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A number of studies indicate that tropical arthropods should be
particularly vulnerable to climate warming. If these predictions are
realized, climate warming may have a more profound impact on
the functioning and diversity of tropical forests than currently
anticipated. Although arthropods comprise over two-thirds of terres-
trial species, information on their abundance and extinction rates
in tropical habitats is severely limited. Here we analyze data on
arthropod and insectivore abundances taken between 1976 and
2012 at two midelevation habitats in Puerto Rico’s Luquillo rainforest.
During this time, mean maximum temperatures have risen by 2.0 °C.
Using the same study area and methods employed by Lister in the
1970s, we discovered that the dry weight biomass of arthropods
captured in sweep samples had declined 4 to 8 times, and 30 to
60 times in sticky traps. Analysis of long-term data on canopy arthro-
pods and walking sticks taken as part of the Luquillo Long-Term
Ecological Research program revealed sustained declines in abun-
dance over two decades, as well as negative regressions of abun-
dance on mean maximum temperatures. We also document parallel
decreases in Luquillo’s insectivorous lizards, frogs, and birds. While El
Niño/Southern Oscillation influences the abundance of forest arthro-
pods, climate warming is the major driver of reductions in arthropod
abundance, indirectly precipitating a bottom-up trophic cascade and
consequent collapse of the forest food web.

climate warming | rainforest | food web | arthropods | bottom-up cascade

From pole to pole, climate warming is disrupting the biosphere
at an accelerating pace. Despite generally lower rates of

warming in tropical habitats (1), a growing body of theory and data
suggests that tropical ectotherms may be particularly vulnerable to
climate change (2). As Janzen (3) pointed out, tropical species that
evolved in comparatively aseasonal environments should have nar-
rower thermal niches, reduced acclimation to temperature fluctu-
ations, and exist at or near their thermal optima. Consequently,
even small increments in temperature can precipitate sharp de-
creases in fitness and abundance. These predictions have been
verified in a variety of tropical reptiles, amphibians, and inverte-
brates (4–8).
Given their abundance, diversity, and central roles as herbi-

vores, pollinators, predators, and prey, the response of arthro-
pods to climate change is of particular concern. Deutsch et al. (5)
predicted that, for insects living at mid-to-high latitudes, rates of
increase should grow as climate warms, while in the tropics in-
sects should decline by as much as 20%. Reduction in population
growth, combined with elevated metabolic rates, could poten-
tially lower abundances and raise arthropod extinction rates. If
these predictions are realized, climate warming may have an
even more profound impact on the functioning and biodiversity
of the Earth’s tropical forests than currently anticipated.
Although arthropods comprise more than two-thirds of all

terrestrial species and are centrally important to the ecological
well-being of the Earth’s ecosystems, long-term data on pop-
ulation abundance and extinction rates are severely limited (9).
Studies documenting declines in insects have focused on tem-
perate species (10–13), and have identified climate warming,
along with habitat disturbance and insecticides, as primary causal

mechanisms (9, 10). While demonstrated impacts of climate change
on tropical forests include reductions in plant diversity (14), changes
in plant species composition (15), and increases in tree growth,
mortality, and biomass (16), little is known about the impact of
climate warming on rainforest arthropods (17, 18). Here we analyze
long-term data on climate change, arthropod abundance, and in-
sectivores within the Luquillo rainforest in northeastern Puerto
Rico, with the aim of determining if increases in ambient temper-
ature may have driven reductions in arthropod numbers and asso-
ciated decreases in consumer abundance.

