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Abstract

Climate change is expected to alter precipitation patterns worldwide, which will af-
fect streamflow in riverine ecosystems. It is vital to understand the impacts of pro-
jected flow variations, especially in tropical regions where the effects of climate
change are expected to be one of the earliest to emerge. Space-for-time substitutions
have been successful at predicting effects of climate change in terrestrial systems by
using a spatial gradient to mimic the projected temporal change. However, concerns
have been raised that the spatial variability in these models might not reflect the
temporal variability. We utilized a well-constrained rainfall gradient on Hawaii Island
to determine (a) how predicted decreases in flow and increases in flow variability af-
fect stream food resources and consumers and (b) if using a high temporal (monthly,
four streams) or a high spatial (annual, eight streams) resolution sampling scheme
would alter the results of a space-for-time substitution. Declines in benthic and sus-
pended resource quantity (10- to 40-fold) and quality (shift from macrophyte to leaf
litter dominated) contributed to 35-fold decreases in macroinvertebrate biomass
with predicted changes in the magnitude and variability in the flow. Invertebrate
composition switched from caddisflies and damselflies to taxa with faster turnover
rates (mosquitoes, copepods). Changes in resource and consumer composition pat-
terns were stronger with high temporal resolution sampling. However, trends and
ranges of results did not differ between the two sampling regimes, indicating that a
suitable, well-constrained spatial gradient is an appropriate tool for examining tem-
poral change. Our study is the first to investigate resource to community wide ef-
fects of climate change on tropical streams on a spatial and temporal scale. We
determined that predicted flow alterations would decrease stream resource and con-
sumer quantity and quality, which can alter stream function, as well as biomass and
habitat for freshwater, marine, and terrestrial consumers dependent on these

resources.
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1 | INTRODUCTION

Climate change is threatening the ecosystems, yet our understand-
ing of the effects of precipitation change on ecosystem structure
and function remains limited. Temperature, atmospheric carbon
dioxide, and precipitation are altered simultaneously by climate
change, but the majority of studies focuses on the effects of in-
creasing temperature, followed by changes in carbon dioxide (Bale
et al., 2002; Rosenblatt & Schmitz, 2014). Current climate models
project global and regional changes in precipitation quantity, vari-
ability, and timing (Chadwick, Boutle, & Martin, 2013; Donat, Lowry,
Alexander, O'Gorman, & Maher, 2016; IPCC, 2014). However, most
experimental studies emphasize the effects of changes in precipita-
tion quantity, rather than changes in intensity, timing and frequency
of precipitation events (Wu, Dijkstra, Koch, Pefuelas, & Hungate,
2011). In addition, studies measuring the impact of changes in pre-
cipitation related to climate change are primarily focused on terres-
trial ecosystems, while studies in freshwater systems remain limited
(Wu et al., 2011). However, the effects of changes in precipitation
are especially important to understand in lotic systems, as precipita-
tion is one of the main drivers of streamflow.

Changes in rainfall patterns driven by global climate change are
likely to have severe impacts on stream structure and function. A
recent model estimated that predicted changes in streamflow and
warming are equally important risks to stream community compo-
sition in different ecoregions (Pyne & Poff, 2017). The magnitude,
variation, and duration of streamflow are essential for the ecolog-
ical integrity of stream systems (Jardine et al., 2015; Poff et al.,
1997). Natural flow disturbances regulate habitat structure, pop-
ulation size, and species diversity (Lytle & Poff, 2004). It is highly
likely that the projected changes in precipitation can simultaneously
affect streamflow magnitude, timing, and variation. For example,
projections indicate that in northern temperate regions, warming
will cause snowmelt-driven streams to switch into rainfall-driven
streams, shifting the timing and magnitude of peak flows from sum-
mer to winter (Zwiers, Schnorbus, & Maruszeczka, 2011). In many
tropical regions, the frequency and intensity of flash flood events is
expected to increase, but overall streamflow is predicted to increase
or decrease depending on the region-specific precipitation projec-
tion (IPCC, 2012).

Studies on the effects of precipitation changes are concentrated
in temperate ecosystems (Wu et al., 2011), yet tropical regions are
expected to be one of the first to be impacted by climate change
(Mora et al., 2013). In addition, tropical biomes are considered es-
pecially sensitive ecosystems to climate variability, because they
are often already approaching ecological tipping points (Seddon,
Macias-Fauria, Long, Benz, & Willis, 2016). Tropical islands, in par-
ticular, are at the forefront of changes in precipitation. In Hawaii, for
example, studies have documented significant drying trends state-
wide since 1920 (Frazier & Giambelluca, 2017) with an increase in
the number of dry days in the last 50 years (Chu, Chen, & Schroeder,
2010) and long-term stream gauging showing a 23% reduction in
flow over the past 100 years (Bassiouni & Oki, 2013). However, the
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ecological response to these changes in flow is not well understood.
One of the reasons for this paucity in both tropical and temperate
systems is that streamflow, in particular flow variability, is difficult to
experimentally manipulate in situ and the results are often measured
over a short time frame (Poff et al., 2018).

Predicting long-term ecosystem responses to changes in precip-
itation and streamflow is uniquely challenging, because we lack the
data required to mechanistically model ecosystem processes in most
aquatic ecosystems. Such a challenge can only be currently met by
observational studies that substitute spatial variations in environ-
mental conditions for temporal variation. A space-for-time substi-
tution is an experimental design where a spatial gradient mimics
a projected or historical change over time. It is an innovative way
to characterize ecological dynamics that occur over time-scales
beyond the duration of conventional experiments, without com-
promising realism (Fukami & Wardle, 2005). They have accurately
predicted approximately 72% of real time scenarios in terrestrial
systems (Blois, Williams, Fitzpatrick, Jackson, & Ferrier, 2013) and
have been used for quantitative predictions in data-poor regions like
the tropics (Lester, Close, Barton, Pope, & Brown, 2014). They allow
us to examine impacts of changes in precipitation quantity and vari-
ability across terrestrial gradients. However, the utilization of space-
for-time substitutions in aquatic ecosystems is rare (Thomaz et al.,
2012), despite the presence of appropriate gradients (e.g., Strauch,
MacKenzie, Giardina, & Bruland, 2015).

Here, we use a space-for-time substitution approach in order
to investigate how tropical island stream ecosystems will respond
to projected changes in precipitation. We utilize a rainfall gradient
on Hawaii Island that mimics projected decreases in seasonal pre-
cipitation and increases in precipitation variability (Elison Timm,
Giambelluca, & Diaz, 2015; Zhang, Wang, Hamilton, & Lauer, 2016).
The mean annual rainfall (MAR) along a 20 km long stretch of the
North Hilo coastline has a range of approximately 3,500-7,000 mm/
year (Giambelluca et al., 2013), while mean annual temperature, ri-
parian plant community structure, land use, soil type, and geologic
age show little variation at similar elevations. The strong decline in
rainfall across this MAR gradient results in concomitant declines in
stream baseflow and flow stability (Strauch et al., 2015). The pre-
cipitation trend across these streams follows the historical trends
and future projections of streamflow for high-gradient streams of
the Hawaii islands (Bassiouni & Oki, 2013; Strauch et al., 2015).
Therefore, the streams along the North Hilo coast offer an excellent
model ecosystem to test hypotheses about the response of stream
resource and consumer dynamics to projected changes in precipita-
tion and flow.

The first objective of this study was to determine how basal re-
sources and consumers in streams respond to predicted changes
in flow during the dry season (May to September) in eight streams
across our rainfall-flow gradient. First, we wanted to test if the rain-
fall pattern during our seasonal sampling was representative of long-
term conditions along our gradient (Giambelluca et al., 2013) and test
if those changes in rainfall led to the predictable changes in stream-
flow quantity and variability that have been established previously
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(Strauch et al., 2015). We repeated this analysis for 3 years in order
to assess interannual variability. Second, we tested how the re-
sources and macroinvertebrate consumers responded to projected
changes in flow. We predicted that climate-driven changes in flow
would increase detrital resources (e.g., leaf litter) at the expense
of autochthonous (e.g., macrophytes) resources, because reduced
streamflow can increase detrital standing stocks (Jones, 1997). In
other words, detrital resources will dominate toward the dry end of
the gradient. Macrophytes are a higher quality food resource com-
pared to leaf litter, because they have lower carbon:nitrogen ratios
(Dodds et al., 2004). Therefore, with declines in resource quality and
changes in flow, we hypothesized that invertebrate consumer bio-
mass will decline. We also predicted that species with faster turn-
over rates would become dominant at the dry end of the gradient as
a result of high-flow variability.

Our second objective was to determine the sensitivity of pre-
dictions generated from a space-for-time study to changes in the
sampling scheme. When establishing a space-for-time substitution,
studies need to balance the number of sites representing a gradient
of interest and the frequency of sampling events (Gonzalez et al.,
2016). In tropical stream ecosystems, there are considerable short-
term temporal variations in precipitation and flow due to seasonal
changes in rainfall (i.e., dry vs. wet season dynamics) or interannual
variability that results from influences of El Nifio and La Nifia events.
Sampling across seasons along the gradient helps frame forecasted
changes in flow to the seasonal cycle, but there is often a logisti-

cal tradeoff between sampling frequently in time and sampling

frequently in space. To answer this question in the context of climate
change, we collected resources and macroinvertebrate consumers
in four of the eight streams across the MAR gradient, monthly for
1 year. This created two sampling schemes, where one has a high
spatial (8 streams) and lower temporal resolution (1 x per year for
3 years), which will be referred to as high spatial resolution (HSR);
while the other has a high temporal (12x per year for 1 year) but
lower spatial resolution (4 streams), which will be referred to as high
temporal resolution (HTR). This allowed us to compare the resource
and consumer response to flow change between the two sampling
schemes and determine if the magnitude and variability in the re-
sponse variables are similar between the HSR and HTR sampling.

2 | MATERIALS AND METHODS

2.1 | Study sites and rainfall data

Streams along the north east coast of Hawaii Island are charac-
terized by narrow gulches, riparian vegetation comprised of native
‘Ohi‘a trees (Metrosideros polymorpha), Uluhe fern (Dicranopteris
linearis), and non-native strawberry guava (Psidium cattleyanum),
and young geologic substrate that was formed from a similar aged
lava flow (<100,000 years). The slopes of the streams are com-
parable along the gradient (Table 1, Strauch et al., 2015). Eight
streams were selected along the rainfall gradient spanning a range
of ~3,000 mm MAR (Honolii (HON), Kapue (KAP), Kolekole (KOL),
Umauma (UMA), Manoloa (LOA), Makahiloa (MAK), Pahale (PAH),

TABLE 1 Physical characteristics of eight streams across the North Hilo rainfall gradient. Mean annual rainfall (MAR) was gathered from
the Rainfall Atlas of Hawaii (Giambelluca et al., 2013). Baseflow (Q,), median flow (Q;), stormflow (Q,,), flow variability (Q,,/Qq,), flood
intensity (peak flow/Qg), as well as canopy cover and substrate composition were averaged for the sampling periods (May to September)

across 3 years

WET DRY
Stream HON KAP KoL UMA LOA MAK PAH KAA
MAR (mm/year) 5,764 5,868 6,520 5,178 5,168 4,748 4,527 3,703
Elevation (m) 470 460 500 490 420 400 510 475
Mean slope (%) 6.2 6.7 6.1 8.5 8.8 8.8 8.9 9.9
Stream order 2 2 3 2 1 2 1 2
Canopy cover (%) 35.6 34.5 36.3 25.7 65.7 60.6 70.4 78.2
Flow metrics:
Qo (Ls™km™) 261.1 628.7 293.2 619.3 87.26 273.1 122.7 22.14
Qo (Ls™ km™) 53.07 57.22 46.77 42.09 10.59 16.52 4.11 0.18
Qg (Ls™ km™) 26.43 18.87 20.92 11.27 5.19 3.67 0.32 0.06
Flow variability 10.87 37.11 15.06 66.76 23.05 78.47 36,924 71,995
Flood intensity 24.17 59.47 34.26 225.6 230.6 422.6 1,117 402,819
Substrate comp. (%):
Bedrock 33.3 76.7 54.2 0.6 3.3 11.9 76.7 731
Boulder 66.7 233 2.8 13.9 25 3.1 0 0
Cobble 0 0 20.4 48.2 63.3 375 0 14.9
Gravel 0 0 17.2 29 8.3 34.2 233 11
Sand 0 0 5.4 8.3 0 13.3 0 1.1
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FIGURE 1 Eight sample stream sites (stars) located along the northeast coast of Hawaii Island with similar environmental characteristics
except for the difference of ~3,000 mm mean annual rainfall. The striped stars indicate sites sampled at high temporal resolution (HTR).
Data for this map were generated from the Rainfall Atlas of Hawaii (Giambelluca et al., 2013)

and Kaawalii (KAA)) for the HSR sampling scheme and sampled
once during the dry season of 2015 and 2016 (Figure 1). In addi-
tion, four of the eight streams (KOL, UMA, MAK, and KAA) were
selected for monthly sampling between April 2012 and March
2013 to represent the HTR sampling.

We attributed 30-year MAR estimates to all local catchments
(see Tingley, Infante, MacKenzie, Cooper, & Tsang, 2018 for details
on catchment delineation) within the study area by the Rainfall Atlas
of Hawaii (Giambelluca et al., 2013). We then used an aggrega-
tion tool, described in Tsang, Wieferich, Fung, Infante, and Cooper
(2014), to calculate the area-weighted average of rainfall in the up-
stream catchment of each sample site. Since both local and upstream
rainfall influence the availability of fluvial habitat within the chan-
nel, we averaged upstream and local estimates of rainfall. In addi-
tion, we calculated 2012, 2015, and 2016 dry season rainfall using
the same procedure. Monthly rainfall data were available for 2012
(Frazier, Giambelluca, Diaz, & Needham, 2016), while the 2015 and
2016 rainfall data were collected from all nearby stations and in-
terpolated using an optimized Inverse Distance Weighted technique
(see Longman et al., in press for method details). Rainfall totals were
summed from May 1 through September 30 to obtain the dry season

values for each year.

2.2 | Stream parameters

For each study stream, streamflow was compiled from a continuous
dataset that uses in-stream data loggers to collect flow measure-
ments at 15-min intervals (Strauch et al., 2015). Any interruptions
in the continuous data set that resulted from logger malfunction or
complete loss of logger due to strong flash flood events were supple-
mented with values from a distributed hydrology model (DHSVM),
which was specifically developed for streams along the North Hilo
coast (Povak et al., 2017). We calculated base- (Q,), median- (Qs),
and storm flow (Q,,) based on mean daily flow and adjusted these
values for the watershed area of each stream (L s km™2). From these
values, flow variability (Q,,/Q,,) and flood intensity (peak flow/Qg)
were estimated. For HSR sampling, these flow variables were aver-
aged from May through September of each year, while for the HTR
sampling scheme flow variables were averaged across each month
sampled.

Study reaches of each stream were dominated by riffle/run
systems, and began and ended with large waterfall/plunge pool
complexes. Since deep plunge pools are difficult to sample using
the same methods and comprised only about 10% of the habitat,

we focused our collections on riffle/run sites within a 100 m study
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reach. All the sampling reaches were at similar elevation between
sites (Table 1). For each HSR and HTR sampling event, we selected
three random sites within the reach to obtain one collection of each
resource and consumer variable and averaged these three replicates.
In addition to these variables, percent substrate composition was
visually estimated within a 0.1 m? sampling area and canopy cover
was estimated using a densiometer at each of these three random
locations. Resources and consumers were collected using the same

methods for both HSR and HTR sampling schemes.

2.3 | Benthic and suspended resource biomass and
composition

Benthic organic matter was collected at three random sites within
the reach using a Surber sampler (250 um mesh size, 0.1 m? sam-
pling area). Samples were dried to a constant weight at 65°C (248 hr),
combusted at 550°C for 3 hr, and reweighed to obtain ash-free dry
mass (AFDM; Hauer & Lamberti, 2011). In 2012 and 2015, benthic
samples were sorted into macrophyte, leaf litter, wood, seeds, grass,
and miscellaneous (unidentified <1 mm detritus) categories before
they were combusted to determine the dominant resource types.
Suspended organic matter was collected using a drift net (250 pm
mesh size, 0.1 m? sampling area) which was secured at the water
surface for ~30 min during baseflow conditions. To estimate drift
concentration (mg AFDM/L), volume of water passing through the
net was calculated by accounting for water velocity across the net,
area of submerged net, and time that the net was submerged.
Benthic biofilm was collected using a modified Loeb sampler
(Loeb, 1981) and scrubbing between 1 and 7 subsamples from one
rock area, which were homogenized into one sample. A subsample
of the slurry was filtered through a glass-fiber filter and combusted
to approximate total biofilm biomass (mg AFDM/m?). To estimate the
photosynthetic component, an additional subsample of slurry was
filtered and standard EPA methods were used to calculate chloro-
phyll a (mg Chl a/m?) concentrations (Arar & Collins, 1997. In addi-
tion, for the HTR sampling scheme only, annual net benthic primary
production (mg Chl a m? year?) was calculated by summing the av-

erage differences between each month for 1 year.

2.4 | Macroinvertebrate biomass and composition

We focused on macroinvertebrates, because they are a major
component of animal biomass in streams and they are critical for
ecosystem function (Wallace & Webster, 1996). In addition, macroin-
vertebrates are often the first organisms to respond to environmen-
tal stress and therefore used as biotic indicators of stream health
(Feld & Hering, 2007). Many species have adapted to the predictabil-
ity of natural flow regimes and prolonged deviations may threaten
the local persistence of species and even entire communities (Poff et
al., 2018; Poff & Ward, 1989). Macroinvertebrates were sampled at
three random locations within each stream reach with a Surber net
and preserved in 70% ethanol. Invertebrates were counted, meas-
ured to the nearest millimeter, and identified to the lowest feasible

taxonomic level, generally genus. Biomass of macroinvertebrate taxa
that represented >1% of the total abundance in each stream was
calculated using our own length-mass relationships (Table S1) with

methods adapted from Benke, Huryn, Smock, and Wallace (1999).

2.5 | Statistical analyses

Generalized linear models were run to determine the relationships
between rainfall, streamflow metrics, resource quantity and qual-
ity, and invertebrate biomass, using the “Ime4” and “pscl” (to extract
R? values) packages from the statistical program R (Bates, Maechler,
Bolker, & Walker, 2015; Jackman, 2017). To explore how flow drives
changes in resources and consumers, we first had to select an ap-
propriate flow predictor variable since median flow, flow variability,
and flood intensity were all strongly correlated with baseflow (R? of
Qg Vs. Qg = 0.88, Q;o/Qy, =0.92, peak flow/Qg, = 0.88, analyses
not shown). We chose baseflow (Q,) as the main flow predictor vari-
able, because it is a more direct driver of resources and consumers in
streams than median flow (Pyrce, 2004). Our choice was confirmed
in an exploratory analysis where we used the “relaimpo” package
in R (Grémping, 2006) to estimate the relative importance of each
of the flow variables to changes in resource and consumer biomass
(using the following linear model (Im): resource or consumer biomass
~baseflow + flow variability + flood intensity; Im resource: R? = 0.63,
p =0.002; Im consumer: R?=0.68, p < 0.001). We found that base-
flow was the main driver of both resource and consumer biomass
changes (61%-72%) followed by flow variability and flood intensity.

To address the potential temporal pseudo replication in our HTR
sampling scheme (i.e., repeated monthly measurements within one
stream), we ran generalized mixed effect models with months as
a random factor to determine the relationship between flow and
the response variables (Bolker et al., 2009). For the HSR sampling
scheme, we ran generalized linear models separately for each of the
3 years. Based on the distribution of the data and the model fit (re-
sidual and Q-Q plots), we selected the Gaussian, Gamma, or Gamma
(link = log) family for our generalized models. The parameters and
output of each model are reported in Table S2.

For each sampling scheme (i.e., HTR, HSR), we plotted the
macroinvertebrate community data (based on abundance) across
streams in a NMDS plot using the “vegan” package in R (Oksanen
et al., 2017). If the stress value of the plots were <0.2, we used the
“clustsig” package (Whitaker & Christman, 2014) to determine any
clusters in the data and ran an analysis of similarity (ANOSIM) to es-
tablish if these clusters were significantly different (p < 0.05). Finally,
we performed a SIMPER test with the “vegan” package to determine

which species were driving these significant differences.

3 | RESULTS

3.1 | Rainfall and stream parameters

Rainfallduringthe dry season(May to September) generally related
with the 30-year MAR and streamflow (Figure 2). The total rainfall
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during the dry season sampling period in 2012 (Im: R? = 0.95,
p < 0.001) and 2016 (Im: R? = 0.79, p = 0.003) followed the same
general upward trend as the long-term rainfall (Figure 2a). The
year 2012 was the eighth driest in 60 years (NOAA, 2013), while
2015 had statewide the highest dry season rainfall in 30 years
(NOAA, 2017). Baseflow (Q,) increased with seasonal rainfall in
2012 (Im: R? = 0.72, p = 0.008), 2015 (Im: R? = 0.76, p = 0.005),
and 2016 (Im: R? = 0.76, p = 0.005) (Figure 2b), a trend that was
mirrored by median- (Q,,) and storm flow (Q,,, Table 1). On the
other hand, streamflow variability (Figure 2c; Q,,/Qq) and flood
intensity (Figure 2d; peak flow/Qg) exponentially decreased with
increasing seasonal rainfall in 2012 (generalized linear model
(glm): R?=0.78, p = 0.005; R?>=0.96, p = 0.022, respectively),
2015 (glm: R?=0.99, p =0.002; R?=0.98, p = 0.019, respec-
tively), and 2016 (glm: R? = 0.81, p = 0.002; R? = 0.91, p = 0.001,
respectively).

Canopy cover decreased with increasing baseflow (Im: R? = 0.70,
p = 0.010), likely because higher flow creates wider streams, de-
creasing canopy cover. Substrate type within the streams varied
across the streamflow gradient (Table 1). The driest and wettest sites

were mostly composed of bedrock and boulder, while intermediate
flow sites had smaller substrate present (e.g., sand, gravel, cobble).
These substrate patterns are expected, because strong flash floods
at dry sites and higher flow in wet streams scour smaller substrate
to downstream areas.

3.2 | Resource availability

Benthic and suspended resources increased with baseflow (Figure 3).
Benthic organic matter standing stocks increased tenfold with in-
creasing baseflow in 2015 (Im: R?=0.90, p =0.001) and in 2016 (Im:
R? = 0.77, p = 0.004) (Figure 3a). However, this pattern was not sig-
nificant for the HTR sampling scheme (Figure 3b; generalized linear
mixed model (glmm): p = 0.068). Suspended material (g AFDM/day)
was 40x greater at higher baseflow for both HSR (Figure 3c; glm
2012: R? = 0.62, p = 0.052; glm 2015: R? = 0.62, p = 0.031; and Im
2016: R*=0.79, p =0.003) and HTR (Figure 3d; glmm: R? = 0.29,
p = 0.004) sampling schemes.

Macrophyte and miscellaneous organic material (unidentified

<1 mm detritus) were the most abundant resources in high-flow
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streams, while in low-flow streams leaf litter and miscellaneous
organic material dominated (Table S3). Since macrophytes and
leaf litter were the two most abundant resource types, we cal-
culated their percent contribution to the total benthic resource
availability and regressed the percentages against baseflow
(Figure 4). Macrophyte presence increased up to 80% with higher
baseflow for HSR (Figure 4a; Im 2012: R%?=0.97, p =0.016; Im
2015: R? = 0.88, p = 0.002) and HTR (Figure 4b; glmm: R? = 0.34,
p = 0.001) sampling. Macrophytes consisted mostly of two native
feather moss species (Glossadelphus zollingeri and Eurhynchium
mulleri). Percent leaf litter, on the other hand, exponentially de-
clined with increasing baseflow for HSR (Figure 4c; glm 2012:
R?=0.98, p=0.009; glm 2015: R?=0.99, p <0.001) and HTR
(Figure 4d; glmm: R? = 0.22, p = 0.007).

Benthic biofilm did not vary across our sites, but net primary
production was greater in high-flow streams. We saw no pat-
terns with the photosynthetic (Chl a) and non-photosynthetic

(AFDM) component of biofilm across the rainfall gradient on
a monthly basis within the year (HTR glmm: p = 0.83, p = 0.47,
respectively) or across sampling years (HSR Im 2012: p = 0.53,
p =0.26; glm 2015: p=0.39, p=0.23; and Im 2016: p = 0.27,
p = 0.19). However, net benthic primary production was tenfold
higher with increases in flow within the year 2012 (Im: R? = 0.99,
p = 0.003).

3.3 | Macroinvertebrate biomass and composition

Invertebrate biomass increased on average by 35x with baseflow
with both sampling schemes (Figure 5). In 2012, invertebrate bio-
mass increased by 28x during the wet season (October to April)
and by 42x during the dry season. The increases in 2012 (annual
glmm: R% = 0.73, p < 0.001, dry season glm: R? = 0.74, p = 0.028),
2015 (glm: R?=0.74, p=0.014), and 2016 (glm: R?=0.61,
p = 0.024) biomass along the gradient were driven by an increase
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FIGURE 4 High spatial (a and c; up to eight streams per year) and high temporal (b and d; four streams per month, 12 months) sampling
of percent availability of dominant stream resource types across base flow. Macrophyte presence increased with higher baseflow across
years (a) and within the year 2012 (b), while percent detritus decreased with increased baseflow across years (c) and within the year (d). Lines

indicate the significant model output of each relationship (p < 0.05)

in caddisfly and midge biomass in wetter streams (see Table S4
for detail).

Macroinvertebrate community composition changed signifi-
cantly across the streams, even though richness did not (glm:
p =0.20-0.60). The NMDS plots had stress values of 0.15 and we
therefore ran a cluster analysis and ANOSIM on both sampling
schemes. Invertebrate taxa did not cluster significantly for the
HSR sampling (Figure 6a), while HTR had three significant clusters
(Figure 6b; R = 0.48, p = 0.001). The three clusters in the HTR NMDS
plot separated low, intermediate, and high-flow sites (Figure 6b).
Macroinvertebrate communities were 23%-38% dissimilar (SIMPER)
between the driest stream and the other paired sites (Table S5).
Higher abundances of snails, mosquitoes, and copepods at the driest
sites contributed to 26%-70% of that difference, while higher abun-
dance of caddisflies and damselflies in the wetter streams contrib-
uted to 29%-70% of the difference.

4 | DISCUSSION

Climate models project increases in precipitation extremes and de-
creases in total MAR for many areas of Hawaii (Zhang et al., 2016).
Our study is unique because it attempts to quantify the effects of
both of these climate variables on stream structure simultaneously,
by using a natural rainfall gradient as a space-for-time substitution.
Flow patterns along this gradient have been previously studied
and are thought to mimic the predicted effects of climate change
(Strauch et al., 2015), providing an important opportunity to test the
effects of climate-driven changes in flow on stream ecosystems. In
addition, we compared HSR and HTR sampling efforts within the
space-for-time substitution model and determined that there are
few differences between the results of the two sampling schemes.
Both sampling designs indicated that resource quantity and quality
and consumer biomass in tropical island streams generally declined
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by at least tenfold with predicted changes in streamflow. In addition,
macroinvertebrate composition switched to species with higher
turnover rates. Not only are many of the variables we measured re-
lated with streamflow, several of these relationships are exponen-
tial, suggesting rapid changes in ecological parameters in response

to changes in precipitation. These results provide important insight

into the effects of climate change on these vulnerable tropical is-
land ecosystems and improve our understanding of how to apply a
space-for-time substitution more effectively when estimating cli-
mate change impacts.

Benthic and suspended resource availability declined with de-

creasing streamflow. A 40-fold decline in suspended organic material
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can have a stark impact on filter feeding species like endemic shrimp,
which depend on suspended resources for more than 30% of their
diet (Riney, 2015). In addition, decreases in flow have shown to
reduce the quality of the suspended material (Atkinson, Golladay,
Opsahl, & Covich, 2009), which can have further implications for
these native filter feeders. Benthic resource availability declined
with changes in flow as well; a trend that is supported by studies
that investigate the relationship of flow and resource availability in
temperate (Jones, 1997) and tropical (MacKenzie, Wiegner, Kinslow,
Cormier, & Strauch, 2013) streams. These declines in benthic re-
sources are driven by reduced macrophyte biomass in drier systems.

Our results suggest that climate change will tip the balance
between autochthonous and allochthonous resources in tropical
stream ecosystems. Lower light availability (i.e., high canopy cover)
and higher frequency of scouring events (Kohler et al., 2012; Salas
& Dudgeon, 2003) likely decreased macrophyte biomass and pe-
riphyton production toward the drier end of the gradient. Evidence
suggests that tropical stream consumers rely more strongly on au-
tochthonous resources compared to their temperate counterparts
(Neres-Lima et al., 2016). An over tenfold decline in macrophytes
and periphyton resources can therefore have stark consequences
for higher trophic levels. In addition, consumers may utilize cer-
tain macrophyte types (e.g., moss) not only for direct consumption,
but also for shelter and refugia during high-flow events (Jansson,
Nilsson, & Malmqvist, 2007).

Our study suggests that extended low-flow periods associated
with declines in rainfall are likely to increase allochthonous re-
sources in tropical streams. Leaf litter accumulation increased to-
ward the drier end of our flow gradient (Figure 4c,d; Table S3). This
result was further highlighted by increased detrital storage during
2012, which was one of the driest years in the past 60 years (NOAA,
2013). Increases in allochthonous resource availability with climate-
driven changes in flow have recently been reported in high-eleva-
tion temperate streams as well (Larson, Poff, Atkinson, & Flecker,
2018). However, it is important to note that the contribution of
macrophytes to total resource biomass is larger in high-flow streams
(maximum 49.12 mg AFDM/m?) than the contribution of leaf litter in
low-flow streams (up to 9.48 mg AFDM/m?, Table S3). This results
in the overall decline in available benthic resources at the drier end
of the gradient, despite the increase in allochthonous resources.
The shift from a macrophyte to detrital dominated carbon system
decreases resource quality (i.e., low C:N macrophytes to high C:N
detritus), which can increase consumer feeding rates in order to
maintain a similar nutritional intake (Jochum et al., 2017). Therefore,
declines in both resource quantity and quality can adversely impact
consumer biomass.

As predicted, we found a consistent decrease in invertebrate
biomass with projected declines in flow rates and increases in flow
variability, suggesting that climate change will affect the stand-
ing stocks of these important stream consumers. Previous studies
have shown that flow alterations triggered by climate change can
decrease invertebrate abundance by predictive models (Kakouei
et al., 2018) and long-term monitoring of two Costa Rican streams
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(Gutiérrez-Fonseca, Ramirez, & Pringle, 2018). In our study, we found
that both abundance and biomass of invertebrates declined up to
20x and that caddisflies and midges were the dominant invertebrate
taxa that drove these changes in biomass and abundance (Table S4).
In comparison, two studies conducted on Maui Island, Hawaii, found
a 44%-60% decline in invertebrate abundance and biomass as a re-
sult of flow reduction by river dams, but did not attribute the decline
to certain taxa (Gorbach, Shoda, Burky, & Benbow, 2014; Mclntosh,
Schmitz, Benbow, & Burky, 2008). In addition, a congruent study
along this rainfall gradient shows that the endemic shrimp, Atyoida
bisulcata, has lower average biomass in streams with low baseflow
(Tingley, 2017). We speculate that the drop in consumer biomass re-
sults from both direct (i.e., scouring from increased flood intensity
and flow variability) and indirect (i.e., lower food resource availability
and quality) effects of changes in flow. We encourage future studies
to investigate the relative contribution of each effect on inverte-
brate biomass.

While we did not see dramatic changes in invertebrate richness
along the gradient, we saw a shift toward species that tolerate flow
variability and changes in resource quantity and quality. Caddisflies
and damselflies dominated invertebrate communities at the wet end
of the gradient, while snails, mosquitoes and copepods were more
abundant at the dry end. This pattern suggests that climate change
will shift community composition toward organisms with shorter life
histories. Studies from semi-arid boreal ecosystems have shown that
macroinvertebrate community composition changes with elevated
numbers of drying (Eady, Hill, & Rivers-Moore, 2014) and extreme
hydrological events (Sarremejane et al., 2018). Increases in magni-
tude and variation in streamflow can lead to species with shorter
larval life cycles, smaller body size, and low oxygen tolerance (Bunn
& Arthington, 2002; Poff & Ward, 1989). In addition, a mesocosm
study demonstrated that functional redundancy in macroinverte-
brate communities increases with habitat contraction and fragmen-
tation (Boersma, Bogan, Henrichs, & Lytle, 2014), indicating that
predicted decreases in flow may not only affect stream structure,
but also function (Boersma et al., 2014; Pyne & Poff, 2017).

Downscaled climate projections for Hawaii and other parts of
the Tropics indicate that certain regions will likely experience simul-
taneous declines in precipitation quantity and increases in extreme
events (Elison Timm et al., 2015; Rauscher, Kucharski, & Enfield,
2010; Zhang et al., 2016). Our results raise the question whether
changes in flow rates or flow variability are the main driver of re-
source and consumer patterns along our gradient. Previous studies
have shown that declines in flow (Northington & Webster, 2017)
and increases in variability (Ohlberger et al., 2018) can each affect
stream resources and consumers separately. However, our rainfall
gradient presented us with the unique opportunity to estimate
ecosystem effects of flow magnitude and variation alteration com-
bined. Our preliminary models speculate that the decline in flow is
the strongest driver of decreases in resource and consumer biomass
(61%-72%) compared to increased flow variability and flood inten-
sity (see Section 2.5). However, further flow manipulation studies
are necessary to tease apart how much each flow variable drives
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the predicted changes in resources and consumers. Overall, we con-
clude that predicted declines in streamflow quantity and changes
in variability will result in decreased freshwater resource and inver-
tebrate biomass, which can have negative repercussions for higher
trophic levels such as predatory fish, birds, and mammals that rely on
this important food resource.

Globally, extreme precipitation events have increased and
are projected to continue to intensify in the future (IPCC, 2013).
However, it is necessary to recognize that the projections for total
precipitation change vary across regions, and a large amount of un-
certainty still exists for the tropics and subtropics, both in models
and observationally constrained datasets (Bador, Donat, Geoffroy,
& Alexander, 2018; Kent, Chadwick, & Rowell, 2015). For example,
recent evidence shows that there has been little change in total pre-
cipitation in wet regions of the world, although these results were
less robust for tropical regions (Donat, Lowry, