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a b s t r a c t
Environmental stressors and changes in land use have led to rapid and dramatic species losses. As such,
we need effective monitoring programs that alert us not only to biodiversity losses, but also to functional
changes in species assemblages and associated ecosystem processes. Ants are important components
of terrestrial food webs and a key group in food web interactions and numerous ecosystem processes.
Their sensitive and rapid response to environmental changes suggests that they are a suitable indicator group for the monitoring of abiotic, biotic, and functional changes. We tested the suitability of the
incidence (i.e. the sum of all species occurrences at 30 baits), species richness, and functional richness
of ants as indicators of ecological responses to environmental change, forest degradation, and of the
ecosystem process predation on herbivorous arthropods. We sampled data along an elevational gradient
(1000–3000 m a.s.l.) and across seasons (wetter and drier period) in a montane rainforest in southern Ecuador. The incidence of ants declined with increasing elevation but did not change with forest
degradation. Ant incidence was higher during the drier season. Species richness was highly correlated
with incidence and showed comparable results. Functional richness also declined with increasing elevation and did not change with forest degradation. However, a null-model comparison revealed that
the functional richness pattern did not differ from a pattern expected for ant assemblages with randomly distributed sets of traits across species. Predation on artiﬁcial caterpillars decreased along the
elevational gradient; the pattern was not driven by elevation itself, but by ant incidence (or interchangeable by ant richness), which positively affected predation. In spite of lower ant incidence (or
ant richness), predation was higher during the wetter season and did not change with forest degradation and ant functional richness. We used path analysis to disentangle the causal relationships of the
environmental factors temperature (with elevation as a proxy), season, and habitat degradation with
the incidence and functional richness of ants, and their consequences for predation. Our results would
suggest that the forecasted global warming might support more active and species-rich ant assemblages, which in turn would mediate increased predation on herbivorous arthropods. However, this
prediction should be made with reservation, as it assumes that the dispersal of ants keeps pace with
the climatic changes as well as a one-dimensional relationship between ants and predation within a
food-web that comprises species interactions of much higher complexity. Our results also suggested
that degraded forests in our study area might provide suitable habitat for epigaeic, ground-dwelling ant
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assemblages that do not differ in incidence, species richness, functional richness, composition, or predation on arthropods from assemblages of primary forests. Most importantly, our results suggest that
the occurrence and activity of ants are important drivers of ecosystem processes and that changes in the
incidence and richness of ants can be used as effective indicators of responses to temperature changes
and of predation within mega-diverse forest ecosystems.
© 2017 Elsevier Ltd. All rights reserved.

1. Introduction
Biodiversity provides the basic elements for species interactions
within food webs and ecosystem processes and is therefore a key
factor for the stability of ecosystems (Cardinale et al., 2012; Chapin
III et al., 1997; Tilman et al., 2012). However, rapid anthropogenic
environmental and land-use changes increasingly modify the structure and extent of natural ecosystems, which can lead to a dramatic
loss of biodiversity (Foley et al., 2005; Walther, 2010). As such, we
urgently require a continuous monitoring of the status of biodiversity and ecosystems (Scholes et al., 2008) that not only focuses on
the presence or absence of certain (keystone) species, but monitors functional changes in species assemblages and their effects on
food webs and ecosystem processes (Noss, 1999; Palmer and Febria,
2012).
Predation is an important process within food webs; predators can act at different trophic levels (De Ruiter et al., 1995)
and can modify species abundances (Holt, 1977), composition of
assemblages (Pace et al., 1999), and evolution of traits (Peacor
and Werner, 2001). Ants are one of the most important generalist
predators of arthropods in terrestrial ecosystems, particularly in
the tropics (Hölldobler and Wilson, 1990; Seifert et al., 2016). They
are crucial for numerous ecosystem processes, e.g., soil turnover,
nutrient cycling, plant defense, seed dispersal, and regulation of
herbivores, which has led to them being widely accepted as keystone taxa (Parr et al., 2016; Underwood and Fisher, 2006 and
references within). Furthermore, their simple and cost-efﬁcient
sampling (Andersen and Majer, 2004; Underwood and Fisher, 2006)
makes them a suitable indicator of even subtle abiotic, biotic, and
functional changes of ecosystems (Folgarait, 1998).
The monitoring of responses to various environmental changes
requires measures that match the habitat and degradation type
in question (Carignan and Villard, 2002; Dale and Beyeler, 2001;
Read and Andersen, 2000; Ricotta et al., 2015; Siddig et al., 2016).
Different measures of ant diversity have been successfully used
to indicate ecological responses to natural abiotic changes within
local habitats, such as temperature, humidity, soil, and vegetation
type (Hoffmann, 2010). For ants, species richness alone usually provides rather limited information on ecosystem changes, whereas
data on ant abundance, species composition, and richness of functional traits (functional richness) better reﬂect the biotic response
of the entire ecosystem (Folgarait, 1998; Hoffmann and Andersen,
2003; Yates et al., 2014). Many ant species are stenothermic,
and thus temperature is often the main determinant of abundance, species richness, and composition of ant assemblages, with
generally decreasing ant abundances and species richness with
decreasing temperature (Jenkins et al., 2011; Kaspari et al., 2003;
Longino et al., 2014; Sanders et al., 2007, 2003). Therefore, the projected global warming might lead to shifts in the latitudinal or
elevational distribution of species as well as to an overall loss of
species (Colwell et al., 2008; Gibb et al., 2015a,b; Hughes, 2000),
with consequences for ant-mediated food web interactions and
ecosystem processes (Del Toro et al., 2015). In addition, seasonality
inﬂuences ant assemblages; high amounts of rainfall can decrease

