated by generalist species that

use new resources, as the case of mammals (Moreira-

Arce et al. 2015), birds (Vergara and Simonetti 2004),

epigeic insects (Grez et al. 2003), and saproxylic

beetles (Fierro et al. 2017). Since forest plantations

may act as temporal reservoirs (e.g., sink habitats) of

old-forest specialized species (Pawson et al. 2010),

landscapes with long-term retention of native forests

should exhibit greater beetle diversity (e.g., Sverdrup-

Thygeson et al. 2014). Conversely, an extensive clear-

cut regime leading to landscapes dominated by even-

aged plantation stands should exhibit declining diver-

sity and those effects should be more evident over long

periods.

Deadwood interactions

The fine-grained quantity and quality of deadwood

have effects that interact with environmental variables

at coarser spatial scales, ultimately shaping the

response of saproxylic beetle metapopulations to

habitat amount and connectivity (Schiegg 2000; Buse

et al. 2010). Exotic tree plantations offer large

amounts of deadwood, but of low quality in terms of

palatability, diversity, size, decay, and lifespan (Uly-

shen et al. 2018). Some studies suggest that regardless

of deadwood quality, saproxylic beetles respond

differently to deadwood depending on habitat type

(e.g., native vs. plantation), with deadwood-habitat

interactions being more frequent in specialized

species, such as predators and fungivores (Fierro

et al. 2017). Novel resources available in exotic forest

plantations, as well as stand differences in terms of the

age and composition of trees (Micó et al. 2013),

deadwood dynamics (Jonsson 2012) and the number

of colonizing adults (Schroeder et al. 2007) influence

the patterns of deadwood use by saproxylic beetles,

with these interactive deadwood effects being more

evident at the landscape scale (Vergara et al. 2017).

In this study we assess habitat- and landscape-scale

diversity (alpha and gamma diversity, respectively) of

saproxylic beetles in landscapes units comprising

native forest remnants surrounded by industrial exotic

forest plantations of Monterrey pine (Pinus radiata)

and Tasmanian blue gum (Eucalyptus globulus) in the

Coastal Range of central Chile. Based on the above

theoretical and empirical knowledge, the objective of

this study was to answer the following questions:

i. Is historic land management more important

than the current land use pattern in accounting

for saproxylic beetle diversity at different

spatial scales?

ii. Do deadwood effects on saproxylic beetle

diversity depend on historic land management

and current land use pattern?

Materials and methods

Study landscapes

The study covered a total area of ca. 700 km2 located

in the coastal range of Central Chile (35� 360 1000 S, 72�
200 6000 W to 36� 000 3600 S, 72� 200 6000 W; Fig. 1). In

this landscapes land-cover are composed of, in order

of dominance, industrial plantations of the exotic

Monterrey pine and Tasmanian blue gum (hereafter

referred to as pine and eucalyptus, respectively), clear-

cut stands and remnants of native forest, locally known

as ‘‘Maulino forest’’ (Donoso 1993). Native forest is

dominated by the deciduous Nothofagus glauca,

accompanied by a mix of sclerophyll and evergreen

shrub and tree species.
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We used an updated land-cover map (Fig. 1) to

select 29 1-km radius (314.2 ha) landscape units,

identifying within these four types of forest cover

(hereinafter referred as ‘‘habitat’’) adding a total of 80

stands: (1) pine plantation stands; (2) eucalyptus

plantation stands; (3) clear-cut stands (i.e., 0 to 3-year

Fig. 1 Map showing the location of the 29 study landscape units (circles) located in the coastal range of Central Chile, with A, B and C

panels showing details of the habitat types, as characterized in this figure

123

624 Landscape Ecol (2020) 35:621–638



plantations); and (4) native forest remnants. Pine and

eucalyptus plantation stands were [ 14 ha and [
10 years old on average, while clear-cut stands were[
24 ha. Native forest occurred mostly as small or

medium remnants (usually ranging between 5 and

100 ha), but also a few large forest fragments ([
500 ha) were present within the study area (Fig. 1).

Landscapes were selected, first, based on the current

amount of native forest by including landscapes with

low (6% to 20%) and high (20% to 50%) native forest

cover (Table 1; Table S1).We also included landscape

units with different levels of clear-cut cover (0% to

60%; Table 1). All the selected landscapes were

distanced by more than 350 m (Fig. 1). In order to

ensure spatial and statistical independence between

landscape-scale data, we checked for spatial autocor-

relation in the residuals of the best-ranked models (see

the Statistical analysis section) based on the Moran’s I

test statistic available in the ape package of R (Paradis

and Schliep 2018). We did not find evidence against

the assumption of spatial independence among the

errors of the models fitted to a and c diversity data

(Table S2 and Table S3, respectively).

Landscape variables

Habitat variables were measured between 1998 and

2012 (14 year; Fig. 2). For the current landscape unit

characterization, we used SPOT 5 and Digital globe

satellite images downloaded from Google Earth and

georeferenced in QGIS 3.0.0 (QGIS Development

Team 2018). Percentage of each habitat was estimated

in relation to the landscape unit area (Table 1). For the

historical landscape unit characterization, bi-annual

time series of habitats from 1998 to 2012 were

generated using Google Earth Engine (Fig. 2; Gore-

lick et al. 2017). We used Landsat with 30 m of pixel

resolution, creating ca. 90 training polygons per image

(a total of 732 polygons), considering the three

habitats. Multi spectral classification method based

on a RandomForest model was trained using the

created polygons (Shelestov et al. 2017; see accuracy

of classification in Table S4). From the 14-year

classification of land use were estimated two predictor

variables: (1) The temporal coefficient of variation of

clear-cut cover, CV(CC), within the landscape unit

(Table 1; Table S1), which was considered to repre-

sent the temporal synchrony in clear-cut harvesting.

Larger CV(CC) values indicated a regime of extensive

clear-cut areas, while small values result in patterns of

uneven-aged stands in the landscape units. Within the

studied landscape units, clear cut was highly variable

in time, with a mean CV(CC) of ca. 120% and a

maximum of 233% (Table 1). (2) The average cover

of native forest was considered to be proportional to

the long-term retention of native forest within each

landscape unit (Table 1; Table S1).

Deadwood data

We collected information about 69 habitat variables

associated with the availability and quality of dead-

wood by setting six 0.25 ha (deadwood plots) in each

of the habitats sampled within landscape units (total n

= 480 deadwood plots) (Table S5). Habitat variables

included vegetation attributes (e.g., understory cover),

but most of them were direct measures of deadwood,

such as the number, volume and diversity of deadwood

pieces, making the distinction among decay stages

(early, intermediate and late), substrates (logs or

stumps) and tree species (exotic trees or native trees;

Table S5). To avoid the edges influence on deadwood

availability and quality and vegetation attributes, the

deadwood plots were located ca. 100 m from the edge

(e.g., Aragón et al. 2015). Native deadwood was

available in exotic plantations and clear-cuts, such as

Table 1 Land cover

(habitat) variables and mean

deadwood volume in the 29

studied landscape units

shown in Fig. 2

Variable Mean SE Min Max

Pine cover 2013 (%) 53.2 4.2 0.0 91.8

Eucalyptus cover 2013 (%) 13.6 3.9 0.0 71.4

Clear-cut cover 2013 (%) 10.7 3.2 0.0 59.1

Native forest cover 2013 (%) 23.4 2.6 6.0 49.3

Mean native forest cover 1998–2012 (%) 27.1 1.9 8.9 55.6

Coefficient of variation in clear-cut cover 1998–2012 (%) 119.8 7.4 68.4 232.9

Total deadwood volume 2013 (m3 ha-1) 6.9 5.1 0.9 25.2
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stumps and large logs that had remained after the

native forest replacement by forest plantations. Quan-

tification of vegetation and deadwood variables was

made following the method described in detail in

Fierro et al. (2017) and Fierro and Vergara (2019).

