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Abstract

Hurricanes alter forest habitat by opening the canopy and depositing fresh

wood and leaves. The objectives of this study were to evaluate the effects of

hurricane and drought-driven changes to forests on green litter decomposition,

invertebrate communities, and nutrient mineralization over a short period

(6 months) after disturbance. We used three complete replicated blocks with

two canopy treatments: control and trim + detritus. Green leaves were

enclosed in litterbags of three different mesh sizes to determine the effect of

soil fauna of varying body sizes. Litterbags were retrieved from the field after

21, 35, 84, and 168 days and transported to the laboratory in individually

sealed plastic bags. We extracted and identified invertebrates, measured

leached and mineralized litter nutrients using ion resin membranes placed for

1 week under the leaves inside the litterbags, and determined litter mass loss.

Additional resin membranes were placed in the lowest litter layer above the

mineral soil. The number of arthropod taxonomic groups and nutrient miner-

alization differed significantly between control and trim + detritus. Regardless

of mesh size, bags in control plots had consistently higher invertebrate rich-

ness than in trim + detritus plots. Nitrogen mineralization and phosphorous

mineralization were significantly higher in trim + detritus in large mesh size,

and decomposer arthropod abundance was highest in large-sized mesh bags.

These data suggest that within functional categories, variations in feeding

behavior among arthropod orders may affect the release of nutrients from

organic matter. Percent mass loss did not differ between canopy treatments or

litterbag mesh sizes, but instead decreased during drought. Invertebrate com-

position, but not abundance, differed significantly between canopy treatments

with greater dominance by shredders (Lepidoptera and Diptera larvae) in

trim + detritus, which corresponded to higher rates of nutrient mineralization

from green leaves. These results suggest that regional drought dominated the
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mesoclimate surpassing any microclimate variation in response to canopy

treatments. Since mass loss did not differ between canopy treatments or litter-

bag mesh sizes, our results suggest that differences in short-term nutrient

fluxes from green litter are mostly related to changes in the litter invertebrate

food web rather than rates of decomposition.
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INTRODUCTION

Leaf litter supplies limiting nutrients for plant growth via
leaching and nutrient mineralization, while the availability
of soil nutrients to plants is augmented through decomposi-
tion, which increases soil organic matter via recalcitrant res-
idues (Denslow et al., 1998; Lodge et al., 1991). Leaf litterfall
is an important source of organic phosphorus (P) via nutri-
ent cycling in undisturbed humid tropical forests (Clark
et al., 2001; Raich & Tufekciogul, 2000; Silver et al., 2014;
Tanner et al., 1998; Vincent et al., 2010). Although litter
decomposition is mainly the result of microbial activities,
invertebrates are important for conditioning the litter and
influencing microbial biomass, both ultimately altering the
activity of the microbial community and thus decomposition
and mineralized nutrients (Coleman et al., 2004; Gonz�alez
et al., 2001). For example, arthropods that fragment litter
directly modulate decomposition as they feed on large pieces
of litter transforming them into smaller pieces with a larger
surface area, thereby stimulating the activity of decomposer
microorganisms. On the contrary, grazing arthropods can
selectively feed on decomposer fungi, thereby reducing their
biomass, altering their community composition, and
increasing nutrient mineralization (Barberena-Arias &
Cuevas, 2018; Wardle & Lavelle, 1997). The effects of
organisms on decomposition rates are considered to occur
at smaller scales in comparison with other factors
(resource quality and physicochemical conditions) and are
often not explicitly included in decomposition studies
(Gonz�alez, 2002; Wall et al., 2008). This may be partly
because quantifying the influence of fauna on litter
decomposition and nutrient mineralization is more diffi-
cult than that of microorganisms given their indirect
effect via regulation of bacterial and fungal biomass
(Gonz�alez, 2002). Most studies addressing the roles of dif-
ferent groups of soil fauna on decomposition use litterbags
with different mesh sizes to exclude specific groups
(microfauna, mesofauna, and macrofauna) (Bokhorst &
Wardle, 2013; Bradford et al., 2002). The mesofauna has
received the most attention because it contains two groups

of abundant and diverse arthropods, the Collembola
(springtails) and Acari (mites) (primarily grazers), together
with less abundant groups such as Protura, Diplura, pseudo-
scorpions, Symphyla, and Pauropoda. Soil fauna can
account for up to 66% of the total decomposition in the trop-
ical wet forest in Puerto Rico (Gonz�alez et al., 2001). Distur-
bances such as hurricanes can radically alter patterns of
litter decomposition and nutrient cycling (Gonz�alez et al.,
2014; Lodge et al., 2014; Ostertag et al., 2003; Richardson
et al., 2010). For example, soil nitrogen (N) availability
decreased after Hurricane Hugo in Puerto Rico in response
to increased nutrient immobilization by soil microbial bio-
mass, resulting in slowed canopy closure (Lodge et al., 1994;
Zimmerman et al., 1995). Nitrogen is not typically a limiting
nutrient in humid tropical forests, except at high elevations
where N and P are often colimiting, whereas soil P is
thought to be the primary limiting factor for wet tropical
ecosystem processes including forest productivity and litter
decomposition because there is low availability of P in most
highly weathered soils (Cleveland et al., 2006; Dalling
et al., 2016; Lodge et al., 2014; Tanner et al., 1998; Vincent
et al., 2010; Vitousek & Sanford Jr, 1986). Availability and
fate of soil N and P in tropical ecosystems differ nonlinearly
in response to pulsed versus chronic inputs, as well as
timing of pulsed releases in relation to relative biomass of
microbes and fine roots (Lodge et al., 1994).

Arthropod community responses to disturbances such
as hurricanes are highly variable because heterogeneous
changes in a habitat associated with landslides, floods,
large amounts of fallen wood, green leaves, and canopy
opening may increase resources for some species and
reduce it for others (Barberena-Arias & Aide, 2002; Walker
et al., 1996). Hurricane disturbance alters the physical
structure of the forests by creating canopy openings that
increase solar radiation reaching the forest floor, thereby
increasing temperature and decreasing moisture in litter
on the forest floor (Richardson et al., 2010; Shiels
et al., 2015; Van Beusekom et al., 2020). Therefore, the
combination of detritus and opening of the canopy,
increasing light levels, decreasing humidity, and changing
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nutrient inputs and recycling of N and P in the soil are fac-
tors that influence the trophic dynamics in soil and forest
litter (Rivera, 2008; Silver et al., 2014).

Responses in the detrital food web and nutrient cycling
in a subtropical wet forest in Puerto Rico have been a major
focus of a large-scale manipulation to simulate the canopy
opening and detritus deposition effects associated with
strong hurricane impacts, which are predicted to occur with
increased frequencies (Knutson et al., 2015; Zhao &
Held, 2012). In the first iteration of a replicated canopy
trimming experiment (CTE) at our site, mass loss and N
mineralization from both green and senesced leaves were
significantly slowed by canopy opening, which was attrib-
uted to drying of the litter layer and changes in arthropod
community composition (Gonz�alez et al., 2014; Richardson
et al., 2010). Those studies also found slower mass loss in
litterbags with small mesh size, which corresponded to a
lower Margalef diversity and a simplified functional com-
plexity in the detrital food web. In the same experiment,
canopy opening reduced fungal connectivity between litter
cohorts by basidiomycete macrofungi that can degrade lig-
nin (Lodge et al., 2014; Lodge et al., 2022)—a result that
was consistent with invertebrate data from Richardson
et al. (2010) who found a shift from invertebrate consumers
of macrofungi to those that prefer microfungi in the open
canopy treatments (Shiels et al., 2015). Significantly, Lodge
et al. (2014) also found decreased P immobilization and
translocation in response to canopy opening and reduced
fungal connectivity.

Our objectives were to determine how canopy opening
with detritus deposition and size-based litter arthropod
functional groups affected litter invertebrate abundance
and composition, and mass and nutrient loss from green
leaf litter. This study occurred within the second iteration
of a replicated CTE comprised of a simulated hurricane
treatment (canopy trimming with detritus deposition) and
matched control (unmanipulated) plots. We used litterbags
of three mesh sizes to separate the effects of these arthropod
size groups, using animal size to approximate the three
functional groups: microarthropods, litter transformers,
and ecosystem engineers. Litter transformers are predomi-
nantly meso- and macrofauna that fragment litter, thereby
increasing residue surface area, while ecosystem engineers
are macrofauna such as ants and termites, and megafauna
such as earthworms and vertebrates that physically trans-
form the environment in ways that modify the resources for
other organisms (Jones et al., 1994; Zhang et al., 2012). In
addition, we placed cation and anion exchange resin mem-
branes beneath the leaves inside the litterbags to determine
relative rates of leaching plus mineralization. We also
placed ion exchange resin membranes at the litter–soil
interface more frequently during the early part of our exper-
iment to determine whether peak nutrient fluxes from the

litterbags coincided with peak fluxes into soil. Turner
et al. (2018) previously showed that resin-exchangeable P
was a good measure of P availability along a soil P gradient
in Panama and that forest productivity as measured by tree
growth increased with available P. We expected that arthro-
pod functional groups would influence both mass and
nutrient loss from the green leaf litter and that mass loss
would be slower in the open canopy treatment.

MATERIALS AND METHODS

Study site

This study was performed in the Luquillo Experimental
Forest (LEF) (Figure 1), located in northeastern
(18.33080, �65.82320, World Geodetic System 84) Puerto
Rico. The LEF is composed of four life zones that result
from changes in elevation, climate, and soil characteris-
tics (García-Martin�o et al., 1996; Willig et al., 1996). The
study was specifically located within the tabonuco forest
(Dacryodes excelsa), which is classified as subtropical
lower montane wet forest with average monthly tempera-
ture of 21�C in January and 25�C in September (Brown
et al., 1983; Gould et al., 2008). Total annual precipitation
is approximately 3.5 m (García-Martin�o et al., 1996), with
approximately 97 rainless days per year. In this forest,
rainfall is weakly seasonal and has a drier season
between December and March (most commonly March)
(http://lternet.edu/data/lterdb14/data/). Litterfall is sea-
sonal, with a main peak from March to June, a secondary
peak in September, and minima from December to
February (Lawrence, 1996; Richardson et al., 2010;
Zalamea & Gonz�alez, 2008; Zou et al., 1995).

Field study design

This study is part of a second iteration of the CTE per-
formed by the Luquillo Long-Term Ecological Research
Program (LTER) near El Verde Field Station (Figure 1).
Three ridge sites in tabonuco forest, designated blocks A,
B, and C, were used, each having two 30 � 30-m treat-
ment plots with central 20 � 20-m measurement areas,
of which one plot was control and the other was experi-
mental (herein trim + detritus) (Richardson et al., 2010;
Shiels & Gonz�alez, 2014; Shiels et al., 2010). The canopy
was trimmed by arborists, and detritus was deposited on
the ground in the trim + detritus plot, simulating the
impact that a hurricane has in this forest. Each plot was
subdivided into 16 subplots, and 3 of the 5 randomly
selected decomposition subplots (5 � 5 m) were chosen
based on proximity to lysimeters. In each subplot,
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litterbags with different mesh sizes were placed to be col-
lected at four specific times. Litterbags (one per subplot)
were retrieved at 21, 35, 84, and 168 days after trimming.
The start dates were different, coinciding with comple-
tion of the canopy treatment in each block (A—16
December 2014; B—14 November 2014; and C—10
December 2014). This experimental design represents
3 blocks � 2 plots/block (1 trim + detritus/1 control) � 3
subplots � 3 litterbag mesh sizes � 4 collecting times, for
a total of 216 litterbags. The experiment was performed

between October 2014 and May 2015, which encom-
passes months typically considered wetter and drier,
respectively, including a drought from March through
October 2015.

Litterbags

Three of the most common plant species in the tabonuco
forest were selected to represent typical litter quality,

F I GURE 1 El Verde Field Research Station, Luquillo Experimental Forest, northeastern Puerto Rico (Quiñones et al., 2018)
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Manilkara bidentata (ausubo), D. excelsa (tabonuco), and
Prestoea acuminata var montana (palma de sierra)
(Richardson et al., 2010; Zalamea & Gonz�alez, 2008;
Zimmerman et al., 2014). Litterbags were made with Velcro
(Figure 2), which allowed for the easy handling to fill with
equal proportions of air-dried green leaves from each (5 g)
of these three species (total 15 g per bag). Litterbag mesh
sizes were selected to exclude decomposer food web func-
tional groups (Wardle, 2002), using animal body width
(Swift et al., 1979) as a proxy. Small mesh (Figure 2a) had a
pore size of 0.003-mm2 mesh—allowing only microfood
web organisms (Wardle, 2002) to enter, which include
microbes and micropredators (e.g., nematodes and proto-
zoans) that feed upon the microbes (e.g., bacteria—Wardle,
2002); medium mesh (Figure 2b) had a pore size of
0.4 mm2—that allowed microfood web organisms, and
mesofauna such as fungal grazers like collembolans and
some mites; and large mesh (Figure 2c) had a pore size of
3 mm2—that allowed all the above plus macrofauna,
which includes most components of the decomposition
food web to enter the bag including litter shredders
(i.e., transformers) such as Diplopoda (e.g., small diplo-
pods) that break litter into smaller pieces that promotes
microbial growth (Wardle, 2002), but excluding mega-
fauna (i.e., large animals) such as earthworms (ecosystem
engineers) and large diplopods. From now on, litterbags
with small mesh size will be called small, medium mesh
size will be called medium, and large mesh size will be
called large. The use of litterbags with different mesh sizes
allowed three different decomposer functional groups to
enter the bags and us to evaluate how they differentially

affect mass loss and leached/mineralized nutrients. Litter-
bags were collected (between October 2014 and May 2015)
for 6 months (168 days) after canopy trimming occurred.

Nutrients

Nutrient fluxes were quantified using ion exchange resin
membranes (PRS™ probes) placed under the leaves inside
the litterbags to adsorb nutrients leaching from the
decomposing leaves. One week prior to collection, two pairs
of each membrane (two anionic and two cationic) were
placed under the litter inside the litterbags assigned to be
collected (Figure 3). The PRS™ probes were placed inside
litterbags beginning at 2 weeks, incubated for 7 days and
collected at 3 weeks, 3 months, and 6 months (35, 64, and
168 days, respectively) after canopy trimming occurred,
rinsed with deionized water, and then sent to Western Ag
Innovations for nutrient analyses. Additional PRS™ probes
were similarly placed in the fermentation layer of the stand-
ing litter at the litter–soil interface beginning 2–5 weeks
before trimming, 0–5 days after litter was redistributed on
the trimmed plots, and at 1-week intervals for the first
month, and again at 3 and 6 months. Litter-to-soil fluxes
were compared graphically between treatments within
blocks to account for the staggered start times among blocks,
and because microbial communities were previously found
to differ significantly among blocks (Cantrell et al., 2014).
We used two different membrane types—anion probes
(orange) that have a positively charged membrane to adsorb
all negatively charged anions (nitrate, phosphate, and

F I GURE 2 Photograph of differences among mesh sizes: (a) small, (b) medium, and (c) large. All photographs were taken at the same

magnification (40�) under a dissecting microscope.
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sulfate) and cation probes (purple) that have negatively
charged membrane to adsorb all positively charged cations
(ammonium, potassium, calcium, and magnesium). These
probes bearing resin membranes are used for quantifying
spatial and temporal variations in nutrient rates for all ions
(Quian & Schoneau, 2002). After 1 week inside decomposi-
tion bags or incubation at the litter–soil interface, probes
were retrieved, placed in ziplock bags, rinsed in deionized
water, and sent toWestern Ag for analyses.

Arthropod extraction and classification

Litterbags retrieved from the field were placed individu-
ally in sealed plastic bags for transport to the laboratory.
The contents of each retrieved litterbag were placed in
Berlese funnels for 1 week for arthropod extraction
(Barberena-Arias, Gonz�alez, & Cuevas, 2012; Barberena-
Arias, Ortiz-Zayas, et al., 2012; Walter, 1987). The Berlese-
Tullgren funnel (Walter, 1987) uses a light source to force
organisms out of the sample as the sample dries (Sandler
et al., 2010). Collected arthropods were counted and iden-
tified to order and family using a dissecting microscope
(20–40�), assigned to a trophic category based on their life
stage and feeding habits (Triplehorn & Johnson, 2005),
and the abundance was standardized to individuals per
gram of dry litter.

Mass loss

Litter samples used to determine mass loss were also used
for arthropod extraction. Therefore, before arthropod
extraction, litter samples were weighed (wet weight) and

then oven-dried at 60�C for 1 week after arthropod
extraction and reweighed to obtain dry weight. To calcu-
late mass loss, a simple exponential decay function model
was used as proposed by Jenny et al. (1949) and discussed
by Olson (1963). This model proposes that the decompo-
sition follows a unique pattern: Xt = X0e

�kt, where Xt is
the fraction of leaf litter remaining at time t (days), X0 is
the initial amount of litter, and k is the decomposition
constant.

Data analysis

We tested for differences (p < 0.05) in percent mass
remaining and nutrient fluxes from the litter (nutrient
concentration [in micrograms per 10 cm2 per week]) in
response to canopy treatments, litterbag mesh sizes, and
time using the generalized linear model (GLM): univari-
ate analysis of variance using IBM Statistical Package for
the Social Sciences (SPSS 20). GLM was also used to
determine the effects of canopy treatment, litterbag mesh
size, and time on arthropod abundance and richness. In
addition, we used principal components analysis (PCA,
Paleontological Statistics [PAST]) to evaluate the stron-
gest covariation among NO3-N, NH4-N, P, K, and arthro-
pod richness in litterbags with different mesh sizes
(therefore different arthropod communities) and control
and trim + detritus. We assumed linear relationships
among these variables for a variance–covariance matrix,
and we interpreted the first two axes (McCune &
Grace, 2002). For the arthropod community, a multi-
response permutation procedure (MRPP; PC-ORD)) was
used to compare the species composition of arthropods
among mesh sizes, treatments, and time, based on

F I GURE 3 Two pairs of each PRS™ probe (two anionic and two cationic resin exchange membranes) were buried inside litterbags

1 week prior to sampling.
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Sorensen’s coefficient dissimilarity index (CCs = 2c/
S1 + S2), where CCs is Sorensen’s coefficient, c the num-
ber of species common to both communities, S1 the num-
ber of species in Community 1, and S2 the number of
species in Community 2 (McCune & Grace, 2002).
Sorensen’s coefficient is based on the presence and
absence, and MRPP was used to determine differences in
species composition between treatments, among mesh
sizes, and through time.

