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Introduction

Abstract

The determinants of diversity are a central issue in ecology, particularly in
Andean forests that are known to be a major diversity hotspot for several
taxa. We examined the effect of abiotic (elevation and precipitation) and
biotic (flowering plant diversity) factors considered to be decisive causal
factors of diversity patterns on anthophyllous insect communities on
mountain forest. Sampling was carried out in 100-m transects at eight
elevational levels and during a period of 8 months. All flowering plants
in the understory and their flowering visitors were recorded. Species rich-
ness and diversity were estimated for each elevation and month. Diversity
of flowering plants, elevation, and precipitation were used as independent
variables in multiple regressions against insect diversity. The evaluated
abiotic and biotic factors had contrasting effects on insect diversity: a
significant decrease on insect diversity occurred at high elevation and
dry months (i.e., threshold effect), while it showed a positive relationship
with flowering plant diversity through time (i.e., linear effect), but not
along elevation. Rapid turnover of species of both interacting guilds was
observed every 100-m altitude and month. Local insect communities were
also divided functionally depending on the plant family they visit. These
results indicate that each insect community is distinctive among elevations
and months and that diversity of flowering plants, precipitation, and ele-
vation influence their structure and composition. Thus, conservation strat-
egies should involve protection of forest cover at the whole elevation
gradient, in order to preserve common and exclusive components of di-
versity and consequently, the mosaic of plant—pollinator interactions.

barely studied (Power et al1988, Arnott & Vanni 1993, Sudrez
et al 2004, Hoffman 2005, Rico-Gray et al 2012, Vilela et al

Identifying the biotic and abiotic factors determining com-
munity diversity is a central issue in ecology and has gained
particular importance with the escalating loss of species and
habitats at global level in recent years (Kelly & Southwood
1999, Brehm et al 2005). As a consequence, resulting shifts in
functional sets of species or alterations on patterns of inter-
actions might threaten major ecosystem processes (Tilman
et al 1997, Diaz & Cabido 2001). Thus, interactions as a com-
ponent of biodiversity might affect short-term ecosystem
dynamics and long-term ecosystem stability (Zak et al
1994). In spite of this, the role of biotic and abiotic factors
as underlying determinants of diversity of interacting guilds is
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2014). The understanding of how diversity patterns of
interacting assemblages of species change or depend
from each other is a crucial step toward developing
general predictions of responses to environmental
change (Power et al 1988).

Insects are the dominant pollinators on earth and at least
70% of all angiosperms are insect pollinated (Faegri & Van
Der Pijl 1979, Kearns & Inouye 1997). Nevertheless, the pat-
terns of insect diversity in tropical mountain forest have been
studied only in few groups, mainly on Hymenoptera,
Lepidoptera, and Coleoptera (Fisher 1998, Basset 2001,
Pyrcz & Wojtusiak 2002, Brehm et al 2003, 2005, Escobar
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et al 2005). Spatial and temporal changes in diversity and
structure in communities of insects depend greatly on fluc-
tuations in the micro- and macroclimatic conditions (Wolda
1987, Escobar et al 2005). Additionally, for anthophyllous
insects, diversity depends also on the variation in the avail-
ability and geographic distribution of floral resources (Kelly &
Southwood 1999, Bachman et al 2004, Dyer et al 2007,
Condon et al 2008). High insect diversity has been related
to high plant diversity in temperate and tropical areas
(Hoffman 2005, Novotny et al 2006) and high level of spe-
cialization in the use of plant resources (Dyer et al 2007).
Diversity and availability of flower resources depend on tem-
poral flowering patterns in plants (i.e., phenology), which
depends on climatic conditions at local and regional scale
and elevation (Kromer et al 2006). In addition, differences
in composition of plant species give rise to different pheno-
logical patterns in different localities (Carranza-Quiceno &
Estévez-Vardn 2008). As a consequence, the patterns of host
plant use varies also, forming a mosaic of interacting species
that varies across time (Pinheiro et al 2002, Petanidou et al
2008), large geographic areas (Malo & Baonza 2002, Condon
et al 2008), or even within a locality conditioned to sequen-
tial flowering (Vilela et al 2014). Simultaneously, the abun-
dance of flowering plants influences insect population dy-
namics and movements (Rico-Gray et al 2012, Alves-Silva et a/
2013), the responses of species to gradual or seasonal chang-
es in environmental conditions (Pinheiro et al 2002,
Bachman et al 2004, Devoto et al 2005, Hodkinson 2005),
and the number of associations insects establish with plants
(Rico-Gray et al 2012).

