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BROMELIAD-LIVING SPIDERS IMPROVE HOST PLANT
NUTRITION AND GROWTH
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Abstract.  Although bromeliads are believed to obtain nutrients from debris deposited by
animals in their rosettes, there is little evidence to support this assumption. Using stable
isotope methods, we found that the Neotropical jumping spider Psecas chapoda (Salticidae),
which lives strictly associated with the terrestrial bromeliad Bromelia balansae, contributed
18% of the total nitrogen of its host plant in a greenhouse experiment. In a one-year field
experiment, plants with spiders produced leaves 15% longer than plants from which the spiders
were excluded. This is the first study to show nutrient provisioning in a spider—plant system.
Because several animal species live strictly associated with bromeliad rosettes, this type of
facultative mutualism involving the Bromeliaceaec may be more common than previously
thought.
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INTRODUCTION

Predators associated with plants can potentially
improve plant performance by removing herbivores, as
well as by provisioning host plants with nutrients
derived from their debris (e.g., feces, exuviae, prey
carcasses, silk). Indeed, there is considerable evidence
indicating that predators can protect plants against
herbivory (Schmitz et al. 2000, Romero and Vasconcel-
los-Neto 2004a). Although nutrient fluxes play a
significant role in several animal-plant systems (e.g.,
Anderson and Midgley 2003, Fischer et al. 2003), very
few studies have quantified the contribution of animals
to plant nutrition, particularly with regard to whether
the outcome of these interactions enhances plant fitness.
The best known examples of animals that contribute to
plant nutrition are from ant-plant systems (Huxley
1980, Rico-Gray et al. 1989, Treseder et al. 1995, Sagers
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et al. 2000, Fischer et al. 2003, Solano and Dejean 2004)
and from mutualistic interactions involving arthropods
and insectivorous plants (Ellis and Midgley 1996,
Anderson and Midgley 2003).

Plants of the large Neotropical family Bromeliaceae
have their leaves organized in rosettes, an arrangement
that allows them to intercept and retain debris and water
(Benzing 2000) from which minerals (Benzing and Burt
1970, Benzing and Renfrow 1974, Sakai and Sanford
1980) and amino acids (Benzing et al. 1985, Owen and
Thomson 1988, Endres and Mercier 2003) can be
absorbed through specialized trichomes. Bromeliad
rosettes are regularly inhabited by an extensive number
of animal species (Benzing 1986, 2000), some of them
being strongly dependent on the plant for foraging and
reproduction (Benzing 2000). An example is the Neo-
tropical jumping spider Psecas chapoda (Salticidae),
which inhabits and breeds strictly on the terrestrial
bromeliad, Bromelia balansae, in several regions of South
America (Romero and Vasconcellos-Neto 20054, b, ¢).
Although nutrients derived from animal debris are
assumed to fertilize Bromeliaceae (e.g., Benzing 1986,
Reich et al. 2003), such benefits for plant nutrition and
performance have never been demonstrated.
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Fic. 1. Adult female jumping spider (Psecas chapoda)
inside its egg sac on the concave surface of a Bromelia balansae
leaf. The scale bar is ~1 cm. Photo credit: Gustavo Q. Romero.

In the present study, we used isotopic methods in
greenhouse and field experiments to assess the relative
contribution of the spider P. chapoda to nutrition in the
bromeliad B. balansae. We addressed two main ques-
tions. (1) Does P. chapoda improve B. balansae nutrition
through its debris? (2) Does B. balansae grow more when
inhabited by the spiders?

METHODS
Study site and organisms

The field study was done from April 2003 to June
2004 in a fragment of semideciduous forest near Dois
Corregos city (22°21” S, 48°22" W), Sdo Paulo State, in
southeastern Brazil. The local climate consists of a
distinct dry/cold (May—September) and a wet/warm
(October—April) season. Mean annual rainfall is 1600
mm and mean annual temperature is 21.3°C (Romero
and Vasconcellos-Neto 2005a, b). For more details of
the study area, see Romero and Vasconcellos-Neto
(20054, b, c).

Bromelia balansae is a large (>1 m tall), spindly-
leaved, terrestrial bromeliad common in acidic, nutrient
poor cerrado (savanna-like vegetation) and semidecid-
uous forest sites. The leaves of this semelparous
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bromeliad are concave with thorny margins, and do
not form a tank to store water, but may retain a few
milliliters of rainwater. This would allow for extended
periods of nutrient dissolution and uptake by the plant
leaves. In Brazil, Bolivia, and Paraguay, B. balansae is
commonly inhabited by the host-specific jumping spider
Psecas chapoda (Peckham & Peckham) of the family
Salticidae (see Fig. 1; Romero and Vasconcellos-Neto
[20054]). Each plant can harbor up to 20 mature and
immature spiders (Romero and Vasconcellos-Neto
2005¢). The entire life cycle of P. chapoda, including
courtship behavior, mating, oviposition, and spiderling
recruitment, occurs on the bromeliad B. balansae
(Rossa-Feres et al. 2000, Romero and Vasconcellos-
Neto 20054, b, c).

