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Abstract

In neotropical landscapes, a substantial fraction of the still waters available is found within tank bromeliads, plants which
hold a few milliliters to several litres of rainwater within their leaf axils. The bromeliad ecosystem is integrated into the
functioning of rainforest environments, but no study has ever estimated the secondary production, nor the biomass turnover
rates of bromeliad macroinvertebrates in relation to other functional traits. We estimated secondary production at invertebrate
population to metacommunity level in bromeliads of French Guiana. Coleoptera, Diptera and Crustacea with traits that confer
resistance to drought had lower biomass turnover, longer generation times, and slower individual growth than species without
particular resistance traits, suggesting convergent life history strategies in phylogenetically distant species. Detritivores and
predators accounted for 87% and 13% of the overall annual production, respectively, but had similar production to biomass
ratios. An average bromeliad sustained a production of 23.93 g dry mass m~2 year™!, a value which exceeds the medians of
5.0-14.8 ¢ DM m~2 year™! for lakes and rivers worldwide. Extrapolations to the total water volumes held by bromeliads at
our field site yielded secondary production estimates of 226.8 +32.5 ¢ DM ha~! year™'. We conclude that the ecological role
of tank bromeliads in neotropical rainforests may be as important as that of other freshwater ecosystems.
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Introduction

Neotropical landscapes have not been scoured by glaciers,
and therefore contain much fewer lakes than their temperate
counterparts. Instead, a substantial fraction of still waters
available to the freshwater fauna is found within phytotel-
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mata (“plant-held waters”, e.g., tree holes, pitcher plants,
tank bromeliads) that form freshwater islands in a terrestrial
matrix. Bromeliads (Bromeliaceae) are flowering plants rep-
resented by 3,140 species, native to the Neotropics (Givnish
et al. 2011). The leaves of tank bromeliads are tightly inter-
locking, forming wells that collect rainwater and leaf litter.
These reservoirs hold a few milliliters to 45 Ls of water
(Benzing 2000) and provide a habitat for aquatic organisms
ranging from prokaryotes to macroinvertebrates (Brouard
et al. 2012; Frank and Lounibos 2009) and occasionally ver-
tebrates (e.g., frogs, snakes; Poelman et al. 2013). In rain-
forests, tank bromeliads occur from the soil to the canopy
(as epiphytes) and can reach a density of up to 175,000 indi-
viduals per hectare and impound up to 50,000 Ls of water
per hectare (Richardson 1999). The incoming detritus (e.g.,
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leaf litter, dead arthropods, feces) constitutes a source of
nutrients for the aquatic food web and for the plant itself
(Benzing 2000; Leroy et al. 2016). Macroinvertebrates,
mostly aquatic insect larvae, make up the dominant part of
the animal biomass. A handful of studies have estimated the
invertebrate biomass found in tank bromeliads (Petermann
et al. 2015; Richardson et al. 2005). Nevertheless, these
measurements represent snapshots in time (Stork and Egg-
leton 1992) whereas seasonal changes in relation to popula-
tion dynamics can be significant (Dézerald et al. 2017). In
other words, occasional biomass and/or density estimates tell
us little about turnover times of invertebrate populations, or
about the relationships between community structure and
ecosystem processes in tank bromeliads.

Despite their abundance across the neotropics, no previ-
ous study has ever estimated the annual secondary produc-
tion of macroinvertebrates sustained by tank bromeliads,
nor, perhaps more importantly, the biomass turnover rates
of such bromeliad-dwelling organisms. Secondary produc-
tion, the formation of heterotrophic biomass per unit surface
area (or unit volume) per unit time, is a measurement of the
carbon and energy flow in ecosystems when estimated at the
scale of a community (Benke and Wallace 2014). Secondary
production estimates encompass information on population
density, growth rates and biomass turnover times, and, there-
fore, constitute an accurate way of quantifying (2) the pro-
portion of energy flow mediated by each species within food
webs (Benke et al. 1984), and (2) the importance of various
habitat types in contributing animal biomass to their larger
environment (Gratton and Vander Zanden 2009). A species
biomass turnover rate, or production-to-biomass ratio (P:B,
the annual production divided by the mean annual biomass
over the entire year), is negatively correlated with its lifes-
pan and increases with the number of generations per year.
Together with other functional traits (e.g., trophic habits,
locomotion mode, resistance to drought), production-related
statistics (e.g., growth, biomass, turnover rates, larval life
span, and number of generations per year) form trait syn-
dromes common to species that respond in a similar way to
the same environmental filters (Gamez-Virues et al. 2015).
These syndromes can therefore be used to predict popula-
tion to community level responses to the dynamics of their
habitat (e.g., food and habitat resources; Pianka 1970).
Information on secondary production and biomass turnover
is of critical importance to any effort to predict ecosystem
responses to environmental fluctuations, be they natural or
anthropogenic.