In mountain habitats, several abiotic and biotic compo-
nents change rapidly through the elevation gradient
(Hodkinson 2005, Korner 2007) and diversity decreases
monotonically with altitude (Rahbeck 1995, Vasquez &
Givnish 1998). However, for a broad range of organisms,
diversity shows a different trend with unimodal peaks at
medium elevations (Rahbeck 1995, Pyrcz & Wojtusiak 2002,
Brehm et al 2003). To date, evidence of relationship be-
tween patterns of diversity of flowering plants and pollina-
tors at community level is scarce with a few exceptions
(Arroyo et al 1982, Hoffman 2005, Kessler & Kromer 2000,
Kromer et al 2006). Thus, the knowledge of diversity, abun-
dance, and distribution of species of interacting communities
(flower-visiting species and flowering plants) through space
and time is relevant for the understanding of ecological pro-
cesses (i.e., the functioning of plant—pollinator systems) and
key evolutionary mechanisms of community structure. Few
detailed ecological studies of flower visitors at community
level that include a systematic sampling through elevation
and time exist at present (Lomolino 2001, Pinheiro et al
2002, Brehm et al 2003). In this work, we aimed to investi-
gate spatial and temporal diversity patterns of flower-visiting
communities and their floral resources in a mountain Andean

cloud forest. We focused on the key abiotic (elevation and
precipitation) and biotic (flowering plant diversity) factors
considered decisive causal factors of diversity on
anthophyllous insect communities on mountain forest. The
main purpose was to know how species richness of insects
visiting flowers and flowering plants are influenced by eleva-
tion and precipitation and in which way these interacting
communities are related to each other.

In a first survey, we wanted to evaluate any strong effect
of altitude and/or precipitation on (1) anthophyllous insects
and flowering plant diversity, (2) composition and structure
of flower visitor assemblage, and (3) the relationship be-
tween diversity of insects and flowering plants.
Additionally, we analyzed whether assemblages of insects
differ among the plant families they visit along the elevation
gradient.

By analyzing data from communities at eight altitudinal
transects and eight consecutive months in a mountain forest
in Antioquia, Colombia, we describe the altitudinal change in
species richness and abundance of flower-visiting insect as-
semblages and its relationship with flowering plant diversity.

Material and Methods
Study site

The study area locates in northern Colombia, within the West
Cordillera of the Andes at the Department of Antioquia in the
Natural Reserve La Mesenia-Paramillo (5°30"11"N, 75°51'7"
E). The area is covered with undisturbed to slightly disturbed
pluvial cloud forest and pastures (Ledesma-Castafieda 2011,
Cuesta et al 2009). The reserve is administrated by The
Hummingbird Conservancy. It covers an area of 1723 ha
and comprises an elevation gradient from 2150 to 3100 m
above sea level (asl). Topography is typified by steep slopes.
Mean annual temperature ranges from 13 to 23°C.
Precipitation exhibits a bimodal pattern with two rainy sea-
sons (March—May and October—December) and two dry sea-
sons (January—February and June-September). The mean
monthly precipitation is 161 mm ranging from 61 to 225 mm
(Ledesma-Castarieda 2011).