the size of colonies and activity of ants, thereby inﬂuencing the
composition of assemblages (Andersen, 1986; Delsinne et al., 2013).
Beyond abiotic changes, anthropogenic habitat degradation
also alters richness and composition of ant assemblages mediated through changes in habitat characteristics (Hoffmann, 2010;
Underwood and Fisher, 2006). In general, a decrease in the complexity of habitats (e.g., the amount or characteristics of leaf litter)
leads to changes in species composition (Gibb and Parr, 2013; Gibb
et al., 2015b; Wiescher et al., 2012). Thereby, the effect of habitat
degradation on ants depends on its type and severity. In complex habitats, such as forests, fragmentation or selective logging
does not necessarily affect the abundance or species richness of
ants (Donoso, this special issue; Underwood and Fisher, 2006 and
references within; Woodcock et al., 2011). However, secondary
forest patches of differing ages in Brazil contain ant assemblages
with fewer species and lower functional diversity compared to
old-growth forests (Bihn et al., 2010, 2008). Furthermore, forest
degradation is expected to affect the composition of ant assemblages when it is associated with changes in habitat structure,
e.g., canopy openness, vegetation structure, and plant richness
(Underwood and Fisher, 2006; Yusah and Foster, 2016). In New
Guinea, higher density, larger size, and higher taxonomic diversity
of trees explains more than 50% of the observed higher ant species
richness of primary forests compared to secondary forests (Klimes
et al., 2012).
The multitude of species responses to environmental change
depend on the functional traits of species, as traits are related to
habitat preference, diet, and foraging strategy (Gibb and Parr, 2013;
Gibb et al., 2015b; Wiescher et al., 2012). For example, the overall
body size of epigaeic ant assemblages is linked to habitat complexity and trophic level (Gibb and Parr, 2013), where larger ants
forage at the surface rather than in the litter (Donoso and Ramón,
2009; Weiser and Kaspari, 2006). Epigaeic predatory ants also have
larger bodies than omnivorous species (Gibb et al., 2015b), and head
and mandible size are linked to prey size (Davidson, 1977; Fowler
et al., 1991; Kaspari, 1996) and leg length is linked to foraging
speed (Bartholomew et al., 1988). Given these close relationships of
functional traits with habitat conditions and trophic position, it is
thought that functional richness of ants is more directly linked with
food web interactions and ecosystem processes than species identity per se (Mouchet et al., 2010). However, it is important to note
that the strength of an assemblage-wide contribution to ecosystem
processes will be determined not only by the number of species
and their functional richness but also by the number and activity
of individuals (Stuart-Smith et al., 2013).
Abiotic conditions and species traits jointly affect the composition of predator and prey assemblages, which in turn affects
predation (Hooper et al., 2005; Lavorel and Garnier, 2002; LebrijaTrejos et al., 2010; Yates et al., 2014). By controlling herbivorous
arthropods, predators can positively inﬂuence plant growth and
regeneration (Snyder et al., 2006) and might promote persistence
and stability within assemblages (Chapin III et al., 1997). Overall,
rates of predation on herbivorous arthropods decline with increasing elevation, whereby the relative contribution of the various
predators might change (Hodkinson, 2005; Sam et al., 2015a). How-
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ever, estimating predation rates along environmental gradients is
difﬁcult at ecosystem levels (Parr et al., 2016). To overcome these
difﬁculties, artiﬁcial caterpillars have been used in several studies
as a simple but effective method to quantify and qualify the predation on herbivorous arthropods. For instance, ants were the most
important predators of artiﬁcial caterpillars in lowland rainforests
of Papua New Guinea, whereas birds were the dominant predators
above 1700 m a.s.l. (Sam et al., 2015a). In addition, the predation
pressure on herbivorous arthropods is inﬂuenced by seasonal rainfall, with higher attack rates on artiﬁcial caterpillars during the
wetter season, which is congruent with peaks in real caterpillar
density and suggests shifts in the foraging behavior or a timed
phenology of the predators (Molleman et al., 2016).
Here we compared the suitability of incidence, species richness,
and functional richness of epigaeic ants as indicators of responses to
environmental changes and of ecosystem processes, using a simple
space-for-time approach (Blois et al., 2013; Pickett, 1989), nutrient baits, and artiﬁcial caterpillars. We used elevation as a proxy
for temperature changes and accounted also for the effect of wetter and drier seasons and forest degradation. We investigated the
relationship between environmental variables and variables characterizing ant assemblages and their functions in food webs. For
the latter, we used attack marks of ants on artiﬁcial caterpillars as
a measure of predation rates. We expected a decline in the incidence and species richness of ants with increasing elevation and
that functional richness is a better indicator of predation and forest degradation than the incidence or richness of ants. We used a
path model to disentangle the causal relationships of temperature
(with elevation as a proxy), season, and habitat degradation with
the incidence respectively species richness and functional richness
of ants and their consequences for predation.
2. Methods
2.1. Study area
We conducted our study within and around the Podocarpus
National Park (4◦ 17 0 ’s 79◦ 0 0 W) and the Reserva Biológica San
Francisco (3◦ 58 30 ’s 79◦ 4 25 W) on the eastern Cordillera of the
Andes in the provinces of Loja and Zamora-Chinchipe, southern
Ecuador. Within the protected areas, the study area is characterized
by natural primary forest. Outside of the protected lands, the forest
has been mostly converted to active or inert pastures for cattle grazing (Curatola Fernández et al., 2015). This landscape is interspersed
with patches of degraded secondary forest. The climate of the study
area is perhumid, with a main rainy season occurring from June
to August and drier month from October to January (Rollenbeck
and Bendix, 2011). Annual rainfall is high throughout the year,
with approximately 2000 mm at 1000 m a.s.l. (Zamora), 2200 mm
at 2000 m a.s.l. (ECSF-Met. Station), and 4800 mm at 3000 m a.s.l.
(Cerro Met. Station; Bendix et al., 2008a, 2008b). The mean annual
air temperature decreases with elevation from 20.0 ◦ C at 1000 m
a.s.l., to 15.5 ◦ C at 2000 m a.s.l., to 9.5 ◦ C at 3000 m a.s.l. (Bendix
et al., 2008a).
2.2. Study design
We established 27 study plots along an elevational gradient
from 1000 to 3000 m a.s.l. The plots were located in natural primary forest and in secondary forest fragments at elevational levels
of 1000, 1500, 2000, 2500, and 3000 m a.s.l. with three replicates
per level and type. At the highest elevational level (3000 m a.s.l.),
no forests were degraded, leading to a total of 15 plots in primary
forests, and 12 plots in degraded forests. The plots reﬂected the typical type of natural or degraded forests at the respective elevation
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level. The natural forest plots comprised evergreen premontane
rainforest (∼1000 m a.s.l.), evergreen lower montane rainforest
(∼2000 m a.s.l.), and evergreen upper montane rainforest (∼3000 m
a.s.l.). Outside the protected area, but within the same valley, the
degraded plots comprised secondary forest fragments adjacent to
active cattle pastures with varying degrees of recent and past reforestations. The degraded forest plots were embedded in a matrix
of pastures and bracken-infested areas, interspersed with secondary forest fragments on inaccessible areas, e.g. at steep slopes
or crags. The study plots were 1000 m2 in size (10 m × 100 m and
20 m × 50 m, depending on the landform conﬁguration), and mean
pair-wise geographic distances between study plots ranged from
117 m to 24 km (mean ± SD: 12 km ± 8.4 km). Each study plot was
subdivided into 5 subplots of 20 m × 10 m (200 m2 ).
2.3. Sampling of ants and data processing
We sampled ant assemblages during two periods in 2014 (wetter season: April to August; drier season: October, November)
following the baiting methods described in Peters et al. (2014).
Baiting is an effective technique for recording the occurrence of
ant species, especially in habitats with high litter depth (Andersen,
1997). As demands for macronutrients vary and often depend on
the trophic position of species, we used six different types of
macronutrients to sample ant assemblages. We placed six baits
with different nutrients randomly on the ground of each of the
ﬁve subplots (minimum distance between each set of baits: 5–7 m)
during times of high ant activity (late morning to early afternoon).
The baits consisted of 50 mL plastic tubes with 15 mL of one of
the following six solutions: H2 O (tap water; control); NaCl (20 g
NaCl/1 L H2 O); amino acid (200 g glutamine/1 L H2 0); CH2 O (200 g
sucrose/1 L H2 O); CH2 O-amino acid mix [(100 g sucrose + 100 g glutamine)/1 L H2 O]; and lipids (olive oil). As ant activity and walking
speed positively correlate with temperature (Hurlbert et al., 2008;
Jayatilaka et al., 2011), the timespan between setting the bait and
attracting the highest number of ant species is shorter in environments with higher ambient temperatures than in cooler areas (Vogt
et al., 2003). To determine the respective best-suited timespan at
each elevational level, we observed the accumulation of ants on
nutrient baits for extended periods. This timespan for plots at 1000,
1500, 2000, 2500, and 3000 m a.s.l. was 2, 3, 4, 4.5, and 5 h, respectively. At these time points, we collected the respective baits and
all ants within or at the opening of the bait tube.
All ants were identiﬁed to the morpho-species or species level.
The ant fauna of Ecuador consists of at least 650 species, but
it is taxonomically poorly deﬁned (Salazar et al., 2015). Therefore, we established a mitochondrial cytochrome c oxidase I (COI)
barcode reference library to reﬁne our deﬁnition of morphospecies (see also Domínguez et al., 2016). COI barcodes for the
ant species were obtained in collaboration with the Biodiversity Institute of Ontario using sequencing techniques and tools in
the Barcode of Life Database (BOLD; Ratnasingham and Hebert,
2007). New sequences for the study were uploaded onto the BOLD
database (www.boldsystems.org/) and are available under DOI:
dx.doi.org/10.5883/DS-SANFRAF, with GenBank accession numbers KY441904 to KY442061. We compared our specimens with
those deposited at the Ecuadorian Ant Reference Collection (ARCE),
housed in Instituto de Ciencias Biológicas of the Escuela Politécnica
Nacional, and curated by D. A. Donoso. Ants identiﬁed to morphospecies bear an ARCE morpho-species number. Voucher specimens
of all species and morpho-species have been deposited in the ARCE
collection and the Museum at Universidad Técnica Particular de
Loja.
The relative use of the nutrient baits ﬁlled with NaCl, CH2 O,
CH2 O-amino acid, and lipids decreased with increasing elevation
(all effect sizes negative, p < 0.001), whereas amino acid baits and
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water control baits did not show a signiﬁcant pattern (p > 0.05).
Likewise, the morphological trait constitution of ant species was
not related to the used nutrient types. As differences in nutrient
preferences do not affect our subsequent analyses, we will in the
following report the summary statistics of ant assemblages captured across all bait types. We used the total number of species in
all 30 bait tubes as a measure of species richness within the plots
during the two seasons. Several ant species demonstrate recruitment behavior to monopolize nutrient sources; this can lead to
decreasing ant species richness or an overestimation of numbers
of individuals after the arrival of a dominant species at a bait
(Davidson, 1998). We therefore calculated the incidence of ants
(instead of abundances based on sums of individuals) as the sum
of the number of occurrences of each species at all baits. For example, the occurrence of one species at three baits, another species
at ﬁve baits, and a further species at one bait would result in an
incidence value of nine, independent of the number of individuals
or the total number of occupied baits. Ant incidence therefore is
a mixed measure of the occurrence, species richness, and (foraging) activity of the ant assemblage. We consequently expect a high
correlation between the incidence and richness of ants. Additionally, we used a null model to test for deviations of the observed
incidence-elevation relationship from a pattern expected with a
random distribution of ant incidences across the elevational gradient. Differences between observed patterns and random patterns
from null models indicate that ecological processes structured the
observed pattern; such ecological processes include ﬁltering from
the environment (observed values are lower than null-model values; underdispersion) and competition (observed values are higher
than null-model values; overdispersion). For the null model, we
shufﬂed the incidence values of the species-incidence matrix 1000
times, while maintaining the frequencies of species incidences
(ﬁxed column sums) with the function randomizeMatrix from the
add-on package picante (Kembel et al., 2010) in R (R Core Team,
2014). This null model leads to ant assemblages with random
incidences across the elevational gradient. Afterwards, we calculated standardized effect sizes for the incidence of ants as ses
X = [Xobserved − mean(Xr andom )]/sd(Xrandom ), where Xobserved is the
observed incidence of ants, mean (Xrandom ) is the mean of the randomizations of the null-model, and sd (Xrandom ) is the standard
deviation of the randomly calculated ant incidence.
To analyze changes in the composition of species along the
elevational gradient and with forest degradation, we conducted a
detrended correspondence analysis for the combined dataset of ant
incidence across both seasons. Detrended correspondence analysis
eliminates the arch effect of correspondence analyses by detrending. For example, the ﬁrst axis is divided into segments in which
the samples are centered to have a mean of zero for the second
axis, and a similar process was used for higher axes. Compression
of the ends of the gradients was corrected by nonlinear rescaling,
in which sample scores were shifted along each axis by an average
width of one (Hill and Gauch, 1980). This procedure leads to axes
that are scaled in units of species standard deviation and resembles
beta diversity. We used the function decorana and ﬁtted elevation and forest degradation onto the ordination using the function
envﬁt with 999 permutations. Both functions are implemented in
the add-on package vegan (Oksanen et al., 2016).
2.4. Calculation of functional richness of ant assemblages
To calculate the functional richness of ant assemblages, we used
continuous measures of four morphological traits that are related
to predatory behavior (Yates et al., 2014 and references within):
Weber’s length (a proxy for the overall size), head length (indicative of diet), mandible length (longer mandibles allow larger prey),
and length of the hind femur (linked to foraging speed). We mea-

