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Abstract — We measured abundance, diversity, and richness of Euglossa bees (Euglossini, Apidae) in lowland
semi-deciduous forest in Darién National Park, Panama, during the wet and dry seasons in the canopy and
understory for five consecutive years (2013 to 2017) using McPhail traps baited with eucalyptus oil. We found a
precipitous decline in abundance and richness throughout the 5 years of our study. Alpha diversity also declined
throughout the study. Abundance, species richness and alpha diversity were significantly higher in the dry than in the
wet season. There were no significant differences in the diversity, richness, or abundance between the canopy and
understory. Our data contrast sharply with previous long-term studies of euglossine bees which showed stable
populations.
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1. INTRODUCTION

Several recent studies have demonstrated wide-
spread declines in bee populations (Biesmeijer
et al. 2006; Kosior et al. 2007; Colla and Packer
2008; Frankie et al. 2009; Winfree et al. 2009;
Brown and Paxton 2009; Potts et al. 2010;
Ollerton et al. 2011; Burkle et al. 2013; Senapathi
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et al. 2015; Goulson et al. 2015; Koh et al. 2016;
Ollerton 2017; Sanchez-Bayo and Wyckhuys
2019). These declines are typically associated
with anthropogenic disturbances such as habitat
loss or pesticide use. The prominent role of an-
thropogenic disturbance in bee population de-
clines suggests that bees in undisturbed areas
may fare better. Some studies of bee populations
in protected or otherwise stable areas show rela-
tively stable populations (e.g., Frankie et al. 1998;
Roubik and Wolda 2001; Roubik 2001; Roubik
and Villanueva-Gutiérrez 2009; Archer 2013;
Herrera 2019). This suggests that long-term sur-
vey work in intact, protected habitats is thus im-
portant for documenting the fauna in those regions
and also monitoring changes over time
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independent of anthropogenic influences
(Meiners et al. 2019).

Here, we investigate population trends in abun-
dance, richness, and diversity over 5 years (2013—
2017) of the largest genus of Euglossine bees in the
Neotropics, Euglossa (Roubik and Hanson 2004),
in a primary forest in Darién National Park, Panama.
Euglossine bees (Euglossini, Apidae), commonly
known orchid bees, are a diverse tribe with more
than 230 currently recognized species and are found
only in the Neotropics (Nemésio and Rasmussen
2011). Their common name comes from the remark-
able behavior of the males, which collect scents that
they use to attract females during courtship (Eltz
et al. 1999, 2005). Many orchids produce scents
attractive to the males so that the males pollinate
the orchids while collecting scents (Dressler 1982).
However not all species pollinate orchids, and the
importance of euglossines extends beyond orchids,
as these bees also visit other plants in search of
nectar, pollen, fragrances, and resins (Roubik and
Hanson 2004; Borrell 2005; Pemberton and Wheel-
er 2006; Lopez-Uribe et al. 2008). One consequence
of the males’ attraction to scents is that euglossine
bee abundance and diversity can be sampled using
chemical baits that attract male bees (e.g., Ackerman
1983; Pearson and Dressler 1985; Roubik and
Ackerman 1987; Powell and Powell 1987;
Oliveira and Campos 1995; Peruquetti et al. 1999;
Roubik 2001, 2004; Nemésio 2013; Nemésio et al.
2015; Ramirez et al. 2015).

Despite the utility of scent baiting for population
monitoring of euglossine bees, most studies of
community ecology only collect data for a single
season or across seasons for a single year (e.g.,
Ackerman 1983; Powell and Powell 1987;
Oliveira and Campos 1995; Ramirez et al. 2015;
Botsch et al. 2017). There are few studies of popu-
lation dynamics and community composition over
multiple years. Roubik (2001) presents data from
21 years of monitoring the euglossine bee fauna of
central Panama (Roubik 2001), and Nemésio et al.
(2015) monitored euglossine bees over 14 years in
an urban remnant of Atlantic forest in Belo
Horizonte, Brazil. The studies of Roubik (2001)
and Nemésio et al. (2015) show remarkable stability
in abundance and community composition over the
long term, despite fluctuations in population at both
the species and community level from year to year.
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Peruquetti et al. (1999) also monitored euglossine
bees for three consecutive years in the Atlantic
forest of Brazil, and Pearson and Dressler (1985)
sampled bees for 2 years in southeastern Peru;
neither study found clear abundance trends.
Nemésio (2013) returned to a previously sampled
site 12 years later to document the effects of defor-
estation since the original sample, finding that
forest-dependent species declined but species asso-
ciated with open habitat became more common.