Both observational studies and short-term experiments
(Ngai and Srivastava 2006; Richardson et al. 2000b) sug-
gest that the bromeliad ecosystem is tightly integrated into
the structure and functioning of its rainforest environment
(e.g., processing of incoming detritus, emergence of adult
insects that feed terrestrial predators). Because we lack an
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even basic understanding of how bromeliad-associated fauna
contributes to energy flows in rainforests, the quantification
of invertebrate production from the individual bromeliad to
the level of a forest plot and its partitioning into invertebrate
functional groups may help in estimating the ecological
importance of plant-held waters within rainforest environ-
ments. In this study, we estimated the annual production and
P:B of the aquatic invertebrates inhabiting a tank-bromeliad
species commonly found in rainforests of French Guiana.
Annual production was further estimated for functional feed-
ing groups, the entire community of an “average bromeliad”,
and at the scale of a hectare of forest. We then used these
estimates to ask two fundamental questions. First, is the sec-
ondary production of the various invertebrate species asso-
ciated to particular suites of functional traits? For instance,
those species with low P:B (denoting longer generation
time) could share traits that imply higher energetic costs
(e.g., construction of a sclerotized exoskeleton). In contrast,
invertebrates with high P:B could display cost-effective
traits (e.g., soft bodies). Second, is the secondary produc-
tion sustained by tank bromeliads similar to the secondary
production found in other aquatic systems worldwide? The
literature we reviewed showed no evidence that secondary
production relates to habitat size, nor to geographic regions
(Gratton and Vander Zanden 2009). Therefore, for a fixed
surface area, we did not expect secondary production in
water-filled bromeliads to be different from that of larger
freshwater systems elsewhere. Owing to the ubiquity and
density of tank bromeliads in the neotropics, we further dis-
cuss their ecological role in neotropical forests.

Materials and methods
Study area and bromeliad species

Our study was conducted in French Guiana in a lowland
rainforest typical of the Guyana Shield (north-eastern coast
of South America), the epicenter of bromeliad radiation
(Givnish et al. 2011). The studied area (ca. 5,000 m?) was
located near the Petit-Saut Dam, Sinnamary (5°03'43"N,
53°02'46"W, elevation < 80 m a.s.1.). The climate is tropical
moist with 3000 mm of annual precipitation, little seasonal
variation in air temperature (monthly averages range from
20.5 to 33.5 °C), and a relative humidity oscillating between
70 and 100%. There is a major reduction in rainfall between
September and November and a short and irregular dry
period in March, but overall prolonged absence of rainfall
is rare; a maximum of 17 +5 (+ SE) consecutive days with-
out rainfall were recorded, on average, over the past 10 years
(Dézerald et al. 2015). Several species of bromeliads co-
occur regionally in French Guiana (Dézerald et al. 2013;
Leroy et al. 2017), but not necessarily locally. Here, Vriesea
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splendens (Brongn.) Lem. (Bromeliaceae, Tillandsioideae)
was the only tank bromeliad at our study site (Fig. 1).

Sampling procedure

We sampled three well-developed V. splendens (excluding
flowering and immature stages) twice per month, from April
2013 to April 2014, for a total of 72 plants (each group of
three plants was sampled only once). Selected plants were
epiphytes growing at < 1 m above the ground or were rooted
on the soil. We first extracted, from the rosette of each plant,
all of the coarse (> 1000 um in size) detritus fallen from
overhanging trees (e.g., leaf litter, twigs) and rinsed them in
the field to collect any associated invertebrates. To sample
the water and aquatic invertebrates in the plants, we used
a 10-ml micropipette with the end trimmed to widen the
aperture. We measured the actual volume (V, ml) using a
250-ml graduated cylinder for the first water extraction; the
wells were then refilled with rainwater and emptied again

Fig. 1 Photographs of a a medium-sized Vriesea splendens found at
our study site in French Guyana, and b the central and lateral wells
containing rainwater and leaf litter. Photo credit: Bruno Corbara

twice in order to maximize invertebrate sampling efficiency.
We filtered the sampled water through a 150-um mesh and
preserved the aquatic invertebrates in 4% formalin (final
concentration). Once a plant was emptied, we measured
its maximum water volume (Vmax, ml) as the difference
between a known volume of water used to fill the brome-
liad and the remaining water volume in the graduated cyl-
inder when the bromeliad overflowed. We used this non-
destructive sampling technique both for ethical reasons and
for consistency with other studies in the area (Céréghino
et al. 2011; Dézerald et al. 2013). To ensure, however, that
this technique did not generate biases in species abundance
estimates (especially for those rare top predators that crawl
down the leaves), we also dissected a different set of 30
plants and compared the average abundances of these taxa
in each dissected plant with their abundances in undissected
ones. We found no significant differences between the two
methods (Appendix S1). We have also demonstrated that the
sampling of three different plants every two weeks efficiently
captures the natural dynamics of bromeliad invertebrate
meta-populations (see Dézerald et al. 2017).

Secondary production estimates of bromeliad
invertebrates

Aquatic invertebrates were identified to species or morphos-
pecies (hereafter, “species”), enumerated, and preserved in
70% ethanol (Table 1). All larvae were divided into 0.1 mm-
interval size classes based on measurements of non-deform-
able body parts (i.e., head capsule width and length, or
carapace length depending on the species). Measurements
were used to identify the larval instars. For each species, 20
individuals from the different size classes or larval instars
were dried at 60 °C for 48 h and weighed with an electronic
balance (+ 0.1 pg). We used the maximum water volume
(Vmax) of the plant to calculate densities (D, ind. ml™),
biomasses (B, mg dry mass ml_l), and secondary production
(mg dry mass ml~ year™"), because the actual volume (V) is
too sensitive to daily or even hourly changes in rainfall. We
noted that the sampled bromeliads were filled to ca. 50% of
their maximum volume (V/Vmax=51.8 +0.06%) through-
out the year. By using Vmax to calculate densities and bio-
masses (a “dilution” of the number of individuals found in
V), we provide conservative values for subsequent estimates
of secondary production.