sured these traits on 1–5 individuals per species depending on
the number of individuals available and calculated the mean value
per species. We could not obtain trait measures for the mandible
length of 11 ant species because mandibles of the specimen were
not intact or measurements were not possible; this constituted
12% of the total number of ant incidences: genus Camponotus (1
species), Myrmelachista (2 species), Nylanderia (1 species), Pheidole (2 species), and Solenopsis (5 species). For these species, we
used the mean trait value of the genus. Furthermore, we excluded
the species Pseudomyrmex termitarius (contributing altogether ﬁve
incidences on two plots) from the calculation of functional richness as we could not obtain trait data for the species, and it was the
only representative of its genus. To achieve normal distribution,
we log10 -transformed all trait variables before statistical analysis.
Furthermore, we corrected for covariance of body part measures
and overall body size (Stern and Emlen, 1999) by using residuals
of linear regressions against the Weber’s length as response variables (Gibb and Parr, 2013; Kaspari and Weiser, 1999). Pearson
product-moment correlation coefﬁcients (PPMC) between the four
morphological ant traits Weber’s length, head length, mandible
length, and hind femur length were always <0.40. We calculated
the (raw) functional richness (FRic) of ant assemblages as a measure
of the volume of a convex hull around all species of an assemblage
projected onto a multidimensional trait space using principal coordinates analysis (PCoA) based on the Euclidean distances between
species traits (Villéger et al., 2008) and the function dbFD from
the add-on package FD (Laliberté and Legendre, 2010) in R (R Core
Team, 2014). We standardized FRic by dividing the FRic values by
the maximum possible FRic value of a ﬁctitious ant assemblage
consisting of all recorded ant species. The standardized FRic values could therefore range between 0 (plot without any ant species)
and 1 (plot with all possible species). We achieved similar results
when we used a Hutchinsonian hypervolume approach to calculate
functional richness (Blonder et al., 2014). For simplicity, we will not
report the results of the hypervolume approach. To test whether the
raw FRic values differed from values expected under a random trait
distribution, we calculated the standardized effect sizes of FRic (ses
FRic) using the same approach as for the incidence of ants, by randomizing the rows of the species-traits matrix 1000 times, while
keeping the trait combinations ﬁxed (random trait combinations
are biologically not meaningful).
2.5. Predation rate on artiﬁcial caterpillars
To quantify predation rates (attacks by natural enemies) on herbivorous arthropods, we used 300 artiﬁcial caterpillars within each
study plot. We exposed the artiﬁcial caterpillars on 30 randomly
selected plants in the shrub layer (0.5–2.0 m above ground; low
damage by herbivores) of each plot by pinning 10 artiﬁcial caterpillars with a thin wire onto the surface of 10 leaves of each plant.
Artiﬁcial caterpillars consisted of green-colored (to mimic palatable
and undefended prey; see Howe et al., 2009), oil-based, and non®
toxic plasticine (STAEDTLER Noris Club 8421). We pressed the
plasticine through a syringe to ensure comparable shape and thickness (20 mm long and 2–3 mm in diameter), as well as a smooth
surface. After ﬁve days, we recollected all artiﬁcial caterpillars; 467
(2.9%) of the exposed artiﬁcial caterpillars fell to the ground or could
not be recovered and were excluded from the analysis. All recovered artiﬁcial caterpillars were directly inspected for bite marks,
which were assigned to predator groups (ants, bees and wasps,
birds, others) using the bite-mark catalogue of Low et al. (2014). If
bite marks were not directly identiﬁable, we examined them more
carefully in the lab using a magnifying lens. As we could not differentiate bite marks from one or more predation events and made by
one or several predator individuals, we assessed predation qualitatively instead of quantitatively, i.e., predated/not predated. As
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ants were by far the most abundant predators of artiﬁcial caterpillars across the studied gradient (>70%), we only used ant predation
events in our analyses and calculated predation as the percentage
of artiﬁcial caterpillars with bite marks made by ants.