RESULTS

Mass loss

Percent mass remaining decreased in both the control and
trim + detritus treatments over time and followed the
same pattern (Figure 4). In addition, we observed that
changes in mass loss over time were significant (p ≤ 0.05)
but there were no differences in the rate of mass loss
between canopy treatments or litterbag mesh sizes
(Table 1). There were no significant interactions between
canopy treatment, litterbag mesh size, and time. Further-
more, the mass loss was initially rapid, decreasing by 40%

during the first 21 days in both treatments, and then, it
slowed. At the beginning of the experiment, 14 days of
precipitation showed a wet period that corresponded to
the rapid mass loss observed during the first 21 days of the
experiment (Figure 5). However, after December 2014,
14-day cumulative rain showed recurring occurrences of
dry days/weeks corresponding to the slower mass loss dur-
ing the subsequent 168 days in both canopy treatments
(Figure 5). Moreover, the Climate Prediction Center (2014)
classified the time between September 2014 and May 2016,
as a warm period. Warm periods are associated with
decreased precipitation in Puerto Rico. Correspondingly,
the Drought Monitor Reports stated that by May 2015
>50% of the land area in Puerto Rico was abnormally dry
or under moderate drought (U.S. Drought Monitor, 2018).

Rainfall

During the study period, precipitation varied from the
usual pattern resulting in days with cumulative rain lower
than the norm. For example, October had 7 days with
14-day cumulative rain lower than 33.9 mm, which are
considered dry. In addition, January had 5 days, March

F I GURE 4 Mean (�SE) percentage mass remaining in each mesh size of litterbag and for control (a) and trim + detritus (b) treatments

over time after canopy trimming
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had 6 days, April had 5 days, and May had 19 dry days.
Consequently, during the study period, 5 of 8 months had
consecutive dry days that lasted about a week or more. On
the contrary, November had 7 wet days (Figure 5).

Arthropod abundance

There was no significant difference in arthropod abundance
between treatments or among mesh sizes (Figure 6c).
Abundance varied between 2 and 1 individuals g�1 dry
litter (Figure 6a) in both treatments and among mesh sizes,
with a trend for higher abundance in medium mesh size.
A total of 1804 individuals were collected representing
14 taxonomic groups. Medium-sized mesh bags had more
arthropods in the trim + detritus, whereas large-sized mesh
bags had more invertebrates in the undisturbed canopy
control treatment, but the interaction between canopy treat-
ment and mesh size was not significant (Table 2). There-
fore, canopy disturbance with detritus deposition did not
alter arthropod abundance relative to control (Figure 6).
Arthropod abundance changed significantly over time
(Table 2), reaching a peak after 84 days in the field (Figure 6).
Through time, abundance showed a similar pattern in both
control and trim + detritus.

Arthropod composition

The total number of arthropod orders was significantly
higher in control than in trim plots, and higher in large
than in medium and small mesh size. Overall, in control
plots, small mesh bags had 9 orders, medium had 7 orders,
and large had 13 orders, while in trim + detritus plots,
small had 4 orders, medium had 6 orders, and large had
10 orders. Arthropod richness significantly varied through
time (Table 2), progressively decreasing (Figure 6). More-
over, our experiment showed that richness decreased
through time as did remaining mass.

Arthropod community composition was significantly
different (MRPP; p = 0.0084) between treatments, mesh
sizes, and time. The test statistic (T) shows separation
between treatments (control and trim + detritus)
(T = �3.328) and among litterbag sizes (T = �5.185)
(small, medium, and large), and a greater separation
(T = �16.141) between times (after 21, 35, 84, and
168 days in the field). Furthermore, the agreement statis-
tic (A) shows heterogeneity to be equal within groups in
litterbag sizes (A = 0.015), treatments (A = 0.007), and time
(A = 0.056). These results suggest that identities of arthro-
pod groups associated with decomposing litter vary between
environmental conditions (control and trim + detritus),
among decomposing functional groups (mesh sizes), and
through time, with arthropod functional groups having a
stronger effect than the canopy treatment (Table 3). Nota-
bly, large mesh litterbags in the trim + detritus treatment
had 10 Lepidoptera larvae per gram of dry litter versus 1 in
control plots (Table 4).

TAB L E 1 Generalized linear model: Univariate analysis of

variance for the effect of canopy trimming treatment, litterbag

mesh size, and time on percent mass remaining (%)

Effect df

Mass remaining (%)

F p

Treatment 1 1.911 0.168

Size 2 1.021 0.362

Time 3 83.08 <0.001

Treatment � size 2 0.840 0.433

Treatment � time 3 1.126 0.340

Size � time 6 0.385 0.888

Treatment � size � time 6 0.655 0.686

Note: The significance of bold format is about p values significant (p < 0.05)

F I GURE 5 Precipitation for 1 year (2014–2015) at 21 days,

35 days, 84 days, and 168 days during 6 months (168 days) following

canopy trimming in the Luquillo Experimental Forest in El Verde

Field Station located in northeastern Puerto Rico (18.33080,

�65.82320, World Geodetic System 84)
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Acari, Coleoptera, and Diptera were found in both
treatments and all mesh sizes; Acari were the most abun-
dant order. However, the composition of the arthropod

community significantly differed between control and
trim + detritus plots, among mesh sizes, and through
time. For example, the large mesh bags in trim + detritus

F I GURE 6 Arthropod abundance and richness (number of taxonomic group): (a) abundance in treatments (control and

trim + detritus); (b) richness in treatment (control and trim + detritus); (c) abundance in mesh sizes (small, medium, and large);

(d) richness in mesh size (small, medium, and large); (e) abundance through time (21, 35, 84, and 168 days); and (f) richness through time