In order to reduce the total number of deadwood

variables, an exploratory Canonical Partial Least

Square Regression (PLS-CA) was developed using

the R package plsdepot (Sanchez 2012; Lê et al. 2008;

R Development Core Team 2018). PLS-CA functions

deal with statistical collinearity and reduced sampling

size (Indahl et al. 2009; Sanchez 2012). Through PLS-

CA we selected deadwood variables based on their

explained variance, retaining a subset of 24 variables

with an R2[0.5 (Table S6). These selected variables

were then grouped using a Principal Component

Analysis (PCA), whose two first components (PC1

and PC2) accounted for 72.8% of the total variance

(Fig S1). The scores of the two first components were

included as predictor variables in a later regression

analysis (see Statistical analysis section). The compo-

nents were interpreted as based on factor loadings

(Table S7). Variables with loading 0.70, or greater,

were considered to be significantly correlated with a

component. We distinguished two groups of dead-

wood variables highly correlated with PC1 and PC2.

The first component (hereafter referred to as ‘‘DWI’’)

was positively correlated with the number and volume

of logs and stumps of exotic tree species, but also

negatively correlated with the number and volume of

logs and stumps of native tree species of different size

and decay stages (see details in Table S7 and Fig S1).

The second component (hereafter referred to as

‘‘DWII’’) was positively correlated with the diversity

and amount of deadwood (i.e., the term ‘‘amount’’

referring to the total number and volume of all

deadwood pieces, logs and stumps; Tables S4 and

Fig S1). Thus, significant effects of DWI on beetle

diversity were interpreted as beetles responding to tree

species composition of deadwood (native vs. exotic),

while significant effects of DWII were considered to

reflect the beetle’s response to the diversity and

amounts of deadwood.

Beetle data

Saproxylic beetles were sampled by randomly instal-

ling window-pitfall-traps (hereafter WPT) distributed

Fig. 2 Time-series of land cover maps from 1998 to 2006 of the study area shown in Fig. 1. Forest cover (%) estimated for each year is

shown at the top left. Circles represent the 29 studied landscape units
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across the habitats within 29 landscape units (Fig. 2).

WPT are pitfall traps modified to incorporate trans-

parent intercept panels, which makes them appropriate

to capture beetles flying close to the ground in addition

to individuals moving on the ground, as typically

exhibited by saproxylic beetles searching for fallen

logs and low stumps (Fierro et al. 2017). WPT

contained about 200 ml of a mixture of 2 parts 20%

neat glycerol and 80% water, with a few drops of an

odourless detergent and 30 g salt (NaCl). A total of 13

WPT 100 m apart and [ 100 m from the nearest

habitat edge (as possible), were set in each habitat type

covering [ 16 ha within landscape units. Since the

four habitat types were not completely replicated

across the landscape units, the total number of traps

was 1,034 traps (i.e., 13 traps per stand, installed in 80

stands, discounting 6 traps lost by foxes and under-

story birds). Captures were carried out during 25 days,

from November to December (late austral spring)

during two consecutive years (2012 and 2013), with

WPT being removed at the end of the period. Beetles

collected were placed in 96% alcohol to later identify

and classify at the lowest taxonomic level, consulting

taxonomic keys and the insect collection of the

Chilean Natural History Museum. Based on the

trophic ecology of their larvae (e.g., Elgueta and

Arriagada 1989; Beutel and Leschen 2005; Leschen

et al. 2010), beetles species were classified as saprox-

ylic, as well as in four functional groups constituted by

seven trophic guilds (e.g., Bouget et al. 2005; Micó

et al. 2015; Fierro et al. 2017): fungivores (my-

cophages and xylomycophages), detritivores (saprox-

ylophages, xylophages and saprophages), predators

(zoophages) and omnivores (polyphages). Pooling

species in those functional groups facilitated the later

analysis of diversity and ecological interpretation of

these results.

Diversity estimates

Alpha (a) diversity of beetles (i.e., diversity at the

local, habitat level) was estimated by using the Hill

numbers (Hill 1973; Jost 2006) qD of order q = 0, q = 1

and q = 2 using the iNext package in R environment

specifying input data as sampling-unit-based inci-

dence frequencies (Hsieh et al. 2016). Sample-size-

based rarefaction and extrapolation sampling curves

(Chao et al. 2014) were fitted to beetles data of the 13

WPT’s installed in each habitat sampled within

landscape units. From the adjustment of these curves

we calculated 0D, 1D and 2D, corresponding respec-

tively to species richness (SR), exponential of the

Shannon diversity Index (SHDI), and the inverse of

Simpson diversity Index (SDI). The a-diversity was

estimated for all species and the three main functional

groups of saproxylic beetles (Fungivores, Detritivores

and Predators), while Omnivores were excluded from

diversity analysis because only nine species were

recorded. Inventory completeness of sampling was

evaluated with sample coverage suggested by Chao

and Jost (2012), which is a less biased estimator of

sample completeness. Sample coverage has values

from 0 (minimal completeness) to 100 (maximal

completeness). Gamma (c) diversity of beetles (i.e.,

diversity at the landscape unit level) was estimated

using the adipart function of the vegan package

(Oksanen et al. 2011) in R environment. We used a

partitioning procedure in which c-diversity is calcu-

lated from the additive contribution of a diversity

averaged across all habitats within a landscape unit

and the sum of beta (b) diversities between these

habitats (Crist and Veech 2006).

Statistical analysis

Generalized Linear Mixed Models (GLMM) were

used to analyze a and c diversity estimates of all

species and functional groups of saproxylic beetles.

Gaussian and Poisson distributions were assumed for

a and c diversity, respectively, and implemented with

the glmer (R package nlme, Pinheiro et al. 2019) and

lme (R package lme4, Bates et al. 2015) functions.

Although a and c diversity were analyzed separately,

GLMMs included the same predictor variables: (1)

deadwood factors derived from PCA (DWI and DWII;

see above Deadwood data section); (2) metrics of the

current landscape units (percentage of native forest

and clearcut cover); and (3) metrics of the historical

landscape units (CV of clear-cutting harvesting and

temporal mean of native forest cover). Since dead-

wood was quantified at the habitat level, we obtained

estimates of deadwood in each landscape units by the

averaging weigh of DWI and DWII, using the relative

area of each habitat within landscape units as a

weighting factor. The interactions between deadwood

and landscape variables were also included in the

GLMM of a and c diversities. Habitat type was

specified as a four-level factor (with native forest as a
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reference level) in a diversity models, and its inter-

actions with deadwood and landscape variables were

estimated. Model correlation structure was specified

by including the year of sampling and the habitat

within landscape units as random factors.

We used the dredge function of theMuMIn package

in R (Barton 2014) to generate models with all

possible combinations of predictors and rank them by

the Akaike’s information criterion corrected for small

sample size (AICc). Candidate models with DAICc\2

were considered the most parsimonious and retained.

The model.avg function was used to estimate model

averaged parameters from the set of best-ranked

models. We checked for collinearity using variance

inflation factor (VIF) and Spearman correlation (rs)

analysis. Predictors with VIF[ 3 and rs[ 0.7 were

considered to be collinear and candidate models

containing collinear predictors were excluded from

the analysis (Fox and Monette 1992; see also Bouget

et al. 2013; Table S8). Values of a diversity were log

transformed and those with sampling coverage lower

than 70% were discarded from analysis. To check for

the presence of overdispersion in the distribution of c
diversity we used the dispersion_glmer function in the

blmeco package of R (Korner-Nievergelt et al. 2015).

From this analysis, we determined that the scale (h)
parameter ranged between 0.67 and 1.00, giving

evidence of the validity of the Poisson assumption

(with h[1.40 being indicative of overdispersion).