2.6. Path analyses
We conducted two separate path models for ant incidence and
richness due to high multicollinearity between both measures
(r2 = 0.9; PPMC; Tu et al., 2005). Due to the nested structure of
our data and because of the binomial distribution of the predation
data, we tested the path models after Shipley’s directional separation method (Shipley, 2009) within the R environment (R Core
Team, 2014). We conducted the conﬁrmatory path analysis using
three mixed effect regressions to test the initially assumed direct
and indirect effects of abiotic factors (elevation as proxy for temperature, season, and degradation) on ant incidence (respectively
species richness), ant functional richness, and predation of artiﬁcial caterpillars by ants. To account for the nested structure of
our data (sampling of wetter and drier season nested in plot), we
included study plot as a random effect in all models to correct for
pseudo replication. To allow for comparison of the path model coefﬁcients of the ﬁxed effects, we z-transformed all predictor variables
in the three regressions and the response variables from regression one and two. These ﬁrst two regressions included the effects
of elevation, season, and forest degradation on the incidence of ant
species (respectively species richness) and raw functional richness.
To account for the potential relationship between the incidence
of ants (respectively species richness) and functional richness, we
included species incidence in the second regression. To test the
conditional independence of nested data, we used linear mixed
effect models with normal error distribution (LMER; function lmer
in the add-on package lme4; Bates et al., 2015) and ﬁtted the
LMERs using restricted maximum-likelihood estimation (REML).
The third regression included the effects of elevation, season, forest degradation, ant incidence (respectively species richness), and
ant functional richness on the predation of artiﬁcial caterpillars. In
addition, we included a random factor for each observation event to
remove overdispersion (Harrison, 2014). In this case, we used a generalized linear mixed effect model with binomial error distribution
(GLMER; function glmer in the add-on package lme4; Bates et al.,
2015) and ﬁtted the model using a maximum-likelihood estimation (Laplace approximation). We derived the P-values from z-tests
of estimated model coefﬁcients using the function cftest from the
add-on package multcomp (Hothorn et al., 2008). We applied dseparation to test each hypothesized conditional independency
separately using the LMERs and GLMER to obtain the probability
that the partial slope of the dependent variable was signiﬁcantly
different from zero. We combined and tested the probabilities of
all independence claims using C statistics (Shipley, 2009).
In a next step, we compared the performance of both path models (ant incidence and richness) by performing bootstrap analysis
of regression models two (functional richness) and three (predation). To do so, we ran these two regressions of both path models
based on 1000 bootstrap samples of the original data. Then, we
compared the AIC values of the bootstrap regressions between the
path model of ant incidence and richness using t-statistics. This
comparison revealed no signiﬁcant differences between the performance of regressions of incidence and species richness (all p > 0.9;
Welch’s t-test). To facilitate the readability, we will in the following report the results using ant incidence only, but emphasize that
they apply equally for species richness. We included results of the
model of species richness in the Supplementary material.
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Table 1
Distribution of ant individuals, incidence (a combined measure of ant occurrence
and activity; for details, see Methods section), and species richness during the wetter
season and drier season and on natural plots and degraded plots.
Season