(21, 35, 84, and 168 days in the field). Bars represent standard error.
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treatment (Table 3), particularly at 21 days, had a high
abundance of Lepidoptera larvae, which were absent from
control. In contrast, orders that were unique to control

include Homoptera, predaceous Pseudoscorpions, and
Chilopoda, and litter transformers such as Blattodea, Iso-
poda, and Diplopoda. Therefore, our results showed that

TAB L E 2 Generalized linear model: Univariate analysis of variance for the effects of canopy treatment, litterbag mesh size, and

incubation time on the arthropod abundance and richness

Effect df

Abundance Richness

F p F p

Treatment 1 1.39 0.240 10.286 0.002

Size 2 1.425 0.243 29.696 <0.001

Time 3 7.401 <0.001 26.083 <0.001

Treatment � size 2 1.361 0.259 4.071 0.019

Treatment � time 3 1.059 0.368 0.655 0.581

Size � time 6 0.45 0.844 1.798 0.101

Treatment � size � time 6 0.581 0.745 0.601 0.729

Note: The p values in bold are significant at <0.05.

TAB L E 3 Summary statistics for multiresponse permutation procedure to compare diversity patterns and species composition of

arthropods. Results of taxonomic group Sorensen’s distance, comparing three different factors: treatment, litterbag size, and time (days)

(T, test statistic and A, agreement statistic).

Factor Observed Expected Variance Skewness T p A

Treatment 0.735 0.740 0.000 �1.276 �3.328 0.008 0.007

Litterbag size 0.729 0.740 0.000 �0.903 �5.185 0.000 0.015

Time (days) 0.699 0.740 0.000 �0.737 �16.141 0.000 0.056

Note: The significance of bold format is about p values significant (p < 0.05)

TAB L E 4 Abundance of arthropods by taxonomic group (O, order; C, class) across canopy treatments (control vs. trim) and litterbag

mesh sizes. Numbers of individuals were standardized per gram of dry litter followed by SE in parentheses

Treatment/taxon Control Sa Control Mb Control Lc Trim S Trim M Trim L

Acari (O) 58 (�3) 108 (�2) 107 (�3) 31 (�10) 98 (�3) 115 (�3)

Coleoptera (O) 1 (�0) 1 (�0) 6 (�0) 1 (�1) 16 (�1) 9 (�1)

Diptera (O) 11 (�0) 14 (�1) 17 (�0) 4 (�1) 21 (�1) 35 (�1)

Collembola (O) 50 (�13) 14 (�1) 11 (�0) 40 (�7) 20 (�3) 4 (�1)

Blattodea (O) 1 (�0) … 2 (�0) … … 1 (�0)

Thysanura (O) 1 (�0) … … … … 1 (�0)

Homoptera (O) … … 1 (�0) … … …

Hymenoptera (O) 5 (�1) 65 (�9) 12 (�2) … 8 (�4) 1 (�0)

Lepidoptera (O) … … 1 (�0) … 2 (�0) 10 (�1)

Pseudoscorpion (O) … 1 (�0) 3 (�0) … … 1 (�0)

Isopoda (O) … … 1 (�0) … … …

Aranae (O) … … 2 (�0) … … …

Diplopoda (C) 1 (�0) … 4 (�1) … … 1 (�0)

Chilopoda (C) 1 (�0) … 1 (�0) … … …

Plecoptera (O) … 1 … … … …
aS, small mesh litterbags.
bM, medium mesh litterbags.
cL, large mesh litterbags.
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TAB L E 5 Generalized linear model: Univariate analysis of variance for the effects of treatment, litterbag mesh size, and time on weekly

nutrient fluxes (NH4-N, P, and K) from decomposing green leaves

Effect df

NH4-N P K

F p F p F p

Treatment 1 8.12 0.01 0.05 0.83 6.62 0.01

Size 2 11.35 0.00 5.81 0.00 4.38 0.01

Time 3 17.63 0.00 4.06 0.01 53.38 0.00

Treatment � size 2 5.79 0.00 0.00 1.00 1.56 0.21

Treatment � time 3 2.56 0.06 0.28 0.84 2.14 0.10

Size � time 6 3.26 0.01 4.43 0.00 0.43 0.86

Treatment � size � time 6 1.91 0.08 0.15 0.99 1.32 0.25

Note: The p values in bold are significant at <0.05.

F I GURE 7 Mean (�SE) weekly nutrient fluxes of nutrients from litterbags of three mesh sizes under two canopy treatments.

(a, b) Nitrogen (NH4-N). (c, d) Phosphorus (P). (e, f) Potassium (K), in two canopy treatments: control (a, c, and e) and trim + detritus

(b, d, and f)
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the litter arthropod community in the trim + detritus
treatment was a subset of those in the control treatment,
except for Lepidoptera larvae.

Nutrient fluxes from decomposing leaves

NH4-N and potassium (K) (but not P) fluxes from
decomposing leaves differed significantly between the
canopy treatments (Table 5). Moreover, litterbag mesh
sizes significantly affected fluxes of all three nutrients
(Table 5). For example, N and P fluxes were greatest in
large mesh, intermediate in medium mesh, and smallest
in small mesh litterbags (Figure 7). The higher N and P
fluxes in the large mesh bags corresponded to the pres-
ence of Isopoda, Diplopoda, and Chilopoda in control
plots and Lepidoptera larvae in trim + detritus plots.
Fluxes of P only differed between mesh sizes at 168 days
in the control canopy treatment but differed at both
35 and 168 days in the trim + detritus canopy treatment
and were higher in large mesh than in the other two
mesh sizes (Table 5). These results showed the early
peak at 35 days in N and P fluxes in the litterbags was
concordant with peak capture of leached and mineral-
ized nutrients adsorbed by probes at the litter–soil
interface in which a significant difference in N and P
occurred between control and trim + detritus canopy
treatments (Figure 8). Therefore, nutrient fluxes chan-
ged significantly over time for all three nutrients, gener-
ally increasing and then decreasing (Table 4, Figure 7).
These results showed there were significant mesh size-
by-time interactions for fluxes of both NH4-N and P, but
not K (Table 5). There was a significantly greater flux of
P and K across the litter–soil interface in the trimmed
plot in block C, including during the first week after
trimming (Figure 8).