Sampling and collection of anthophyllous insects

Within the described area, we traced eight 100x4 m tran-
sects transversal to the slope of the mountain every 100-m
elevation from 2200 to 2900 m asl (TO-T7, respectively). We
sampled along a single transect at each 100-m interval be-
cause continuous undisturbed forest was not available in the
region to replicate transects through the same elevational
range studied. Every month from October 2009 to May
2010, we visited at each transect to record data of insects
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visiting flowering plants. This period included two rainy sea-
sons and one dry season. In total, we record data for 64
samples (8 transects x 8 months). Since herb plants are the
most abundant structural components of mountain forests
in Antioquia (Callejas & Idarraga 2011), we restricted our
study to the understory. All flowering plants below ~2-m
height within each transect were recorded and all insects
visiting their flowers were collected. Since most insects were
minute, identification at glance was not possible. Regular
walks along each transect were performed from 9:00 a.m.
to 5 p.m. (8 observation hours/day) to record visits. The
whole system was observed during a total of 512 h.
Flowering plants were collected at the end of the observa-
tion period and identified at the Herbario Universidad de
Antioquia (HUA). Insects were first sorted to morphospecies,
and in general, their identification was possible to family level
and eventually to genera, in several cases with the assistance
of specialists. The diversity of insects for mountain forest is
barely known in Colombia and particularly in the studied
forest (Ledesma-Castafieda 2011), so we did not have any
previous reference to insect diversity. Vouchers were depos-
ited at the Entomological Collection of the Universidad de
Antioquia (CEUA).

Analysis

The sampling effort was comparable in all sampled units to
avoid potential bias in the estimation of diversity (Fisher
1998). Additionally, in order to avoid biases in the estima-
tions in not numerous samples, original data was pooled to
make one data set for each transect and each month
(Magurran 1988). Pooled samples of monthly records of
flowering plant and insect visitor species for each elevation
were used as samples of local diversity through the elevation
gradient. Similarly, for each month, pooled data from all el-
evations were used as samples of monthly diversity. For in-
sects, matrices were built based on abundance and
presence/absence of data, while for plants, only presence/
absence of data was obtained due to the small number of
flowering species and individuals present in the overall
system.

To quantify insect species richness and diversity at each
elevation and month (i.e., alpha diversity), three indices were
calculated: (1) species richness S, the total number of species
in the whole sample. (2) Chao 2, a non-parametric incidence-
based coverage estimator (ICE) of species richness, which
requires presence/absence of data in two or more sampled
quadrats of equal size and has been shown to be largely
independent of sample size (Colwell & Coddington 1994).
From the given set of samples, the estimators are computed
from 1000 random resamplings of the samples with replace-
ment (bootstrapping), and their means and standard devia-
tions are obtained. This index was calculated using the
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software EstimateS version 8.2.0 (Colwell 2009). (3)
Shannon index H'=5;_.,p;logp; where S is the total number
of species in a whole sample, p; is the proportion of the ith
species in the sample (p;=N;/N), N; is the number of individ-
uals of the ith species, and N is the total number of individ-
uals of all species in a sample. This index was estimated using
Paleontological Statistics software (PAST software v. 2.12)
(Hammer 2011). Since abundance of flowering plant commu-
nities was too low, we did not calculate Shannon diversity
index for this component but only estimates of richness (S
and Chao 2) based on presence/absence of species data.

Similarity Percentage (SIMPER, Clarke 1993) analysis was
used to assess the similarity on species composition between
each pair of communities between elevations or months.
This analysis obtains the Bray—Curtis dissimilarity measure
(x100) and identifies the taxa primarily responsible for the
observed differences. Additionally, this analysis allows the
detection of common species and the species occurring ex-
clusively in some altitudes or months. The Bray—Curtis dis-
similarity is bound between 0 and 100, where 0 means the
two sites have the same composition (i.e., they share all the
species), and 100 means the two sites do not share any
species. To find out whether differences in species composi-
tion associate to differences in elevation or to differences in
the month when samplings were performed, we calculated
Mantel’s correlation coefficient. This coefficient is used to
calculate correlations between the two square matrices con-
taining information about the distance between pairs of ob-
jects (Manly 1991). These analyses were done using PAST
software (v. 2.12) (Hammer 2011).

