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Abstract: Global climate change predictions include decreased precipitation and more frequent droughts in many
world regions. In the aseasonal wet tropics, predicting potential impacts is particularly challenging because droughts
are rare and therefore poorly understood. In 2015, the Caribbean islands experienced the most severe drought within
the past 5 decades. Here, we use this extreme event as an opportunity to assess how tropical stream ecosystems drain-
ing the Luquillo Experimental Forest (LEF) in Puerto Rico respond to severe drought. During 2015, precipitation was
45% lower than the long-term (1975–2016) average for the LEF, resulting in a 54% reduction in stream discharge.
After 5 mo of declining discharge (April–August 2015), one branch of our focal study stream system became a series
of isolated pools and a few riffle-type runs, while the other branch had greatly reduced flow between its pools. Con-
centrated biotic activity within pools resulted in elevated and highly-variable nutrient (5.1–12.1 lg PO4

32-P/L; 12.9–
57.2 lg NH4

1-N/L; 80.0–160.0 lg NO3
2-N/L) and specific conductance (95–114 lS/cm) levels among pools. How-

ever, the algal standing crop was 14� lower than the previous 15-y average despite increases in nutrient levels,
reflecting intense grazing pressure of insect and shrimp consumers, potentially due to decreased pool volume. Higher
nutrient levels in stream pools did increase biofilm productivity, and at the peak of the drought daily fluctuations in
dissolved oxygen ranged from ∼1.0 to 6.5 mg/L. Significantly-higher riparian inputs of organic matter (7.6� the long-
term average) occurred during a 15-d period in May. The drought caused a general increase in macroinvertebrate
density, with collector–gatherers and some grazer taxa increasing significantly at the peak of the drought, but taxo-
nomic richness did not change. Omnivorous shrimp abundance increased slightly in response to decreased stream
flow in one branch of our focal stream. Our study highlights the marked effects of severe droughts on neotropical
streams in the wet tropics, with large effects on basal resources and consequent changes in trophic dynamics. Ulti-
mately, our findings underline the need for a whole-ecosystem perspective to understand how streams respond to
increased frequencies of extreme events associated with climate change.
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Global climate change is expected to have large effects on
tropical freshwater ecosystems (Woodward et al. 2010, IPCC
2014). General circulation models vary widely, but there
is a consensus that annual rainfall patterns will change sig-
nificantly for most of the tropics, leading to higher magni-
tude and frequency of extreme rainfall and drought events
(O’Gorman andSchneider 2009, Pendergrass andHartmann
2014) that will subsequently alter stream flow patterns. The
effects of floods are relatively well understood in the wet
tropics, where they follow extreme rainfall events and have
localized effects that last from days to weeks (e.g., Dudgeon
1993, Rayner et al. 2008). In contrast, the effects of droughts
are less understood because droughts are less frequent and it
is difficult to identify drought conditions until long after they
begin (Lake 2003, 2011, Boulton and Lake 2008, Pearson
2014). The ecological effects of droughts can develop over
extended time periods that last for months or years (Wilhite
2000). Moreover, many tropical species that are not fully
adapted to the stress imposed by prolonged dry periods
can be locally extirpated, decline in density, or suffer physi-
ological damage (e.g., Ramírez et al. 2018).

The deleterious effects of drought on freshwater ecosys-
tems have been summarized by Lake (2000). In this concep-
tual framework, drought disturbances are described as
ramps, or disturbances that gradually increase in strength
and extent, that trigger a decline in groundwater levels
and, thereby, the disruption of longitudinal hydrologic con-
nectivity. This loss of connectivity transforms streams into
a series of isolated pools, where temperatures increase and
water chemistry is altered. Nutrient transport is reduced,
stimulating algal blooms in isolated pools. Biotic interac-
tions (e.g., competition and predation) may become more
intense as habitat space is reduced. This conceptual frame-
work has been strongly supported by numerous empirical
studies (e.g., Covich et al. 2003, Lynch and Magoulick
2016) and provides clear evidence of ecosystem breakdown
as streams dry up. However, most studies have been fo-
cused on a single component of the ecosystem rather than
addressing complex ecosystem dynamics and community-
wide responses to drought.

During 2015, the Caribbean islands suffered the most se-
vere and widespread drought that has occurred in the last
50 y (Herrera andAult 2017,Mote et al. 2017). TheCaribbean
experienced a rainfall deficit from late 2013 to early 2016,
and during 2015 more than 50% of the islands experienced
severe drought conditions (Herrera and Ault 2017). In Puerto
Rico, 45% of the territory experienced moderate to severe
drought, and 25% experienced extreme drought, which is
the 2nd most intense category according to the US Drought
Monitor (DRNA 2016). The only similar event in recent his-
tory was a drought that occurred in 1994, which was the 3rd

most severe drought of the last century (Larsen 2000).
In this study, we evaluate stream ecosystems responses

to the severe and potentially-devastating drought in Puerto
Rico. Droughts are uncommon in tropical wet areas, so this
drought provided a unique opportunity to assess the effects
of prolonged drying on freshwater ecosystems in an
aseasonal tropical montane rainforest. We use data from
the Luquillo Long-Term Ecological Research (LUQ-LTER)
program, where biological and physicochemical parame-
ters have been collected for >3 decades. We used 2 ap-
proaches to characterize drought effects on the ecosystem.
First, we compared parameters (mostly physicochemical)
during drought with long-term averages. Second, we used
the data collected throughout 2015 (mostly biological) to
evaluate ecosystem responses during and after the drought.
We expected the drought to cause declines in stream dis-
charge that would strongly influence stream physicochem-
istry. We also predicted that the hydrological disturbance
would cause significant changes in ecosystem structure
and function. We use our findings to adjust and expand
the conceptual model developed by Lake (2000) to include
not only the effects of drought on multiple components of
aquatic ecosystems but on the terrestrial components (i.e.,
riparian vegetation) as well. Our conceptual framework is
presented as a generalized tool that identifies linkages, in-
teractions, and potential effects among ecosystem compo-
nents during a drying event. This whole-ecosystem per-
spective allows us to elucidate the hierarchical effects and
progressive impacts of drought on stream ecosystems
(Fig. 1). Our study provides a window into the future that
freshwater ecosystems in many tropical areas may experi-
ence because of climate change.
METHODS
Study design overview