We used the size-frequency method (Babler et al. 2008;
Benke and Wallace 2014; Hynes and Coleman 1968; Stead
et al. 2005) to obtain estimates of secondary production
from life history, density and biomass data (see Dézerald
et al. 2017). We used this method since it evaluates the
size-frequency structure of a given population from field
samples taken at different times during the observation
period. Although various methods exist for evaluating
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Table 1 Population statistics of aquatic invertebrates in the studied tank bromeliad

Taxa D B P P:B Boot-P:B 95% CI
Diptera
Culicidae
Wyeomyia aphobema 1.8e—1+2.8e—2 7.2e—-3+12e-3 l4e—1 35.0 35.9 23.4-57.7
Wyeomyia lamellata 83e—-2+1.1e—-2 3.7e—-3+6.5¢—4 2.3e-2 10.0 12.7 6.4-22.0
Wyeomyia robusta 20e—-3+14e-3 9.3e—-5+6.7e—-5 2.5¢—-3* 26.7* - -
Culex stonei 3.0e—2+8.0e -3 l.le—3+2.2e—4 7.0e -3 10.4 12.8 1.8-32.5
Anopheles neivai 2.3e—2+6.6e—3 1.3e—3+2.9e—-4 1.5e-2 72.0 69.5 13.4-101.5
Toxorhynchites haemorrhoidalis 49e—4+6.5¢—4 1.7e—4+2.2e—4 3.8e—3* 23.1* - -
Corethrellidae
Corethrella sp l4e—1+9.4e-3 33e—3+2.0e—4 3.5e-2% 10.7* - -
Ceratopogonidae
Bezzia sp l2e—1+1.6e-2 24e—3+42e-4 3.0e-2 11.8 12.7 10.2-15.8
Ceratopogonidae sp.1 35¢e—2+1.1e-2 2.6e—4+89—5 4.7e-3 16.1 15.2 10.7-20.8
Ceratopogonidae sp.2 52¢e—4+63e—4 6.8¢—6+8.3e—6 3.6e—4* 52.4* - -
Ceratopogonidae sp.3 3.6e—4+3.6e—4 48¢—6+4.8¢—6 2.7e—4* 57.4* - -
Chironomidae
Orthocladiinae sp 1.8e—2+3.1e-3 5.7e-5+1.7e-5 3.0e-3 45.5 45.5 32.0-64.8
Tanypodinae sp 9.0e—4+84e—4 3.6e—5+34e-5 1.2e—-3* 34.1* - -
Tanytarsini sp 32e—4+39e—4 2.5e—5+3.1e-5 9.5e —4* 37.3* - -
Tipulidae
Trentepohlia sp 6.3e—2+63e-3 8.4e—3+9.5¢—-4 7.4e-2 10.5 10.6 7.6-14.1
Psychodidae
Telmatoscopus sp 3.6e—4+2.8¢e—4 29e—-5+23e-5 1.0e -3 36.1* - -
Brachycera spp 1.6e—2+2.6e—3 5.le—4+84e-5 8.8¢—3* 17.3% - -
Odonata
Coenagrionidae
Coenagrionidae sp 49e—4+3.7e—4 2.4e -5+ 9.2e —4* 37.7% - -
Coleoptera
Scirtidae
Cyphon sp 28e—1+2.7e-2 28e—2+3.4e-3 2.1e—1 6.3 6.0 5.2-6.8
Podocopida
Limnocytheridae
Elpidium bromeliarum 7.1e—1+9.5¢e-2 1.3e—3+1.7e—4 1.8e—2? 13.6* - -
Haplotaxida
Naididae
Aulophorus superterrenus 1.3e—1+3.5e-2 54e—3+1.5e-3 5.1le-2*% 9.4* - -
Hemiptera
Veliidae
Paravelia sp 6.7e—4+4.Te—4 72e—4+5.0e—4 1.1e-2? 15.8% - -

— indicate that the CPI could not be obtained

#Production calculated as Log10(P) =0.74*1og10(B) + 0.4 (see “Materials and methods”)

D mean annual density +SE (ind ml~!), B mean annual biomass +SE (mg ml™!), P and P:B annual production (mg ml~! year™') and produc-
tion-to-biomass ratios, Boot-P:B and 95% CI bootstrapped median of production-to-biomass ratio and 95% confidence interval (see text)

production estimates (e.g., Allen curve, instantaneous
growth, increment summation, regressions), the size-fre-
quency method is the only one that allows integrating the
natural dynamics of the system (i.e., processes of colo-
nization and emergence), while providing a conservative
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estimate of secondary production (Benke and Wallace
2014; Morin et al. 1987). This method thus contrasts
with other methods that follow the production of one
single cohort through time (Morin et al. 1987). Cohorts,
sensu stricto, are groups of individuals sharing the same
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hatching event during a particular time span. As for most
life history studies, we corrected the densities of all size
classes to control for differences in the time spent among
these size classes (Benbow et al. 2003; Peran et al. 1999;
Appendix S2). Cohort production and annual production
(Pc and P, respectively, in mg DM ml~! year™!) were cal-
culated as follows:

Pe=i.y [(Nj — Nj+1) .%.(DMj + DMj+1)]

J=1

and

P=Pc.<365)

CPI

where i is the number of size classes, Nj is the mean cor-
rected number of individuals in a size class (j) during the
year, DMj is the mean individual dry mass of a size class (j).
Cohort production interval (CPI, the number of days from
hatching to the final size class) was taken from a compan-
ion study where we described the life cycle patterns (e.g.,
cohorts) of the study species (Dézerald et al. 2017). In order
to assess the reliability of our size frequency-based second-
ary production estimates, we performed a bootstrap proce-
dure to account for variability in those estimates (Babler
et al. 2008). We generated bootstrap replicates of P:B ratio
estimates by randomly reassembling 1000 data sets with
replacement from the original data set. Because the com-
munity structure can potentially change over time (Dézer-
ald et al. 2017), we constrained the bootstrapped procedure
to randomly sample data by sampling date. Subsequently,
the median, 2.5 and 97.5% percentiles from the 1,000 boot-
strapped P:B ratios were presented for each species.

The size-frequency method was used for the domi-
nant taxa (together making up >90% of mean annual
biomass). This method, however, yielded negative pro-
duction values for Corethrella sp. and Elpidium brome-
liarum, even after correcting for the number of individ-
uals within size classes. Such a case can happen when
no biomass loss occurs between successive size classes
(Babler et al. 2008; Huryn 1990; Stead et al. 2005). To
calculate the annual production of these two taxa and
those rare species whose CPI could not be obtained (11
species, altogether < 10% of the mean annual biomass),
we first regressed the log-transformed annual produc-
tion against the log-transformed annual biomass of the
species for which we described the life cycles (using the
size-frequency method), and then used the resulting linear
model Log(P) =0.74Log(B) +0.04 (R>=0.89, P=0.0001)
to estimate P from B. This relationship between Log(P)
and Log(B) has already been estimated in another aquatic
invertebrate communities with strikingly similar slope

estimate (slope=0.79; Benke and Huryn 2010; Plante
and Downing 1989). Finally, production estimates were
also partitioned into trophic levels (detritivores or preda-
tors), and into invertebrate functional feeding groups
(FFGs sensu Merritt et al. 2008). The various species
were assigned to FFGs based on feeding modes and gut
content analyses (Dézerald et al. 2013). Differences in the
distribution of production statistics between detritivores
and predators were evaluated with Mann—Whitney tests.

Trait syndromes

To explore relationships between production-related statis-
tics and other functional traits of invertebrates (i.e., mixture
of continuous and categorical variables), we performed a
mixed Principal Component Analysis (mPCA) on the 11
dominant species and their functional traits. The mean indi-
vidual growth rate (k, % day~ L. after Dézerald et al. 2017),
mean cohort production interval (CPI, days), mean annual
biomass (B, mg ml_l), annual production (P, mg ml~!
year™!), biomass turnover rate (P:B ratio), and body size
formed a first set of continuous variables that were rank-
transformed. Locomotion (swimmer or crawler; hereafter),
respiration mode (tegument/gills or plastron/respiratory
siphon), body armor (soft bodied or sclerotized/shell), and
trophic levels (detritivore or predator) were categorical vari-
ables with two levels each. The mPCA was conducted using
the ade4-package in R (Chessel et al. 2004).

Broadening the scale: from individual bromeliads
to forest plots

Vriesea splendens bromeliads were arbitrarily divided
into four size classes based on plant width (PW): “tank-
less” (i.e., immature individuals), “small” (PW <20 cm,
Vmax=30.4+2.1 ml), “medium” (PW =20-40 cm,
Vmax =100.1+3.2 ml), and “large” (PW >40 cm,
Vmax=234.21+10.1 ml). Mean Vmax (+ SE) were meas-
ured for 30 plants in each size class. We used secondary
production estimates for each invertebrate species to esti-
mate the annual production of the invertebrate community
found in an “average” V. splendens of the largest size class,
because this class contributes ~55% of the total amount of
water held by all tank bromeliads in a hectare of forest (see
results).

The annual production values of all invertebrate species
per ml were summed up and multiplied by 234 ml, the Vmax
of an “average” V. splendens of the largest size class. The
secondary production of an individual V. splendens brome-
liad was assigned to the surface area of the water surface
delineated by all leaves forming wells. Bromeliad leaves are
arranged in rosettes, so the water surface delineated by one
well is approximately a semicircular area (except for the

@ Springer



XX Page 6 of 12

0. Dézerald et al.

central well, which is a full circle area), with a radius equal
to 1.9+0.1 cm (mean + SE, n=30), we multiplied this sur-
face area by the mean number of wells (10.48 +0.34 wells or
11 semicircle areas for an average bromeliad; + SE, n=30)
to obtain the total water surface area of the tank bromeliad
(0.00624 m?). The transformation of secondary production
estimates from mg DM ml~! year™! to g DM m~? year™!
was needed to compare our values to those values provided
in studies in lakes, ponds, and streams.