Data on mean monthly precipitation was obtained from
WorldClim software v 1.4 (Hijmans et al 2005). This software
provides a set of global climate grids with a spatial resolution
of about 1 km?. Linear and polynomial relationship between
estimators of species richness and diversity with altitude and
precipitation were evaluated. We used a multiple linear re-
gression to analyze the functional relationship between (1)
insect diversity per elevation as dependent variable with al-
titude and flowering plant diversity per elevation as indepen-
dent variables and similarly, (2) insect diversity per month
with mean monthly precipitation and flowering plant diver-
sity per month. Additionally, for tropical Andean forest, a
conspicuous change in climatic and biotic characteristics
has been described to occur at 2700 m asl and thermal band
changes from mountain to alti-mountain (Cuesta et al 2009).
To investigate whether the abundance and diversity of the
studied communities change at 2700-m asl threshold eleva-
tion, we performed t tests for the parameters from commu-
nities below (2200—2700 m, low elevation, To-T5) vs. above
this elevation level (2800—-2900 m, high elevation, T6-T7).

To define groups of plant species (families) with similar
assemblages of flower-visiting insects along the elevation
gradient, non-metric multidimensional scaling (NMDS) was
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applied to the four families with higher number of visitors.
NMDS was chosen because any kind of similarity matrix may
be used, and neither normality nor linearity of data is re-
quired (Guisande-Gonzales et al 2011).

Results

A total of 2603 insect individuals were collected from 8 tran-
sects during 8 months. In some of the 64 possible samples, no
flowering plant was observed, which reduced the number of
samples per transect or per month in few cases. Calculations
were performed by pooling the available data. The entire data
set consisted of 53 samples, with 73 insect and 43 plant spe-
cies, including herbs and shrubs. Insect species belonging to
ten orders and 55 families were found in the study area:
Blattodea, Coleoptera, Collembola, Dermaptera, Diptera,
Hemiptera, Hymenoptera, Socoptera, Scolopendromorpha,
Thysanoptera (Online Supplementary Material S1).

Table 1

Diversity patterns of anthophyllous insects

Fluctuations in abundance and species number of flower vis-
itors were detected through the gradient of elevation and
through time. Mean abundance per transect or month was
on average (+SD) 330%49 ranging spatially from 156 (T7) to
556 (T5) and through time from 52 (March) to 726 (October).
The mean number of species per elevation or month was
26.33+2.06. Higher number of species was found at T3 (32
species), T4 (28), and T5 (28) and during October (28),
November (47), and April (29). The abundance and species
richness (S or Chao 2) of insect assemblages had not relation-
ship with elevation. In contrast, Shannon index was negatively
related to elevation (Table 1) and the mean per transect was
1.88+0.24. Insect communities from low elevation (2200-
2700 m asl) were more abundant and diverse than commu-
nities from high elevation (2800—-2900 m asl) (Table 1; Fig 1a,
left panel). No linear relationship between precipitation with
abundance, S, Chao 2, or Shannon index was detected
(Table 1). However, differences emerge when comparing rainy

Relationship between the abundance and diversity descriptors for flower visitor and flowering plant communities with elevation and

precipitation (left), and mean comparison between estimates from low vs. high elevation communities and rainy vs. dry month communities (right).