Results
Climate Trends in the Luquillo Forest. Fig. 1 compares trends in
mean maximum yearly temperature (MnMaxT) for the El Verde
Field Station and Bisley Tower meteorological stations, both
located at an altitude of 350 m. Between 1978 and 2015,
MnMaxT at El Verde rose by 2.0 °C at an average rate of
0.050 °C per year. Between 1993 and 2015, the rate of temper-
ature increase at Bisley Tower was 0.055 °C per year, not sig-
nificantly different from the rate at El Verde.
As several authors have pointed out, increased exposure to

extreme temperatures may have a greater impact on fitness than
gradual increases in average temperatures (6, 19, 20). At El
Verde the proportion of maximum daily temperatures equal to
or exceeding 29.0 °C increased significantly between 1978 and
2015 (SI Appendix, Fig. S8E). At the Bisley station, the pro-
portion of maximum daily temperatures equal to or exceeding
29.0 °C grew steadily from the 1990s until 2015, with the pro-
portion averaging 0.03 for 1993–1994 and 0.44 for 2014–2015.

Significance

Arthropods, invertebrates including insects that have external
skeletons, are declining at an alarming rate. While the tropics
harbor the majority of arthropod species, little is known about
trends in their abundance. We compared arthropod biomass in
Puerto Rico’s Luquillo rainforest with data taken during the
1970s and found that biomass had fallen 10 to 60 times. Our
analyses revealed synchronous declines in the lizards, frogs,
and birds that eat arthropods. Over the past 30 years, forest
temperatures have risen 2.0 °C, and our study indicates that
climate warming is the driving force behind the collapse of the
forest’s food web. If supported by further research, the impact
of climate change on tropical ecosystems may be much greater
than currently anticipated.
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1. L&G claim a 0.05º yr-1 increase in T over 
past decades using LUQ data.

2. Present data on insect biomass and 
abundance for 1976-77 vs. 2012-13 
showing X% decline.  Similar two point 
decline shown for Chamela (Mexico).

3. Linked these patterns to changes in 
abundance of canopy arthropods, 
walking sticks, coquies, and 
insectivorous bird using LUQ online data, 
claiming declines in all linked to 
temperature increase.

4. L&G conclude that there has been a 
collapse in food webs directly linked to 
global increase in temperature.  Wow!

While average temperatures increased 8–10% over the same
period, the proportion of extreme temperatures increased 14 times.
Because data from the Bisley and El Verde stations record just
one maximum and minimum temperature per 24-h period, we
could not calculate the duration of time that temperatures remained
above the 29 °C extreme. However, there was a significant positive
linear regression of proportion of days per year when the tem-
perature equaled or exceeded 29 °C on MnMaxT at El Verde (SI
Appendix, Fig. S8K), suggesting that our measure reflects signifi-
cant exposure to extremes rather than ephemeral spikes in tem-
perature (6, 20).
From 1975 to 2015, rainfall at the El Verde station averaged

3,653 mm/y with no significant positive or negative trends. However,
the number of dry days (rainfall less than 1 mm) has been de-
creasing since 1975 (SI Appendix, Fig. S8G), while the variation in
daily rainfall has been increasing (SI Appendix, Fig. S8H). Over the
36-y time span encompassed by the data analyzed here, there have
been five major hurricanes and eight severe droughts with two
outlier dry years, 1994 and 2015, when total rainfall was 1,404 mm
and 2,035 mm, respectively (21). These disturbances are all asso-
ciated with La Niña and El Niño events (SI Appendix, Fig. S9).

Arthropods. Fig. 2 compares arthropod dry weight biomass cap-
tured per 100 sweeps for July 1976 and January 1977 in the
Luquillo forest study area (22), with our samples from July
2011 and 2012, and January 2012 and 2013. Compared with the
earlier samples, arthropod biomass for July 2011–2012 and
January 2012–2013 fell four and eight times, respectively. Fig. 3
shows that the declines in biomass occurred across all 10 of the
major taxa captured in the sweep samples (Fig. 3 A and B vs. Fig.
3 C–E and F, respectively). A two-sample Kolmogorov–Smirnov
test indicated that the distributions of biomass proportions
across taxa were not significantly different between the two
sample periods (Kolmogorov–Smirnov z = 0.671, P = 0.759),
suggesting that all taxa declined proportionately.
Sticky-trap samples for the ground (Fig. 4A) and canopy (Fig. 4B)