Results

A total of 38,873 individuals of 303 species of

saproxylic beetle species belonging to 41 families

were recorded within the 29 landscape units (n = 1034

traps). Predators were the most diverse group (n = 128

species 18,501 individuals), followed by fungivores (n

= 99 species 15,721 individuals), detritivores (n = 67

species, 4108 individuals) and omnivores (n = 9

species, 543 individuals). At the habitat level, a
diversity metrics (q = 0, q = 1, q = 2) varied among

species groups (Table 2) and study landscapes

(Table S9). Fungivores were, on average, the most

diverse group at the habitat level, followed by

predators and detritivores, while sample coverage

averaged across all landscape units was ca. 92% for all

species, fungivores and predators (see a diversity

metrics in Table 2). At the landscape unit level, c
diversity values ranged between 37.2 ± 1.70 (mean±

SE) and 17.0 ± 1.38 species per landscape unit for

fungivores and detritivores, respectively (Table 2;

Table S10).

Response of a diversity to deadwood, habitat

and landscape variables

In general, the diversity of saproxylic beetles at the

habitat level (a diversity) was affected by habitat type

and deadwood attributes, as shown by the best

supported GLMM (Table 3, see details of models

and coefficients in Tables S11 and S12). The same

patterns were exhibited for the interaction between

habitat type and deadwood attributes in fungivores and

all species (Table 3; Tables S11 and S12). Particu-

larly, fungivores responded to native forest cover and

its interaction with deadwood (Table 3; Tables S11

and S12). Model-averaged coefficients of the best

supported models showed that Shannon (and partially,

Simpson) diversity of all species, fungivores and

predators decreased in non-native habitats compared

to native forest, while all diversity metrics of predators

decreased in non-native habitats (Tables 3 and S12).

Richness of all species decreased as the proportion of

exotic deadwood increased at the habitat-level, as

shown by a negative effect of DWI (Table 3; Fig. 3).

The amount and diversity of deadwood (DWII)

affected positively the richness of all species and

Table 2 Diversity metrics

of different functional

groups of saproxylic beetle

species in the 29 studied

landscape units

Diversity metric All species Fungivores Predators Detrivores

Mean SE Mean SE Mean SE Mean SE

a (Richness) 59.80 3.46 26.89 1.78 22.80 1.58 12.51 0.98

a (Shannon) 43.76 2.04 19.85 1.01 15.97 0.78 9.53 0.60

a (Simpson) 35.19 1.57 16.59 0.82 13.19 0.63 7.79 0.45

Sample coverage (%) 92.16 0.79 92.54 0.89 91.56 1.17 88.14 1.26

c 86.69 4.22 37.17 1.70 30.93 1.61 16.96 1.38
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detritivores as well as the Shannon diversity of all

species and fungivores (Table 3; Fig. 3). Deadwood

effects also changed with habitat type and current

landscape composition, as shown by interaction terms

(Table 3). The Simpson diversity and richness of

fungivores increased with both the amount/diversity of

deadwood (DWII) and proportion of exotic deadwood

(DWI) only in eucalyptus, but this effect was not

supported for the other habitats (Table 3; Fig. 4). The

interaction between native forest cover and proportion

of exotic deadwood (DWI) implied a decline in

fungivores richness that became more pronounced as

the proportion of native forest increased in the

landscape (Table 3; Fig. 4). The interaction between

clear cut habitat and amount/diversity of deadwood

(DWII) implied that the positive effect of DWII on the

Shannon diversity of all species turned negative in

clear cut stands (Table 3; Fig. 4).

Response of c diversity to deadwood

and landscape variables

The diversity of saproxylic beetles at the landscape

unit level (c diversity) responded to deadwood

attributes, current and historic landscape unit vari-

ables, as well as the interaction between the latter

variables with deadwood (Table 4, see also

Tables S13 and S14). However, these effects were

mainly found for all species and predators (Table 4).