Greenhouse experiment: nitrogen fluxes
from spiders to plants

The contribution of spiders to the nutrition of B.
balansae was investigated in the laboratory using debris
obtained from spiders fed with isotopically labeled
Drosophila melanogaster flies. The flies were cultured
from eggs in a medium of agar, corn meal, glucose,
minerals, and '*N-labeled yeast. The labeled yeast was
obtained by raising commercial yeast on a Difco-Bacto
carbon-based medium with 80% nonlabeled
('4NH4)2SO4 (which could contain some SN atoms at
natural abundance level) and 20% labeled (ISNH4)2SO4
(98 atom % excess, from Cambridge Isotope Laborato-
ries, Andover, Massachusetts, USA).The yeast was
cultured in sterile tubes at 30°C for 54 h (Schlenck and
De Palma 1957) and was concentrated by centrifugation,
frozen, lyophilized, and incorporated into the Drosophi-
la medium.

To obtain spider feces and fly carcasses, 17 adult
females of P. chapoda were maintained individually in
glass jars (7 cm diameter, 11 cm high) in the laboratory
and were fed 15 flies every second day. This time interval
was enough for the spiders to kill all of the flies and
produce feces. At two-day intervals, the spider feces and
carcasses of consumed flies were collected, lyophilized,
weighed, and stored individually in polypropylene tubes.
In addition, at two-day intervals over the experiment, 15
flies were collected from the culture bottles and received
the same treatments of the feces and carcasses. The feces
were collected from the jars using a micropipette and
were suspended in distilled water (150 pL). Depending
upon the treatment, the feces, dead flies, or carcasses
were deposited in the center of the rosettes of five
bromeliads at two-day intervals over 48 days (from 17
February to 4 March 2004). The leaves were collected on
11 March 2004 for "N and N determinations. The
bromeliads were automatically watered (fine spray) for 5
minutes every 8 hours. This amount of water was not
sufficient to remove spider debris from the pots because
water did not accumulate in the plastic dish under each
pot. The bromeliads were of the same cohort and were
grown from seeds in pots containing homogeneous soil
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from the study area. Before this experiment, the plants
had grown in a greenhouse for ~2.5 years and had no
contact with spiders.

The potted bromeliads were small and similar in size
(older leaf length ~30 cm) to plants in the field that
supported up to two adult spiders (Romero and
Vasconcellos-Neto 2005¢). A previous bioassay showed
that adult P. chapoda females feed on 15-20 flies per day
and produce feces continually. We surveyed and
processed the leaves as previously described.

Field experiment: spider exclusion and plant growth

To examine the effect of spiders on plant growth, we
planted bromeliads from the same cohort of those used
in the greenhouse experiment in pots (25 cm diameter,
18 cm high) containing homogeneous soil. Before this
experiment, the plants had grown in a greenhouse for
~2.5 years and had no contact with spiders. We used 16
bromeliads in each of two treatments that included
plants naturally colonized by spiders (experimental
group) and plants from which spiders were excluded
(control group). Each bromeliad was placed on a three-
legged iron support to avoid root contact with soil from
the field. The legs of the control supports periodically
received 10-cm barriers of Tanglefoot resin (Tanglefoot,
Grand Rapids, Michigan, USA) to prevent colonization
by spiders. The supports of both treatments were fixed in
the soil through their legs and the plants were raised 20—
30 cm above ground level. The supports of plants that
were to be colonized by spiders did not receive resin and
were positioned so that the leaf tips touched B. balansae
plants from the natural population to allow colonization
by spiders. The control plants were randomly positioned
within 1-2 m of naturally growing B. balansae plants
and ~0.5-2 m from plants colonized by spiders. The
plants were watered once a week (~0.5 L/week)
throughout the experiment and were inspected at two-
week intervals; any spider found on the control plants
was removed. One new (second node) and one mature
leaf (fourth or fifth node) were marked with a fine
colored wire; we measured their length prior to the
beginning of the experiment (May 2003), and then every
three months for one year (May 2004). We also counted
the number of leaves per rosette throughout the experi-
ment. Leaf length and number of leaves were the most
appropriate measurements to estimate plant growth in
this study. For other measurements, such as leaf surface
area or leaf biomass, the leaves should be removed or
excessively handled (e.g., estimation of leaf width at the
base) to obtain accurate data. However, these destruc-
tive methods probably could affect the plant growth
and/or cause disturbance and drive the spiders to
abandon the plants. Herbivory was undetectable during
the experiment. All of the plants in the experimental
group were rapidly colonized by spiders, as in a previous
field experiment (Romero and Vasconcellos-Neto
2005a).
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At the end of the experiment (May 2004), two new
leaves were collected from each experimental and
control rosette and prepared (as described previously)
for isotopic analysis.

