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Habitat loss and degradation have the potential to alter the species richness–functional diversity relationship
decreasing both species richness and functional richness, and increasing functional biotic homogenization.
These anthropogenic disturbancesmay have strong impacts on species-poor systemswith low functional redun-
dancy.We tested the species richness–functional diversity relationship and the potential effects of deforestation
and degradation on functional diversity of avian assemblages in a Biodiversity Hotspot, in southern Chile. For 101
sites established across a disturbance gradient, we conducted 505 point-transect surveys to measure avian
community structure, 505 vegetation plots to quantify stand-level structure, and measured deforestation at
the landscape-level. We used three functional diversity indices for avian assemblages (functional richness,
functional evenness, and community-weighted specialization as ameasure of functional biotic homogenization).
We found a non-saturating relationship between species richness and both functional richness and community-
weighted specialization, suggesting low functional redundancy. We also found a non-significant decline of func-
tional evenness indicating that when adding new species to the initial pool, functional redundancy increases
slightly. Deforestation led to a decrease in both functional richness and community-weighted specialization,
particularly precluding the persistence of specialized species in disturbed forests. Functional evenness did not
vary with deforestation suggesting that the regularity of density distribution in filled niche volumemay be rela-
tively resilient to disturbance. However, the fact that community-weighted specialization decreased linearly
under deforestation serves as evidence of functional biotic homogenization processes (“loser” specialists being
replaced by “winner” generalist species) in a Biodiversity Hotspot.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Anthropogenic disturbances of terrestrial habitats have triggered
the sixth major extinction event in world history (Chapin et al., 2000;
Dirzo et al., 2014). Habitat degradation and loss have specific patterns
of negative impacts on local assemblages. Particularly, the reported
trends of steep declines of specialist species and their replacement by
generalist species may induce homogenization processes (“functional
biotic homogenization hypothesis;” McKinney and Lockwood, 1999;
Olden et al., 2004), which result from the inherently linked taxonomic
and functional homogenization of local assemblages (Clavel et al.,
2011). Taxonomic homogenization refers to the increase in species
er, British Columbia V6T 1Z4,
similarity in space and time, while functional homogenization is the
decrease in functional diversity among species in local assemblages
(Devictor et al., 2008a). For its part, functional diversity is the value,
range, and density of functional traits in local assemblages (Díaz et al.,
2007). Although patterns of taxonomic homogenization are reasonably
well known (Jetz et al., 2007;McKinney and Lockwood, 1999), function-
al homogenization has received attention only recently (Devictor et al.,
2008a; Le Viol et al., 2012).

To understand how habitat degradation and loss might drive
functional biotic homogenization, it is necessary to accurately measure
relevant biodiversity parameters for ecosystem function. Approaches
based on functional diversity have provided mechanistic links between
diversity and ecosystem function (Petchey and Gaston, 2006; Díaz et al.,
2007). The metrics used to quantify functional diversity is a major
aspect for interpreting functional relationships. Two major indices
for quantifying functional diversity of species distributed in a multidi-
mensional functional niche volume include functional richness and
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functional evenness (Laliberté and Legendre, 2010; Mason et al., 2005;
Villéger et al., 2008). These two indices are independent from each
other and both measure different aspects of the distribution and com-
plementarity of species in the functional niche volume (Naeem et al.,
2012; Tilman et al., 2001). Functional richness (i.e. the volume of func-
tional niche space filled by species in local assemblages) and species
richness are predicted to be correlated from negligible to a positive
one-to-one relationship (Cadotte et al., 2011). Species poor
assemblages are expected to show a non-saturating species richness–
functional richness relationship because of the absence of functional
redundancy, the latter defined as the degree towhich organisms resem-
ble each other in their functional traits. On the contrary, functional
evenness (i.e. the regularity of density distribution in filled niche
volume) is not expected to show any a priori relationship with species
richness (Mason et al., 2005; Villéger et al., 2008).

The relationship between species richness and functional diversity
indices can further be altered by habitat degradation and loss. These
processes act as “anthropogenic environmental filters” or conditions
that selectively remove species according to their functional traits
(Heino et al., 2007; Naeem and Wright, 2003). For example, anthropo-
genic environmental filters may reduce the density of habitat specialist
species, which commonly have higher complementary or unique addi-
tional roles in the ecosystem than generalists, resulting in increased
functional biotic homogenization (Clavel et al., 2011; Devictor et al.,
2008a). The loss of only a few species can have strong impacts on eco-
system functioning in species-poor systems with low functional redun-
dancy (i.e. functional diversity declines rapidlywith habitat degradation
and loss as a result of declining species richness) (Farias and Jaksic,
2011; Flynn et al., 2009). Therefore, using different functional diversity
indices, including functional richness, evenness, and homogenization
can help to elucidate why local assemblages subject to the same envi-
ronmental filters may show contrasting patterns in functional diversity
indices (Luck et al., 2013; Mason et al., 2008; Pakeman, 2011).

Recent functional diversity studies at large scales reported that
changes in diversity across gradients of habitat disturbance result in
the alteration of ecosystem functions provided bymultiple taxa, includ-
ing insects, birds, andmammals (Benton et al., 2002; Donald et al., 2001;
Flynn et al., 2009; Luck et al., 2013; Pakeman, 2011). Most of these stud-
ies on changes in functional diversity across gradients of anthropogenic
disturbance have used categorical habitat types. However, the relation-
ships of continuous measures of disturbance (e.g. % habitat loss) with
functional diversity and homogenization should be more informative
than broad habitat categories, because functional trait variation is
more likely to change continuously across environmental gradients
(Cadotte et al., 2011;McGill et al., 2006).While these large-scale studies
can inform agencies charged with prioritizing biodiversity globally
(Brooks et al., 2006), conservation action is generally implemented
within more limited geopolitical boundaries. Therefore, functional
diversity studies are needed at operational local scales.

