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Abstract: Tropical forests are subject to seasonal hurricanes resulting in cycles of canopy opening
and deposition of litter, followed by periods of recovery and canopy closure. Herein, we review
two studies of litter-based communities in Puerto Rico; (i) a survey of bromeliad invertebrates in
three montane forest types along an elevational gradient in 1993–1997, during a period of canopy
recovery after two severe hurricanes, and the results compared with those from a resurvey in 2010,
and (ii) a large scale canopy trimming experiment in the lower montane (Tabonuco) forest designed
to simulate an hurricane event, and to separate the effects of canopy opening from debris deposition.
Measurements of changes in invertebrate community parameters and decay rates of litter were
made in a litter bag experiment as part of this major experiment. As the canopy closed, during the
periods of study, bromeliad density reduced, especially in the Tabonuco forest. This was associated
with a decline in both alpha and gamma invertebrate diversity, which appears to have involved
the loss of rarer species. In the Tabonuco forest, two endemic bromeliad specialists were not found
during resampling in 2010, though the most common species were remarkably stable over the two
decades. Canopy opening significantly altered the diversity, biomass, and composition of litter
communities, irrespective of litter deposition. It particularly reduced organisms responsible for
comminution of litter and increased the activity of fungivores and microbiovores. Both studies
showed that canopy disturbance, either indirectly or directly, adversely affects invertebrate diversity
and detrital processing.
Keywords: bromeliad; Caribbean; detritus; diversity; ecology; hurricanes; phytotelmata; tropics

1. Introduction
Caribbean forests are shaped by hurricanes that cause structural damage to the canopy
through defoliation, branch, and tree falls, with consequential changes in light regime, microclimate,
and increased heterogeneity in the understorey [1]. Changes in light regime are necessarily cyclical,
as pioneers and other tree species fill gaps and the remaining canopy recovers between successive
hurricanes, resulting in the suppression of the understorey. There is also evidence of generally
increasing liana abundance and biomass in New World forests due to increasing forest disturbance,
fragmentation, and elevated atmospheric CO2 [2]. This increase in lianas can add to shading and result
in decreased tree diversity, recruitment, growth, and survival [2], and could also reduce understorey
bromeliad density. In 1989, the Luquillo Experimental Forest (LEF) in Puerto Rico was severely
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damaged by Hurricane Hugo, and again by Hurricane Georges in 1998. Herein, we review the
changes in two litter-based invertebrate communities, one in bromeliads in three forest types along
an elevational gradient following canopy recovery after two severe hurricanes, and forest floor litter
invertebrates in an experimental canopy trimming experiment (CTE), designed to simulate a hurricane
in the Caribbean island of Puerto Rico.
The three forest types are:
Tabonuco forest, with Tabonuco (Dacryodes excelsa Vahl), motillo (Sloanea berteriana Choisy),
and sierra palm (Prestoea montana (Graham) Nicholson) as the dominants in the canopy. The trees
are tall, the canopy is dense, with thin, large, simple, or compound leaves, and little understorey
in the mature forest, except in riparian areas. It has the highest diversity of tree species of the
three forests. Tank bromeliads in the lower canopy and forest floor are infrequent, except in
riparian areas and tree gaps.
(ii) Palo colorado (Cyrilla racemiflora L. dominant). Trees are lower in height, with a more open canopy
and simple leaves. Bromeliads are generally present in the lower canopy and forest floor.
(iii) Elfin (dwarf) forest (Tabebuia rigida Urban). Trees are short (<5 m, smaller on exposed summits)
and slow growing in extremely wet anaerobic soils, with microphyllous and coriaceous leaves.
Frequently above the cloud condensation level. Bromeliads are extremely abundant, and adapted
to high light intensity with red pigmentation.
(i)