The data on leaf length and the number of leaves of
plants with and without spiders were logo-transformed
for normalization and homogenization of the variances
(Sokal and Rohlf 1995). The data were then compared
by repeated-measures analyses of covariance (ANCO-
VA) in a completely randomized design (Hurlbert 1984)
in which treatment was a fixed effect, time was the
repeated factor, and the initial measure was the
covariate (Sokal and Rohlf 1995).

Isotopic analyses

The °N atom % and 8"°N (=(["*N:""Ngum/""N:"*Nq]
—1) X 1000, where “sam” is the sample ratio and “std” is
the standard ratio) of the bromeliad leaves, spider feces,
carcasses, flies, and spiders (natural abundances and
enriched) were determined using an Elemental Analyzer
ANCA-SL (Automatic Nitrogen and Carbon Analyzer,
Europa Scientific, Crewe, UK) with a magnetic sector of
low resolution, coupled to a mass spectrometer (IRMS
20-20, Europa Scientific, Crewe, UK).

The calculation to determine the fraction of plant N
derived from labeled spider feces and carcasses was done
based on APE (atom percent '°N excess), through the
following equation:

APE
%eNaspider = < Bb) X 100 (1)

APEfec

where APEBb (APEBb = APBb — APcon) and APEch
(APEg. = AP — AP.,,) are the mean atom % excess
values for B. balansae (“Bb”) leaves that received labeled
feces or carcasses, and for feces (“fec”), respectively,
where “con” is control. AP is the mean atom percent
value for each sample. The values of atom percent '°N
for the labeled bromeliad leaves, feces, carcasses, flies,
and spiders are given in Table 1.

HPLC and other analyses

To determine the N-containing compounds in spider
feces, the feces of five adult female spiders were diluted
in distilled water (pH 7.5), passed through 0.2-um filters,
and analyzed by reversed-phase high-performance liquid
chromatography (RP-HPLC). The compounds were
separated on a Supelco C;g column (5 um, 4 X 250
mm; Sigma-Aldrich, St. Louis, Missouri, USA) using
aqueous 0.5 mol/L sodium acetate as the solvent at a
flow rate of 0.8 mL/min. The compounds that eluted
from the column were monitored with a diode array
detector operating at 190-340 nm. Pure hypoxanthine,
uric acid, urea, adenine, and guanine were used to
construct a calibration curve to determine the concen-
tration in the samples.

Samples of soil from near the roots and samples of
green leaves from B. balansae growing in the field were
tested for the presence of microorganisms having an
ability to degrade guanine. Soil (n =35 1-g samples) and
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TaBLE 1. Atom % '°N values (mean, with s in parentheses)
for the leaves of greenhouse-grown individuals of Bromelia
balansae (enriched vs. control), and for unenriched vs.
enriched (~20% atom percent excess) spider feces, Droso-
phila melanogaster carcasses left by spiders, intact D.
melanogaster flies, and adult spiders.

Treatment Atom % '°N N

Greenhouse experiment

Treatment 1, feces 1.558 (0.08) 5
Treatment 2, dead flies 1.151 (0.17) 5
Treatment 3, carcass 0.684 (0.04) 5
Control 0.370 (0.00) 5
Feces
Unenriched 0.3707 (0.37) 3
Enriched 8.395 (0.60) 4
D. mel. carcasses, enriched 11.805 (0.66)
Drosophila melanogaster
Unenriched 0.3674 (0.01) 2
Enriched 13.643 (0.80) 4
Spiders (adult females)
Unenriched 0.3728 1
Enriched 3.036 (0.63) 4

Notes: Nitrogen uptake was determined in a greenhouse by
applying "N-enriched spider feces (treatment 1), "*N-enriched
dead D. melanogaster flies (treatment 2), and D. melanogaster
carcasses discarded by spiders (Psecas chapoda) after feeding
(treatment 3) in two-day intervals over 48 days. N is the number
of replicates.

green leaves (n = 2) from two plants were vigorously
shaken in 50 mL of distilled water for 12 h and 0.5 h,
respectively. We then spread 100-pL aliquots on
minimum solid medium (Sambrook et al. 1989) con-
taining guanine as the only source of carbon and
nitrogen. The medium was maintained for 72 h at 30°C.