South American temperate forests, a Biodiversity Hotspot centered
in south-central Chile (Myers et al., 2000), are globally exceptional for
their high rates of endemic species despite supporting a relatively low
avian richness (Rozzi et al., 1996; Vuilleumier, 1985). During the last de-
cades, degradation and loss (deforestation) of these forest ecosystems
have increased in extent with effects that are superimposed to the
natural disturbance regime (Armesto et al., 1998). Rapid rates of defor-
estation, largely caused by an expansion of open areas for livestock, in-
tensive agriculture, and plantation forestrymay be increasing functional
biotic homogenization at the landscape-level (Altamirano and Lara,
2006; Devictor et al., 2008a; Echeverría et al., 2006). Remnant patches
of forests are frequently degraded after logging and burning, altering
the availability of large-decaying trees, understory vegetation, and
coarse woody debris at the forest stand-level, with potentially negative
effects on habitat specialists persisting in these patches (Díaz et al.,
2005; Ibarra andMartin, 2015; Ibarra et al., 2014c). However, no studies
have examined the changes in patterns of functional diversity and
homogenization of avian assemblages in southern temperate forests.
Moreover, there are no studies that simultaneously test the influence
of anthropogenic environmental filters on functional diversity indices
while assessing if local assemblages become functionally homogenized
as a result of habitat degradation and loss.

The aims of this study were to (i) assess the species richness–
functional diversity relationship in avian assemblages in southern
Chile, (ii) evaluate whether habitat degradation and deforestation act
as environmental filters, (iii) test if the potential influence of deforesta-
tion on species richness alters functional diversity indices (richness and
evenness) and increases functional biotic homogenization of avian
temperate forest assemblages. We predicted that, being a species-poor
system, southern temperate forests will show an accelerating species
richness–functional richness relationship, and associated low functional
richness and redundancy in avian assemblages. We also predicted that
stand-level structural attributes of forests and landscape-level defores-
tation selectively remove species according to their functional traits
(i.e. the density of specialist species is affected first), creating a pattern
of functional biotic homogenization in this Global Biodiversity Hotspot.

2. Methods

2.1. Study area

We conducted our study in an area of 2585 km2within the Villarrica
watershed in the Andean zone of the La Araucanía Region (39°16′S
71°W), southern Chile. Elevation ranges from 200 to above 2800 m
above sea level (masl), with forests distributed from 200 to 1500 masl.
Lowland areas (200–500 masl) are dominated by Lophozonia obliqua,
Nothofagus dombeyi, and Laurelia sempervirens. Mid-elevation areas
(500–900 m) are mixed forests dominated by Saxegothaea conspicua,
Laureliopsis philippiana, and N. dombeyi. The deciduous Nothofagus
pumilio and the coniferous Araucaria araucana dominate higher eleva-
tions from 900 to the tree line at 1500m (Gajardo, 1993). The Villarrica
watershed is characterized by steep, rugged geography with valley
bottomsusedmostly for agriculture, and small tomedium-sized villages
and towns. The area has a short dry season (b4 months), with a mean
total annual rainfall of 1945 mm (Di Castri and Hajek, 1976).

We located 101 sites at aminimumdistance of 1.5 km apart, ranging
from 221 to 1361 masl. We used ArcGIS 10.1 (Environmental Systems
Research Institute, Inc., Redlands, CA) to identify all the headwaters of
smaller basins that were accessible by rural roads or hiking trails within
the Villarrica watershed. We randomly selected 13 of these 19 basins
and located the first site within all basins near the headwater (within
1 km of the tree line). We systematically established the remaining
sites at every 1.5 kmwithin drainages descending from the headwaters
(see Ibarra et al., 2014b for details).

2.2. Avian surveys

Weused birds because they are frequentlymonitored in biodiversity
programs and are known to respond, taxonomically and functionally, to
anthropogenic habitat disturbance (Donald et al., 2001; Flynn et al.,
2009). We conducted point-transect surveys (Buckland et al., 2001).
We surveyed each site once, fromOctober to January, over two breeding
seasons (2011–2013). In 2011–2012we surveyed 81 (80.2%) siteswhile
the remaining 20 (19.8%) were surveyed in 2012–2013 (Ibarra and
Martin, 2015). Within each site, we established five point-transect sur-
veys systematically separated by 125 m from adjacent point-transects,
for a total of 505 point-transect surveys (101 sites × 5 point-transect
surveys/site). Based on species accumulation curves, five point-
transect surveys per site are considered an adequate number to
completely describe bird species assemblages in southern temperate
forests (Díaz et al., 2005; Jiménez, 2000). Each point-transect survey
lasted 6min duringwhich every bird seen or heardwithin a 50m radius
was recorded (Bibby et al., 2000). We also used playbacks of
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woodpecker and understory user calls at every second point-transect
survey (three playbacks per site). After the initial 6 min count period,
the call of each woodpecker (n = 3) and understory user (n = 4) spe-
cies was played once, each call followed by 30 s of listening time, for a
total of 14 min observation time (Drever et al., 2009). The distances to
all birds detected were estimated and grouped into two distance inter-
vals (0–25 and 26–50m) for analysis. Using a hand-held weather mon-
itor (Kestrel 4200, Kestrel-meters, Birmingham, MI), we recorded
temperature (°C) and wind speed (m/s) at each point-transect survey.
We assigned habitat class within 50 m of each point-transect to one of
the following: old growth (N200 years old), mid-successional (35–
70 years old) or early successional (b20 years old) forest, secondary
shrubland, exotic forestry plantation, or cropland (Ibarra and Martin,
2015).