The composition (DWI) and amount/diversity (DWII)

of deadwood quantified at the landscape unit level

affected negatively the c diversity of all species and

Fig. 3 Predicted response of a diversity of saproxylic beetles to
deadwood composition (Deadwood I) and amount/diversity of

deadwood (Deadwood II). Deadwood I and Deadwood II are the

standardized scores of the first two Principal Components (PC1

and PC2), based on deadwood related variables (see ‘‘Materials

and Methods’’ section). The lines correspond to predictions

from the best supported GLMMs (Table 3; Table S12), while

the shaded areas represent the 2.5th–97.5th percentiles. The

points are observed data values
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predators (Table 4; Table S14). All species and

predators also responded negatively to CV(CC), i.e.,

the coefficient of variation (%) in clear-cut cover

(Table 4; Fig. 5), while fungivores responded

negatively to the current cover of native forest

(Table 4; Fig. 5). Deadwood and landscape unit

variables also interacted, resulting in nonlinear

response of c diversity. The interaction between

Fig. 4 Predicted response of a diversity of saproxylic beetles to

the interactions between deadwood composition (Deadwood I)

and amount/diversity (Deadwood II) with either the habitat type

(eucalyptus and clear cut) or native forest cover. Predictions are

based on best supported GLMM (Table 3; Table S12).

Deadwood I 9 forest cover interaction is shown for landscape

units with B 10% and C 40% of native forest cover. Lines,

shadow areas, and points are as explained in Fig. 3
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CV(CC) and deadwood composition (DWI) implied a

reduction in c diversity of all species and predators as

the proportion of exotic deadwood increased in

landscapes with relatively low values of CV(CC)

(Table 4; Fig. 6; note that the positive coefficient for

these interaction terms resulted from the product

between the negative individual effects for DWI and

CV(CC)). However, the negative effect of DWI turned

positive in landscape units with a great variability in

clear-cut cover, especially in landscape units with CV

larger than the mean CV value (Fig. 6). We also found

support for a negative effect of the interaction between

the current clear-cut cover (CC) and deadwood

composition (DWI) on c diversity of all species and

detritivores, which involved different effects of

deadwood composition (DWI) between landscape

units with low and high clear-cut cover. In landscape

units with CC\ 40%, the c diversity of all species

increased as the proportion of exotic deadwood

became higher, while in landscape units with CC[
40%DWI had a negative effect on the c diversity of all
species (Table 4; Fig. 6). For the case of detritivores,

the significant DWI9 CC effect resulted in c diversity
increasing with CC when the proportion of native

deadwood was relatively high, but the effect of CC

turned negative in landscape units with a high

proportion of exotic deadwood (Fig. 6). Finally,

detritivores responded to the interaction between

clear-cut cover (CC) and deadwood diversity/amount

(DWII) (Table 4). In landscape units with a low
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Fig. 5 Predicted response of c diversity of saproxylic beetles to
coefficient of variation of clear-cut cover, CV(CC), and native

forest cover (both in percentage). The predictions are based on

the best supported GLMM (Table 4; Table S14). Lines, shadow

areas, and points are as explained in Fig. 4

Table 4 Significant (p\ 0.05) model-averaged coefficients of the best-supported (DAIC\ 2) GLMMs explaining c diversity of

functional groups of saproxylic beetle species in 29 studied landscape units

Group Predictor variablea

DWI DWII NF CV(CC) CC 9 DWI CC 9 DWII CV(CC) 9 DWI

All species (- 0.09)* (- 0.10)*** (- 0.46)** (- 0.02)** (0.29)***

Detrivores (- 0.04)** (- 0.04)**

Fungivores (- 0.11)*

Predators (- 0.16)* (- 0.12)*** (- 0.24)* (0.21)***

DWI = deadwood composition (native vs. exotic), DWII = deadwood amount and diversity, NF = native forest cover (%), CV(CC) =

coefficient of variation (%) in clear-cut cover, CC = clear-cut cover (%) (see models and coefficients in Tables S12 and S13). (-)

denotes a negative effect of the predictor
a*0.01\ p\ 0.05, **0.001\ p\ 0.01, ***p\ 0.001
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amount/diversity of native deadwood, c diversity of

detritivores increased as CC became larger, but the

effect of CC turned negative in landscape units with

high amount/diversity of deadwood (Fig. 6).