Our study was conducted in Quebrada Prieta, which is
composed of 2 converging tributaries (hereafter: Prieta A
and B). All samples were collected during the 2015 drought,
and in some cases we were able to compare our parameters
with available long-term data collected by the LUQ-LTER.
We measured shrimp abundance in 2 pools along a 500-m
reach in Prieta A, in the same sites where the LUQ-LTER
has been sampling shrimp since 1998. In Prieta B, we estab-
lished a 100-mreachwherewe studied6pools and4 riffles that
were the only available habitat during the drought. In those
habitats, we measured leaf litter, benthic organic matter, epi-
lithon, macroinvertebrates, specific conductance, and nutri-
ents. In both tributaries, we selected pools of similar sizes for
our observations. In addition, we studied a single pool down-
streamof the confluence of the 2 tributaries (hereafter: conflu-
ence pool) where wemeasured shrimp abundance, discharge,
and physicochemical variables (i.e., specific conductance, tem-
perature, dissolved oxygen, and nutrients; Fig. 2).

As a long-term study site of the LUQ-LTER, stream
monitoring in Quebrada Prieta is coordinated to minimize
disturbances. Prieta A is exclusively dedicated to decapod
monitoring and Prieta B to multiple other components,
including algae, benthic macroinvertebrates, and organic
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matter. We conducted additional sampling in Prieta B during
the 2015 drought. However, we did not quantify shrimp
populations in Prieta B due to the small size of its isolated
pools, which did not allow for standard trapping techniques.
Visual surveys indicated that shrimp were conspicuously ab-
sent from Prieta B during peak drought.
Study system
We studied the Luquillo Experimental Forest (LEF),

which is part of El Yunque National Forest, in northeastern
Puerto Rico (18719’N, 65745’W). The LEF includes 4 life
zone categories based on the Holdridge system: subtropi-
cal wet forest, subtropical rain forest, lower montane wet
forest, and lower montane rainforest (Ewel and Whitmore
1973). Annual precipitation is ∼3500 mm at 350 m a.s.l.
and ranges from 1416 to 5023 mm/y (1975–1994; García-
Martinó et al. 1996). The climate in the LEF is aseasonal be-
cause all months receive >100 mm of rain (Zimmerman
and Covich 2007, Zimmerman et al. 2007), although there
is slightly less rainfall from January to April. The coefficient
of variation of total monthly precipitation, which can indi-
cate regional hydrologic disturbance and inter-annual var-
iability (Oliver 1980), is typically 47.5% (1975–2016). The
precipitation concentration index (indicator of rainfall con-
centration) in this area is 10.3, whichmeans the distribution
of precipitation throughout the year is uniform tomoderate
(Michiels et al. 1992). Precipitation variability in the region
is primarily driven by the North Atlantic Oscillation (Jury
et al. 2007, Mote et al. 2017) and El Niño–Southern Oscil-
lation (Herrera and Ault 2017). Mean monthly tempera-
tures range from 20.6 to 25.87C, and the annual mean is
23.07C (González et al. 2014). The landscape in the LEF is
steep and rocky, and soils have developed from volcanic-
lastic sediments.

The drainage network in the LEF is comprised of 1st- and
2nd-order streams that have steep slopes and closed ever-
green riparian canopies. Stream channels are dominated by
bedrock, boulders, and cobbles, while pools are dominated
by gravel and sand. Riparian vegetation is dominated by
Dacryodes excelsa (tabonuco) and Prestoeamontana (Sierra
palm).Discharge is highly variable and increases rapidly dur-
ing local storm events (Covich and McDowell 1996).

Aquatic fauna inQuebrada Prieta is dominated by 10 spe-
cies of decapod crustaceans (shrimp) that are widely distrib-
uted in Puerto Rico and the Caribbean (Pérez-Reyes et al.
Figure 1. Conceptual framework of the progressive effects of drought on stream ecosystems in aseasonal tropical montane rainforests.
In our model, drought affects aquatic and terrestrial components of the ecosystem, clearly demonstrating the complexity of interactions
between them. During drying, precipitation deficit reduces stream flow and stream ecosystems (1) start losing connectivity, which results
in isolated pools of differing physicochemical conditions. Simultaneously, riparian vegetation (2) enters physiological stress, which causes
leaf loss. Reduced canopy cover allows the passage of sunlight, stimulating algal production. Decomposition of organic matter and primary
production causes drastic daily changes in oxygen concentrations. Responses of stream biota and ecosystem processes (3) to these new
conditions are highly variable. More extreme responses (4) can be expected when droughts are prolonged, as occurred in 1994, or more
frequent (dashed line). Up arrows (↑) indicate an increase, while down arrows (↓) indicate a decrease in the measured variable. * represent
the original model predictions in Lake (2000).
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2013, Wehrtmann et al. 2016). The family Atyidae includes
4 species (Atya lanipes,A. innocuous,A. scabra, andMicratya
poeyi), Palaemonidae includes 5 species (Macrobrachium
acanthurus, M. carcinus, M. faustinum, M. crenulatum, and
M. heterochirus), and Xiphocarididae includes 1 species (Xi-
phocaris elongata). Xiphocaris elongata and A. lanipes dom-
inate shrimp assemblages (>90% of individuals). An endemic
crab species of the family Pseudothelphusidae (Epilobocera
sinuatifrons) is also present but less common in these streams.
Aquatic insects are abundant and dominated by mayflies,
mostly in the family Leptophlebiidae (Ephemeroptera), and
midge larvae (Diptera:Chironomidae). Case-building caddis-
flies (Trichoptera:Calamoceratidae) are also present but not
continuously (Rincón andCovich 2014). The algivorous green
stream goby (Sicydium plumieri, Gobiidae), is the only fish
species that occurs in the LEF headwater streams.
Precipitation and hydrology
We characterized the 2015 drought period with long-