were indicative of a collapse in forest arthropods. The catch rate for
the ground traps fell 36 times, from 473 mg per trap per day in July
1976 to 13 mg per trap per day in July 2012, and approximately
60 times, from 470 mg per trap per day to 8 mg per trap per day,
between January 1977 and January 2013. In July 1976, the canopy
trap catch rate was 37 mg per trap per day compared with 5 mg per
trap per day in July 2012, and 21 mg per trap per day in January
1976 vs. 8 mg per trap per day in January 2013.
Analysis of Schowalter’s (23) canopy data also revealed sig-

nificant decreases in invertebrate abundance, scaled with respect

to foliage weight sampled between 1990 and 2010 (Fig. 5A), and
a significant, nonlinear decline with increasing temperature (Fig.
5B). In keeping with our sweep net results, all 10 of the most-
abundant canopy taxa exhibited negative trends in abundance
between 1990 and 2010. The binomial probability of this pattern
occurring by chance alone is 0.00097. Employing Willig et al.’s
(24) census data, we also conducted quasi-Poisson regressions of
walking stick abundance against time and against MnMaxT
during the census periods (Fig. 5 C and D). Both regressions were
negative and significant.
During a previous study (25), we sampled arthropods within a

tropical dry forest in the Chamela-Cuixmala Biosphere Reserve in
western Mexico using the same sticky-trap methods employed at
Luquillo. Since 1981, the Chamela-Cuixmala Biosphere Reserve
has experienced a 2.4 °C increase in average annual air tempera-
ture, from 24.5 °C in 1981 to 26.9 °C in 2014 (SI Appendix, Fig. S1).
We returned to the Chamela forest in August 2014 to repeat our
original samples within the same study area. Overall, we found an
eightfold decrease in the dry-weight biomass of arthropods captured
per day in ground traps in 2014 compared with the average for July
1987 and July 1988 (SI Appendix, Fig. S2).

Insectivores.Given these declines in arthropod resources, parallel
declines in insectivore abundances would be expected. The
dominant insect predators within the Luquillo rainforest are
anoline lizards, eleutherodactylid frogs, and birds (26). Here we
analyze changes in abundance through time for forest-dwelling
anoles, the most common forest frog, Eleutherodactylus coqui,
and the bird community near the El Verde Field Station.

Anoles.Within our Luquillo study area, the most common anoles
during 1976–1977 were Anolis gundlachi, Anolis evermanni, and
Anolis stratulus (22). In 2011 and 2012, we censused anoles
within the same 225-m2 study area using the Schnabel method
(27) employed in 1976/1977 by Lister (22). Average density of
anoles in 2011–2012 had decreased ∼2.2 times compared with
1976–1977, from an estimated 12,490–5,640 anoles per hectare.
Mean anole biomass within the study area dropped 32%, from
401 g to 277 g (Fig. 6 and SI Appendix, Table S1). The density of
A. gundlachi, the most common species, had dropped twice, and
the density of A. evermanni declined 10 times. A. stratulus, with a

Fig. 1. Air temperature trends within the Luquillo forest. MnMaxT vs. year
for the (A) El Verde (1978–2015) and (B) Bisley Tower (1994–2012) meteo-
rological stations. The stations are ∼8.2 km apart at elevations of 350 and
352 m, respectively. The least-squares regression lines have been drawn
through the data points. The difference between the slopes of the two re-
gression lines is not significant (t = 0.281, P = 0.78).