In our study, we used scent traps to measure
abundance, richness, and diversity of Euglossa in
both the understory and canopy levels, because
forest stratification (height) can generate differences
in insect communities (Roubik 1993; Schulze et al.
2001; Stangler et al. 2016). Trends for orchid bees
are unclear; some studies found higher abundance in
the canopy (Ferreira et al. 2011) and higher richness
in the understory (Martins and Souza 2005). Never-
theless, we predicted that at least abundance would
be higher in the understory, which is a more recur-
rent trend observed for other orchid bees” commu-
nities (e.g., Roubik 1993; Otero and Sallenave 2003,
Vilhena et al. 2017). We also sampled in both the
wet and dry seasons, as seasonality can affect orchid
bee abundance and diversity (Ackerman 1983; Pear-
son and Dressler 1985; Ramirez et al. 2015; Rocha-
Filho and Gardfalo 2014). We predicted that abun-
dance and species richness would be higher in the
dry than in the wet season, based off previous stud-
ies in central Panama (Ackerman 1983; Roubik
2001). Because Darién National Park is a primary
forest protected from anthropogenic disturbances,
we predicted population stability over the 5 years
of our study. This is the first long-term study of
euglossines in Parque Nacional Darién (PND) to
sample both wet and dry seasons and canopy and
understory, and one of the few long-term studies of
euglossine populations anywhere.

2. MATERIALS AND METHODS
2.1. Study site

PND is a world heritage site (UNESCO 1981)
and the largest park in Panamé (5790 km?), covering
90% of the Panama-Colombia border. We conduct-
ed this study at Rancho Frio Biological Station
(8.017834, —77.732739), which is in a semi-
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deciduous lowland forest with a pronounced dry
season from December to April (Santos-Murgas
et al. 2018).

Weather data are not available for Rancho Frio,
but we were able to access rainfall data from the
Empresa de Transmision Eléctrica (ETESA)
weather station at Camoganti, 20 km NW of Ran-
cho Frio (http://www.hidromet.com.pa/clima_
historicos.php). No temperature or other data were
available for this station. We calculated average
daily rainfall for each month from 1980 to 2012,
as well as average daily rainfall for each month of
our study, until October 2016, since after this date,
no weather data were available. To test if rainfall
patterns during our study differed from the previ-
ous 32 years, we compared monthly rainfall be-
fore and during our study using a ¢ test.

2.2. Collections

We monitored Euglossa bees for 5 years, from
2013 to 2017, by trapping for six continuous days
during both the dry season (December—April) and
the wet season (May—November) of each year. We
made 12 collections on the following dates: April,
December (both dry season), and August (wet sea-
son) of 2013; April (dry), July, and November (wet)
of 2014; April (dry) and November (wet) of 2015;
March (dry) and October (wet) of 2016; and March
(dry) and August (wet) of 2017. We used McPhail
traps baited with concentrated eucalyptus oil
(Bennett 1972; Powell and Powell 1987). We
placed six traps per forest stratum (six understory
at 1.5 m and six canopy at 20-25 m from the
ground) for a total of 12 traps. The 12 McPhail
traps were distributed in two locations separated
by 2 km from each other. At each location, three
trees, each separated by approximately 50 m along
the trail, were used as trap locations (one trap per
stratum). This results in two groups of three trees, in
which each tree contained a single understory and
single canopy trap. We used the same trap locations
every year. All samples from each stratum (canopy
or understory) for each collecting event were pooled
upon collection, for a total of 24 samples (12 col-
lections of bees from the canopy and 12 collections
from the understory). We preserved all collected
bees in 70% EtOH and deposited them at the GB
Fairchild Invertebrate Museum at the University of

Panama (MIUP), where we identified species fol-
lowing the key of Roubik and Hanson (2004).

2.3. Alpha and beta diversity analysis

We calculated alpha diversity indices for each
stratum (canopy and understory): richness, abun-
dance, Simpson diversity (1-D), Shannon diversity
(H), and Fisher’s alpha. We used a generalized
linear model (GZLM) with a normal distribution
with season (wet or dry) and strata (canopy or
understory) as factors and date as a covariate to
compare alpha diversity indices. We also calculated
beta diversity indices (dissimilarity indices) to com-
pare between canopy and understory and to com-
pare between seasons. We calculated Jaccard (S;),
Morisita (S;,), and Bray-Curtis (Sp) dissimilarity
indices (Magurran 2004). To compare dissimilarity
indices between canopy and understory, we calcu-
lated them for each collection. We compared dis-
similarity indices across seasons by comparing two
consecutive collection dates from the same stratum
within each season (e.g., canopy from April 2013
and canopy from August 2013). We compared
seasonal dissimilarity indices with canopy stratum
dissimilarity indices with a ¢ test. All diversity
indices were calculated in R (R Core Team 2019).

2.4. Statistical tests of abundance and
richness

To test our hypotheses of bee abundance at the
population level, we used a GZLM with a nega-
tive binomial distribution, because the data were
counts with high variance and many zeros. We
included stratum (canopy or understory), season
(dry or wet), and species identity as factors to test
our hypotheses for stratum and seasonal differ-
ences and to account for the large variation in
abundances between species (see “Results” below
and Figure 1). We also included collection date as
a covariate to test for a change in abundance over
time. We did not include trap location as a random
factor because all traps for each stratum (canopy
or understory) were pooled upon collection.

We recorded species richness as the total num-
ber of species in each sample. We did not estimate
population richness from our samples. We also
used a GZLM to analyze richness, but with a
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Figure 1. Number of individuals collected in the canopy (solid orange lines and circles) and understory (dashed blue
lines and triangles) at each collection. The gray and white areas represent the wet and dry seasons, respectively.

normal distribution because richness values were
normally distributed. All GZLMs were performed
in SPSS (version 25).

3. RESULTS
3.1. Abundance and diversity

We collected 3038 Euglossa bees during the
study period, representing 28 species (Table I).
Two species, Euglossa imperialis and Euglossa
tridentata , accounted for nearly half (48.76%) of
the collected individuals. The five most abundant
species accounted for 75.47% of all individuals,
and the 17 most abundant species accounted for
98.09% of all individuals, with the 11 least com-
mon species accounting for less than 2% of all
collected individuals (Table I). The only species
collected in all 24 samples was E. imperialis
(Table I), which was the most abundant species
(rank = 1) in 14 of the 24 samples (average abun-
dance rank = 1.63 = 0.88 SD).

3.2. Population decline

Both abundance and species richness declined
over time. A GZLM of abundance showed a signif-
icant effect of season, species identity, and date, but
not stratum (season LR y 2=40.34, df=1,
p <0.001; species LR X2 =1058.65, df=27,
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p <0.001; date LR y*=241.12, df=1, p <0.001;
stratum LR y?=0.21, df=1, p =0.64; Figure 1).

Species richness also declined over time and
showed an effect of season but no effect of stratum
(season LR x2 =8.58, df=1, p =0.002; stratum
LR x%=0.08, df=1, p =0.77; date LR y*=
9.05, df=1, p =0.003; Figure 2). There was a
correlation between abundance and species rich-
ness across collections (N =24 collections,
Spearman’s rho = 0.88, p <0.001).

Different species showed different patterns of
abundance over time (Figure 3). Some of these
declined from the beginning of the study to the
end (such as E. tridentata and Euglossa hansoni),
while others showed an increase after the first year
of the study, followed by an eventual decline (such
as Euglossa ignita and Fuglossa deceptrix;
Figure 3). Other species either showed irregular
patterns or had small sample sizes; no species
showed evidence of increase over time (Figure 3).