term precipitation data based on 42 y (1975–2016) of mete-
orological data collected at El Verde Field Station, one of the
main field stations within the LEF. We used a pressure
transducer sensor to continuously record stream water level
in the confluence pool and used the water level measure-
ments to calculate discharge during 2015. Water level was
automatically recorded every 15 min, supplemented with
weekly manual stage readings, and converted to discharge
(m3/s) with a stage height–discharge relationship developed
for Quebrada Prieta. We calculated mean daily discharge
with 7-d moving averages to smooth variations in data
(Smakhtin 2001). Missing values (30% of the data set) were
imputed with a decision tree approach with the missForest
function of the missForest package (Stekhoven 2013) in R
(all analyses done in R version 3.4.3; R Project for Statistical
Computing, Vienna, Austria). The missForest method uses
random forest models to impute missing values based on
the non-missing variables of the data set (Stekhoven 2013).
We evaluated the performance of missForest with the nor-
malized root mean square error, where values close to 0 in-
dicate high accuracy and values near 1 suggest low accuracy
(Stekhoven 2013). The normalized root mean square error
of our imputed data was <0.001.
Stream physicochemistry
We measured stream water physicochemical charac-

teristics and discharge weekly during 2015 at the conflu-
ence pool. We also measured specific conductance at indi-
vidual pools (n 5 6) in Prieta B on 6 dates (14 August; 6,
11, and 25 September; 6 October; 6 November 2015). Dry-
ing during peak drought conditions isolated these pools
from one another, making them ideal to quantify the mag-
nitude of physicochemical changes due to drought.

The confluence pool was the monitoring point for spe-
cific conductance, dissolved oxygen, and temperature. We
measured stream specific conductance in situ with a hand-
held meter (model PCSTestr 35 multi-parameter; Oakton®
Instruments, Vernon Hills, Illinois). We recorded dissolved
oxygen concentration and stream temperature in the conflu-
ence pool every 15 min during 2015 with a dissolved oxygen
data logger (Hobo® model U26-001; Onset®, Bourne, Mas-
sachusetts). We used the logger data to calculate the average
as well as the range of the daily oxygen concentration on
each Tuesday in 2015. Additionally, we evaluated long-
term changes in stream temperature by comparing average
daily temperatures (based on the logger data) taken each
Tuesday with the weekly long-term temperature measure-
ments taken in situ with a handheld thermometer every
Tuesday morning between 2000 and 2014.

We filtered water for nutrient analyses through glass-
fiber filters (GF/F; Whatman, Maidstone, UK) in situ and
stored the filters at 257C until analysis. Samples for NH4

1

(method: phenol hypochlorite) and PO4
32 (measured as

soluble reactive P; method: molybdate blue) were analyzed
with automated colorimetry (Westco Scientific Instruments,
Brookfield, Connecticut). We measured NO3

2 with an
Figure 2. Section of the El Verde Research Area in the Luquillo
Experimental Forest where this study was conducted. The gray
areas represent the 500-m and 100-m study reach in Prieta A and
Prieta B, respectively. Figures within the map indicate the variables
measured in each study site. Shrimp figures indicate the location
of the confluence pool and the 2 pools in Prieta A where the
shrimp were collected. Erlenmeyer flask figures indicate the sites
where the physicochemical variables were measured. Figures de-
picting an Odonata nymph (macroinvertebrates), leaves (litter in-
put and benthic organic matter), and a diatom (epilithon) indicate
the location of the pools and riffles in Prieta B where these sam-
ples were collected. The symbols are courtesy of the Integration
and Application Network, University of Maryland Center for Envi-
ronmental Science (http://ian.umces.edu/symbols).
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ICS-3000 Ion Chromatography System (Dionex™, Sunny-
vale, California).
Litter fall
Wemeasured vertical inputs of leaf litter that fell directly

into the stream channel in Prieta B with 6 litter baskets
(0.29 m2/ea) suspended ∼1 m above the channel. We col-
lected leaf litter every 2 wk during 2015. Samples were oven
dried at 657C for 24 h, weighed, and reported as g m22 d21.
Benthic organic matter
Benthic organic matter was measured in 4 riffles and

4 pools along the 100-m reach in Prieta B on 5 dates in 2015
(9 February, 8 June, 23 July, 13 September, and 7 November).
We collected organic matter along with macroinvertebrate
samples (see details below) and separated it into coarse
(CPOM, particles >1 mm including leaf detritus, twigs,
and miscellaneous organic matter) and fine (FPOM, <250 lm)
particulate organic matter. We sampled FPOM in pools by
collecting a known volume subsample of the material that
passed through the 250-lm-mesh stainless steel sieve when
we processed the corer samples used formacroinvertebrates.
In riffles, fine particles are lost because of flow, so we sam-
pled FPOM from a corer sample taken next to each Surber
sample and processed it as described above. In the labora-
tory, we homogenized the FPOM samples from each corer,
filtered them through a glassfiber filter (0.7-lmmesh, GF/C;
Whatman), and placed each filter into an aluminum enve-
lope. We then dried the filters for 24 h at 65 7C and weighed
them individually before ashing them for 1 h at 5007C and
reweighing them to obtain ash-free dry mass (AFDM). We
quantified CPOM from both the corer and Surber samples.
CPOM from the corer samples was quantified directly from
the material retained in the sieves, whereas CPOM from the
Surber samples was taken from the material retained in the
net. SortedCPOM(organicmatterminusmacroinvertebrates)
from each corer and Surber was placed into aluminum enve-
lopes and dried at 657C to a constant mass, weighed, ashed
for 1 h at 5007C, and reweighed.Values of FPOMandCPOM
are reported as g AFDM/m2.
Epilithon
We sampled benthic periphyton quantitatively in individ-

ual pools (n 5 6) in Prieta B on 3 dates (14 August, 25 Sep-
tember, and 6 November 2015). On each date, we collected
6 periphyton samples from randomly-chosen locationswithin
each pool with a modified Loeb sampler (Loeb 1981). The
Loeb sampler was a cylinder (5.07-cm2 area) with a brush-
fitted plunger that removed epilithon from rock substrata.
We combined the 6 samples from each pool on each date
into a composite sample. Subsequently, we took quantita-
tive subsamples from each composite sample to estimate
the standing stocks of algal biomass (as chlorophyll-a [Chl a]),
fine benthic inorganic matter (FBIM), and fine benthic
organic matter (FBOM). We filtered subsamples for FBIM
and FBOM through pre-ashed, pre-weighed glass fiber fil-
ters (0.7-lm mesh, GF/C; Whatman) in the laboratory.
We dried the filters for 24 h at 607C, weighed them, ashed
them in a muffle furnace for 1 h at 5007C, and reweighed
them to obtain g AFDM/m2. We analyzed Chl a subsamples
fluorometrically following standard methods (APHA 1998).
We compared the epilithon measurements that we collected
during the 2015 drought (Chl a, FBIM, and FBOM) with our
long-term data set, which included samples taken 2�/y from
6 pools along Quebrada Prieta between 2002 and 2016.
Macroinvertebrates
We sampled benthic macroinvertebrates (other than