The V. splendens were unevenly distributed in the for-
est. To estimate their density, we first delineated three
50 % 100 m plots in our study area. Then, within a given
plot, we delineated four 10x 10 m quadrats evenly distrib-
uted along a 100 m-long transect located in the middle of
each plot (total number of quadrats =12). Bromeliad density
was estimated by counting the number of plants within each
quadrat. Their elevation above ground was measured using
a laser distance meter (Leica DISTO™ D5). The maximum
elevation in the supporting trees was 11.5 m, so we were
confident that most if not all V. splendens were visible and
could be counted. The total amount of water held in plants
at the scale of a quadrat was obtained by multiplying the
average volume of each size class by the total number of
plants within the same size class per quadrat. Assuming
that all aquatic species can be found in all bromeliad size
classes (except E. bromeliarum, Aulophorus superterrenus
and an extremely rare odonate that were absent from the
“small” bromeliads; personal obs.), secondary production
was estimated at the scale of an hectare by multiplying our
estimate of community-level annual production in mg DM
ml~! year™! by the total amount of water held by bromeliads
in an average quadrat, rescaled to an hectare (multiplied by
100). Here, the transformation of estimates to g DM m™2
year~! could not be made because we did not estimate the
surface area of small- and medium-sized bromeliads.

In the absence of secondary production estimates for
epiphyte-associated invertebrates in rainforests, we com-
pared our results to a literature review of secondary produc-
tion in freshwater systems distributed worldwide (Appen-
dix S3). Our literature review consisted in an update of the
review provided by Gratton and Vander Zanden (2009). We
searched for additional (notably recent) references using
combinations of the following keywords in Thompson Reu-
ters’” Web of Science®: “secondary production”; “fresh-
water®”; “invertebrate*”’; “macroinvertebrate*”’; “lake*”’;
“river*”; “stream*”. We targeted annual production esti-
mates for entire or the dominant groups (e.g., taxa, func-
tional guilds) in macroinvertebrate communities in still or
running waters. We thus added 26 studies and 48 production
estimates to the 34 studies and 112 estimates listed in Grat-
ton and Vander Zanden (2009) (Appendix S3). To compare
our estimate of secondary production in bromeliads to esti-
mates for other freshwater systems (on a per surface basis),
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we related it to the cumulative distribution of freshwater
estimates grouped together and then split by ecosystem type
(i.e., lakes, streams). Since freshwater estimates followed
a Gamma distribution, we first used the fitdistr-function
(MASS-package) to estimate the ratio and shape parameters
of that distribution and then used the pgamma-function
(stats-package) in R. All statistical analyses in this study
were conducted using the R software version 3.1.2 (R Core
Team 2015) and evaluated using a 95% confidence level.

Results

Secondary production estimates of bromeliad
invertebrates

The invertebrate species pool in the study area comprised a
total of 22 species (see Dézerald et al. 2017). The 11 domi-
nant species represented 89.1% of the mean annual biomass
of the system. This number reached 98.3% if we include
A. superterrenus (a naidid worm) and Brachycera spp.
(many unidentified fly larvae). In rank order, the most pro-
ductive species were the coleopteran Cyphon sp. (0.21 mg
DM ml~! year™!) and the dipterans Wyeomyia aphobema
(0.14 mg DM ml~! year™'), Trentepohlia sp. (0.07 mg
DM ml~! year™!; Table 1), and Corethrella sp. (0.04 mg
DM ml~! year™!). With its long generation time and low
individual mass, the ostracod E. bromeliarum exhibited an
intermediate secondary production (6.8e-3 mg DM ml~!
year™ '), although it was the most abundant species (0.71
ind. mI~! on average). Cyphon sp. had the lowest turnover
ratios (P:B=6.3), compared to the other species (P:B=10
to 57; Table 1). Overall, the medians of 1,000 bootstrapped
P:B ratios confirmed the P:B estimates obtained through the
size-frequency method.

Detritivores and predators accounted for 87% and 13% of
the overall production, and 90% and 10% of the mean annual
biomass, respectively. The dominant predator in terms of
production was Corethrella sp. (other predators species
were Bezzia sp., Toxorhynchites haemorrhoidalis, Tany-
podinae sp., Paravelia sp., and an unidentified Coenagrio-
nidae odonate). Among the detritivores, scrapers (Cyphon
sp. and E. bromeliarum) and filter feeders (Culicidae spe-
cies) accounted for 35 and 29% of the annual production,
respectively. Shredders (Trentepohlia sp., Telmatoscopus
sp.) and collector-gatherers (the remaining species; Table 1)
represented about 12% and 11% of the annual production,
respectively. There were no significant differences between
the distributions of production estimates, mean annual bio-
masses, and P:B ratios between detritivores and predators
(Mann—Whitney tests; Wp = 45, P, = 0.86; Wy =42, Py =
0.69; Wp.z =45, Pp.g =0.86).
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Trait syndromes