Our experiment showed all bag clusters follow
the same general pattern regardless of size or treatment.
Only the bags with the full arthropod community (large
mesh) in the trim + detritus treatment differed from all
others, particularly at the beginning of the experiment
(Figure 9). Also, canopy openness with debris addition
(trim + detritus) may play a role for a different arthropod
community to develop, which are related to high K that
decrease through time (Axis 1) and high NH4-N that
peaked at 35 days (Axis 2) (Figure 9).

DISCUSSION

We found greater nutrient fluxes from green leaf litter in
a simulated hurricane treatment compared with the con-
trol, and fluxes in the hurricane treatment were greater

in large mesh bags with the full arthropod community
than in the medium and small mesh bags. The number of
arthropod taxonomic groups was significantly higher in
control than in trim + detritus, while decomposer arthro-
pod abundance was highest in large-sized mesh bags in
the control. The early abundance of Lepidoptera larvae
feeding on green leaves in large mesh bags in the
trim + detritus treatment and their absence from the
control treatment, however, may have contributed to
high nutrient fluxes in the trim + detritus treatment.
Another significant factor could be the decrease in
macromycete litter decomposer fungi found in these
same trimmed plots in response to canopy opening
(Lodge et al., in press). Macromycete fungi were previ-
ously found to recycle and conserve limiting nutrients
under closed canopy (Lodge et al., 1994, 2008, 2014).
Changes in fungal decomposers and shifts in inverte-
brates that differentially feed on microfungi rather than
macrofungi were also observed during the first iteration
of the CTE (Lodge et al., 2014; Richardson et al., 2010).

Mass loss

Although we did not find differences in green leaf litter
mass loss between canopy treatments or among litterbag
mesh sizes, nutrient fluxes are not always strictly corre-
lated with leaf litter decomposition (Bragazza et al., 2008;
Hangs et al., 2014). The lack of differences in mass loss
does not appear to be related to the short (6-month) dura-
tion of this study. Decomposition is rapid in wet tropical
forests occurring in about 9–18 months. Mass loss diverged
significantly among treatments (senesced vs. green leaves
and trim + debris vs. no trimno debris) beginning 2months
after placement during the first iteration of the CTE
(Gonz�alez et al., 2014). In this study, about 20% mass
remaining was attained at 6 months as compared to
12–18 months in the first iteration of the CTE (Gonz�alez
et al., 2014). Ostertag et al. (2022) found in a pantropical leaf
decomposition experiment in montane and lowland forests
that differences in mass loss between litterbag mesh sizes
were highly significant using either the mean data from 3-
and 7-month incubation or the 7-month data alone. As
noted previously, litter arthropods have largely indirect
effects on litter decomposition via regulation of bacterial
and fungal populations.

Nutrient fluxes

The timing and magnitude of nutrient fluxes from leaf lit-
ter to soil have significant effects on structure and func-
tioning of plant communities (Aerts et al., 1999; Bragazza

12 of 20 MORENO ET AL.



et al., 2008; Lavelle et al., 1993; Lodge et al., 1994, 2014).
In forests recovering from canopy disturbance, as in this
study, the timing and magnitude of nutrient fluxes inter-
acting with environmental factors influence nutrient fate
in terms of the proportion incorporated by vegetation ver-
sus lost from the ecosystem via fluxes to the atmosphere
or leached and exported by streams (Lodge et al., 1994;
Lodge & McDowell, 1991; McDowell et al., 1996;
McDowell & Liptzin, 2014; Shiels et al., 2015; Steudler
et al., 1991; Zimmerman et al., 1995). Sun et al. (2022)
showed N and P export from the Rio Grande watershed,

which includes our site, increased about 300% during Hur-
ricane Maria, and took nearly a year to return to back-
ground levels. In this study, nutrient fluxes from green litter
differed significantly between canopy treatments and litter-
bag mesh sizes, and these differences corresponded to
changes in arthropod community composition.We foundN
and P fluxes from green litter to soil were highest in bags
with large mesh size in the trim + detritus treatment. Cor-
respondingly, McDowell (in press) found in lysimeters
located nearest our litterbags that nitrate accumulatedmore
in groundwater in the trim + detritus than in the control

F I GURE 8 Weekly nutrient litter–soil interface fluxes of N (a), P (b), and K (c) in two canopy treatments: control and trim + detritus
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treatment. The occurrence of a significant drought during
this study could have uncoupled nutrient mineralization
and root uptake, as observed previously following Hurri-
cane Hugo (Lodge et al., 1994; McDowell et al., 1996). In
contrast, Gonz�alez et al. (2014) found slower N mineraliza-
tion along with slower mass loss in response to canopy
trimming.

The trim + detritus plot in block C had significantly
greater fluxes of P and K across the litter–soil interface,
but this occurred too soon after canopy trimming to be
attributed to invertebrates. Both P and K are known to be
highly leachable soon after leaf fall (Schreeg et al., 2013).
Because trimming of the blocks was staggered, higher
rainfall could potentially lead to greater initial leaching
of nutrients. However, cumulative 7-day rainfall
(Ramírez, 2021) during ion resin membrane exposure
immediately following trimming was similarly high
(332–354 mm) in blocks A and C but low (52 mm) in
block B; thus, leaching potential does not explain the

high rate of leaching of P and K during the first week
only in the trimmed plot in block C. Instead, litterfall
mass in the preceding month and fungal litter mat abun-
dance (Lodge et al., in press) were related to the differ-
ences in fluxes of P and K at the litter–soil interface.
Litterfall mass was higher in block C than in blocks A
and B just prior to the trim and could have contributed to
greater P and K being leached from the litter layer. How-
ever, the abundance of fungal litter mats was most closely
correlated with the disparity in leaching of P and K among
plots and treatments. Block C had the lowest percent fun-
gal litter mat cover prior to the trim. Following the trim,
the control plot in block C maintained its fungal litter mat
cover and had lower nutrient fluxes to soil, whereas fungal
mats completely disappeared from the trimmed plot in
block C in response to canopy opening, corresponding to
high fluxes of P and K. This result agrees with that of
Lodge et al. (2014) who found that P leached from litterfall
during the previous iteration of the CTE was immobilized
by fungi in the lower litter layers. We hypothesize that
active fungal litter mats are important in immobilizing
and recycling nutrients in the litter layer, as previously
shown for P by Lodge et al. (1994, 2014).