shrimp) on the same 5 dates that we measured benthic or-
ganic matter in 2015.We collectedmacroinvertebrates from
pools (dominant substrate: silt, sand, and pebbles) and riffles
(dominant substrate: gravel, pebbles, and cobbles) along a
100-m reach in Prieta B. We sampled 4 randomly selected
pools with a corer sampler (0.0314 m2) and 4 randomly se-
lected riffles with a Surber sampler (0.093 m2, 250-lmmesh
size). We took corer samples to a depth of 10 cm or until the
corer reached the bedrock.We placed the collected material
into a graduated bucket, recorded the volume, and stirred
the material vigorously before pouring it through a 250-lm
sieve.We put the material retained in the sieve into individ-
ual plastic bags.

We took Surber samples by placing the sampler over
the substrata and allowing water to flow through the mesh
net. We manually disturbed the substrate within the frame
of the sampler and scrubbed rocks in the flowing water
through the entrance of the collecting net. All material col-
lected in the net was transferred into plastic bags. We pre-
served all macroinvertebrate samples with 37% formalde-
hyde (to obtain a final solution of ∼5%) at our study sites
before transporting them to the laboratory, where we sepa-
rated organisms from sediment and organic matter (i.e.,
CPOM).

We identified macroinvertebrates to the lowest possible
taxonomic level (usually genus) and counted them.We iden-
tified Chironomidae to subfamily or tribe, whereas the sub-
classes Oligochaeta, Hirudinea, Acari, Copepoda, and the
Phylum Nematoda and Platyhelminthes were not identified
further. We calculated biomass by measuring the length of
each individual to the nearest 0.5 mm and applying the
length–mass regression developed by Benke et al. (1999).
Macroinvertebrate density and biomass were expressed as
ind/m2 and mg AFDM/m2, respectively. All taxa were as-
signed to a functional feeding group based on Merritt et al.
(2008) and Ramírez and Gutiérrez-Fonseca (2014) as follows:
predators, collector–gatherers, filterers, grazer–scrapers, and
shredders.
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Shrimp
We sampled shrimp abundance weekly in 2 pools along

Prieta A and in the confluence pool. For convenience, we
hereafter refer to thesepools according to their location along
the study reach: high, middle, and low (confluence pool). We
placed baited traps (galvanized minnow traps: 43-cm long,
19-cm diameter, 0.5-cm mesh) in the pools for 24 h. Upon
collection, we counted and identified all individuals to species
level, and then released them in the same pool. We adjusted
the number of traps in each pool to equal 0.5 traps/m2 of pool
surface area, followingCovich et al. (2006).We report shrimp
abundance/pool as catch/unit effort (CPUE).
Statistical analyses
Changes in stream water variables over time were tested

against discharge or sampling date. We related stream phy-
sicochemistry at the confluence pool (i.e., specific conduc-
tance, average and range of daily oxygen concentration, and
nutrients) to discharge with Spearman’s rank correlation.
We calculated these correlations and their statistical signif-
icance with the cor.test function within the stats package.
We compared the specific conductance of individual pools
among sampling events with a 1-way repeated measures
analysis of variance (rmANOVA) with the lme function in
the nlme package (Pinheiro et al. 2018). We used the glht
function in the multcomp package (Hothorn et al. 2008)
to conduct pairwise comparisons with Tukey’s honestly sig-
nificant difference test.

Stream temperature during 2015 was compared with the
long-termweekly average (2000–2014) to identify a possible
temperature rise because of the drought. We used a paired
t-test to detect differences between the average daily tem-
perature during 2015 and our long-term dataset. We did
the paired t-test with the t.test function in the stats package.

We tested the response of benthic epilithon to drought
over time and in relation to long-term averages for the
study stream. Trends in epilithon in individual pools were
assessed with a 1-way rmANOVA, as for specific conduc-
tance. We were unable to normalize the FBOM data with a
transformation (based on homogeneity of variance and in-
spection of residuals), so we did a nonparametric analysis
of variance (Kruskal–Wallis rank sum) test to assess differ-
ences between sampling events with the kruskal.test func-
tion in the stats package.

Temporal changes in shrimp abundance were assessed
to determine whether the shrimp populations increased or
decreased over time at each of the 3 study pools. We tested
whether there was a linear trend in shrimp data with a
Mann–Kendall non-parametric trend analysis (M–K). The
M–K test has the advantage of being unaffected by the dis-
tribution of the data, which makes it useful for series with
outliers, missing values, and non-linear trends.Whenwe de-
tected a linear trend in a time series, we calculated the true
slope of the trend with the non-parametric Sen’s slope esti-
mator (Sen 1968). Sen’s slope is the median slope of all pair-
wise differences between 2 time steps and represents change/
unit time.We used the non-parametric Pettitt change point
test (Pettitt 1979) to detect the occurrence of abrupt changes
in the shrimp weekly data, and then to calculate whether
this change was statistically significant. A change point oc-
curs when a point is higher, on average, than points that oc-
cur to one side but lower, on average, than all points that
occur to its other side. The Pettitt test uses a version of the
Mann–Whitney statistic to verify whether 2 samples are
from the same population. Thus, the null hypothesis of the
Pettitt test is the absence of a change point (Pettitt 1979).
We did the M–K test, Sen’ slope estimator, and Pettitt test
with the mk.test, sens.slope, and pettitt.test functions, re-
spectively, which are all in R’s trend package (Pohlert 2018).
Long-term data
All long-term data on precipitation, discharge, specific

conductance, temperature, nutrients, leaf-litter fall, and
epilithon that were used as baselines for comparative pur-
poses in figures and analyses in our study were provided
by the LUQ-LTER. Long-term data for these variables was
available for different ranges of years and is specified in the
figure captions. Raw data sets are freely available at http://
luq.lternet.edu/.
RESULTS
Precipitation and hydrology

Total rainfall in 2015 was 2035.6 mm, which is 44.6% less
(1639.9 mm) than the average annual total precipitation
(3675.8 mm; Fig. 3A). Rainfall was also below the long-term
average during all months except February (Fig. 3B) in 2015.
On 27 August 2015 (day of the year 239), rainfall from trop-
ical storm Erika partially ended the drought. However, the
rainfall deficit continued after the storm, throughout Sep-
tember until late October.