Fig. 2. Mean dry-weight arthropod biomass per 100 sweeps taken in the
same sample area in the Luquillo rainforest during July 1976, January 1977,
July 2011, and January 2013. One SE around the mean biomass is shown for
each bar. Total sweeps taken in each period was 800, except for July 1976,
when 700 sweeps were taken. Data for 1976 and 1977 are from Lister (22).
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is in the interval [15, 100] then x causes y. If the UI lies within the
range [−15, 15], the causal direction is indeterminate.
SI Appendix, Table S4 summarizes the outcome of the gen-

eralCorr analyses of causation. The unanimity indices equaled
100 in five of the six groups, indicating that the causal path
Temperature → Abundance is supported by all three of Vinod’s
criteria for causality. Inclusion of mean daily rainfall as a cova-
riate improved the UI for all analyses except for walking sticks,
which had a UI of 100 without the covariate, and for the E. coqui
at the Sonadura Old study site, which retained a low UI and
indeterminate causal path with and without the covariate.

Discussion
Climate Change and Arthropods. Based on 14 y of light-trap data
within a Panamanian rainforest, Wolda (43) observed that the
stability of tropical insects varied considerably. He concluded
that this result reflected the absence of a “dominant environ-
mental process” affecting many species simultaneously. We sug-
gest that climate warming has emerged as such a dominant force
affecting arthropod populations in the Luquillo forest and, most
likely, in other tropical forests experiencing significant increases
in ambient temperature.
Several lines of evidence support this hypothesis. First, from a

single species of walking stick to a community of over 120 canopy
taxa, long-term declines have occurred in parallel with rising
temperatures. Average ambient temperature is also a significant
predictor of changes in the abundance of canopy invertebrates
and walking sticks. Second, the simultaneous declines of all
10 arthropod taxa in our sweep samples, the 10 most-abundant

taxa in Schowalter’s (23) canopy samples, and arthropods occu-
pying all strata of our forest study area, all point to an overriding
environmental factor that has had ubiquitous, adverse effects on
forest arthropods regardless of taxonomic affiliation, stratum
occupied, or type of niche exploited. Third, declines in arthropod
abundance have occurred despite major decreases in their preda-
tors. This “counter cascade” conflicts with decades of research on
trophic dynamics (44), as well as studies documenting the major
impact of anoles, frogs, and birds on arthropod abundance (45, 46).
Stewart and Woolbright (47), for example, estimated the E. coqui
population alone harvested 114,000 prey items per hectare per night
in the Luquillo forest, and Reagan and Waide (26) calculated that
A. stratulus, A. gundlachi, and A. evermanni collectively consumed
∼443,300 invertebrates per hectare per day at El Verde. If climate
warming is not driving arthropod declines, then whatever the factors
may be, they must completely override the reduction in mortality
from lowered predation levels. Fourth, our analyses are in keeping
with predictions of Deutsch et al. (5) that tropical insects should be
especially vulnerable to climate warming, adding to field and lab-
oratory studies over the past several years that have consistently
supported the predicted sensitivity (8, 48–53). Finally, our arthro-
pod samples from the Chamela-Cuixmala reserve in Mexico add
support to our hypothesis that climate warming is having a serious
negative impact on invertebrate populations in tropical forests.
Other studies have also documented declines in arthropod

abundance across a broad range of geography, habitats, and taxa
(10–12, 54, 55, 56–58). Research on causal factors has focused on
anthropogenic disturbance and pesticides (57, 58). Given its long-
term protected status (59), significant human perturbations have
been virtually nonexistent within the Luquillo forest since the 1930s,
and thus are an unlikely source of invertebrate declines. Due to the
ongoing reduction in agriculture and associated farmland, pesticides
use in Puerto Rico also fell up to 80% between 1969 and 2012 (SI
Appendix, Fig. S7). Most pesticides have half-lives measured in days,
not decades (60), making it improbable that, despite precipitous
declines in their use, remaining residues are responsible for waning
arthropod abundance. Recently, Hallman et al. (61) published an
extensive analysis of long-term data on the biomass of flying insects
sampled at 63 protected reserves in Germany. Overall, they found a
75% decline in biomass between 1989 and 2016. Their statistical
models largely eliminated land-use change as an explanatory vari-
able but did not thoroughly analyze a number of climate-change
variables. Increases in average temperature had a positive influence
on insect biomass, an effect predicted by Tewksbury et al. (62) for
temperate insects. However, the reasons for the alarming losses in
insect biomass are currently unknown and, of course, may differ
from causal agents in tropical habitats.