2.3. Vegetation and habitat measures

We used previous studies of bird–habitat relationships in South
American temperate forests to identify potential structural habitat
attributes that may be important for habitat specialist species (Díaz
et al., 2005; Ibarra and Martin, 2015; Ibarra et al., 2014c; Reid et al.,
2004). At every site, we located five vegetation plots (11.2 m radius;
0.04 ha; n = 505 plots) with each plot situated at the center of the
previously described point-transect. For each plot wemeasured canopy
cover, tree diameter at breast height (DBH) for all trees with DBH
≥12.5 cm, density of bamboo understory (number of contacts NC),
and volume of coarse woody debris (see Ibarra et al., 2014c for details).
For DBH we calculated the standard deviation (SD) for all trees in each
plot, because SD (DBH)was considered a better indicator than the aver-
age of distribution of tree-age classes and stand structural complexity
(Van Den Meersschaut and Vandekerkhove, 2000). Values of each
habitat attribute for the five plots were averaged and a single value
obtained for each of the 101 sites (Ibarra et al., 2014c).

Habitat specialist species are more prone to be negatively affected
when habitat loss occurs rapidly (Clavel et al., 2011); therefore, we
quantified the percentage of habitat loss (i.e. deforestation) as a mea-
sure of spatial instability of habitats within each site (Devictor et al.,
2008a; Ibarra et al., 2014c). We measured deforestation within a
180 ha circle (750m radius) around each site, which allowed us to char-
acterize most of the area between neighboring sites. Deforestation (%)
was obtained from a combination of three Landsat scenes (2012–
2013). These scenes were corrected and processed to obtain a land-
cover model for the study area using the IDRISI Selva (Eastman, 2012).
The model included the following cover-types: forest, water bodies,
snow or glaciers, cropland, and secondary shrublands. Commercial
exotic tree-plantations covered only b2% of the study area so were
considered marginal and included as forest. Cropland and secondary
shrubland categories were integrated to obtain the percentage of
deforested area for each site. We then used ArcGIS 10.1 to extract
the circular area for each site and quantified % deforestation using
Fragstat 4.1 (McGarigal et al., 2002).

2.4. Trait measures

We focused on eight traits of avian species, including five categorical
and three continuous measures (Table 1). Categorical traits included
habitat-use guild, nest guild, foraging guild, foraging substrate, and
migratory status. Continuous traits included clutch size, body mass,
and degree of habitat specialization. All trait measures selected relate
to resource use relevant for ecosystem function (e.g. quantity, type,
and temporality of resource used, and strategies for obtaining resources
by each species, Table 1). For example, foraging guild has been used
for testing “species-energy hypothesis” linking production of resources
to avian diversity (Drever et al., 2009), migratory status relates to
seasonality of resource use by species (Newbold et al., 2012), clutch
size represents the range of potential fecundity values and the variety
of reproductive strategies for coping with environmental change (Luck
et al., 2013), body mass is relevant for assessing food-web structure
(Williams and Purves, 2011), and the degree of habitat specialization
of species informs about both resource complementarity and functional
biotic homogenization (Devictor et al., 2008a). Several traits including
habitat-use guild, diet, migratory status, body mass, and degree of
habitat specialization, have been associated with vulnerability of avian
species to habitat disturbance in temperate forests (Cofré et al., 2007;
Díaz et al., 2005) and elsewhere (Owens and Bennett, 2000).

2.5. Measuring homogenization

To assess current patterns of functional biotic homogenization, we
followed Julliard et al. (2006) to quantify the degree of specialization
of species (i.e. species specialization index, SSI) as the coefficient of
variation (standard deviation/average) of their estimated densities
across the six habitat classes identified within 50 m of each point-
transect survey (described above) (Ibarra and Martin, 2015). SSI values
were used to categorize species as specialist (SSI N 0.71), intermediate
(SSI 0.31–0.70), or generalists (SSI b 0.3). We then used the community
level weighted mean (Laliberté and Legendre, 2010) to obtain a
community-weighted specialization index (CWSI) for every site. This
index was calculated as the mean trait value (i.e. species specialization
index, SSI) of all species occurring at a site, weighted by their densities
(Shipley et al., 2006). The CWSI represents the density of less- or
more-specialized species in avian assemblages per site, and is expected
to decrease when there is a decline of species with relatively high
species specialization index (SSI) values (Le Viol et al., 2012).

2.6. Data analysis

Many studies of functional diversity use species presence/absence
rather than number of individuals as the unit of analysis, disregarding
differences in density among species (Flynn et al., 2009; Stevens et al.,
2003). Nevertheless, the density of individuals is likely more influential
on ecosystem function than species presence/absence (Newbold et al.,
2012; Petchey and Gaston, 2006).