Rainfall increases with elevation (approximately 3500, 4000, and 4500 mm/year−1 respectively at
our three sites), and temperature decreases with elevation (ca 24 ◦ C, 21.5 ◦ C, and 19.5 ◦ C mean daily
temperature). From 1988–2008, which covers most of the study period, annual rainfall varied over
5–7 year cycles, but did not show any long term trend [3].
Bromeliads, as epiphytic and saxicolous plants, are dependent on their invertebrate fauna to
obtain litter minerals. Their roots do not absorb minerals, but act as holdfasts. Bromeliads absorb
minerals through specialized trichomes at their leaf bases, from the breakdown of intercepted litter
by invertebrates living in and above the retained water of the phytotelm. The effects of canopy
disturbance on litter invertebrates may be direct, as a result of changes in litter and soil moisture,
temperature, nutrient resources, and light regime, as a consequence of canopy opening and litter
deposition, or indirect, through changes in the forest affecting the distribution of bromeliads, and thus,
their invertebrate communities.
2. Canopy Cover and Bromeliad Ecology
We studied bromeliad invertebrate diversity, abundance, and community composition from
1993–1997, during the recovery period, and again in 2010 [4–7]. The hurricanes had noticeably affected
bromeliad distribution and density in some areas, and the opportunity was taken to study the long-term
effects on bromeliad invertebrate communities during canopy recovery, along an elevational gradient,
over a period of 13–17 years.
Bromeliad plant populations (Guzmania berteroniana (Schult. & Schult.f.) Mez, Guzmania lingulata (L.)
Mez, and Werauhia (Vriesea) sintenisii (Baker) J.R. Grant) in the lower canopy and forest floor were
reduced as supporting branches fall to the ground. Their numbers increased after the canopy opened,
and then decreased as the canopy recovered over the longer term because of changes in the light regime.
Bromeliads, even shade-tolerant ones such as Guzmania lingulata, were not regarded as true shade
plants [8], but rather as plants able to tolerate high light levels but requiring a higher humidity than
the lower canopy. This assertion was substantiated in physiological experiments [9] that demonstrated
the ubiquitous capacity of bromeliads to tolerate high light intensity. This dual requirement for light
and high humidity also controls the distribution of bromeliads along the elevational gradient in the
LEF. The highest density was in the Elfin forest, with little effective canopy, with small branches and
sclerophyllous leaves providing little shade, and often immersed in cloud. In 2010 the density was
36,900 ha−1 , 15% more than in 1993–1997 (Table 1). Bromeliads have become noticeably less frequent
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in the Tabonuco forest. In 1993–1997 they mainly occurred in the riparian zones, and were only found
near ground level a short distance into the forest, no further than 12 m in from the edge of rivers.
The mean density in this zone was 940 ha−1 (=45 ha−1 averaged over the Tabonuco as a whole [4]).
In 2010 they were confined even more closely to the zone at the river edge, mostly <5 m from the bank,
to give an overall density along the river edge of 135 ha−1 , an 85% reduction (ca 2 ha−1 in the Tabonuco
forest as a whole). In 2010 the Palo colorado forest populations were approximately half of what they
were in 1993–1997 (1600 ha−1 cf. 3100 ha−1 in 1993–1997). Densiometer readings above bromeliads,
in the Tabonuco forest only, gave a mean of 80 percent canopy cover (mean min. 70% towards the river,
mean max. 91% towards the forest). In parts of the Tabonuco forest where no bromeliads occurred,
canopy cover was 91–95% [7].
Table 1. Canopy cover, bromeliad density, and animal abundance and diversity in Luquillo
Experimental Forest (LEF) bromeliads at two different times. SE in parentheses.
Observation

Tabonuco Forest
(<600 m a.s.l.)

Palo Colorado Forest
(600–900 m a.s.l.)