Plot type

Individuals

Ant
incidence

Species
richness

Wetter season

Natural
Degraded
Natural
Degraded

1002
1034
1610
1264

137
141
208
205

44
46
51
52

Drier season

Table 2
Changes in ant incidence (a combined measure of ant occurrence and activity, for
details, see Methods section; model 1), (raw) functional richness of ant assemblages (model 2), and predation of artiﬁcial caterpillars (model 3) with elevation,
drier vs. wetter season, and forest degradation. Linear mixed effect models were
used for models 1, and 2, and a generalized linear mixed effect model was used
for model 3. Study plots were included as random effect in models 1–3 to correct
for pseudoreplication; model 3 included each observation as a random effect to
remove overdispersion. Boldface indicates signiﬁcant values. Results equally apply
for species richness, see Supplementary material A.2.
Source of variation

Estimate

z-value

p-value

Model 1: Ant incidence
Elevation
Season
Degradation

−7.2 × 10−1
2.5 × 10−1
−7.1 × 10−3

−7.2
2.9
−0.071

<0.001
<0.01
0.94

Model 2: Functional richness
Elevation
Season
Degradation
Ant incidence

−3.2 × 10−1
8.9 × 10−2
−4.7 × 10−2
5.8 × 10−1

0.14
0.96
−0.53
4.6

0.017
0.34
0.34
<0.001

−0.41
−3.7
0.87
2.7
0.099

0.69
<0.001
0.38
<0.01
0.92

Model 3: Predation of artiﬁcial caterpillars
−8.5 × 10−2
Elevation
−5.3 × 10−1
Season
Degradation
1.1 × 10−1
Ant incidence
6.2 × 10−1
Functional richness
2.2 × 10−2