We analyzed avian point-transect surveys using multinomial-
Poisson mixture models in a distance sampling framework (Royle
et al., 2004). We used the program R-Unmarked (Fiske and Chandler,
2011), which uses maximum-likelihood methods to estimate detection
(p) and density (D) for each species across sites. We first used AIC to
identify whether the half-normal or the hazard-rate was the most
suitable distance function for each species (Royle et al., 2004). The
half-normal function always received stronger support and thus it was
used in all further analyses. To estimate detectability (p), we used four
covariates potentially affecting the scale parameter of the detection
function: date (number of days since start of surveys in October), time
of survey (minutes since 5:00 h), wind speed (m/s), and temperature
(°C). For each species, we used a stepwise covariate selection procedure
(without parameterizingdensity,D) and then ranked eachmodel byAIC
to select top-ranked models for further modeling of density (D) (Ibarra
and Martin, 2015).

To obtain the best models for D (covariates potentially influencing
the Poisson mean), we created a candidate set of models based on
model weights (wi) and the precision of the estimated coefficients,
using an information-theoretic approach (Akaike's Information Criteri-
on [AIC]; Burnham and Anderson, 2002). Models within 2 AIC units
of the top model were considered as the competitive set of best-
supported models (Burnham and Anderson, 2002). We used canopy
cover, SDof tree DBH, bamboo understory density, and volumeof coarse
woody debris for evaluating a range from 16 to 20 D models for each
species. We averaged models with ΔAIC ≤ 4 in the final confidence set
for each species (Burnham and Anderson, 2002). Averaged models
were used to predict species D for each point-transect. D values for the
five point-transect surveys conducted per site were averaged to obtain



Table 1
Traits used to assess avian functional diversity in Andean temperate forests, southern Chile.

Name Habitat-use
guilda

Nest
guildb

Foraging
guildc

Foraging
substrated

Migratory
statuse

Average
clutch sizef

Average body
mass (g)g

Species specialization
index (SSI)h

Chilean pigeon (Patagioenas araucana) VPG NCN F(G) G P 1.5 200 0.12 (G)
Austral parakeet (Enicognathus ferrugineus) LTU SCN F(G) F(G) P 7.5 200 2.68 (S)
Green-backed firecrown (Sephanoides sephaniodes) VPG NCN N(I) F(A) M 2 5.98 0.23 (G)
Striped woodpecker (Veniliornis lignarius) LTU PCN I T(G) R 3.5 39.97 1.21 (S)
Chilean flicker (Colaptes pitius) LTU PCN I T(G) R 4 125 0.37 (I)
Magellanic woodpecker (Campephilus magellanicus) LTU PCN I T(G) R 1.5 260 1.96 (S)
Thorn-tailed rayadito (Aphrastura spinicauda) LTU SCN I(F) T(F) P 5 11.74 0.41 (I)
Des Murs's wire-tail (Sylviorthorhynchus desmursii) UU NCN I F R 3 10.5 0.72 (S)
White-throated treerunner (Pygarrhichas albogularis) LTU PCN I T R 3 25.6 0.38 (I)
Black-throated huet-huet (Pteroptochos tarnii) UU SCN I(G) G R 2 144.33 0.96 (S)
Chucao tapaculo (Scelorchilus rubecula) UU SCN I(G) G R 2 40.35 0.78 (S)
Magellanic tapaculo (Scytalopus magellanicus) UU SCN I(G) G(F) R 2.5 11.67 0.57 (I)
White-crested elaenia (Elaenia albiceps) VPG NCN I(F) F(A) M 2.5 15.62 0.16 (G)
Tufted tit-tyrant (Anairetes parulus) SU NCN I(F) F R 3 7.2 0.32 (I)
Fire-eyed diucon (Xolmis pyrope) SU NCN I(F) A P 2.5 30.45 0.11 (G)
Chilean swallow (Tachycineta meyeni) LTU SCN I A M 4 16 0.23 (G)
Southern house wren (Troglodytes aedon) SU SCN I F M 5 10.37 0.24 (G)
Austral thrush (Turdus falcklandii) VPG NCN F(I) G(F) R 3 78.75 0.03 (G)
Patagonian sierra-finch (Phrygilus patagonicus) VPG NCN G(H) G M 3.5 21.3 0.60 (I)
Austral black bird (Curaeus curaeus) VPG NCN I(H) G R 4.5 90 0.25 (G)
Black-chinned siskin (Carduelis barbata) SU NCN G(H) G M 4.5 15.83 0.09 (G)

a Based on its primary use of forest structure for nesting and/or feeding. SU = shrub user, VPG = vertical profile generalist, LTU = large tree user, UU = understory user (Díaz et al.,
2005).

b Cavity nester considered species relying on tree cavities for more than 10% of their nests (Altamirano, 2014). NCN= non-cavity-nester, PCN= primary cavity-nester, SCN=
secondary cavity-nester.

c I = insectivorous, G = granivorous, N = nectarivorous, F = frugivorous, H = herbivorous (Jaksic and Feinsinger, 1991). Secondary foraging guild in parentheses. Only the primary
foraging guild was used for analysis.

d G = ground, A = air, F = foliage, T = timber (Jaksic and Feinsinger, 1991, complemented with our own field observations). Secondary foraging substrate in parentheses. Only the
primary foraging substrate was used for analysis.

e M=migrant (the entire population leaves for some time), P=partialmigrant (a fraction of the population leaves the site for some time), R= resident (the entire population remains
on site year-round) (Jaksic and Feinsinger, 1991).

f Altamirano (2014), Altamirano et al. (2012).
g J. T. Ibarra, Unpublished data.
h Calculatedusingfield data. Species Specialization Index (SSI) values (Julliard et al., 2006)were used to categorize species asG (generalist, SSIb 0.3), I (intermediate, SSI 0.31–0.70), and

S (specialist, SSI N 0.71).
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one estimated density per site for each species (Ibarra and Martin,
2015).