Community Descriptor Elevation
Linear relationship Low vs. high
R? t b P t P
Flower visitors Abundance 0.001 0.008 0.56 0.9323 -6.59 0.0003
S 0.36 1.84 -0.03 0.1152 -9.54 0.0001
Chao 2 0.001 0.008 0.01 0.9320 3.70 0.0023
Shannon 0.54 -2.67 -0.002 0.0366 -2.17 0.0475
Precipitation
Linear relationship Rainy vs. dry
Abundance 0.37 1.88 2.42 0.1084 -3.29 0.0001
S 0.24 1.39 0.08 0.2122 -5.15 0.0001
Chao 2 0.07 0.69 0.08 0.5122 -5.28 0.0001
Shannon 0.001 0.10 0.002 0.9184 -2.50 0.0259
Elevation
Linear relationship Low vs. high
R? t b P t P
Flowering plants S 0.06 -0.62 -0.003 0.5573 -6.80 0.0001
Chao 2 0.07 -0.69 0.02 0.5143 -4.26 0.0002
Precipitation
Linear relationship Rainy vs. dry
S 0.06 -0.62 -0.003 0.5573 -3.96 0.0001
Chao 2 0.19 1.09 0.17 0.3252 -3.57 0.0001
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Fig 1 Estimated species richness (Chao 2) for flower visitor and flowering plant communities a in low (2200-2700 m asl) vs. high elevation (2800—

2900 m asl) and b in rainy (>280 mm) vs. dry (<200 mm) months.

months (>280 mm) (October, November, April, May) with dry
months (<200 mm) (December, January, February, March). In
general, abundance, species richness, and diversity were
higher during rainy months (Table 1; Fig 1b, left panel).

Species richness of flowering plants

A total of 43 flowering plant species distributed in 12 families
and 23 genera was found (Online Supplementary Material
S1). The mean number of species per elevation or month
was 16.514.5. A higher species number was found at
2400 m asl (T3) (16 species), while the lowest number of
species occurred in To, T3, T7 (7 species in each). Variation
in flowering plant species number was more accentuated
among months. In February, only 3 species were recorded,
while in October and November, 23 and 21 species were
recorded, respectively. Species richness of flowering plants
as estimated by S and Chao 2 did not show a linear relation-
ship with altitude (Table 1). However, communities at low
elevation (To-Ts5) showed a significant higher species rich-
ness compared to communities at high elevation (T6-T7)
(Table 1; Fig 13, right panel). Interestingly, two diversity peaks
where observed at T2 (2300 m asl) and T5 (2600 m asl). S
and Chao 2 did not show a linear relationship with precipita-
tion. However, S and Chao 2 were smaller in dry months
compared to rainy months (Table 1; Fig 1b, right panel). In
general, diversity of insect visitor assemblages was higher than
that of flowering plants (mean Chao 2 insects 57.71+15.25,
mean Chao 2 plants 24.90%5.24; t test t=4.46, P=0.0001).

Composition of communities along the elevation gradient
and time

Composition of communities of insects was very different
among elevation levels and months. Dissimilarity between
pairs of insect communities at different elevations or months
was on average 75%. Plant communities were even more
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different than insect communities between altitudes (mean
82%) and months (mean 95%). No linear relationship between
dissimilarity index with altitude or precipitation was detected.
However, dissimilarity index showed a high correlation with
distance in elevation (Mantel test: insects R=0.76, P=0.0001;
plants R=0.82, P=0.0002) and time (distance in number of
months) for both insects visiting flowers (Mantel test R=0.78,
P=0.0002) and flowering plant communities (Mantel test R=
0.89, P=0.0018). Figure 2a, b shows the average dissimilarity
of each insect or plant community with each other community
along the elevation gradient or time (i.e., how different is a
particular community from the other communities), respec-
tively. Dissimilarity at small spatial scale, comparing only adja-
cent communities, showed also high values for both flowering
plant and insect communities (data not shown).

A high fraction of unique (i.e., altitudinal restricted) spe-
cies per elevation was found in both flower visitors and
flowering plant communities (on average, 21% for insects
and 31% for plants). Moreover, the fraction of species not
reaching the superior altitudinal level was 52% and the infe-
rior level was 49% for insect communities (Fig 3a). This trend
is more accentuated for flowering plant species; 61% do not
cross to the superior level and 57% do not cross to the pre-
vious elevational level (Fig 3b).