3. Results
3.1. Ant incidence
In total, we recorded 4910 ant individuals across the 27 study
plots. The sum of ant incidences at all baits was 691; the number of
species at the same bait ranged from 0 to 4. We used ant incidence
as a combined measure of the overall richness, occurrence, and (foraging) activity of ant species on the plots; we deﬁned ant incidence
as the sum of all species occurrences across 30 baits. Ant incidence
was highly correlated with species richness (r2 = 0.90, p < 0.001;
PPMC). The sampled individuals belonged to 87 ant species, which
could be divided into 9 species and 78 morpho-species, from 5 subfamilies (Dolichoderinae, Formicinae, Myrmicinae, Ponerinae, and
Pseudomyrmicinae) and 14 genera. The number of ant individuals,
incidences, and species differed between seasons, but the number
in natural forests was similar to that in degraded forests (Table 1).
The observed ant incidence and also the standardized effect size
of ant incidence decreased with elevation (Table 2, Fig. 1A). Ant
incidence was higher in the drier season than in the wetter season,
and forest degradation had no signiﬁcant effect (Table 2, Figs. 1A
and 2). Species richness showed a pattern similar to ant incidence
(Supplementary material A.2). The ﬁrst decorana axis was strongly
and positively correlated with elevation (r2 = 0.92, p < 0.001; PPMC),
but not with degradation (r2 = 0.0089, p = 0.72; PPMC; for decorana
visualization, see Supplementary material A.1).
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Fig. 1. (A) Loss in ant incidence (a combined measure of ant occurrence and activity, i.e., occurrence of ant species across 30 baits; for details, see Methods section), and
loss in standardized effect size of ant incidence (ses ant incidence; inset), and (B) loss in functional richness, and loss in standardized effect size of functional richness (ses
functional richness; inset) with increasing elevation in the study area. Functional richness was based on four morphological traits. Standardized effect sizes are based on
1000 randomizations of the rows of the species-incidence and species-traits matrix; (for details, see Methods section). Shown are the effects of (A) season and (B) elevation
from linear mixed-effects models and 95% conﬁdence intervals. Open circles, underlying raw data for ant incidence and ses ant incidence (A) and functional richness and ses
functional richness (B) in the drier season; ﬁlled circles, that in the wetter season.

Fig. 2. Path model of relationships between elevation (as proxy for changes in temperature), season, forest degradation, ant incidence (a combined measure of ant occurrence
and activity, i.e., occurrence of ant species across 30 baits; for details, see Methods section), functional richness of ants, and predation of artiﬁcial caterpillars. The thickness
of the solid arrows depict the values of the estimated effect sizes next to arrows; values in black and solid arrows indicate signiﬁcant positive effects, framed arrows indicate
signiﬁcant negative effects with asterisks demarking the signiﬁcance level (0.050 < * > 0.010 < ** > 0.001 < *** > 0.000; ant incidence is a combined measure of ant occurrence
and activity; for details, see Methods section). Note that ant functional richness does not differ for ant assemblages with randomly distributed sets of traits across species
(indicated by dashed frame; cf. Fig. 1B; for details, see Methods and Results section). Results equally apply for species richness, see Supplementary material A.3.

3.2. Functional richness
The functional richness calculated from the four ant morphological traits (Weber’s length, head length, mandible length, and hind
femur length) ranged from 0.0 to 0.64 (0.18 ± 0.20; mean ± SD). The
(raw) functional richness decreased with elevation and was most
strongly and positively affected by ant incidence (Table 2, Figs. 1B
and 2) and species richness (Supplementary material A.2). Neither
forest degradation nor season inﬂuenced the functional richness
of the sampled ant assemblage (Table 2). Yet, the relationship
between functional richness and elevation became insigniﬁcant