Functional richness (FRic) was calculated with the observed species
richness per site. Then we combined species functional traits (Table 1)
with the estimated species densities (D) per site, to calculate functional
evenness (FEve). Community-weighted specialization index (CWSI)
was calculated combining the species specialization index (SSI) values
described above (Table 1) with the estimated species densities (D) per
site. Prior to analyses, each trait measure was standardized to a mean
of 0 and a standard deviation of 1. We used the program R-FD
(Laliberté et al., 2011) for calculating all functional diversity indices
(FRic, FEve, CWSI).

We used generalized linear models (GLMs) to assess the species
richness–functional diversity relationship by regressing empirical
observations of species richness and functional diversity indices. To
assess the effects of deforestation, we regressed species richness and
functional diversity indices against % deforestation (deforestation
values were log10 [x + 1] transformed before statistical comparison).
The combination of the responses of species may result in different
functional forms for species richness and functional diversity indices;
therefore, we included quadratic terms to account for decelerating,
unimodal, or accelerating responses in all tests (Farias and Jaksic,
2011). To assess the strength of evidence for each tested model, we
calculated the value of AIC for small sample sizes (AICc) and model
weight (wi). We used model weights to calculate evidence ratios (ERs)
and compare the relative support of different models, including the
null expectation (i.e. local assemblages comprise a random set of species
and thus functional diversity indices are randomly distributed across
functional niche volume) (Petchey et al., 2007).
3. Results

Twenty one species were included in all analyses because they used
forest edges or forest interior (we did not consider species that general-
ly do not use forests but may have been recorded incidentally during a
survey). Six (28.6%) species were habitat specialists (species specializa-
tion index, SSI N 0.71), six were intermediate (SSI 0.31–0.70), and
9 (42.9%) were generalists (SSI b 0.30; Table 1). The highest degrees
of specialization were observed for two endemic cavity-nesting spe-
cies: Enicognathus ferrugineus (SSI = 2.68; estimated density D =
0.28 ind/ha), the southernmost parakeet of the world, and
Campephilus magellanicus (SSI = 1.96; D = 0.06 ind/ha), the largest
woodpecker in South America. The lowest degrees of habitat-
specialization were observed for Turdus falcklandii (SSI = 0.03;
D = 1.80 ind/ha), a habitat-generalist thrush, and Sporagra barbata,
a habitat-generalist siskin (SSI = 0.09; D = 3.29 ind/ha; Table 1).

3.1. Species richness–functional diversity relationship

Empirical observations of avian species richness (mean±SD) across
sites ranged from 2.8 ± 1.3 to 10.6 ± 0.9. The patterns observed for
the species richness–functional diversity relationship differed for the
functional diversity indices assessed. Functional richness (FRic) was
positively associated with species richness and did not even begin
to saturate at the highest species richness (Table 2a, Fig. 1a). Func-
tional evenness (FEve) showed no significant correlation with spe-
cies richness, but the evidence ratio for the null model relative to
the linear (negative) model was 2.86 (ER = 0.61/0.24), indicating
that these two models had similar support (Table 2a, Fig. 1a). The



Table 2
Ranking of models relating a. Species richness and b. Deforestation, to functional diversity indices in Andean temperate forests.

Model structure Ka AICc ΔAICcb Wi
c −2 ∗ LLd ERe

a. Species richness
Functional richness (Fric) Species richness + species richness2 4 −1624.36 0.00 0.60 −1632.78 1.53

Species richness 3 −1623.51 0.85 0.40 −1629.76
Null model 2 −1568.26 56.11 0.00 −1572.38

Functional evenness (FEve) Null model 2 −246.25 0.00 0.68 −250.37 2.86
Species richness 3 −244.15 2.10 0.24 −250.39
Species richness + species richness2 4 −241.98 4.27 0.08 −250.40

Community-weighted specialization index (CWSI) Species richness + species richness2 4 −207.70 0.00 0.70 −216.12 2.32
Species richness 3 −206.02 1.68 0.30 −212.27
Null model 2 −170.23 37.47 0.00 −174.35

b. Deforestation
Functional richness (FRic) Deforestation 3 −1582.83 0.00 0.70 −1589.08 2.38

Deforestation + deforestation2 4 −1581.10 1.73 0.30 −1589.51
Null model 2 −1568.26 14.57 0.00 −1572.38

Functional evenness (FEve) Null model 2 −246.25 0.00 0.68 −250.37 2.88
Deforestation 3 −244.13 2.12 0.24 −250.38
Deforestation + deforestation2 4 −241.97 4.28 0.08 −250.38

Community-weighted specialization index (CWSI) Deforestation 3 −191.89 0.00 0.73 −198.14 2.71
Deforestation + deforestation2 4 −189.90 1.99 0.27 −198.32
Null model 2 −170.23 21.66 0.00 −174.35

a Number of parameters estimated.
b ΔAICc is the difference in AICc values between each model and the lowest AICc model.
c AICc model weight.
d −2 ∗ log likelihood.
e Evidence ratio among two most supported models.
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community-weighted specialization index (CWSI) increased strong-
ly as a function of species richness (Table 2a, Fig. 1a).