Drought

Drought following canopy disturbance to forests may con-
tribute to losses of nutrients from the ecosystem if it causes
asynchrony between nutrient release and plant uptake.
For example, the effects of canopy loss and debris deposi-
tion at our site from both Hurricane Hugo in 1989 and the
previous iteration of the CTE led to an accumulation of
soil ammonium that stimulated microbial conversion to
nitrate that then leached into the groundwater and was
exported via streams (McDowell et al., 1996; McDowell &
Liptzin, 2014). Hurricane Hugo was preceded by a drought
that caused mass mortality of fine roots and microbial bio-
mass resulting in asynchrony between N mineralization
and root uptake and losses of N from the ecosystem in
streamwater (Lodge et al., 1994; McDowell et al., 1996;
Shiels et al., 2015). Additional N was lost from the ecosys-
tem to the atmosphere after Hurricane Hugo via denitrifi-
cation (Lodge et al., 1994; Steudler et al., 1991).

The decreased rate of decomposition toward the end of
our experiment can be attributed to drought, which is
known to slow decomposition (Sanaullah et al., 2012). Can-
opy trimming resulted in abiotic changes: increased
throughfall, higher soil moisture, higher solar radiation,
and decreased litter moisture (Shiels et al., 2015; Van
Beusekom et al., 2020). These results suggest that regional
drought dominated the mesoclimate surpassing any micro-
climate variation that the experiment manipulation might

F I GURE 9 Principal components analysis (PCA) of the green

leaf litter arthropod. Control treatment (a) and trim + detritus (b).

Axis 1 with 89.7% of variability and Axis 2 with 9.9% of variability.

Solid triangles, small; open diamonds, medium; and solid circles,

large
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have created. This may explain the similar pattern in mass
loss we observed in trimmed and control plots in the pres-
ence of drought, in contrast to the first iteration of the CTE
in which canopy treatments differed in the absence of
drought (Gonz�alez et al., 2014; Richardson et al., 2010). A
pretreatment drought occurred in 2002 before the first can-
opy trimming and the litterbag decomposition experiment
in 2004, leading to pre- versus post-treatment differences in
microbial communities within the control treatment, but
rainfall had returned to normal before canopy treatment
and the decomposition experiment (Cantrell et al., 2014;
Gonz�alez & Lodge, 2017; Gonz�alez et al., 2014). In their
pantropical leaf decomposition experiment in montane and
lowland forests, Ostertag et al. (2022) showed hierarchical
control of leaf litter mass loss with climate having a stron-
ger effect on leaf litter mass loss than biotic factors includ-
ing invertebrate size class.

Arthropod community composition

Canopy opening is a major determinant of community
change by reducing arthropod diversity and biomass
(decrease detritivores; e.g., Coleoptera and Diplopoda) and
changes in fungivores (e.g., Collembola and Mites)
(Richardson et al., 2010). We predicted that arthropod diver-
sity and abundance in green leaf litter would vary among
the three mesh sizes in the control and trim + detritus
treatment. We confirmed that arthropod diversity and com-
munity composition were associated with canopy trimming
and its interaction with mesh size. Arthropod abundance,
however, was not affected by either mesh size or canopy
treatment. The changes in habitat caused by disturbances
(e.g., hurricane) affect the composition of arthropod com-
munities since changes in abundance and distribution of
resources can modify the microhabitat used by arthropods
(Barberena-Arias, Gonz�alez, & Cuevas, 2012; Barberena-
Arias, Ortiz-Zayas, et al., 2012). In addition, canopy opening
with detritus deposition (trim + detritus treatment) pro-
vides more organic matter for arthropods, which stimulates
the activity of soil organisms. For decomposer arthropods,
litter represents habitat and food either directly or indirectly
through microbial biomass; therefore, more litter represents
higher resource availability, which can in turn promote
both abundance (Sayer et al., 2010) and richness (Richard-
son et al., 2010). Although one might expect increased
abundance or richness of arthropods in response to debris
deposition in the CTE based on results of a litter addition
and removal experiment in Panama by Sayer et al. (2015),
that study was conducted under an undisturbed canopy,
whereas the CTE combined canopy opening with debris
addition. During this experiment, both arthropods and
remaining mass decreased through time suggesting a

positive relationship, as previously found by Barberena-
Arias and Aide (2003). Counterintuitively, regardless of
mesh size, bags in our control plots had consistently higher
richness than in trim + detritus plots most likely from the
environmental effects of canopy opening. This result is con-
sistent with that from the first iteration of the CTE in which
Margalef index of diversity for litter arthropods was posi-
tively related to mass loss (Gonz�alez et al., 2014).

In this study, Acari was the most abundant order and
common in both canopy treatments, while the number of
taxonomic groups was higher in control than in
trim + detritus and soon after disturbance (21 days after
trim) in large mesh bags. These results showed a pattern
of a higher number of orders in the control treatment
than in trim + detritus and that the composition of the
latter was mostly a subgroup of that in the control. The
simulated hurricane treatment affected the number of
orders in trim + detritus in all mesh sizes. Furthermore,
the abundance of arthropods and richness showed a simi-
lar pattern among mesh sizes in both treatments. Though
not significant, the abundance in small-sized mesh bags
was always lowest and that in large-sized mesh bags was
always highest, while that in medium-sized mesh bags
was intermediate for both canopy treatments. In addi-
tion, abundance results showed a peak at 84 days after
trim, whereas richness decreased at the same time. These
data suggest that abundance and richness of arthropods
are affected differently by the canopy treatments, and it
also suggests that the biodiversity of trim + detritus is
mostly a subgroup of control and the effects of the hurri-
cane affect the number of orders in trim + detritus in all
sizes of mesh.