Discussion

The results of this study are consistent with the

responses of saproxylic beetle diversity predicted

under landscape-scale management scenarios. Land-

scape-scale forest management is expected to have

Fig. 6 Contour plots showing predicted values of c diversity of
saproxylic beetles for different combinations of deadwood

attributes (deadwood I and deadwood II) and clear-cut cover

estimates, including the coefficient of variation of clear-cut

cover, CV(CC), and current clear-cut cover. The predictions are

based on GLMM containing significant interaction terms

(Table 4; Table S14). The degree of darkness is proportional

to diversity values
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effects that propagate through the spatial, temporal

and functional dimensions, with these effects being

modulated by the deadwood available at different

spatial scales. From these results we can state the

following four factors relevant for deadwood based-

forest management:

Native forest is a primary habitat for saproxylic

beetles

We demonstrated a reduction of local (a) diversity

from native to exotic forest plantations. These nega-

tive effects were more noticeably on the Shannon than

Simpson diversity metric, indicating that such an

impoverishment of diversity results from changes in

rare and common species, rather than the dominant

ones. The lack of response of detritivores to exotic

forest plantations contrasted with the decline of higher

trophic predators and fungivores, as described for pine

plantations (Fierro et al. 2017) and forest management

(Komonen et al. 2000; Garcı́a-López et al. 2016).

Larvae of Staphylinidae and Carabidae species, the

most abundant and diverse predators, usually have

narrow ecological requirements, preying on fungivore

larvae specialized in habitat conditions inherent to

native forest (Rainio and Niemelä 2003; Vanderwel

et al. 2006; Klimaszewski et al. 2017). Indeed,

extreme temperature and humidity conditions in

exotic forest plantations would cause the density of

certain wood-decaying fungi to decline, which in turn

would cascade to higher trophic levels (Brin and

Bouget 2018).

Deadwood is a major, but not a consistent,

predictor of saproxylic beetle diversity

At the habitat scale, saproxylic beetles tended to be

more diverse as the amount and diversity of deadwood

increased, but this positive effect was reversed at the

landscape scale for all species and predators. Thus,

although the quantity of deadwood is a stronger

diversity indicator at the habitat scale (e.g., Müller and

Bütler 2010), it should be interpreted with caution

when it is scaled up to the landscape level, especially

in dynamic landscapes dominated by forest planta-

tions (Ranius and Kindvall 2006). A decreased c
diversity of predators in landscape units with high

deadwood amounts suggests that forest management

promotes deadwood microhabitats unsuitable for

predators (Fierro et al. 2017). The composition of

deadwood available at the habitat and landscape scales

also influenced the a and c diversity of all species and
predators, with exotic deadwood being an indicator of

low diversity. Predators can be highly vulnerable to

exotic deadwood effects, which propagate up the food

web (e.g., low fungi abundance causes fungivorous

diversity to be lower, thus reducing prey availability)

and become more intense at the landscape scale (e.g.,

Holt et al. 1999).

Landscape-scale forest management has short-

and long-term effects

Land cover variables estimated over different tempo-

ral ranges were important drivers of c diversity, but

these effects also varied between species functional

groups. Conversely, a diversity of saproxylic beetles

was weakly influenced by landscape-scale variables.

Contrary to expectations, we did not find a positive

effect of native forest amount on saproxylic beetle

diversity, but the cover of native forest affected

negatively the a and c diversity of fungivores. The

lack of a positive effect of native forest cover suggests

that the amount of forest in the study landscape units

(ranging between 6.0 and 49.3%) is not a limiting

factor for beetle metapopulations. A reduction of

native forest cover favors the prevalence of edges in

the landscape, making edge dwelling species more

diverse (Fahrig 2001). Exotic forest plantations pro-

mote the creation of soft edges between native forest

and exotic plantations, thus favoring the abundance of

understory plants, vertebrates and invertebrates (Ver-

gara and Simonetti 2006). Thus, environmental con-

ditions prevailing in forest boundaries may increase

fungal development on deadwood, in turn improving

habitat quality for fungivores (Vodka and Cizek

2013).

Clear-cut cover was an important landscape-scale

factor for saproxylic beetle diversity, but our results

make an important distinction in terms of the temporal

scale at which clear cut cover affects diversity and

interacts with deadwood. Although we did not find

additive effects of the current clear-cut cover, c
diversity of all species and predators decreased when

long-term management led to extensive clear-cut

areas, i.e., landscape units with large CV(CC) values.