Overall, correlations between production-related statistics
and functional traits that confer in situ resistance to hydro-
logical fluctuations in bromeliads highlighted trade-offs
in life history strategies. The first three axes of the mPCA
explained 79.0% of the total variance in species traits
(35.6, 26.0, and 17.3% for Axis 1, 2, and 3, respectively;
Fig. 2). The correlations between production-related sta-
tistics and other functional traits revealed two distinct
trait syndromes along the first axis. Axis 1 was negatively
correlated with generation time, the presence of legs or
pseudopods, body armoring, and was positively correlated
with growth, P:B ratio, ability to swim and a soft body. In
other words, species with legs or prolegs that are able to
move from leaf to leaf (to find water during dry periods
or to seek for food) and resist desiccation thanks to their
exoskeleton (e.g., Cyphon sp., E. bromeliarum) also have
longer generation times and slower individual growth.
Conversely, those soft-bodied species that are restricted to
the water column (open-water swimmers, e.g., culicids) or
live in fine detritus at the bottom of the well (e.g., chirono-
mids) have shorter generation times and higher growth
rates. The second axis was mainly defined by the annual
production and mean annual biomass of species, suggest-
ing that secondary production (Axis 2) is constrained by
a trade-off between rapid growth, high biomass turnover
and short generation time (Axis 1). Finally, the third axis

was characterized by the respiration mode, trophic level,
and, to a lesser extent, body size (Fig. 2).

Broadening the scale: from individual bromeliads
to forest plots

Based on our results, an average V. splendens holding
234 ml of water produced 149.24 mg DM of invertebrates
per year. After converting this estimate to the water surface
area of a tank bromeliad, we obtain 23.93 g DM m™2 year™!
(Fig. 3), a value that (on a per surface basis) falls above
the median values of 5.0 and 14.8 g DM m~? year™! for
lakes and streams, respectively, and is even above the 80th
and 70th percentiles for these systems. Note that these data
are derived from studies mainly conducted in South-, Cen-
tral- and North-America, Europe, and, to a lesser extent, in
tropical and subtropical Asia (Fig. 3, Appendix S3). When
restricting our comparisons to tropical streams (there were
no tropical lakes) we found that the production of bromeliad
invertebrates was above the resulting median (4.7 g DM m™~2
year™ ! for all tropical streams; N =7; Fig. 3; Appendix S3).
Our estimate was not significantly higher than the cumula-
tive distribution of production estimates for all freshwaters,
lakes, and streams (p=0.59, 0.77, and 0.51, respectively;
Fig. 3). There were unfortunately not enough estimates to
run these analyses for tropical streams. We further estimated
that an average hectare of forest hosted 5,516.7+942.2 V.
splendens, including 1,958.3 +404.2 tankless individuals,
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Fig.2 Mixed Principal Component Analysis (mPCA) biplot showing
correlations among production-related statistics and other functional
traits. The directions of arrows show the gradients and correlations
among variables, and length represents the strengths of variables in
the ordination space. The thick, thin, and dotted arrows are corre-
lated with the first, second, and third axes, respectively. Production-
related statistics are: k mean individual growth rate (% per day), CPI

cohort production interval (days), B mean annual biomass (mg ml~ b,
P annual production (mg ml~! year™!), P:B biomass turnover rate.
Other traits are: BS =maximum body size, locomotion mode (swim-
mer or crawler; Locol and Loco2), respiration mode (tegument/gills
or plastron/siphon; Respl and Resp2), body armor (soft bodied or
sclerotized/shell; Boarl and Boar2), and trophic level (detritivore or
predator; Feedl and Feed?2)
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Fig. 3 Distribution of secondary production estimates (g Dry Mass
m~2 year™!) for all, tropical (there are no tropical lakes), lake and
stream ecosystems, based on the literature (Appendix S3). The green
dashed line indicates our estimate for aquatic invertebrates in an
“average” tank bromeliad of the species Vriesea splendens. The most
extreme outliers (> 100 g DM m™2 year™ ") are not shown for display
purposes (one value of 223.91 g DM m~2 y~! for lakes, and ten val-
ues ranging from 111.53 to 639.44 g DM m™2 year™ ! for streams)

1,608.3 +388.2 “small” bromeliads, 1,116.7 +218.1
“medium” bromeliads, and 833.3 + 123.9 “large” bro-
meliads. On average, these plants held 355 +51.02 Ls of
water per hectare. When extrapolating to the total water
volume impounded in these tank bromeliads, we obtained
a secondary production of 226.8 +32.5 g DM ha™! year™!
(mean + SE; assuming non-significant changes in the bro-
meliad population over one year).

Discussion

Although the contribution of tank bromeliads (and likely
phytotelmata in general) to invertebrate production at a for-
est scale depends on their density, individual plants sustain
the production of a significant amount of invertebrate bio-
mass per unit time relative to their size. On a per-surface-
area basis (1 m?), the secondary production of tank bro-
meliad invertebrates compares to that of other freshwater
ecosystems worldwide. The production-related statistics
of bromeliad invertebrates are fully integrated within trait
syndromes of species that reflect how organisms interact
with their environment. Together with other functional traits,
production statistics may, therefore, help predicting changes
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in food-web structure and ecosystem function when species
show turnover along environmental and/or biogeographic
gradients.