3.2. Environmental filter effects on functional diversity and homogenization

According to model selection results, 18 of the 21 species were
associated with stand-level structural attributes (canopy cover, SD of
tree DBH, density of bamboo understory, and volume of coarse woody
debris; Table 3). Twelve species responded negatively and three
Fig. 1. (a) Estimated relationship between species richness and three functional diversity indice
ization –CWSI–) across 101 sites for 21 species in avian assemblages in Andean temperate fore
three functional diversity indices (FRic, FEve, CWSI) to deforestation in Andean temperate fore
resulting from the interaction of the relationship between species richness and the three funct
positively to canopy cover, nine species (including the six habitat
specialists) responded positively to SD in tree diameter at breast height
(DBH), three species (including two specialists) responded positively to
bamboo density, two species responded negatively and one responded
positively to volume of coarse woody debris (Table 3) (Ibarra and
Martin, 2015).

At the community level, species richness was negatively associated
with deforestation (Table 2b, Fig. 1b). The resulting consequence of de-
forestation on functional diversity indices differed. FRic was negatively
s (Functional richness –FRic–, Functional evenness –FEve–, Community-weighted special-
sts, southern Chile. (b) Response of bird species richness to deforestation. (c) Response of
sts. This figure depicts the differential responses of FRic, FEve, and CWSI to deforestation,
ional diversity indices, and the association between species richness and deforestation.



Table 3
Forest stand-structural attributes associated with the estimated density (D) of avian species in Andean temperate forests, according to model selection statistics based on Akaike's Infor-
mation Criterion (AIC). Parameter estimates [SE] for covariates present in the topmodel setwithΔAIC values b2 andwith estimates of their 95% confidence intervals that do not overlap 0,
are shown. + and− indicate the direction of the relation (more details in Ibarra and Martin, 2015).

English name

Forest stand-structural attributes

Canopy cover (%)
SD of diameter at breast
height of trees (cm)

Bamboo understory
density (NC)

Volume of coarse
woody debris (m3)

Chilean pigeon
Austral parakeet +0.07 [0.03]
Green-backed firecrown −0.12 [0.03] −0.21 [0.11]
Striped woodpecker −0.64 [0.15] +0.07 [0.02]
Chilean flicker −0.21 [0.08]
Magellanic woodpecker −1.51 [0.35] +0.19 [0.09]
Thorn-tailed rayadito −0.23 [0.02]
Des Murs's wire-tail +0.04 [0.01] +0.63 [0.31]
White-throated treerunner −0.22 [0.04]
Black-throated huet-huet −0.44 [0.06] +0.04 [0.01] +0.13 [0.04]
Chucao tapaculo −0.44 [0.04] +0.02 [0.01] +0.05 [0.01]
Magellanic tapaculo −0.25 [0.05] +0.03 [0.01]
White-crested elaenia −0.06 [0.01] −0.25 [0.07]
Tufted tit-tyrant +0.11 [0.04]
Fire-eyed diucon
Chilean swallow −0.07 [0.03] +0.02 [0.01]
Southern house wren +0.12 [0.03]
Austral thrush
Patagonian sierra-finch −0.34 [0.05]
Austral black bird +0.09 [0.04] +0.02 [0.01]
Black-chinned siskin +0.06 [0.03]
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associated with deforestation, with both the linear and the non-linear
models receiving similar support (Table 2b, Fig. 1c). FEve showed no
significant association with deforestation, with both the null model
Fig. 2. Central map (a) shows forest cover (green) and deforested areas (yellow) in the Villarri
(b) avian species richness, (c) functional richness (FRic), (d) functional evenness (FEve), and (e
and (e), darker green depicts areas of higher estimated values for either species richness or func
estimated values. Alpine areas in gray and large lakes (Villarrica and Caburgua) in blue, are show
to the web version of this article.)
and the linear (negative) model receiving similar support (ER = 2.88;
Table 2b, Fig. 1c). The community-weighted specialization index
(CWSI) decreased strongly as a function of deforestation (Table 2b,
ca watershed for 2012–2013, Andean zone of the La Araucanía Region, Chile. Projection of
) community-weighted specialization (CWSI) in Andean temperate forests. In (b), (c), (d),
tional diversity indices (FRic, FEve, CWSI) whereas lighter green represents areas of lower
n. (For interpretation of the references to color in this figure legend, the reader is referred
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Fig. 1c). For easier interpretation of our results and for identifying
taxonomically and functionally important areas for forest management
and planning programs, the observed values for avian species richness
and estimated functional diversity indices were projected using the
spatial interpolation toolbar Kriging (Oliver andWebster, 1990), imple-
mented in ArcGIS 10.1. The resulting projections show, graphically, an
overlap between forested areas and areas of higher species richness
and higher community-weighted specialization in the Villarrica water-
shed (Fig. 2).

4. Discussion

4.1. Species richness–functional diversity relationship

Our examination conducted in a global biodiversity hotspot extends
earlier research on the relationship between biodiversity and ecosystem
functioning (Cardinale et al., 2006; Díaz and Cabido, 2001; Farias and
Jaksic, 2011; Gerisch et al., 2012). Our study elucidates some of the
potential consequences of this altered relationship for functional biotic
homogenization. We found that avian assemblages in Andean temper-
ate forests showed relatively low functional richness (FRic) and
functional redundancy, according to the observed steep relationship
(relative to a random expectation) between species richness and func-
tional richness that did not begin to saturate over the species richness
values observed in our sites. Our findings of relatively low FRic and
low redundancy in Andean forest avian assemblages are characteristic
of species-poor systems (Díaz and Cabido, 2001; Farias and Jaksic,
2011; Petchey et al., 2007). Andean temperate forests are relatively
impoverished in terms of avian species richness due to its history,
climate, and geography. For example, during the last glacial maximum
of the Pleistocene, the progression of glaciers generated contractions
on the distribution of temperate forests, such that immigration of
species from tropical ecosystems did not compensate for the extinction
of local species (Villagrán and Hinojosa, 1997). Climatic change and
geographic barriers (the Atacama Desert and the Andes range) resulted
in a net loss of species during the Pleistocene, especially of faunal groups
with tropical lineage (Vuilleumier and Simpson, 1971). As a result,
Andean temperate forests have lower avian species richness than
other temperate, subtropical, and Andean forest types (Jaksic and
Feinsinger, 1991; Vuilleumier, 1985).