Anolis Population Declines. Long-term abundance data taken by
Pounds et al. (63), Whitfield et al. (4), and Stapley et al. (20)
indicate that Anolis populations in other tropical forests have
declined in parallel with anoles at Luquillo. At Monteverde,
Costa Rica, populations of Anolis tropidolepis and Anolis altae
were diminishing by 4.4% and 3.1% per year, respectively, for
11 and 13 y before both species became locally extinct. Over a 35-y
period at La Selva, Costa Rica, Anolis capito, Anolis humilis, and
Anolis apletophallus decreased by 23%, 78%, and 71%, respectively
(3), and in the rainforest on Barro Colorado Island, Panama, A.
apletophallus abundance declined by 71% between 1971 and 2011
(19). Proposed drivers of these trends were reduced mist frequency
at Monteverde, diminished leaf litter due to climate change at La
Selva, and the effects of the ENSO combined with a rise in mini-
mum temperatures on Barro Colorado.
Estimated rates of decline for Anolis populations at Luquillo,

Monteverde, La Selva, and Barro Colorado are given in SI Ap-
pendix, Table S2. All of these species are nonbasking, thermal-
conforming forest inhabitants (6). In a macrophysiological and
focal species analysis of Puerto Rican anoles and other lizards

Fig. 7. Population trends for E. coqui and birds near the El Verde Field
station. (A) Quasi-Poisson regression of estimated total number of E. coqui
individuals against time from censuses conducted by Stewart (28) in the
Activity Transect. (B) Quasi-Poisson regression of the estimated number of E.
coqui individuals against MnMaxT during the time periods when Stewart’s
censuses were conducted. (C) Quasi-Poisson regression for the total number
of birds captured during equal length, 4-d sessions of mist netting (31) near
the El Verde Field Station against the period when the mist netting was
conducted. (D) Quasi-Poisson regression of the total number of birds cap-
tured during Waide’s (31) 4-d sessions vs. MnMaxT during the year of mist
netting. The 95% confidence intervals are shown around the best-fit re-
gression lines. Pr(χ) is the result of a likelihood-ratio χ2 test of whether the
independent variable improves the model beyond an intercept-only model.
P < 0.05 indicates a statistically significant regression.
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While average temperatures increased 8–10% over the same
period, the proportion of extreme temperatures increased 14 times.
Because data from the Bisley and El Verde stations record just
one maximum and minimum temperature per 24-h period, we
could not calculate the duration of time that temperatures remained
above the 29 °C extreme. However, there was a significant positive
linear regression of proportion of days per year when the tem-
perature equaled or exceeded 29 °C on MnMaxT at El Verde (SI
Appendix, Fig. S8K), suggesting that our measure reflects signifi-
cant exposure to extremes rather than ephemeral spikes in tem-
perature (6, 20).
From 1975 to 2015, rainfall at the El Verde station averaged

3,653 mm/y with no significant positive or negative trends. However,
the number of dry days (rainfall less than 1 mm) has been de-
creasing since 1975 (SI Appendix, Fig. S8G), while the variation in
daily rainfall has been increasing (SI Appendix, Fig. S8H). Over the
36-y time span encompassed by the data analyzed here, there have
been five major hurricanes and eight severe droughts with two
outlier dry years, 1994 and 2015, when total rainfall was 1,404 mm
and 2,035 mm, respectively (21). These disturbances are all asso-
ciated with La Niña and El Niño events (SI Appendix, Fig. S9).