Secondary production and invertebrate traits

Functional traits and production-related statistics revealed
convergent life history strategies in phylogenetically distant
species, here coleopterans, dipterans, crustaceans, and prob-
ably odonates (though individuals of the latter taxon were
too scarce to obtain data on cohorts). We know that some
bromeliad-dwelling invertebrates, notably Scirtidae (Cyphon
sp.), and Tipulidae (Trentepohlia sp.), are able to move from
leaf to leaf to find water (personal observations). Odonates
(Coenagrionidae) can crawl on the aerial parts of bromeliads
to find prey in other wells (Amundrud and Srivastava 2015).
Mobility confers higher resistance to unsuitable conditions
(e.g., drought) than physiological traits, because they trig-
ger immediate responses (e.g., avoidance, mitigation, short
range migrations). As a consequence, these species prefer-
entially channel energy into the formation of biomass over
longer time periods (lower growth and biomass turnover
rates). Conversely, species that are confined to the epiphyte
(here, to the tank) and have soft bodies (e.g., culicids, Core-
thrella sp.) are more sensitive to changes in food and habitat
resources, and preferentially channel energy into fast lar-
val growth and short hatching to emergence time (higher
growth and biomass turnover rates). A related issue for
future research is therefore to identify which environmen-
tal/anthropogenic factors increase the prevalence of certain
trait syndromes within natural communities (Gamez-Virues
et al. 2015).

Secondary production and food webs

At our study site, the trophic pyramid of bromeliad inverte-
brate was bottom-heavy, both in terms of production (87%-
13% for detritivores and predators, respectively) and mean
annual biomass (90-10%). The high production of detri-
tivores thus clearly supported the production of the upper
trophic level (amongst other source of nutrients such as
terrestrial arthropods and feces; see Dézerald et al. 2014;
Romero and Srivastava 2010). Overall, predator and prey
species had similar biomass turnover (P:B ratios), and a
few predators (e.g., Tanypodinae, Toxorhynchites haemor-
rhoidalis) had larger turnover than some of their prey (e.g.,
Culex stonei, Wyeomyia lamellata). This pattern is consist-
ent with a numerical dominance of small-bodied predators
with short generation times and a high number of genera-
tions per year in our study bromeliads (see Dézerald et al.
2017 for a detailed study of growth rates and developmental
patterns of individual species).
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The relatively low contribution of shredders to the over-
all production of detritivores is a priori surprising. The
detritus-based food webs of tank bromeliads mostly rely on
the decomposition of leaf litter, and shredders that process
the coarse detritus into smaller particles are supposedly the
main bottom-up facilitators within the invertebrate commu-
nity (but see Starzomski et al. 2010). The low contribution
of shredders to the overall invertebrate community produc-
tion in our bromeliads is however in line with recent studies
showing that decomposition in tank bromeliads is essen-
tially due to bacteria and fungi, and that microbial activity
plays a key role in supporting the overall invertebrate pro-
duction through facilitation of higher trophic levels (Leroy
et al. 2017; Lecraw et al. 2017). This interpretation notably
applies to French Guiana, where leaves are often rich in
lignin and tannins (Coq et al. 2010), resulting in low palat-
ability to aquatic invertebrates after senescence.

Although they contribute to secondary production, het-
erotrophic microorganisms (fungi, bacteria, heterotrophic
protists) were not considered in this study. To the best of
our knowledge, there has been no published study of the
annual production of microorganisms in bromeliad ecosys-
tems. Only a handful of studies have estimated bacterial
production and biomass turnover in bromeliads, over short
periods of time (a few hours; Haubrich et al. 2009; Marino
et al. 2016, 2017). The bacterial production estimates in such
studies varied from 3e-5 to 2e-2 ug C ml~! h~!, that is, from
3e-8 to 2e-5 mg DM ml~! h™!. Assuming constant bacterial
production over 8760 h in one year, the annual production of
bacteria would range from <0.01-21.6% of the total annual
secondary production in bromeliads. In other words, hetero-
trophic microorganisms could represent a substantial frac-
tion of the secondary production sustained by bromeliads.

What drives secondary production in bromeliads?

Secondary production and biomass turnover rates are
thought to be influenced by the amount and quality of food
at the base of aquatic food webs, temperature that affects the
metabolic rate of ectotherms, the stability of environmen-
tal conditions, and species richness and/or species identity
(Benke and Wallace 2014). Because the tank-bromeliad eco-
system is fueled by abundant leaf litter inputs in understories
(Armbruster et al. 2002; Richardson et al. 2000a), we do
not expect food to be a limiting factor. These allochtonous
inputs support a “brown” food web (though light incidence
can favour autochthonous primary production at some loca-
tions; see Brouard et al. (2012) and Farjalla et al. (2016),
but the nutritional quality of detritus is often considered
low compared to that of autochtonous primary production
(Lau et al. 2014). Conversely, many lakes or mid-sized rivers
have a significant autochtonous production that supports a
“green” food web (e.g., Brett et al. 2017). Therefore, further

estimates of secondary production in sun-exposed bromeli-
ads would theoretically be needed to enhance the relevance
of our comparisons among ecosystem types, taking into
account the main source of energy that supports the food
web.