We also found a non-significant decline of functional evenness
(FEve) as a function of species richness, contrary to what has been re-
ported for lake fish assemblages in France (16–33 species), where
FEve increased as species richness increased (Mason et al., 2008). FEve
should decline with decreasing evenness on the distribution of both
species and densities in the functional niche volume. A non-significant
decline of FEve as a function of species richness has been reported for
both artificial (simulated) data (Mouchet et al., 2010; Villéger et al.,
2008) and empirical research on avian assemblages in land-bridge
islands (Ding et al., 2013). Our result of a non-significant decline in
FEve with increasing species richness suggests that when adding new
species to the initial pool, functional redundancy may increase slightly
if the functional niche volume is unsaturated in avian assemblages.

We used a continuous index formeasuring the degree of community
specialization,which is considered a robust and cohesive functional trait
because it integrates species life history traits (e.g. dispersal ability, nest
sites, diet) in a single cohesive parameter that facilitates an integration
of community ecology with ecosystem ecology (McGill et al., 2006).
This index, which has been applied across different ecological systems
and countries, provides a predictivemeasure of the impact of anthropo-
genic disturbance on local assemblages (Devictor et al., 2008b, 2010; Le
Viol et al., 2012). We found an accelerating relationship between the
community-weighted specialization index (CWSI) and species richness,
suggesting that increasing bird species richness in temperate forests
is associated with accelerating niche complementarity (Clavel et al.,
2011). Niche complementarity is a result of both positive species
interactions and differentiation in the spatial and temporal acquisition
of resources between species (Mulder et al., 2001); it is expected to
allow multispecies co-existence with greater stability and productivity
at higher species richness levels (Lehman and Tilman, 2000; Tilman
et al., 2001).

4.2. Environmental filters: toward a functional biotic homogenization in
temperate forests?

We found strong evidence that deforestation at the landscape-level
led to a decrease in both FRic and CWSI, a result in accordance with
the few studies dealing with functional biotic homogenization of local
assemblages when facing anthropogenic disturbance and global change
(Clavel et al., 2011; Devictor et al., 2008a; Le Viol et al., 2012). FEve did
not vary with increasing deforestation, suggesting that if the functional
niche volume is unsaturated, as is the case in temperate forest avian
assemblages, the regularity of density distribution infilled niche volume
is relatively resilient to disturbance (Luck et al., 2013). However, the fact
that CWSI decreased linearly under progressive deforestation suggests
that habitat specialist species are “filtered” or lost first, increasing func-
tional biotic homogenization.

Our results support the assertion that functional diversity is not
merely affected by the initial pool of species occurring in local assem-
blages (first examination of this study: species richness–functional
diversity relationship). Functional diversity is also influenced by the
increasing pressure of anthropogenic environmental filters, which
selectively remove species according to their functional traits, likely
through shifting the intensity of competitive interactions in local assem-
blages (Clavel et al., 2011; Mason et al., 2008). Generalist species are
expected to both benefit from competitive relaxation with specialists
in disturbed environments, and to maintain relatively high densities
across a wider range of habitats than specialists (Futuyma and
Moreno, 1988). For example, Dueser and Hallett (1980) reported that
one specialist rodent species showed stronger selection of one micro-
habitat whereas two generalist rodents were able to exploit a range of
micro-habitat types; however, the specialist species outperformed
both generalist rodents in the habitatwhere itwas specialized. In anoth-
er study, the growth rate of generalist coral-reef fisheswasmore consis-
tent between habitats than the growth of specialist fishes, but
specialists grew faster than generalists in their single habitat (Caley
and Munday, 2003). In Andean temperate forests, a habitat specialist
owl species (Strix rufipes) was associated with a smaller subset of
resources than a generalist owl (Glaucidium nana), and thus the special-
ist had lower densities across a disturbed landscape because there
was a smaller number of habitats in which it was able to occur at high
densities (Ibarra et al., 2014c).

The main anthropogenic environmental filters in southern temper-
ate forests are deforestation and the degradation of remaining forest
patches. Reported annual deforestation rates in South American tem-
perate forests reach 4.5% per year in coastal areas (total cover loss of
67% by 2000) and 4.1% per year in some Andean locations (total cover
loss of 44% by 2003) (Altamirano and Lara, 2006; Echeverría et al.,
2006). Homogenization of avian assemblages in Andean temperate for-
ests occurs across several spatial scales. The increasing homogenization
of assemblages at the landscape-level, as a result of deforestation, has its
counterpart at the stand-level where several remnant forest patches
lack critical structural attributes (large-decaying trees, dense understo-
ry), affecting specialist species that eventually are locally extirpated
from remaining forest patches (Díaz et al., 2005; Echeverría et al.,
2007; Reid et al., 2004; Vergara andArmesto, 2009). Even those remain-
ing forest patches showing suitable habitat for specialist species, such
as sites with dense understory or large-decaying trees, are underused
by specialist species in highly disturbed landscapes (Vergara and
Armesto, 2009).