There were no dramatic changes in rainfall
that correlated with declines in bee abundance
(Figure 4). The wet season of 2013 was quite
wet, and the 2015 wet season and following
2016 dry season were both relatively dry, con-
sistent with the 2015-2016 EI Nifio seasonal
oscillation in central Panama (Bretfeld et al.
2018). There was no difference in monthly rain-
fall during the years of our study compared with
the 32 years before (¢43;=0.28, p =0.78).
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Table I. List of Euglossa species collected, in descending order of abundance rank. Asterisks (*) indicate tied rank.
Occurrence lists the number of collections (out of 24 possible) in which each species was collected

Rank Species Number collected Percent of total Cumulative percent Occurrence
1 Euglossa imperialis 786 2591 2591 24
2 Euglossa tridentata 693 22.85 48.76 20
3 Euglossa hansoni 294 9.69 58.46 15
4 Euglossa deceptrix 281 9.26 67.72 15
5 Euglossa variabilis 235 7.75 75.47 13
6 Euglossa despecta 121 3.99 79.46 9
7 Euglossa ignita 105 3.46 82.92 14
8 Euglossa flammea 99 3.26 86.19 6
9 Euglossa gorgonensis 73 241 88.59 15
10 Euglossa bursigera 67 221 90.80 12
11 Euglossa sapphirina 44 1.45 92.25 9
*12 Euglossa cyanaspis 36 1.19 93.44 1
*12 Euglossa heterosticta 36 1.19 94.63 12
14 Euglossa dissimula 30 0.99 95.61 7
15 Euglossa dodsoni 27 0.89 96.51 6
16 Euglossa allosticta 26 0.86 97.36 8
17 Euglossa igniventris 22 0.73 98.09 1
18 Euglossa asarophora 13 0.43 98.52 5
19 Euglossa mixta 12 0.40 98.91 2
20 Euglossa crassipunctata 9 0.30 99.21 4
21 Euglossa dressleri 8 0.26 99.47 4
22 Euglossa championi 7 0.23 99.70 4
23 Euglossa turbinifex 3 0.10 99.80 2
24 Euglossa cognata 2 0.07 99.87 2
*25 Euglossa hemichlora 1 0.03 99.90 1
*25 Euglossa hyacinthina 1 0.03 99.93 1
*25 Euglossa sp 1 0.03 99.97 1
*25 FEuglossa spl 1 0.03 100.00 1
Total 3033

3.3. Effects of season and habitat

Bee abundance was higher in the dry season
(see GZLM results above, Figures 1 and 3). Spe-
cies richness was significantly higher in the dry
season (see GZLM results above; dry season av-
erage =+ SD =11.17+3.97, range =5-18, wet
season = 6.67 £3.11, range = 3—13; Figure 3).

Alpha diversity, as measured by the Shannon
and Simpson, but not Fisher, indices were

significantly higher in the dry than in the wet
season (Table II, Figure 5). None of the diversity
indices differed between the canopy and under-
story, and the Shannon, but not the Fisher or
Simpson, diversity index declined significantly
over the course of the study (Table II, Figure 5).
There was no effect of stratum (canopy or un-
derstory) on species richness (see GZLMs above;
canopy =9.08 +£4.74, range = 3-18, understory =
8.75+3.74, range =3-14; Figure 2). There was

@ Springer



A. Vega-Hildago et al.

18
161
141
12+

10 1

Richness

Habitat
—e— Canopy

-4 - Understory

2015
Time

2014

2016

2017 2018

Figure 2. Species richness at each collection for canopy (solid orange lines and circles) and understory (dashed blue
lines and triangles). The gray and white areas represent the wet and dry seasons, respectively.

also no effect of stratum on bee abundance, either at
the total or individual species level (see GZLM
above, Figure 1).

The dissimilarity diversity indexes showed low
dissimilarity values between canopy and under-
story collections made at the same time
(Table III). In contrast, the dissimilarity values
between a given collection and the previous col-
lection made at the same stratum (either canopy or
understory) were significantly higher than the
canopy-understory values (Morisita ¢, 1; = 3.54,
p =0.001; Jaccard ¢, 11 = 5.95, p <0.001; Bray-
Curtis £,711 = 5.84, p <0.001; Table III). These
comparisons include 10 dry to wet season transi-
tions, eight wet to dry season transitions, and four
wet season collections following another wet sea-
son collection (Table III). The wet-to-subsequent
dry season comparisons were less dissimilar than
were the dry-to-subsequent wet season compari-
sons, although this difference was statistically sig-
nificant only for the Bray-Curtis index (Morisita
t79=1.63, p =0.12; Jaccard t79= 1.86, p =
0.08; Bray-Curtis # 79 =2.29, p = 0.04; Table III)

4. DISCUSSION
4.1. Population decline

We found evidence that abundance and species
richness of Euglossa bees declined during the
5 years of the study. This trend was consistent
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for both the understory and canopy. Our results
are in line with the long-term declines in richness
and abundance of native bees from other parts of
the world (Biesmeijer et al. 2006; Winfree et al.
2009; Bommarco et al. 2012; Brown and Paxton
2009; Burkle et al. 2013; Colla and Packer 2008;
Frankie et al. 2009; Goulson et al. 2015;
Senapathi et al. 2015; Grixti et al. 2008; Koh
et al. 2016; Kosior et al. 2007; Ollerton 2017;
Ollerton et al. 2011; Potts et al. 2010; Sanchez-
Bayo and Wyckhuys 2019). In these studies, some
of the main drivers of decline are agriculture in-
tensification, urbanization, and pesticide use. In
fact, some of the few long-term studies that did
not find steep declines in bee populations were
those conducted in areas protected from these
anthropogenic drivers (Frankie et al. 1998;
Roubik and Wolda 2001; Roubik 2001; Roubik
and Villanueva-Gutiérrez 2009; Archer 2013;
Herrera 2019 but see Hallmann et al. 2017; Rada
et al. 2019). Since our study site was located
within a primary forest in a national park, it seems
likely that none of the typical anthropogenic
drivers of bee decline caused the dramatic popu-
lation decline shown in our results.

Further work is needed to elucidate the mech-
anisms behind our results. Rainfall during the
period of our study did not differ from rainfall
during the previous 32 years. However, changes
in others climatic parameters, like temperature,
may have contributed to the observed bee decline
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Table II. GZLM results for measures of alpha diversity. Mean values + SD are listed for each diversity index by
season and by strata. The likelihood ratio chi-square and p values for each term in the GZLM are presented for each
factor (season and strata, df =1 for each comparison) and for the date covariate

Season Strata Date
Dry season ~ Wet season LR p Canopy Understory LR p LR p
X X X
Shannon 1.76 £0.31 135+037 734 001 154+038 158+042 009 076 429 0.04
Simpson  0.75+0.09 0.65+0.11 497 0.03 0.69 = 0.09 07+013 009 076 212 0.15
Fisher 343+149 249+1.13 328 0.07 298+1.11 294+165 001 094 0.15 0.70

(Soroye et al. 2020). Mechanisms may also in-
clude changes in plant phenology (Miller-
Struttmann et al. 2015; Pyke et al. 2016), reduc-
tion of suitable habitat (Giannini et al. 2012;
Valtuille-Faleiro et al. 2018) and floral resources
(Roubik and Villanueva-Gutiérrez 2009), or re-
duced genetic variation (Packer and Owen 2001).
Competition with or pathogen transmission from
honeybees (Fiirst et al. 2014) may affect popula-
tion, although Roubik (2001) showed that com-
petition with invasive honeybees did not affect
orchid bee populations in central Panama.

Our results also highlight the fact that bee
populations can decline even in areas protected

from anthropogenic disturbance (Hallmann et al.
2017; Rada et al. 2019). Our study was designed
to compare community composition between the
canopy and understory. We did not set out to
monitor population decline, so we did not monitor
surrounding areas to the study site for comparison.
However, a parallel study to this one by Santos-
Murgas et al. (2018) shows that abundance and
richness did not differ between the border and
interior of the forest. Still, it remains unknown
whether perturbation of surrounding habitats in-
fluence orchid bee communities or other insects
inhabiting the reserve interior, as seen for other
taxa (Laurance et al. 2012). Altogether, our results
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Figure 5. Diversity indices for each collection in our study. Collection dates are on the X -axis, and diversity index
values are plotted on the Y -axis. Fisher’s index is in black, Shannon in red, and Simpson in blue. Solid lines indicate
canopy collections, and dashed lines indicate understory collections.
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Table III. Measures of dissimilarity. Measures of dissimilarity are reported for all pairwise comparisons, for comparisons of canopy and understory from the same

collection, for comparisons of dry season collections following a wet season collection, for comparisons of wet season collections following a dry season collection, and for

comparisons of wet season collections following a wet season collection

Wet to wet season

Wet to dry season

Dry to wet season

Canopy-understory

All pairwise comparisons

Decline of native bees (Apidae: Euglossa ) in a tropical forest of Panama

Avg+ SD Range N

N

N Avg + SD Range N Avg £ SD Range N Avg + SD Range

Range

Avg + SD

4
4
4

0.46-0.54
0.73-0.89
0.58-0.61

0.51 +£0.04
0.81 £0.07
0.68 +0.10

8
8
8

0.10-0.69
0.65-0.86
0.48-0.75

0.30 £ 0.22
0.76 + 007
0.61 =0.09

10

0.10-0.86

0.50 + 0.25
0.84 +0.12
0.75 £ 0.17

12
12
12

0.00-0.83

0.14 £ 0.23
0.51 £0.15
0.36 + 0.16

276

0.00-0.90
0.35-0.99

0.21-0.98

0.36 +0.23
0.81 £0.13
0.70 £ 0.17

Morisita

10
10

0.64-0.99

0.35-0.88
0.3-0.16

276
276

Jaccard

0.47-0.98

Bray-

Curtis

suggest that fragmentation and habitat loss are not
required for orchid bee populations to decline,
despite the importance of these factors for other
orchid bee communities (Nemésio 2013; Nemésio
et al. 2016; Storck-Tonon and Peres 2017) and
native bees in general (Goulson et al. 2015; Koh
et al. 2016; Ollerton et al. 2014).

Furthermore, the mechanisms driving the de-
clines seem to be equally affecting both rare and
common species. Research is still needed to under-
stand basic aspects of the biology of orchid bees in
order to comprehend how these declines are driven
(Afiino et al. 2019). Monitoring of orchid bees in
the city of Belo Horizonte in Brazil (Nemésio et al.
2015) and in central Panama (Roubik 2001;
Roubik and Ackerman 1987) showed long-term
stability, despite year-to-year variation in abun-
dance, which contrasts sharply with our data.

The species we collected in our study varied in
abundance by almost three orders of magnitude
(Table I) and showed different patterns of decline
(Figure 3), accounting for the strong effect of spe-
cies identity in our analysis of abundance, but no
species showed an increase in abundance over the
5 years of the study. We believe that the declines
we report are not the result of our sampling, given
that phenology of orchid bees varies between spe-
cies (Margatto et al. 2019) and trends in abundance
vary between species in our study (Figure 3).
Roubik (2001) suggests that at least 4 years of data
are necessary to distinguish long-term population
trends from year-to-year variation. While our study
meets this threshold, future monitoring is required
in order to confirm that the trends in abundance and
species richness that we document are not the result
of large fluctuations in otherwise stable populations
(Archer 2013; Frankie et al.1998; Roubik and
Villanueva-Gutiérrez 2009; Williams et al. 2001).

4.2. Influence of season and canopy stratum

Our data show increased abundance, species
richness, and diversity, in the dry season relative
to the wet season (see peaks in Figures 1 and 2,
and Table II). The effect of seasonality on floral
resources in the park is unknown, but in central
Panama, the dry season is the peak of floral re-
source availability (Wright and Calderon 1995).
However, this difference may also arise due to the
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lower activity of bees during rainy days in the wet
season. In addition, we did not find consistent
differences in abundance, diversity, or community
composition between the canopy and understory,
similar to other studies (e.g., Martins and Souza
2005 for abundance and diversity; Ferreira et al.
2011 for diversity and with a high similarity
index). Variation from season to season was con-
sistently greater than within-season variation be-
tween canopy and understory (Table III). Most
importantly, our data demonstrating declines in
abundance and richness were consistent for both
strata despite the abiotic differences between
them, such as temperature and humidity
(Shuttleworth et al. 1984).

5. CONCLUSION

Our data suggest dramatic population de-
cline of an important group of Neotropical
pollinators, orchid bees, with no ecological
explanation that we could identify. We hope
that this decline is neither irreversible nor
widespread, but the lack of monitoring of bee
populations in the Neotropics or native bees in
other tropical regions makes it difficult to
compare with any other site except central
Panama (Roubik 2001). While a thorough
sampling of all species in a euglossine com-
munity is a time-consuming task, rapid sam-
pling of just a few days provides a reliable
estimate of diversity and abundance (Roubik
2004). Programs of rapid sampling sustained
over the long term at several sites would pro-
vide broader data about euglossine population
trends. More long-term monitoring studies are
needed in the tropics aimed at elucidating the
mechanisms driving population dynamics.
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