Relationship between diversity of flower visitors with diversity
of flowering plants

No correlation among estimated species richness (Chao 2) of
flower visitors and flowering plants was detected along the
gradient of elevation (r=0.59, P=0.1223) (Fig 4a), but a sig-
nificant correlation was detected trough time (r=0.91, P=
0.0036) (Fig 4b) also, with a significant linear relationship
(R*=0.84, t=5.12, b=0.66, P=0.0036). Multiple linear regres-
sions showed that insect diversity is tightly related to the
flowering plant diversity when the relationship is evaluated
among temporal communities (i.e., monthly communities).
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Fig 2 Average Bray—Curtis dissimilarity index a between the species composition of the community from each elevation compared to the
communities of the other seven elevations and b between the species composition of the community of each month compared to the other months.

However, it does not occur when the relationship is evaluat-
ed among spatial communities (i.e., altitudinal communities)
(Table 2).

Are flower visitor assemblages different among plant
families?

Forty-two species of plants from 14 families used as floral
resources by insects were listed. From these families, the
most representative ones were Araceae (17 species),
Melastomataceae (7 species), and Piperaceae (4 species).
Despite flowering plant species of Araceae were more abun-
dant, Cyclanthaceae with only one species (Sphaeradenia sp.)
was the family that received the highest number of visits by
insects belonging to 22 species.

Dissimilarity index showed that assemblages of flower vis-
itors are very different among plant families (overall average
dissimilarity=89.5). The families Araceae, Cyclanthaceae,
Melastomataceae, and Rubiaceae had the higher number

of collected insects (data not shown). These plant families
are visited by different insect assemblages as suggested by
the NMDS (Fig 5).

Discussion

The evaluated abiotic and biotic factors had different effects
on insect diversity in this Neotropical mountain forest.
Species richness of assemblages of flower visitors significant-
ly depended (i.e., linear effect) on the species richness of
flowering plants through time (i.e., flowering phenology).
Abundance and species richness of both insects and
flowering plants fluctuated markedly with altitude and time,
but both elevation gradient and precipitation accounted for a
high proportion of this variation, not with a linear effect, but
in a threshold-like fashion: a significant decline in species
richness occurred specifically in the upper part of the gradi-
ent and during dry months.

1.0
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8 3 Next level d b
‘O 0.8{ — e~ Unique y
Q n
o
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C 04 ¢ B
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Fig 3 Fraction of species not crossing to the next upper level (right-hand bar), fraction of species not crossing to the next lower level (left-hand bar),
and fraction of species exclusive (unigue) to the elevation band, a for flower visitor communities and b for flowering plant communities.
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Table2 Multiple linear regression between (a) insect species richness (Chao 2) per elevation with altitude and flowering plant species richness (Chao
2) per elevation, and (b) insect species richness (Chao 2) per month with mean monthly precipitation and flowering plant species richness (Chao 2) per
month.
Variable Slope Error Intercept Error R? P
(a) Elevation
Flowering plant species richness (Chao 2) 0.21 0.12 12.49 8.42 0.59 0.1223
Elevation 0.20 2.32 2535.7 163.62 0.04 0.9320
(b) Precipitation
Flowering plant species richness (Chao 2) 1.22 0.23 -15 11.78 0.92 0.0036
Precipitation 1.63 1.26 153.09 62.73 0.49 0.2532

Patterns of diversity along the elevation gradient and time

For the studied area, the observed pattern of diversity is
remarkable because the decline of insect and flowering plant
diversity took place only toward higher altitudes (2800 and
2900 m asl), although a gradual decrease along the entire
gradient was expected. The effect of elevation is expressed in
a threshold-like fashion, according to Brehm et al (2003),
who suggested that the decrease of species diversity with
altitude may only start at very high altitudes, particularly in
the Andes, in the zone of transition between mountain cloud
rainforest and the paramo vegetation.