Our results can be interpreted as evidence for the functional biotic
homogenization hypothesis, which addresses the question as to why
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specialist, often endemic, speciesmay bemore vulnerable than general-
ists to anthropogenic disturbance (Clavel et al., 2011; Olden et al., 2004;
Tabarelli et al., 2012). Our findings suggest that the increased deforesta-
tion may preclude the persistence and the coexistence of specialized
“loser” species in highly disturbed forest sites. “Loser” species in Andean
temperate forests such as the guilds of large tree users E. ferrugineus,
C. magellanicus, Veniliornis lignarius and the understory users
Pteroptochos tarnii and Scelorchilus rubecula, consist mostly of endemic
species that rely on cavities available in large-decaying trees (DBH
61.3 to 193.8 cm; Altamirano, 2014). Likewise, the rapid decline of
specialist primary cavity nesters in disturbed forest sites, such as
C. magellanicus and V. lignarius, will likely affect the rates of cavity
production (Altamirano, 2014; Ibarra and Martin, 2015). As a result,
the density of secondary cavity nesters (e.g. owls, teals, parakeets,
rayaditos, swallows, and wrens) that rely on cavities provided by
these two primary cavity nesters and by tree decay processes, will
decline as well (Altamirano, 2014; Beaudoin and Ojeda, 2011; Díaz
and Kitzberger, 2013). The lack of cavities produced by C. magellanicus
and V. lignariusmay be buffered by cavities produced by the intermedi-
ate specialists Colaptes pitius and Pygarrhichas albogularis in sites with
some disturbance and stand level degradation (Altamirano, 2014;
Ibarra et al., 2014a). However, as forest patches continue to decrease
in size and become degraded by both selective logging of large-
decaying trees and understory removal, even intermediate specialist
species will be lost (Ibarra and Martin, 2015; Vergara and Armesto,
2009).

Specialized species were also the largest (Nbodymass) in temperate
forest assemblages. Body mass is related to species metabolic rates and
ecosystem functioning as, for example, bodymass of insectivorous birds
is directly associated with the amount and type of invertebrates
consumed in forest ecosystems (Luck et al., 2013). When studying the
association between ecological variables and variation in extinction
risk, Owens and Bennett (2000) found that thedegree of habitat special-
ization was positively correlated with extinction risk via habitat loss.
This highlights that some species that are taxonomically different can
be both functionally similar and vulnerable to common mechanisms
of extinction (Mason et al., 2008; Owens and Bennett, 2000).

The decline of specialist species is coupled with an increase in
the density of generalist or “winner” species in local assemblages.
“Winners” in temperate forests consist chiefly of species that are
found mostly in secondary shrublands and degraded areas, but also
use early successional forests characterized by a high canopy cover
and simplified vertical structure (Díaz et al., 2005). Most of these are
non-cavity nesting passerine species that have a similar morphology
and belong to different foraging guilds (insectivorous or granivorous).
These generalists join the list of other birds that were not considered
in our study because they seldom occur in forest, such as Callipepla
californica, Vanellus chilensis, Diuca diuca, Mimus thenca, Sturnella loyca,
Zonotrichia capensis, Sicalis luteola, and Molothrus bonariensis, but that
readily utilize anthropogenic croplands in Andean temperate forests
(J. T. Ibarra. Unpublished data).
4.3. Implications for conservation

Functional diversity responses and homogenization patterns under
anthropogenic disturbance offer the ability to understand how diversity
is linked to ecosystem stability. Our index of community specialization
indicates the degree to which species in an assemblage show wide or
narrownichewidths (Le Viol et al., 2012), withmore specialized assem-
blages spatially associated withmore stable ecosystems andmulti-aged
forest stands (Clavel et al., 2011; Ibarra and Martin, 2015; Julliard et al.,
2006). Our study predicts strong effects of deforestation on specialized
biodiversity, potentially affecting the functioning of remnant forest
stands, especially degraded stands that lack large-decaying trees and
dense understory.
Recently, Ibarra and Martin (2015) provided specific recommenda-
tions to benefit habitat-specialist assemblages and species of conserva-
tion concern in southern temperate forests. These recommendations
included the maintenance of multi-aged stands with a variety of tree
sizes (SD of DBH = 19.9 ± 9 cm or mean DBH = 37.6 ± 12.5 cm), in-
cluding large-decaying trees, with relatively high bamboo understory
cover (34.2 ± 26.6%). However, in a manner analogous to many other
countries (Cockle et al., 2011), forest policies in Chile specify the lower
diameter of trees to be cut down. This specification protects young but
encourages the harvest of large-decaying trees. Also, stands with a
dense understory are commonly considered wasteful and indicative of
“unhealthy and dirty forest conditions” by landowners and forest
managers in Chile. The National Forestry Service (CONAF) and external
forest certification agencies should make mandatory the maintenance
of some understory, along with the continuous supply of large-
decaying trees, to support forest biodiversity in Chile.

No specialist species inhabiting southern temperate ecosystems
have received either national (except for C. magellanicus) or interna-
tional conservation status or attention (Cofré et al., 2007). Furthermore,
because many areas of southern temperate ecosystems and most spe-
cies have not been sufficiently surveyed, current ecological knowledge
of specialized species in temperate forest is rudimentary at best. Further
research on species population trends, productivity, and specific habitat
requirements is needed in order to establish reliable conservation status
assignments and stewardship priorities for specialist species and as-
semblages. This research should help policy makers make informed
conservation decisions for the maintenance of diverse and stable forest
ecosystems in South American temperate landscapes.
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