REsuULTS

Our laboratory manipulations indicated that Droso-
phila flies, the spiders that fed on these flies, and their feces
were strongly '’N enriched (Table 1). The greenhouse
experiment showed that the values of atom % '°N for
leaves were higher after treatment with feces (feces > dead
flies > carcasses > control; ANOVA/LSD (least signifi-
cant difference) Fisher post hoc test; Table 1), indicating
that feces were more important than entire dead insects
and discarded insect carcasses as a source of plant N.
During this experiment (48 d), we determined through Eq.
1 that spider feces, dead flies and carcasses contributed
15%, 6%, and 3%, respectively, of the total N of B.
balansae. Therefore, the total spider activity contributed
18% (feces + carcasses) of the total N of the bromeliads.

In the field experiment, new leaves of bromeliads grew
15% longer in the presence of spiders than in their
absence (P = 0.023; Fig. 2A, Table 2). The 8'°N values
of leaves from bromeliads with spiders were also
significantly higher than in leaves of bromeliads from
which spiders were excluded (for spiders present, 8'°N =
3.21 = 0.33%0 [mean = Sg], n = 16; for spiders absent,
3N = 1.88 * 0.34%, n = 16; Mann-Whitney, P =
0.006). The length of the mature leaves and the number
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of leaves produced by the bromeliads in the absence and
presence of spiders did not differ statistically (P > 0.06;
Fig. 2B and C, Table 2). The reduction in the number of
green leaves in the bromeliads without spiders at
sampling date 2 (Fig. 2C) was probably caused by the
increase in frequency of older (green) leaves that died;
dead leaves were not counted in this experiment.

Using HPLC, we verified that guanine was the most
abundant N-containing compound found in the feces of
P. chapoda (35.2 £ 1.60 pg/feces, mean = sg; n = 5),
although traces of uric acid and hypoxanthine were also
detected. Bacteria obtained from leaves and soil all grew
in guanine-enriched medium, but were more numerous in
the soil. More than 100 colonies picked up from the soil
samples also grew when replicated onto fresh medium.
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FiG. 2. Field experiment showing (A) the growth of new
leaves, (B) the growth of mature leaves, and (C) leaf production
in Bromelia balansae in the absence (open circles) and presence
(filled circles) of jumping spiders. Sampling date codes are: 1, 10
May 2003; 2, 1 August 2003; 3, 4 November 2003; 4, 10
February 2004; 5, 1 May 2004.
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TaBLE 2. Repeated-measures ANCOVA of the field experi-
ment examining effects of the presence of P. chapoda spiders
on leaf growth and leaf production in B. balansae.

Source of variation df  wms F P G-G

Growth of new leaves

Spider 1 0.081 595 0.023
Pretreatment 1 0.022 1.63 0.215

Error 22 0.014

Time 3 0.045 31.36 <0.001 <0.001
Time X spider 3 0.002 1.35 0.265 0.267
Time X pretreatment 3 0.034 23.77 <0.001 <0.001
Error 66 0.001

Growth of mature leaves

Spider 1 0.010 393 0.058
Pretreatment 1 0.141 56.77 <0.001

Error 27 0.002

Time 2 0.002 447 0016 0.033
Time X spider 2 0.000 0.41 0.670  0.579
Time X pretreatment 2 0.002 4.15 0.021 0.040
Error 54 0.000

No. green leaves

Spider 1 0.013 272 0.111
Pretreatment 1 0.124 25.53 <0.001

Error 27 0.005

Time 3 0.003 386 0.018 0.012
Time X spider 3 0.003 3.09 0.040 0.031
Time X pretreatment 3 0.003 3.17 0.037 0.029
Error 81 0.001

Notes: The first measure (pretreatment) was used as the
covariate. G-G is the Greenhouse-Geisser epsilon correction.

Discussion

Our findings strongly support the hypothesis that
Bromelia balansae can incorporate nutrients excreted by
associated predators. In the greechouse experiment (48
d), the spider feces and prey carcasses together
contributed 18% of the total N of the bromeliads.
However, in nature the spider contribution is likely to be
even greater because additional N-rich debris produced
by Psecas chapoda (e.g., silk from egg sacs, dead eggs,
exuviae) may help to improve plant nutrition. In
addition, spider debris can be continually accumulated
inside the bromeliad rosettes through several years.