Although daily to monthly variations in temperatures
were low at our study site (Dézerald et al. 2017), high tem-
peratures throughout the year (range from 20.5 to 33.5 °C)
may potentially explain the high production estimates of
bromeliad invertebrates. Accordingly, one may ask whether
community-level production estimates follow latitudinal
shifts in temperature gradients. The range of values we
assembled for lakes and streams (Europe, North- and Cen-
tral America, Asia; Neotropics to the Polar Circle) encom-
passes a wide range of geographic areas and thermal char-
acteristics, and display a high variability (0.04-223.91 and
0.69-639.44 ¢ DM m~? year™! min-max for lakes and
streams, respectively). We found, however, that northern
temperate sites (e.g., North America, Europe; Appendix S3)
exhibited some of the highest production estimates (be they
ponds/lakes or streams/rivers), thus providing little support
for a latitudinal gradient hypothesis. We acknowledge that
in the absence of formal meta-analytical models, we cannot
ascertain the relative importance of potential drivers of sec-
ondary production (resource quantity and quality, ecosystem
size, species richness), but our attempt to compare second-
ary production estimates from different ecosystem types
(bromeliads, lakes, streams) suggests interesting avenues
for future theoretical research. Overall, our results indicate
that (i) secondary production estimates in tank-bromeliads
compare (on a per surface basis) to values reported for other
freshwater ecosystems, and (ii) functional community com-
position (e.g., presence of large-bodied predators) account
for differences in P:B and food-web structure in tank bro-
meliads (e.g., bottom- vs top-heavy production pyramids).
For instance, although odonates are often seen as the domi-
nant top-predator in bromeliad ecosystems (Petermann et al.
2015), they are rare in the closed forests of French Guiana
(see also Brouard et al. 2012) and their annual production
was among the lowest estimations in our system.

Does bromeliad invertebrate production matter
in rainforests?

We estimated that a hectare of forest at our site can pro-
duce up to 226.8 g DM of bromeliad invertebrates per year
with a volume of 335 Ls of bromeliad-held water. Our study
focused on the truly aquatic taxa of tank bromeliads, but
terrestrial residents (and visitors) use these plants too as a
source of nutrients, a permanent habitat, or a moist refuge
(Gongalves-Souza et al. 2010; Sabagh and Rocha 2014).
We therefore believe that our conservative estimates of the
secondary production sustained by individual bromeliads to
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bromeliad patches would be even higher if semi-aquatic and
terrestrial metazoans were considered too. It is also worth
noting that there was only one bromeliad species in the part
of forest that formed our study site. We however know that
many bromeliad species can co-occur at some sites in French
Guiana and elsewhere (Poelman et al. 2013; Leroy et al.
2017). Some of these bromeliads (notably Aechmea spp.)
are much larger in size and hold larger water volumes than
V. splendens (e.g., up to 2 Ls in Aechmea aquilega). In this
case, one may expect that the contribution of bromeliads to
forest-level secondary production is actually much higher
than the one we estimated from a single bromeliad species.
The main caveat of our study is that we did not sam-
ple invertebrate communities by bromeliad size class. Only
well-developed Vriesea splendens were sampled throughout
the year. On one hand, this allowed us to maximize the num-
ber of individuals per species for subsequent measurements
of body parts, and therefore, we obtained reliable descrip-
tions of cohorts. On the other hand, one may argue that
our estimate of secondary production primarily holds for
an average bromeliad in the largest size class, so we might
overestimate secondary production in smaller bromeliads of
the forest. Our estimate of secondary production at the forest
scale on a per milliliter basis however builds on the well-
known positive and linear relationship between invertebrate
abundance and/or biomass and water volume in bromeliads
(Armbruster et al. 2002; Marino et al. 2011; Dézerald et al.
2013; Petermann et al. 2015), and on our observation that
most invertebrate species are usually found in all bromeliads
at this site. Still, we acknowledge that a few species (particu-
larly E. bromeliarum and Aulophorus superterrenus; 10%
of the annual production in our bromeliad-level estimate)
did not occur in the smallest tank-foming bromeliads (30%
of the total number of tank bromeliads, or 14% of the total
water volume). It is therefore likely that our estimate of sec-
ondary production at the forest scale fall within an upper
range. We however note that, if we combine the area of the
tanks of the 833 individuals of the largest size class (0.00624
m?), we would end up with a total area of bromeliad tanks
of ~5.16m? just for these individuals. Therefore, if we con-
sider just the largest plants, the corresponding secondary
production would be concentrated in very small area from
one hectare of forest (<0.001% of the area), suggesting that
tank bromeliads could be secondary production hot spots.

Perspectives

Cross-ecosystems fluxes of matter and energy at ecotones
play a major role in the functioning of the adjacent ecosys-
tem types (Baxter et al. 2005; Romero and Srivastava 2010;
Wallace et al. 2015). Because most aquatic invertebrates in
bromeliads are immature stages whereas the adult is ter-
restrial, it is likely that these epiphytes make a contribution
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to a broader segment of the forest food web. For instance,
insect adults emerging from tank bromeliads are preyed on
by spiders (Romero and Srivastava 2010). Although we did
not quantify the amount of secondary production exported
from tank bromeliads, amphibiotic insects, which represent
ca. 90% of the mean annual production of the system, could
attract a wide variety of terrestrial taxa foraging at ecotones.
Where bromeliads occur at high densities, two-way inter-
actions (processing of incoming detritus, exportation of
insect biomass) may thus have a substantial impact on the
whole ecosystem in terms of the pathways represented in the
energy budget. Because tank bromeliads are conspicuous
component of the neotropical flora, their ecological role in
neotropical forest food webs could deserve relevant atten-
tion in the future. This issue remains unexplored, but could
be addressed, for instance, by tracing the fate of nutrients
from the bromeliad to the terrestrial food web and vice versa
along biogeographic gradients of bromeliad density and
trophic pyramid shape.
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