Low precipitation during the 2015 drought was reflected
by low stream discharge (Fig. 3C) that caused Prieta A and B
to become a series of isolated pools by August 2015. Precip-
itation decreased progressively from March until late Au-
gust then peaked when tropical storm Erika struck in late
August (day of the year 239). Discharge also decreased from
March to August but increased during the heavy rains from
tropical storm Erika. After this increase, we observed an-
other period of low discharge until October. InOctober, dis-
charge increased and nearly reached the annual average
(0.0154 m3/s). Minimum daily discharge was recorded in
March (0.0084 m3/s).
Stream physicochemistry
Specific conductance in the confluence pool and Prieta B

changed throughout the year. Specific conductance in
the confluence pool was 3� higher during peak drought
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(26 May 2015) than during peak flow conditions (range:
50–162 lS/cm). Further, there was a significant negative re-
lationship between specific conductance and discharge in
the confluence pool (rs 5 20.66, p < 0.0001; Fig. 4A). Spe-
cific conductance within individual pools in Prieta B varied
significantly among sampling periods (rmANOVA: F5,30 5
236.61, p 5 0.0001; Table S1). During the peak of the
drought, specific conductance in individual pools in Prieta B
was 1.4� higher (107 lS/cm) than the long-term average
(77 lS/cm) in the confluence pool. Specific conductance de-
clined sharply after tropical storm Erika (day of the year 239)
but increased again when drought conditions resumed. Fi-
nally, rain events during late October caused another reduc-
tion in mean specific conductance, which was recorded in
the November sampling (Fig. 5).

Dissolved oxygen concentration was moderately affected
by drought. The average daily dissolved oxygen concentration
was positively correlated with discharge (rs 5 0.50, p < 0.001;
Figure 4. Correlation analysis of discharge with specific con-
ductance (A), average (B), and range (C) of daily dissolved oxygen
concentration at the confluence pool. Each dot represents a
weekly reading made on a Tuesday during 2015. When these
correlations were significant, we report the values in the panel
and show the relationship between the variables with solid lines.
Figure 3. A.—Total annual precipitation measured at the El
Verde Field Station (EVFS) between 1975 and 2016. The gray
bars represent the droughts of 1994 and 2015. B.—Monthly pre-
cipitation measured during the 2015 drought (solid line) and the
1994 drought (dotted line) against the backdrop (bars) of long-
term (1975–2016) mean (±SD) monthly precipitation measured
at EVFS. C.—Hydrograph of Prieta stream at the confluence pool;
the black line is the 7-d running average (m3/s) during 2015. The
gray solid line represents 2015 discharge values that we recon-
structed with precipitation data. The shaded gray area indicates
the drought period before tropical storm Erika and the dashed
vertical line indicates the date that tropical storm Erika struck
Puerto Rico. The dotted horizontal line represents the long-term
annual average discharge (2006–2015).
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Fig. 4B). However, no meaningful relationship was found
between the range of daily oxygen and discharge (rs 5 20.30,
p 5 0.06; Fig. 4C). During the most severe part of the
drought, daily changes in dissolved oxygen showed that
stream water became saturated with dissolved oxygen dur-
ing the day but was nearly anoxic at night (Fig. 6A, B).

In contrast, the weekly temperature changes that oc-
curred during 2015 were probably not influenced by the
drought. Stream temperature ranged from 20.57C in March
to 23.67C in October, which represents a maximum change
of 3.17C during 2015. The average temperature during 2015
was 22.17C and the weekly long-term average was 21.9 7C.
Annual temperature variability reflected a slight seasonal
pattern that follows the same trend as the long-term average
(2000–2014, paired t-test: p > 0.05; Fig. 6C).

Dissolved nutrient concentrations varied throughout
the year and were not clearly related to drought conditions.
At the confluence pool, PO4

32 was weakly correlated with
discharge (rs 5 20.28, p 5 0.04). No significant (p > 0.05)
relationships were found between NH4

1 or NO3
2, and dis-

charge. However, PO4
32 (rmANOVA: F3,18 5 11.34, p <

0.0001; Fig. 7A), NH4
1 (rmANOVA: F3,18 5 24.63, p <

0.0001; Fig. 7B), and NO3
2 (rmANOVA: F3,18 5 16.65,

p < 0.0001; Fig. 7C) each changed significantly throughout
the year within the smaller pools along Prieta B. Differences
in the concentration of nutrients between sampling events
were associated with the isolation and reconnection of the
pools during and after the drought (Pairwise multiple com-
parison: Tables S2–4).
Litter fall
A major peak in litter fall entering Prieta B occurred

during May, shortly after the beginning of severe drought
conditions (Fig. 8). Mean litter fall during 2015 was 1.28 g
m22 d21 and the May peak was 7.56 g m22 d21, which is
7.6� higher than the annual long-term average (0.99 g
m22 d21 from2010–2015). Litter fall also peaked in Septem-
ber (3.21 g m22 d21), coinciding with drought conditions
after tropical storm Erika.
Figure 5. Mean (±SD) specific conductance in pools (n 5 6)
along Prieta B during 2015. Dashed vertical line indicates the date
that tropical storm Erika struck Puerto Rico. The dotted horizon-
tal line shows the long-term (2000–2014) average specific con-
ductance in the confluence pool.
Figure 6. Average (A) and range (B) of daily oxygen concentra-
tion at the confluence pool in 2015. Gray areas represent the
most severe period of the drought, and the dashed vertical lines
indicates the date that tropical storm Erika struck Puerto Rico.
The inset panels in B show the daily variation in a day during the
peak of the drought (left panel) and a regular day without
drought conditions (right panel). Weekly stream temperature in
the confluence pool (C). Black circles represent 2015 automatic
sensor measurements. White circles represent the long-term
(2000–2014) weekly averages. Gray circles represent manual
temperature readings taken from 2000 to 2014.
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Benthic organic matter
The May peak in leaf-litter inputs did not translate into