In contrast to carnivorous bromeliads (e.g., Brocchi-
nia reducta) that produce odors, morphological traits,
and enzymes to attract, capture, and digest insect prey
(Givnish et al. 1984, Benzing 2000), respectively, B.
balansae shows no obvious adaptive feature for directly
obtaining animal nutrients. In addition, in contrast to
many bromeliad rosettes that form phytotelmata and
are therefore considered to be saprophytic (Benzing
2000), B. balansae does not form phytotelmata. How-
ever, this plant has large thorns in the leaf margins and
an architecture that provides shelter against predators
and fire, foraging and reproductive sites, as well as
nurseries, for P. chapoda, all of which strengthen the
fidelity of this predatory partnership (Romero and
Vasconcellos-Neto 20054, b, ¢). The spiders contribute
to host plant nutrition indirectly by capturing and
digesting prey in a manner analogous to that of
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carnivorous plants and, through their debris, concen-
trate nutrients inside the rosettes. Hence, in this case,
plant nutrition derived from animals can occur even in
the absence of carnivorous or saprophytic habits (see
Anderson and Midgley 2003). According to Anderson
and Midgley (2003), digestive mutualisms (i.e., mutual-
isms involving arthropods that contribute to plant
nutrition) only substitute for digestive organs in plants
if they are obligate and host specific (Anderson and
Midgley 2003). In this regard, P. chapoda is highly
specific to B. balansae, and this spider—plant association
is very common in several regions of cerrado (savanna-
like vegetation) and semideciduous forests in South
America (Rossa-Feres et al. 2000, Romero and Vascon-
cellos-Neto 2005a, b, ¢; G. Q. Romero, unpublished
data). However, our field experiments showed that B.
balansae can survive in the absence of spiders, suggesting
that this mutualism may be facultative.

Although absorptive trichomes are more abundant on
the leaves of B. balansae than on other terrestrial, root-
based bromeliads, and can absorb minerals (Benzing
and Burt 1970), they are probably unable to absorb
amino acids (Benzing et al. 1976). Because the N
compounds excreted by P. chapoda spiders (e.g.,
guanine) are simpler than some amino acids, they might
be incorporated directly through the trichomes. In
addition, the larger amino acids and other complex
organic molecules (e.g., insect carcass) may possibly be
mineralized by bacteria (and perhaps other microorgan-
isms) found on the leaves and roots of B. balansae. In
the notorious mutualisms involving phytotelm bro-
meliads and associated microorganisms (e.g., bacteria),
the saprophytic plants intercept litter and the symbionts
decompose and mineralize the phytomass, which be-
comes available for uptake by the plant (Benzing 2000).
Bacteria are also present in insectivorous plants and are
probably associated with prey digestion (see Anderson
and Midgley 2003). The bacteria found in this study may
constitute a third component that corresponds to a
second-order mutualist in this spider—plant system.

Because the soils where B. balansae lives (e.g., South
American savannas) are typically poor and acidic
(Oliveira and Marquis 2002), spider-supplied N could
provide a major benefit to this plant species. Indeed, our
field experiment showed that, in the presence of spiders,
new leaves grew longer than those of plants without
spiders. Several groups of animals, including other
jumping spider species, are strictly associated with
bromeliads, where they hide, forage, and reproduce
(Benzing 2000, Machado and Oliveira 2002, Romero
and Vasconcellos-Neto 20045, 20054, b). These animals
can potentially fertilize their host plants with fecal
remains and other debris. Although there are several
examples of animals that contribute to plant nutrition
(Huxley 1980, Rico-Gray et al. 1989, Treseder et al.
1995, Ellis and Midgley 1996, Sagers et al. 2000,
Anderson and Midgley 2003, Fischer et al. 2003, Solano
and Dejean 2004), to our knowledge, this is the first
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study to document digestive mutualism in the Brome-
liaceae and between spiders and plants, and to simulta-
neously show that animals can improve plant growth by
affecting nutrition through their debris.

Terrestrial bromeliads without phytotelmata, such as
B. balansae, are assumed to depend on the soil for
nutrient acquisition (Benzing 1986, Endres and Mercier
2003) and to be better adapted to absorb and assimilate
inorganic N. In contrast, tank-bromeliads, especially
those with epiphytic habits, are better adapted to use
organic N (Owen and Thomson 1988, Endres and
Mercier 2001) and are probably more dependent on
vegetation and faunal debris for nutrition (Benzing
1986). This observation suggests that tank-bromeliads
may benefit even more from animal nutrient input than
do terrestrial bromeliads such as B. balansae.
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