when using standardized effect sizes instead of raw values, which
indicated that the pattern of the (raw) functional richness does not
differ from a pattern expected for ant assemblages with randomly
distributed sets of traits across species (Fig. 1B).
3.3. Predation rate
In total, we identiﬁed 2119 bite marks on 15,733 collected
artiﬁcial caterpillars. Most of the bite marks originated from ants
(1540 marks; 73%), followed by wasps and bees (201 marks; 9.5%),
birds (133 marks; 6.3%), and unknown predators (245 marks; 12%).
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The predation rate of ants on artiﬁcial caterpillars across 5 days
ranged from 0.0 to 0.36 (0.099 ± 0.081; mean ± SD). In general,
predation rates decreased with increasing elevation (estimate elevation = −4.9*10−5 , p = 0.0057, r2 = 0.14), but the effect of elevation
on the predation rate of artiﬁcial caterpillars was caused by ant incidence (Table 2, Fig. 2). Ant incidence and species richness affected
predation rate on artiﬁcial caterpillars positively, whereas drier
season had a direct negative effect on the predation rate, but an
additional indirect positive effect caused by ant incidence (Table 2,
Fig. 2). Forest degradation neither inﬂuenced any aspect of ant
assemblages nor the predation of artiﬁcial caterpillars (Table 2).
Replacing ant incidence by species richness within the same path
model yielded similar patterns of the main pathways (Supplementary material A.2, A.3). The result of the Chi2 -test for independence
supported the assumptions of both path models (path model with
ant incidence: X2 = 6.3; df = 12; P-value = 0.90; path model with
species richness: X2 = 5.9; df = 12; P-value = 0.92).
4. Discussion
Ant incidence was highly correlated with species richness without signiﬁcant differences in reaction to abiotic factors and as
predictors of functional richness and predation. Incidence and richness of ants declined with elevation and increasing rainfall (wetter
vs. drier season), whereas forest degradation did not affect both
measures. Functional richness was mainly driven by the incidence
(respectively richness) of ants. The predation rate on artiﬁcial caterpillars decreased along the elevational gradient. Most importantly,
ant incidence (respectively richness) and season directly affected
the predation rate on artiﬁcial caterpillars, whereas elevation and
raw functional richness did not have direct effects on the predation
rates.
4.1. Ants as indicators of responses to environmental changes
We quantiﬁed ant incidences, i.e., a measure of the occurrence
and (foraging) activity of ants, by using an easily implementable
approach based on baits with six different nutrient types. The
observed ant incidence (as well as the standardized effect sizes) and
richness clearly decreased along the elevational gradient, which
was even more pronounced as the time of exposure of the baits was
increased with increasing elevation. Furthermore, the community
composition of ants markedly changed with elevation, which indicated a high species turnover along the elevational gradient (Bishop
et al., 2014; Longino et al., 2014; Nowrouzi et al., 2016). Temperature is one of the most important abiotic predictors of the decline
in ant species with elevation as it limits the activity of ants and thus
the access to resources (Sanders et al., 2007; but also see Kaspari
et al., 2000). Season was an abiotic factor that also inﬂuenced the
incidence and species richness of ants, with higher ant incidence
during the drier season. This typical ﬁnding (Basu, 1997; El Keroumi
et al., 2012; but also see Castro et al., 2012) might be attributed to
higher foraging activity at higher temperatures (Medeiros et al.,
2014), seasonal changes in the brood cycle, or availability of nest
sites or food (Levings, 1983). However, in our study, higher ant
activity did not seem to translate into higher predation in the herbal
and shrub layers, but might be instead limited to ground-foraging
activity (see subsection 4.3). The main driver of the raw functional
richness was the incidence of ants. As ant incidence was highly correlated with species richness (r2 = 0.90, p < 0.001) and species-rich
assemblages are likely to comprise more diverse functional traits,
habitats with high ant incidence will also have higher functional
richness (Cadotte et al., 2011). The raw functional richness of ant
assemblages also decreased with elevation, which we conﬁrmed
by using a Hutchinsonian hypervolume approach (data not shown;
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Blonder et al., 2014). Reymond et al. (2013), who found a similar pattern in the Swiss National Park, explained this ﬁnding with
the ﬁltering effect of the environment in which only species with
traits adapted to harsh environmental conditions at high elevations
can tolerate the habitat (also see, e.g., Machac et al., 2011). However, our ﬁnding of no elevation pattern for the standardized effect
sizes indicates that the raw functional richness is mainly driven by
declining ant incidence respectively richness and is not actually a
ﬁltering effect of the environment; this suggests that the measured
functional traits are independent from elevation.
When we consider ants as indicators of responses to environmental changes, it should be stressed that the effects of global
warming are already noticeable in the study area. Meteorological
stations within and near the study area have evidenced a signiﬁcant
warming of at least 0.6 ◦ C within the last 45 years of 1961–2008
(Bendix et al., 2010; Peters et al., 2013), and future projections
of the Intergovernmental Panel on Climate Change (IPCC) point
to a further warming of the study area of around +4 ◦ C by 2100,
with the assumption that greenhouse gas concentrations will be
high in 2100 (936 ppm CO2 and high radiative forcing of 8.5 W/m2 ;
RCP8.5scenario; Meinshausen et al., 2011). A temperature increase
of +4 ◦ C by 2100 at the actual average lapse rate in the study area
of −0.52 ◦ C per 100 m (Bendix et al., 2008a,b) would predict an
elevational shift of the pattern of ant incidence and richness of
approximately 80 m per decade. Based on the results reported here
and assuming a one-dimensional relationship between temperature and species richness, we would expect an approximately
1.3- to 4-fold increase in species richness by 2080 (from 38 to
51 species at 1500 m a.s.l., from 23 to 38 species at 2000 m a.s.l.,
from 12 to 23 species at 2500 m a.s.l., and from 3 to 12 species
at 3000 m a.s.l.). However, interrelationships among changes in
temperature, seasonal patterns of precipitation, and species interactions are complex and difﬁcult to predict. Our ﬁnding of opposing
effects of drier season on ants and the predation process supports
this assumption. In addition, predictions of changes in species distributions based on changes in abiotic conditions usually do not
consider, e.g., whether the ability of a species to disperse will keep
pace with the increasing temperature or how competition between
species will inﬂuence species composition (Chapin III et al., 2000).
Therefore, projections can be made only with reservations (Colwell
et al., 2008; Lavergne et al., 2010).
4.2. Ants as indicators of forest degradation
In contrast to ﬁndings of several other studies (e.g., Philpott
et al., 2010 and references within; for a review see Underwood
and Fisher, 2006), forest degradation in our study area did not
have an effect on the incidence, richness, and raw functional richness of ant assemblages, or on assemblage composition. Habitat
degradation mainly affects ant assemblages through changes in
local factors, such as abiotic changes in soil and microclimatic conditions, including moisture, temperature, and exposure (Philpott
et al., 2010). Our results match ﬁndings of Donoso et al. (this special
issue), who report no change in litter ant community composition
after 15 years of continuous monitoring in a secondary cloud forest in northern Ecuador. Furthermore, low impact land use, such
as traditional crop and pasture systems may sometimes lead to
an increase of ant abundances (Folgarait, 1998). However, other
analyses indicate that the composition of traits, functional groups,
or occurrence of specialized ants might change, even if numbers
of ants do not change (Fotso Kuate et al., 2015; Hoffmann and
Andersen, 2003; Leal et al., 2012; Peters et al., 2014). Two reasons
may explain our results: On the one hand, our ﬁndings suggest that
the present forest degradation of the abiotic and biotic conditions in
our study area might not be severe enough to negatively affect the
ground-foraging ant assemblages in degraded forests or that the ant
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assemblages managed to recover: Ant assemblages are able to reach
levels of species richness and species compositions similar to that
of natural forests after several decades of even acute degradation
events in the past (Ryder Wilkie et al., 2009; but also see Bihn et al.,
2008). Also, a high connectivity of the matrix habitat that connects
the degraded and natural forests in our study area may have contributed to similar ant assemblages in degraded and natural forest
plots (Harrison and Bruna, 1999; Hunter, 2002; Schoereder et al.,
2004). Moreover, all degraded forest plots were in close proximity to forest edges. Edge effects might have induced an increase of
the depth and quality of the leaf litter (compared to the interior
of degraded forests), making the litter more similar to the litter in
natural forests (Philpott et al., 2010). However, we cannot ﬁnally
determine the principal reason for the absence of a degradation
effect on the epigaeic ant assemblages, as we do not have data on
the degradation history, age, matrix connectivity, and litter quality
of the degraded forest plots. On the other hand, our baiting method
used might also have contributed to our results. It is thought that
nutrient baits mostly attract generalist ant species. As specialized
ant species are assumed to react more strongly to changes in habitat quality, we might have missed the more sensitive portion of the
ant assemblage. Additionally, our baiting approach collected ants
from ground-dwelling assemblages and canopy-dwelling ants may
react differently and more strongly towards degradation (Floren
et al., 2002; Klimes et al., 2015; Yanoviak and Kaspari, 2000).
4.3. Ants as indicators of predation
We quantiﬁed predation based on ant bite marks on artiﬁcial caterpillars that can be easily integrated in the practice of
ecosystem management. Even though attack rates on artiﬁcial
caterpillars of different materials might differ (Sam et al., 2015b), an
increasing number of studies use model caterpillars as surrogates
for predation rates on real caterpillars (Low et al., 2016; Meyer
et al., 2015 and references within). Almost three-quarters (73%)
of the observed attack marks in our study originated from ants,
which supports the importance of ants as a major group of predators of herbivorous arthropods in rainforests (Seifert et al., 2016).
Predation of artiﬁcial caterpillars decreased with increasing elevation, which reﬂects the pattern of ant incidence and richness
and supports the ﬁndings of Sam et al. (2015a). Surprisingly, the
predation of artiﬁcial caterpillars was signiﬁcantly higher in the
wetter season than in the drier season, which contrasts the pattern of higher ant incidence (respectively richness) during the drier
season. This ﬁnding could be explained by the positive relationship between resource availability and foraging activity of ants
(Medeiros et al., 2014; but also see Raimundo et al., 2009). For
instance, a peak of predation rates on artiﬁcial caterpillars during
the wetter season has also been found in sub-montane forests in
Uganda (Molleman et al., 2016). The authors explained the predation maximum with the simultaneous peak in prey density, which
would lead to responses of the foraging or breeding activity of
the predators. However, Brehm (2002) found no marked seasonal
changes of moth communities in our study area. Lower predation of
artiﬁcial caterpillars during the drier season but a simultaneously
high incidence of ants would therefore suggest a shift of the ants
foraging activity from the foliage layer to more abundant resources,
e.g., in the leaf litter, but further studies are needed to test this
assumption.
Elevation, forest degradation, or the raw functional richness of
ants did not explain the variation in predation of artiﬁcial caterpillars. We expected that the functional richness of ant assemblages
was related to predatory behavior; therefore, we in turn expected
that ant functional richness would be more strongly related to predation rates than the overall incidence or species richness of ants.
Yet, the functional traits measured (Weber’s length, and length of