measurable increases in organic matter in the Prieta B be-
cause CPOM and FPOM did not change consistently as
leaf-litter fall increased (Table 1). CPOM averaged 41.17 g
AFDM/m2 in riffles and 379.67 gAFDM/m2 in pools. FPOM
averaged 28.73 g AFDM/m2 in riffles and 166.76 g AFDM/m2

in pools.
Epilithon
The 2015 drought appeared to strongly influence epili-

thon measurements. FBOM, FBIM, and Chl a were 1.2
(2.60 g AFDM/m2), 2.1 (3.32 g/m2), and 14.2� (153.19 lg
Chl a/m2) lower than the long-term average of each variable
(3.06 g AFDM/m2, 6.97 g/m2, and 2180.62 lg Chl a/m2, re-
spectively). FBOM differed significantly between sampling
events (Kruskal–Wallis x2 5 7.45, df 5 2, p5 0.024; Fig. 9A).
In contrast, FBIM did not change significantly between
months during 2015 (rmANOVA: p > 0.05; Fig. 9B). Chl a
was significantly lower during peak drought conditions
(rmANOVA: F2,105 14.29, p5 0.001) but increased during
the rainy September sampling period (Fig. 9C).

Macroinvertebrates
Macroinvertebrateassemblageswerediverse,with38non-

decapod taxa present, of which 31 were present in riffles and
24 in pools. Diptera was the most diverse macroinverte-
brate order (13 taxa), followed by Trichoptera (9 taxa) and
non-insects (7 taxa). The most abundant taxa were non-
insect macroinvertebrates (20,015 ind/m2; mostly oligochaete
worms), followed by Ephemeroptera (2069 ind/m2) and Cole-
optera (1017 ind/m2) (see complete abundance list in Ta-
ble S5). Non-insects also comprised most of the biomass
(420 mg/m2), followed by Ephemeroptera (324 mg/m2) and
Coleoptera (288 mg/m2).

Macroinvertebrate assemblages showed a strong re-
sponse to the drought, with highest variability during the
driest months of 2015. Taxonomic richness in riffle habi-
tats ranged from 6 taxa/m2 in February to 11 taxa/m2 in
July, whereas richness in pools ranged from 5 taxa/m2 in
September to 8 taxa/m2 in February (Fig. 10A). Macro-
invertebrate density in riffles ranged from 167 ind/m2 in Feb-
ruary to 554 ind/m2 in June, whereas abundance in pools
ranged from 623 ind/m2 in September to 9421 ind/m2 in
July (Fig. 10B). Biomass in riffles ranged from 26 mg/m2 in
September to 79 mg/m2 in June, whereas biomass in pools
ranged from 15 mg/m2 in September to 292 and 236 mg/m2
Figure 7. Average concentration of PO4
32 (A), NH4

1 (B),
and NO3

2 (C) in pools (n 5 6) in Prieta B. The dashed vertical
line indicates the date that tropical storm Erika struck Puerto
Rico. The dotted horizontal line shows long-term (2000–2014)
average of the confluence pool.
Figure 8. Mean (±SE) daily litter fall inputs into Prieta B
during 2015. The shaded gray area represents the most severe
period of the drought. The dotted horizontal line represents the
long-term (2010–2015) average of litter fall input in Prieta B.
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in June and July, respectively (Fig. 10C). Overall, macroin-
vertebrate richness, density, and biomass for both habitats
were highest in June and July (i.e., during the peak of the
drought) but lowest in February for riffles and September
for pools.

Macroinvertebrate functional group composition varied
widely among sampling dates butwas dominated by scrapers
in riffles and collector–gatherers in pools. Collector–gatherers
comprised 80% of the total density in pools but only 31%
in riffles. Density of Oligochaeta, the dominant collector–
gatherer in pools, increased greatly in this habitat during
the peak of the drought, from 1513 ind/m2 in February to
7596 and 8655 ind/m2 in June and July, respectively (Ta-
ble S5). Scrapers comprised only 7% of the total density in
pools but 47% in riffles. Scrapers in riffles also increased in
density during the drought.Cloeodes (Baetidae:Ephemeroptera)
increased from 8 ind/m2 in February to 339 ind/m2 in June
(Table S5). Overall, collector–gatherers increased by ∼10%
in pools whereas scrapers increased by 17% in riffles during
peak drought (i.e., June and July). The opposite trend occurred
for filterers, predators, and shredders, which generally de-
creased in density during the drought. In the months follow-
ing the peak of the drought, the density of collector–gatherers
in pools and scrapers in riffles decreased (Table 2).
Shrimp
Weekly shrimp abundance varied among the sampled

pools. The confluence pool had the highest abundances
(range: 53–155 ind/CPUE) and the 2 upstream pools in
Prieta A had lower abundances (21–137 ind/CPUE). Shrimp
abundance in the confluence pool and in the high pool did
not change significantly over time (p > 0.05), whereas the
abundance in the middle pool increased slightly over time
(M–K 5 0.27, p 5 0.005, Sen’s slope 5 0.6; Fig. 11A–C).
The Pettitt test revealed that the abundance in the middle
and high pools had a change point early in the drought
(wk 14 and 23, respectively), but only the change point in
the middle pool was significant (p < 0.001; Fig. 11A, B).
We detected a non-significant change point in the conflu-
ence pool near the end of the drought (wk 43; Fig. 11C).
DISCUSSION
Here we provide the first documentation of the multiple

abiotic and biotic effects of a severe drought in a wet,
aseasonal tropical stream ecosystem. This event was the
2nd most severe drought in the long-term precipitation re-
cord (42 y) for the El Verde Field Station (Fig. 3A), and the
reduced precipitation created physicochemical conditions
that differed markedly from normal conditions in our focal
streams. During this drought, one of our focal streams be-
came a series of unconnected pools and received large
pulses of leaf litter from riparian vegetation. Together,
these changes impacted all trophic levels in the ecosystem.