Arthropods. Fig. 2 compares arthropod dry weight biomass cap-
tured per 100 sweeps for July 1976 and January 1977 in the
Luquillo forest study area (22), with our samples from July
2011 and 2012, and January 2012 and 2013. Compared with the
earlier samples, arthropod biomass for July 2011–2012 and
January 2012–2013 fell four and eight times, respectively. Fig. 3
shows that the declines in biomass occurred across all 10 of the
major taxa captured in the sweep samples (Fig. 3 A and B vs. Fig.
3 C–E and F, respectively). A two-sample Kolmogorov–Smirnov
test indicated that the distributions of biomass proportions
across taxa were not significantly different between the two
sample periods (Kolmogorov–Smirnov z = 0.671, P = 0.759),
suggesting that all taxa declined proportionately.
Sticky-trap samples for the ground (Fig. 4A) and canopy (Fig. 4B)

were indicative of a collapse in forest arthropods. The catch rate for
the ground traps fell 36 times, from 473 mg per trap per day in July
1976 to 13 mg per trap per day in July 2012, and approximately
60 times, from 470 mg per trap per day to 8 mg per trap per day,
between January 1977 and January 2013. In July 1976, the canopy
trap catch rate was 37 mg per trap per day compared with 5 mg per
trap per day in July 2012, and 21 mg per trap per day in January
1976 vs. 8 mg per trap per day in January 2013.
Analysis of Schowalter’s (23) canopy data also revealed sig-

nificant decreases in invertebrate abundance, scaled with respect

to foliage weight sampled between 1990 and 2010 (Fig. 5A), and
a significant, nonlinear decline with increasing temperature (Fig.
5B). In keeping with our sweep net results, all 10 of the most-
abundant canopy taxa exhibited negative trends in abundance
between 1990 and 2010. The binomial probability of this pattern
occurring by chance alone is 0.00097. Employing Willig et al.’s
(24) census data, we also conducted quasi-Poisson regressions of
walking stick abundance against time and against MnMaxT
during the census periods (Fig. 5 C and D). Both regressions were
negative and significant.
During a previous study (25), we sampled arthropods within a

tropical dry forest in the Chamela-Cuixmala Biosphere Reserve in
western Mexico using the same sticky-trap methods employed at
Luquillo. Since 1981, the Chamela-Cuixmala Biosphere Reserve
has experienced a 2.4 °C increase in average annual air tempera-
ture, from 24.5 °C in 1981 to 26.9 °C in 2014 (SI Appendix, Fig. S1).
We returned to the Chamela forest in August 2014 to repeat our
original samples within the same study area. Overall, we found an
eightfold decrease in the dry-weight biomass of arthropods captured
per day in ground traps in 2014 compared with the average for July
1987 and July 1988 (SI Appendix, Fig. S2).

Insectivores.Given these declines in arthropod resources, parallel
declines in insectivore abundances would be expected. The
dominant insect predators within the Luquillo rainforest are
anoline lizards, eleutherodactylid frogs, and birds (26). Here we
analyze changes in abundance through time for forest-dwelling
anoles, the most common forest frog, Eleutherodactylus coqui,
and the bird community near the El Verde Field Station.

Anoles.Within our Luquillo study area, the most common anoles
during 1976–1977 were Anolis gundlachi, Anolis evermanni, and
Anolis stratulus (22). In 2011 and 2012, we censused anoles
within the same 225-m2 study area using the Schnabel method
(27) employed in 1976/1977 by Lister (22). Average density of
anoles in 2011–2012 had decreased ∼2.2 times compared with
1976–1977, from an estimated 12,490–5,640 anoles per hectare.
Mean anole biomass within the study area dropped 32%, from
401 g to 277 g (Fig. 6 and SI Appendix, Table S1). The density of
A. gundlachi, the most common species, had dropped twice, and
the density of A. evermanni declined 10 times. A. stratulus, with a

Fig. 1. Air temperature trends within the Luquillo forest. MnMaxT vs. year
for the (A) El Verde (1978–2015) and (B) Bisley Tower (1994–2012) meteo-
rological stations. The stations are ∼8.2 km apart at elevations of 350 and
352 m, respectively. The least-squares regression lines have been drawn
through the data points. The difference between the slopes of the two re-
gression lines is not significant (t = 0.281, P = 0.78).