Arthropod community and nutrient
mineralization

We found significantly higher mineralization of N and K
(but not P) in bags with large mesh size in the
trim + detritus treatment with rates of N mineralization
higher than in previous studies. The green leaf litter mix-
ture we used had a higher quality than in the previous
CTE experiments because one third was comprised of
higher nutrient palm leaves (Richardson et al., 2005).
Although the green leaf mix used in this study had higher
quality (lower C:N and C:P) than used in the previous
CTE experiments (Gonz�alez et al., 2014; Harris &
Medina, 2013; Lodge et al., 2014; C:N ratio of 34 based on
green lower leaves in Harris & Medina, 2013 versus 38–41
in Lodge et al., 2014), this cannot explain the higher rate
of N mineralization found in this study. Instead, a key dif-
ference between the two CTE experiments is that the
green leaf mass in the previous CTE was stored for several
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months outside of the plots before being applied to the
plots and was consumed by Lepidoptera and other arthro-
pods prior to deposition as frass (Richardson et al., 2010),
whereas green litter was applied to the plots within a week
to 10 days after trimming in this experiment. Furthermore,
we found significant differences in arthropod communities
in the large mesh bags in trim + detritus treatment
(Table 3) and particularly at 21 days where bags with large
mesh size in trim + detritus were strikingly different
(Figure 7). These bags had high abundance of Lepidoptera
larvae per gram of dry litter presumably feeding on the
green leaves deposited on the ground, while the control
plots had only one Lepidoptera larva per gram (Moreno,
2019; Table 4). Lepidopteran adults are opportunistic and
rapidly respond to increased availability of new leaves
(Torres, 1992); therefore, the detritus deposited on these
plots may have contributed to an outbreak of lepidopteran
larvae that then were able to colonize litterbags with large
mesh size.

The comminution that resulted from the feeding of
these chewing Lepidoptera larvae may have resulted in
higher leaching/mineralization of N, P, and K from these
bags (Figure 7). The peak of nutrient mineralization after
4 weeks in both the large mesh litterbags and at litter–soil
interface suggests that processes in the large-sized mesh
bags were comparable to those in the green litter that was
applied to the plots in the trim + debris treatment
(Figure 8), while trim + detritus and control large mesh
bags also differed in the kinds of detritivores (Moreno,
2019) which include arthropods feeding on organic matter
and/or associated organisms such as fungi, bacteria, and
algae (Moreno, 2019). In control bags, 64% were adults of
mostly oribatid mites (54%), while in trim + detritus bags,
65% were larvae of mostly dipterans (50%) from the fami-
lies Chironomidae and Psychodidae. Oribatids with closed
genital plates feed mainly on fungi/algae growing on
decomposing organic matter (https://www.zoology.ubc.ca/
�srivast/mites/group.html), while dipterans such as Chi-
ronomids are semiaquatic larvae that may colonize moist
soil or vegetation and feed on detritus and associated
microbes (Delettre, 2000). We hypothesize that the rapid
application of fresh green leaves to the trim + detritus
plots in this experiment created a greater abundance of
Lepidoptera and other medium-sized arthropods, which
then increased shredding of green leaf litter in our large
mesh litterbags, thereby stimulating nutrient mineraliza-
tion (Walker et al., 1996).Together, these results suggest
that relative differences in nutrient fluxes from green leaf
litter were related to changes in the litter invertebrate food
web rather than rates of decomposition. In addition, the
higher N flux from green leaves in the trim + detritus
treatment was unexpected. Our results also contrast with
those from the first iteration of the CTE by Gonz�alez

et al. (2014) who found slower N mineralization with
canopy opening. Furthermore, arthropod food web commu-
nity complexity was reduced under open canopy in this
study, and previous literature reviews and syntheses
(David, 2014; Wardle, 1999) suggested that both macro- and
microarthropods stimulate N mineralization. However, as
noted by Gonz�alez and Seastedt (2001), the interactive
effects of fauna and microbes on nutrient mineralization
depend on the specific feeding behavior of the fauna and
the microbial community. The study by Lodge et al. (2022)
found that basidiomycete leaf litter mat cover was signifi-
cantly higher in the control than in the trim + detritus
treatment, and these macrofungi are known to conserve
and recycle nutrients in the litter layer (Lodge et al., 2014,
2022), which is consistent with our results. The previous
studies (Gonz�alez et al., 2014; Lodge et al., 2014), however,
indicated more mineralization of P but not N in trimmed
plots, whereas this study found greater mineralization of
N but not P in the trimmed plots. On the contrary,
undisturbed communities, such as those present in control
plots, were dominated by adult mites and nutrient
leaching/mineralization resulted like all other mesh sizes
that lepidopterans and dipterans were unable to colonize.
These data suggest that within functional categories, varia-
tions in the specific feeding behavior among arthropod
orders may affect the release of nutrients from organic mat-
ter; in this case, the feeding behavior of mandibulate Lepi-
doptera and Diptera larvae seem to enhance microbial
activity that possibly resulted in increased leaching/
mineralization in large mesh litterbags in trimmed plots.

CONCLUSIONS

In this study, we predicted that arthropod diversity of
green leaf litter would vary among the three mesh sizes
and between the control and trim + detritus treat-
ments. However, we found arthropod diversity and
community composition were affected by the canopy
and mesh size treatments, whereas arthropod abun-
dance was not affected. In addition, we found that
litterbag mesh size significantly affected mineralization
of nutrients from the green leaves in the trimmed plots.
We hypothesize that the effect of canopy opening and
detritus (trim + detritus treatment) provided more
organic matter for arthropods that stimulated the activity
of lepidopteran larvae soon after the trim, resulting in
higher nutrient fluxes from green litter. We hypothesize
that drought had a stronger effect on mass loss and nutri-
ent mineralization than the canopy treatments and litter-
bag mesh size. Our results are consistent with previous
support for hierarchical control of litter decomposition
and mineralization (Djukic et al., 2018; Ostertag
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et al., 2022). The effect of arthropods on leaf litter decom-
position occurs on a smaller scale, not on a mesoscale.
Therefore, our results are aligned with previous studies
showing that at the mesoscale level, the predominant fac-
tors in litter decomposition are resource quality and envi-
ronmental conditions (Djukic et al., 2018; Ostertag
et al., 2022). Based on evidence from multisite experiments
at regional and global scales, while soil animals are consid-
ered key regulators of decomposition at local scales, their
role at larger scales is still unresolved (Wall et al., 2008).
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