Although few detailed studies about patterns of diversity
for insects and floral resources in the tropical mountain for-
est have been developed, the trends described previously
are variable and even specific taxa showed contrasting pat-
terns (Arroyo et al 1982, Brehm et al 2003). General patterns
involve gradual decline in diversity (Wolda 1987, Vasquez &
Givnish 1998, Lobo & Halffter 2000) or a peak in richness at
middle elevations for several insect groups (Kessler 2000,
Escobar et al 2005), both patterns contrasting with our find-
ings. In general, insect species richness for the studied area is
low compared to other areas in Andean forest (Brehm et al
2003, Escobar et al 2005), although these studies evaluated
diversity at lower elevations (maximum at 2650 m) than our

study. In addition, the conspicuous decrease in diversity
starting from 2700 m asl may be related to changes in the
composition and structure of tree vegetation and microcli-
mate (Cuesta et al 2009), with the formation of structurally
homogeneous forest habitat that harbors low diverse com-
munities compared to habitats at lower elevations (Lobo &
Halffter 2000). Also, harsh climatic conditions in the summit
area allow only few specialists to succeed in this Chusquea
sp.-dominated forest. Decline in diversity at high elevation
has been attributed also to a decrease in the area of habitat
and isolation than at low elevations, supporting a lower equi-
librium number of species (MacArthur & Wilson 1967).
However, habitat area is not expected to be a limiting factor
in this study because in the Andes, at high elevation, moun-
tains are convoluted and provide comparable habitat area
than at low elevation (Brehm et al 2003), but isolation relat-
ed to a low dispersal rate of individuals from adjacent forest-
ed habitats, due to their small size and short distance flights,
may be possible. For insect communities, other explanations
are the reduction of resource diversity and the reduction of
primary productivity (Lawton et al 1987). Therefore, the
higher heterogeneity in floral resources at low altitude areas
favors a higher diversity of flower visitors. Besides, for plant
communities, low diversity may be related to cooler temper-
atures, nutrient limitation and decreased rates of nitrification
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Fig 4 Species richness (estimated as Chao 2) of insect flower visitor and flowering plant communities a along the elevation gradient and b through

8 months.
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in mountain soils restraining plant growth rate at high eleva-
tions (Vasquez & Givnish 1998).

Composition of communities along the elevation gradient
and time

In spite of the low number of species, composition of com-
munities is very changing among elevations and time. The
assemblages of insects change more slowly (~75%) than the
assemblages of flowering plants (~89%), which suggests that
flowering periods are short and some insects in the guild of
visitors could share resources during brief periods of
flowering overlap (Vilela et al 2014). Positive and significant
correlations between dissimilarity index and distance in ele-
vation and time reflect a prominent spatial and temporal
turnover of species (i.e., B-diversity) that was maintained
along the entire gradient and the whole period of study.
Besides, we did not detect greater dissimilarity levels in spe-
cies composition at some particular elevations or between
any pair of months, in spite of the observed changes in di-
versity at high elevation and dry months.

The exceptional high values of dissimilarity found indicate
abrupt shifts in composition from one community to other at
the studied spatial and temporal scales (100-m altitude and 1-
month units). Variation in plant and insect assemblages has
been described along altitudinal gradient and monthly
(Fisher 1998, Basilio et al 2006, Petanidou et al 2008) al-
though not as high as the observed in our system. This can
be explained by the high proportion of altitudinal-restricted
species (i.e., unique) that was recorded through the com-
plete gradient for both plant and insect communities.

-0.2

-0.1 0.0 0.1 0.2 0.3

Coordinate 1

Fig 5 NMDS for species of flower visitors for four plant families: ARA Araceae, CYCL Cyclanthaceae, MEL Melastomataceae, RUB Rubiaceae. Stress=
0.21. Each object is the community data of insects visiting flowering plants from each family at each elevation where it was recorded.