head, mandible, and hind femur) might not be ecologically linked
to the rate of predation events. Alternatively, as we used only one
type of artiﬁcial caterpillar, which did not move or emit visual
or chemical cues used by predators to locate their prey, possibly
only one type of predatory ant was attracted, which would also
make the functional richness measure irrelevant. However, predation experiments comparing attack rates on live and artiﬁcial
caterpillars made of either dough or plasticine revealed no signiﬁcant differences (Sam et al., 2015b). Nevertheless, Sam et al. (2015b)
did not test whether their single type of caterpillar prey, although
one of the most common species in the understory, attracted a representative portion of all possible predators of the diverse group
of herbivorous arthropods. Even though we cannot completely
eliminate these methodological doubts, our ﬁnding of no association between functional richness and predation underlines that
the occurrence, richness, and activity of species are more important drivers of ecosystem processes than their functional measures
(Stuart-Smith et al., 2013).

5. Conclusions
Our ﬁndings highlight the applicability of simple monitoring
tools for studying ant assemblages and related predation rates. We
found that incidence of ants as a measure of ant occurrence and
activity, as well as species richness can be used as suitable indicators of responses to rising temperatures and of predation, but not
of forest degradation within complex rainforest ecosystems. Rising
temperatures might favor more abundant, species-rich, and active
ant assemblages and therefore higher predation rates in montane
forests at higher elevations if dispersal of ants keeps pace with
the climatic changes. However, projections can only be made with
reservations, as other species interactions e.g. between herbivores
and plants will additionally affect the responses of the same food
web, which is of much higher complexity. Our ﬁnding that forest
degradation did not affect any of the studied biotic aspects proposes
lightly degraded forests as suitable habitat for functional epigaeic
ant assemblages. Thereby, our results suggest that the occurrence,
richness, and activity of functional taxa might be more important
for the functioning of related ecosystem processes than their functional measures. Our ﬁndings also suggest that the incidence and
species richness of ants are suitable indicators of changes in abiotic conditions and are also functional indicators of an important
ecosystem process. Hence, simple measures such as ant incidence
and species richness can supersede the use of more labor-intensive,
trait-based measures for quantifying the functionality of ecosystems.
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