The synchronic cut of forest stands not only homog-

enizes exotic habitats in the landscape, but also causes
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extreme environmental conditions to occur in exten-

sive areas. Populations of species sensitive to clear-cut

may decline over time as the size of clear-cut stands

increases (e.g., Hakkarainen et al. 1996). After

massive cutting of stands, small populations have

few opportunities to recovery due to the Allee effect

and reduced rescue effect from clearcut acting as

movement barriers (Thomas and Hanski 1997; Jon-

sson and Siitonen 2012). In order to persist, predators

usually require more habitat area than that required by

their prey (Ryall and Fahrig 2005), thus predator–prey

interactions can be very sensitive to the extensive

cutting of exotic plantations functioning as a sec-

ondary habitat for saproxylic beetles (Fierro and

Vergara 2019).

Deadwood and land management have synergistic

nonlinear effects

Deadwood available at different spatial scales had

effects on beetle diversity that were mediated by forest

management. The response of a diversity to deadwood
was mostly influenced by the habitat type, while c
diversity responded differently to deadwood depend-

ing on current and historic landscape-scale manage-

ment. The Shannon diversity index was lower in clear-

cut stands containing high levels of logging waste,

indicating that fresh exotic deadwood is of low quality

for most saproxylic beetles (Ulyshen et al. 2018).

Eucalyptus plantations also interacted positively with

deadwood amount, suggesting that the quality of

eucalyptus plantations can be improved by leaving

logging waste on the ground.

The composition of deadwood had nonlinear

effects on c beetle diversity through its interaction

with clear-cut cover at different temporal scales.

Deadwood composition affected all species, predators

and detritivores, but also these effects were different

depending on how clear-cut harvesting was applied, in

terms of synchrony and cover amounts. However, the

clear-cut cover 9 DWI and CV(CC) 9 DWI effects

were contrasting, since the former was negative while

the latter was positive. Such interactions may indicate

that relative quality of native deadwood increases in

landscapes dominated by clear-cut stands, while

exotic deadwood micro-habitats become particularly

suitable for saproxylic beetles in landscapes with a low

clear-cut cover. Additionally, exotic deadwood is

more used by beetles when forest plantation stands are

synchronically cut, while native deadwood supports

more beetle species when landscapes are composed of

uneven-aged stands. These interactions between clear-

cut cover and deadwood composition pose insights

into the landscape-scale forest management. In this

regard, exotic and native deadwood should promote

beetle diversity at different development stages of

plantations. Native deadwood would be more impor-

tant for beetle diversity just after forest stands are cut,

while the importance of exotic deadwood would

become greater in landscapes dominated by adult

plantations (Fierro et al. 2017; Seibold and Thorn

2018; Ulyshen et al. 2018). Therefore, clear-cut

harvesting resulting in even-aged forest stands should

consider the retention of logging waste by avoiding its

burning or removal for biofuel (Hjältén et al. 2010).

Forest stands varying in quality and quantity of

logging waste may contribute to increase the diversity

of saproxylic beetles through increasing the compo-

sitional landscape heterogeneity (Fahrig et al. 2011).

Moreover, the spatial distribution of deadwood may

interact with landscape structure influencing the

functional landscape connectivity of dispersal-limited

species. Thus, the ecosystem services (e.g., nutrient

cycling) provided by saproxylic beetles could become

stressed as forest stands become functionally uncon-

nected. As a conclusion, we recommend that asyn-

chrony in stand cutting and long-term retention of

logging waste should be incorporated into landscape-

scale planning of forestry plantations in order to

transform landscapes into mosaics of native forest and

uneven-aged stands with high amounts and diversity

of deadwood.
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plantaciones de pino aledañas. Rev Chil Entomol 29:9–18

Haila Y (2002) A conceptual genealogy of fragmentation

research: from island biogeography to Landscape Ecology.

Ecol Appl 12:321–334

Hakkarainen H, Koivunen V, Korpimäki E, Kurki S (1996)
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