The complex and devastating effects of drought on
stream ecosystems are best represented in a hierarchical
framework, as outlined in Figure 1. Our conceptual model
considers the linkages and interactions among compo-
nents of the aquatic and terrestrial ecosystems that could
influence the response to drought of the whole-stream
ecosystem. Drought affects stream ecosystems both by de-
creasing stream flow and affecting riparian vegetation.
Flow reduction decreases longitudinal connectivity along
the channel, increases isolation among stream habitats,
and alters water physicochemical characteristics (point 1
in Fig. 1). In riparian areas, water-stressed vegetations lose
more leaves than normal, increasing inputs of organic mat-
ter and allowing more sunlight to reach the stream channel
(point 2 in Fig. 1). Ecosystem responses to drought (point 3
in Fig. 1) are variable but include increases in grazing and
early emergence, particularly of sensitive taxa, and de-
creases in the decomposition of organic matter that causes
accumulation of organic matter in isolated habitats. Highly
mobile taxa such as shrimp begin to move freely among
pools. It is expected that changes in biological activity
and biogeochemical processes during drought increase
the production of greenhouse gases. As drought conditions
prolong, or if their frequency increases, as predicted by cli-
mate change models, stream ecosystems could be expected
to start experiencing more dramatic conditions (point 4 in
Fig. 1). Our model proposes decreases in survival, in particu-
lar of shrimp and riparian seedlings. In addition, species inter-
actions should increase and a general change in assemblage
Table 1. Mean (±SD) of coarse (CPOM) and fine (FPOM) particulate organic matter (g AFDM/m2) in pools
and riffles of Prieta B during 2015.

Habitats

February June July September November

Mean SD Mean SD Mean SD Mean SD Mean SD

Pools

CPOM 554.10 239.76 204.62 64.81 455.99 208.26 10.77 5.17 672.87 594.09

FPOM 154.87 44.38 54.06 6.02 206.18 104.88 15.22 4.96 403.47 340.61

Riffles

CPOM 14.03 4.44 163.01 43.04 11.72 4.20 11.88 6.64 5.22 2.21

FPOM 12.24 1.96 40.38 11.71 30.81 8.95 52.09 31.24 8.13 1.96
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composition is expected. Understanding drought impacts is
particularly important for wet tropical ecosystems, where
rainfall variability is expected to be high and organisms
might be poorly adapted to the lack of water. As far as we
know, our study is the first effort to assess how multiple
components of a tropical stream ecosystem respond to a
severe drought.

Several studies have examined the effects of seasonal dry-
ing in neotropical, dry-forest ecosystems where organisms
and resource availability are expected to change (e.g., Rincón
and Cressa 2000, Montoya et al. 2006, Longo et al. 2010), but
almost no information exists about the effects of droughts on
wet tropical mountain streams (but see Covich and Crowl
2002, Covich et al. 2003, 2006). The 2015 drought caused se-
vere water shortages across the Caribbean and Puerto Rico.
As occurred during the 1994 drought (Larsen 2000, Crook
et al. 2009), the Puerto Rico Aqueduct and Sewage Authority
was unable to meet the demand for municipal potable water
supplies provided by streams draining the El Yunque Na-
tional Forest. During peak periods of the 1994 and 2015
droughts, lower reaches of the Río Espiritu Santo (which is
the receiving river of our focal study streams) were com-
pletely dry for periods of up to several weeks because of wa-
ter abstraction. This lack of stream connectivity with the
ocean results in mortality of both larval shrimp traveling
downstream and shrimp juveniles migrating upstream
(Pringle 1997, Benstead et al. 1999, Crook et al. 2009).
Figure 10. Macroinvertebrate richness (A), density (B), and
biomass (C) in riffles (n 5 4, solid line) and pools (n 5 4,
dashed line) in Prieta B during 2015. The shaded gray area rep-
resents the most severe period of the drought.
Figure 9. Mean (±SE) of organic matter (FBOM, A), inor-
ganic mass (FBIM, B), and chlorophyll-a (C) in pools (n 5 6)
in Prieta B during 3 sampling periods in 2015. The dotted hori-
zontal line shows the long-term (2002–2016) average of each
component of the epilithon in Quebrada Prieta.
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During drought, stream chemistry can be modified by
changes in direct precipitation, overland flow, shallow sub-
surface flow, and groundwater flow (e.g., Caruso 2002, van
Vliet and Zwolsman 2008). Peak drought conditions iso-
lated streampools in Prieta B,which caused each independent
pool to develop a unique chemical signature. Nutrient con-
centrations were high in the small pools of Prieta B, but not
in the larger pool at the confluence of Prieta A and B, which
was probably diluted by flow from Prieta A. The increased
nutrient levels probably occurred because of the low algal
biomass (Fig. 9C), reduction of dilution capacity, and longi-
tudinal channel fragmentation that prevented the normal
transport of nutrients downstream in Prieta B. Moreover,
an increase in nutrient retention efficiency (i.e., short uptake
length), as well as anaerobic nutrient transformations (i.e.,
denitrification), could explain low nutrient concentrations
in the confluence pool.

Specific conductance and dissolved oxygen also responded
markedly to drought conditions. Increases in specific con-
ductance can result from evapo-concentration and less dilu-
tion by groundwater inputs (Mosley 2015). For example,
concentrations of Ca1, Mg21, Na2, and SiO2 in 2 Puerto
Rican streams were diluted by the increase in streamflow
after the 2015 drought (Clark et al. 2017). Similarly, dilu-
tion of most solutes with increasing flow has also been de-
scribed for the long-term behavior of multiple streams in
the Luquillo Mountains (Shanley et al. 2011, Wymore et al.
2017). In our study, the specific conductance was high dur-
ing the peak of the drought, but it never reached levels likely
to affect organic matter processing (e.g., >500 lS/cm; Sauer
et al. 2016), algae growth (e.g., 1344–3531 lS/cm; Silva et al.
2000), or macroinvertebrate assemblages (e.g., >300 lS/cm;
Cormier et al. 2013).

High oxygen concentrations and lack of diel periodicity
measured in the confluence pool during non-drought peri-
ods indicate that oxygen is mostly near saturation during
normal flow conditions. Thus, during non-drought condi-
tions, oxygen concentrations are probably controlled by ex-
changes with the atmosphere because of the steep topogra-
phy and consequent turbulent flow and re-aeration in riffles
between pools. The declining stream flow caused decreases
in mean daily oxygen concentrations as the drought prog-
ressed. This led to extreme diel periodicity in oxygen con-
centrations (Fig. 6A, B), which indicated primary productiv-
ity was high despite low algal standing crops.