Fig. 2. Mean dry-weight arthropod biomass per 100 sweeps taken in the
same sample area in the Luquillo rainforest during July 1976, January 1977,
July 2011, and January 2013. One SE around the mean biomass is shown for
each bar. Total sweeps taken in each period was 800, except for July 1976,
when 700 sweeps were taken. Data for 1976 and 1977 are from Lister (22).
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1. Our published data suggest T is increasing @ 
0.02º yr-1 not 0.05º.

2. Problematic T data set from El Verde (equip 
issues, subject to shading/sun exposure 
explained in metadata) was not handled 
honestly, but represents understory conditions.

3. We couldn’t even locate their study site from 
lat. long. provided (aggrading forest???).

4. Most importantly, changes in abundances of 
organisms are more related to hurricane 
disturbance than global T.

5. Clear cut examples are coquies and 
insectivorous birds which increase following 
hurricanes because a) changes in breeding 
habitat or b) capture rates (lack of canopy).

6. Similar issues were raised on data sets for 
canopy arthropods and walking sticks.  No 
relationship with temperature.  Sad!

3

(PNAS,	in	press)

1 

SUPPLEMENTARY MATERIALS 

 

LONG‐TERM POPULATION TRENDS IN EL YUNQUE NATIONAL FOREST (LUQUILLO EXPERIMENTAL 
FOREST) DO NOT PROVIDE EVIDENCE FOR DECLINES WITH INCREASING TEMPERATURE OR THE 

COLLAPSE OF FOOD WEBS 

M.R. Willig, L. Woolbright, S.J. Presley, T.D. Schowalter, R.B. Waide, T. Heartsill Scalley, J.K. Zimmerman, 
G. González, and A.E. Lugo 

 

INTRODUCTION 

We describe significant concerns related to data selection and transformation, or to the interpretation 
of trends related to time or temperature for walkingsticks, canopy arthropods, frogs, and birds as 
published by Lister and Garcia (2018; hereafter L&G). We cannot confidently identify the climatic or 
abundance data from El Verde that were used by L&G. In some cases, data manipulations were not 
described explicitly or justifiable. In other cases, the rationale for selection of temporal data for inclusion 
or exclusion were not apparent. Moreover, errors may have been introduced into the data that 
compromise its interpretation. Most importantly, L&G failed to consider the effects of disturbance and 
secondary succession on the abundance of animals in the Luquillo Experimental Forest of Puerto Rico. 
Short‐term responses to cyclonic disturbances, and trajectories of abiotic and biotic characteristics 
during post‐hurricane succession, play a dominant role in modulating variation in abundance of animals 
in the Luquillo Experimental Forest (see Walker et al. 1991, 1996; Brokaw et al. 2012). Thus, we contend 
that the role of warming or the suggestion of food web collapse by L&G are oversimplified or unfounded 
for this tropical forest ecosystem. 