Effect of diversity of flowering plants on insect diversity

The diversity of anthophyllous insects significantly depended
on the diversity of flowering plants through time. It is inter-
esting that this relationship is diluted when the patterns of
diversity are evaluated along the altitudinal gradient, sug-
gesting that local conditions affect plants more strongly than
insects, due to plants are sessile, in contrast to insects which
are mobile, and consequently, effects are expressed at small-
er spatial scale in plants than in insects (Hoffman 2005). In
the tropics, local climate changes over few hundred meters
along the elevation gradient influencing the exact location of
the “climatic optimum” (Rahbeck 1995), shaping the patterns
of flowering regionally and locally. At the same time,
flowering seems to be highly dependent on precipitation
and as a result, flowering communities are more distinctive
temporally than spatially. High availability of flower re-
sources during rainy periods which promote an increase on
insect diversity in our system due to the presence/absence of
food resources influences the nature of the associations be-
tween visitor assemblages and flowers (Bachman et al 2004,
Novotny et al 2006, Rico-gray et al 2012).

In summary, the complete system of flowering plant—
flower visitor interaction in this mountain forest consists of
small functional units. These units are delimited first for the
amount of precipitation (rainy or dry) which influences the
number of flowering plant species every month (i.e., phenol-
ogy) and subsequently determines the diversity of associated
flower visitor assemblages. This pattern is simultaneously
affected for altitude in a threshold fashion. Furthermore,
flower visitor communities exhibit segregation at even
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smaller scale that in our case is the family of the flowering
plant they visit. There is a differential use of floral resources
by different assemblages of insects, implying that flowering
plants might function as “hard boundaries” for ranges of
specific flower visitors (Condon et al 2008) and that perhaps
a process of adaptation of the insect life to the reproductive
cycle to the flowering period might come about (Faegri &
Van Der Pijl 1979). This variation in the use of floral resources
suggests that a certain level of specialization (i.e., at plant
family level) takes place within the insect community, sharing
limited resources, reducing interspecific competition, and fa-
cilitating species coexistence by partitioning niche space
(Dyer et al 2007), which is a very plausible process due to
floral resources are very scarce in the understory of this
forest. Furthermore, it is possible that sequential flowering
of different species decreases the competence for pollinators
and increases the efficiency in the dispersal of pollen
(Carranza-Quiceno & Estévez-Vardn 2008).

This study is an initial insight into the effect of biotic and
abiotic factors on the diversity of interacting guilds, showing
that their effects are expressed in diverse ways (linear vs.
threshold, respectively). Our analysis on the patterns of di-
versity of flowering plants and insect visiting flowers along a
gradient of elevation and time showed that in spite of great
fluctuations of diversity, some patterns emerged. First, the
diversity of flower visitors and plants decreased significantly
at high elevations and dry months. Second, species richness
of the flower visitor assemblages depends on species rich-
ness of flowering plants through time. Third, local insect
communities are functionally divided depending on the floral
resource they use (i.e., plant family). Thus, the diversity of
floral resources, precipitation, and elevation are factors that
explain in a great proportion the visiting insect diversity on
tropical mountain forest.

Although with low numbers of species, communities
showed rapid turnover of species of both interacting guilds
at the scale of this study, indicating that each of these
Neotropical communities are singular and distinctive.
Additionally, a great fraction of the insects (21%) and of plant
(31%) species we recorded was found at only one elevation
and may have very limited ranges. It follows that conserva-
tion strategies for this mountain forest should involve pro-
tection of forest cover at the whole elevation gradient, in
order to preserve common and exclusive components of
diversity at each elevation level, and simultaneously,
empowering the local ecological processes which are adjust-
ed on an evolutionary time.

Finally, we consider that the low proportion of insect taxa
identified to genera and species reflects the current state of
taxonomy of mountain forest insects in the Neotropical
Region. The proportion of undescribed species from tropical
samples of several groups of small and inconspicuous insects
is high compared to well-known groups such as birds or

@ Springer

vascular plants (Brehm et al 2005). It is likely that an impor-
tant fraction of species sampled are new to science. Indeed,
from our sampling, six species of Curculionidae have recently
been described as new (Cardona-Duque et al 2011). This sce-
nario constitutes an argument to empower research on tax-
onomy of insects and beyond, to understand the evolution-
ary consequences of the spatial, temporal, and functional
segregation of insect assemblages on plant populations in
tropical mountain environments.
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