Stream temperature in the confluence pool was unal-
tered by drought, as evidenced by the lack of extreme fluc-
tuation throughout the year and overall similarity with
long-term patterns (Fig. 6C). Altered thermal regimes have
been observed during extensive low flows, but microcli-
matic and microhabitat features could be important in de-
termining temperature fluctuations in streams without hu-
man disturbance (e.g., Arismendi et al. 2012). Here, the
riparian shadow and large size of the confluence pool may
have acted as a thermal buffer and could explain the stability
in water temperature during the drought.

The riparian vegetation in Prieta B appeared to undergo
physiological stress during the drought.We saw litter fall in-
crease 7.6� during the most severe part of the drought
(Fig. 8). The peak in leaf-litter fall occurs from April to June
in LEF (Zalamea and González 2008) and the 2015 drought
may have amplified this peak by reducing the flow and low-
ering the water table, which induces water stress in plants
and leads to leaf senescence and abscission (e.g., Amlin
and Rood 2003). Increases in litter fall during drought have
been observed in other tropical riparian forests (e.g., Larned
2000). In our study site, those large inputs of riparian litter
and reduced stream flow did not result in increases in ben-
thic organic matter. Most litter fell into the stream during
a single peak in May and was composed primarily of leaves
that were rapidly processed or exported downstream with
small changes in discharge. Residence time of organic mate-
rial is strongly influenced by the demand of organicmaterial
in the ecosystem, timing of the inputs, and the hydrological
regime (e.g., González and Pozo 1996, Pozo et al. 1997,
Webster and Meyer 1997, Tank et al. 2010). Leaf loss and
Table 2. % density of functional feeding groups (FFG) per sampling month during 2015.

Habitats FFG February June July September November

Pools Collector–Gatherer 83.5 92.7 93.0 51.3 82.2

Grazer–Scraper 5.2 6.1 4.4 10.3 8.3

Filterer 4.8 0.5 0.9 16.7 1.1

Predator 3.4 0.5 0.8 21.8 6.4

Shredder 3.1 0.2 0.9 0.0 1.9

Riffles Collector–Gatherer 41.9 18.0 26.4 41.9 24.3

Grazer–Scraper 45.2 71.7 53.5 25.7 39.8

Filterer 4.8 5.9 10.9 1.4 7.8

Predator 4.8 3.9 8.5 24.3 26.2

Shredder 3.2 0.5 0.8 6.8 1.9
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associated increases in light, combined with high nutrient
levels, did not result in an increase in algal standing crop.
Overall, we attribute low algal standing crop to greater top-
down control by shrimp populations and insects concen-
trated in pools of diminishing volume.

Algal standing crop (Chl a) recovered slightly after the
rains began and stream flow was restored (Fig. 9C), but this
increase was still much lower than the long-term average.
Stream biofilm can be negatively affected by drying (e.g.,
Stanley et al. 2004, Timoner et al. 2012, Sabater et al. 2016),
but biofilms are often able to recover quickly (e.g., hours) from
drying by producing resistant structures, extracellular mu-
cilage to facilitate cellular water retention, or intracellular
osmotic adjustments (Davis 1972, Peterson 1996, Robson
2000).

Macroinvertebrate responses to drought can be variable
and reflect both resource availability and stream environ-
mental conditions. Taxa with low oxygen requirements
may be favored during moderate hypoxia (e.g., Connolly
et al. 2004). In our study, large increases in the density of
tolerant taxa, such as oligochaetes and chironomids, prob-
ably occurred in response to marked changes in stream
physicochemistry. Previous studies suggest that Oligo-
chaeta resist droughts by retreating to hyporheic areas
(Otermin et al. 2002). Chironomids have rapid growth rates
and continuous reproduction that allow them to recover
quickly during and after drought (Otermin et al. 2002).
We attribute the reduction of epilithic algae (Chl a) and
FBOM during peak drought conditions to an increase in in-
sect grazers such as Cloeodes.

We did not observe an increase in shrimp abundance,
unlike during the 1994 drought, when A. lanipes abundance
was 3� higher than during pre-drought conditions in the
uppermost headwater pools (22 vs 75 ind/m2 of pool area;
Covich et al. 2003). Pool contraction was the mechanism at-
tributed to increases inA. lanipes at that time because abun-
dances returned to pre-drought conditions when pool vol-
ume increased following the drought (Covich et al. 2003).
In contrast, during the 2015 drought, shrimp abundances
remained relatively similar in one branch of our focal study
stream (Prieta A) and were absent in the branch that be-
came fragmented into extremely small pools (Prieta B).
The change in shrimp abundance at the beginning of the
drought reflected that the middle and high pools were pos-
sibly the first to shrink. Meanwhile, abundance in the low
pool decreased at the end of the drought, when rainfall re-
sumed and pool area increased.

Future climate projections for Puerto Rico predict a de-
cline in precipitation ranging from 130 to 1397 mm by the
end of the century (Henareh-Khalyani et al. 2016). Further,
an increase of 66% in the annual maximum number of con-
secutive dry days (measure of drought extremes) and 21% in
total dry days (measure of drought intensity) are expected by
that time (Henareh-Khalyani et al. 2016). For some of the
wetter regions of Puerto Rico, especially in the Luquillo
Mountains where mean annual rainfall is >3500 mm, de-
creases in precipitation are expected to occur earlier than
in other regions of the island. Precipitation during the wet-
test months (i.e., April–July) is expected to decrease from
the long-term average of 1042 to 771 mm at mid-century,
which is a decline of 26% (Ramseyer et al. 2019). These de-
clines in rainfall will probably cause stream ecosystems to
desiccate, which will severely impact their habitat and eco-
system function. Our study provides an example of how
multiple ecosystem components might respond to those
conditions.
Figure 11. Weekly shrimp abundance as catch/unit effort
(CPUE) in the high (A) and middle (B) pools of Prieta A and the
low (C) pool (i.e., confluence pool) during 2015. The arrows indi-
cate the change point in the data set (i.e., point in the time series
at which shrimp abundance is divided in 2 sets because of a dis-
continuity in the data) that was identified by the Pettitt test. Note:
Change point was only significant in the middle-elevation pool.
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