% canopy cover

1993–1997
–*

2010
80

1993–1997
–

2010
89

Bromeliads/ha

940 †

135 †

3100 (569)

1600 (58)

Mean No. organisms/plant
Margalef’s diversity index **

157 (15.9)
7.6

148 (36.6)
5.7

130 (10.1)

131 (24.1)

Elfin Forest
(900–1070 m a.s.l.)
1993–1997
–
31,000
(9870)
59 (3.6)
5.3

2010
44
36,900
(193)
67 (12.8)
3.5

* no data for 1993–1997. ** Significant difference between 1993–1997 and 2010, but insufficient data of the type
needed to analyse the Palo colorado forest data. † Riparian zone plants.

The effect of post-hurricane forest recovery on the bromeliad fauna was unknown prior to our
recent research. On the one hand, any change to the forest structure affecting understorey bromeliad
density could affect their specialized invertebrate communities because of loss or isolation of suitable
plants. On the other hand, the aquatic and moist litter habitat in bromeliads buffers any changes in
the microclimate, invertebrate communities in bromeliads may be predicted to remain stable despite
changes in the forest. We tested the stability of LEF bromeliad communities in the three forest types
along the elevational gradient by comparing the 1993–1997 samples with those taken in 2010 [6].
The multiple years of observation within the 1990s allowed us to evaluate whether the observed
communities in 2010 were within the known annual variation in this system. We considered three
questions: (1) Did the diversity of species per bromeliad (alpha diversity) change between the 1990s
and 2010? (2) Did the diversity of species within each forest (gamma diversity) change between the
1990s and 2010? (3) If species diversity changed from the time of our first sampling, which types of
species increased or decreased the most? For all questions, we needed to account for the covariate of
bromeliad size, known to have strong effects on abundance and diversity in this system [7,10,11].
Generalized linear models (GLM) were used to examine year effects on alpha diversity (species
richness per bromeliad) and total abundance per bromeliad, using bromeliad diameter as a covariate.
If year effects were significant, we then examined whether the years in the 1990s could be pooled
without affecting the model, indicating that the largest temporal difference was between decades,
not within the 1990s. The GLMs for alpha diversity were based on a Poisson error distribution
(or quasiPoisson in the case of overdispersion) with a natural log link. The GLMs were based on
quartic-root transformed abundance. Different transformations were tested, and the quartic-root
provided the best fit to the data. Finally, we used the ‘year x diameter’ models to predict species
richness and abundance for the average diameter of bromeliad samples in each forest type, in each
year. For more details of this analysis, and the results illustrated in Figure 1, see [7].
Alpha diversity (species per bromeliad) was significantly lower in the Tabonuco and Palo colorado
in 2010, as compared to the 1990s (Figure 1A), despite broadly similar total numbers of individuals
per plant (Figure 1B). Similar trends were seen in Elfin forest, but variance between years in the 1990s
rendered the reduced diversity in 2010 nonsignificant (Table 1, Figure 1A) [7]. As shown previously,
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bromeliads in the Elfin forest had the fewest invertebrate species and individuals, in part because they
had only half the plant diameter of bromeliads in the other forest types (Figure 1A,B) [4]. Palo colorado
bromeliads consistently had the most species, even though the mean diameter of sampled bromeliads
in this zone (79 cm) was similar to that in the Tabonuco (75 cm). Gamma diversity, the diversity of
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Forests 2018, 9, 309

5 of 9

recruitment from other populations [14]. Approximately 80% of bromeliad invertebrates are larval or
nymphal forms that, as adults, pass into the general forest ecosystem before returning to breed [5].
All life-stages of the endemic and bromeliad specialist beetle, Omicrus ingens, and the pseudoscorpion,
Macrochernes attenuatus, however, live permanently in bromeliad plants and this lack of vagility makes
them especially vulnerable, with increasing isolation of bromeliads in the Tabonuco forest.
3. Canopy Trimming Experiment
Canopy
leaves,
twigs,
fruits, and seeds inevitably become litter, which either lodges in
Forests 2018,
9, x FOR
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5 ofepiphytes,
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and resilience of the forest following that event, which has had several thousand years of evolution in
a hurricane regime.
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