CLIMATE 

Data concerns.—Temperature data at El Verde for the time frame discussed by L&G resides in two 
different sets of data and metadata files, one from 1975 to 1992 
(https://luq.lter.network/data/luqmetadata181) and one from 1992 to present 
(https://luq.lter.network/data/luqmetadata16). Gaps in temperature records from 1975‐1992 were 
filled by extrapolating from other stations or from other years. Critically, instrument failure in the 
weather station at El Verde led to underestimates of maximum temperature from 1988‐1992. The 
instrument was replaced in 1992, the housing was rebuilt, and the station was moved. Subsequent 
measurements recorded maximum temperatures 2 °C higher than at the original instrument. An 
adjustment was provisionally applied to measurements from the new instrument until 1997; the 
adjustment was discontinued because the methodology could not be validated for accuracy. Since 26 
March 2014, data available to the public from the second instrument do not include an adjustment for 
any period, and the metadata (https://luq.lter.network/data/luqmetadata16) warn users that the two 
available data sets (1975 to 1992 and 1992‐present) should not be treated as a continuous record. The 
best long‐term record of maximum temperature from eastern Puerto Rico is from the National Weather 
Service station in Fajardo. A 62‐yr record from that station shows a small (0.024°C yr‐1) but significant 
increase in annual maximum temperature (Greenland and Kittel 2002) that is less than half the increase 
reported by L&G from their analysis of the El Verde data (0.050°C yr‐1) or Bisley data (0.055°C yr‐1). 
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Figure 7 

Figure 7. Long term trends of adult Eleutherodactylus coqui in the Sonadora Watershed at El Verde and at the 
Bisley Watersheds. Vertical shaded regions indicate the immediate response (i.e., 12 months) of coqui after 
Hurricanes Hugo (blue shaded areas) and Georges (green shaded areas) during the falls of 1989 and 1998, 
respectively. The horizontal shaded regions in yellow indicate the ranges in abundance before Hurricane Hugo. 
Time periods are indicated by red arrows: A, pre‐Hurricane Hugo; B, post‐Hurricane Hugo; C, post‐Hurricane 
Georges. No significant temporal variation characterized periods before Hurricane Hugo (El Verde: B1 = ‐0.050, P = 
0.154; Bisley: B1 = ‐0.085, P = 0.239) or after Hurricane Georges (El Verde: B1 = 0.0003, P = 0.898; Bisley: B1 = 0.001, 
P = 0.869). In contrast, secondary succession after Hurricane Hugo, but before Hurricane Georges, was 
characterized by significant temporal declines in abundance at El Verde and Bisley (El Verde: B1 = ‐0.041, P < 0.001; 
Bisley: B1 = ‐0.029, P = 0.006). Analyses were conducted separately for each combination of location and time 
period (A, B, and C) using a quasi‐Poisson model and ln‐transformed counts of adult Eleutherodactylus coqui. As 
multiple surveys were conducted each year, we estimated time using fractional years based on months (i.e., to the 
nearest 1/12th year). 
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Figure 9 

 

   

Figure 9. Long‐term temporal trends in abundance (captures per 100 mist net hours) for all birds except for the 
Ruddy Quail‐Dove (upper panel) and for the Puerto Rican Tody (lower panel) at El Verde from 1980 to 2005. 
Shaded vertical regions indicate the immediate response (i.e., 12 months) after Hurricanes Hugo (blue shaded 
areas) and Georges (green shaded areas) in 1989 and 1998, respectively. The horizontal shaded regions in yellow 
indicate the range in captures per 100 mist net hours of effort prior to Hurricane Hugo (1980). Time periods are 
indicated by red arrows: A, pre‐Hurricane Hugo; B, post‐Hurricane Hugo; and C; post‐Hurricane Georges. Statistical 
analyses were not conducted for periods with < 5 data points because of a lack of power. Captures declined 
significantly after Hurricane Hugo (time period B) for all birds (B1 = ‐0.056, P = 0.026) as well as for the Puerto 
Rican Tody, based on a lenient ɲ of 0.10 (B1 = ‐0.123, P = 0.059). Analyses used ln‐transformed capture rates and a 
quasi‐Poisson model. 
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Site News:
We will be advertising for:

1. Site Information Manager

2. Site Manager

in the near future.  Please suggest applicants.

Implications for 40-year review:

1. Contributes to ongoing debate about Insect Armeggedon

2. Raises important issues about how to be a good data citizen (or not) in 
terms of the importance of citing and acknowledging sources of data.

3. Most importantly it makes clear the need to explain in detail how data 
are handled and analyzed so that results can be verified by others.


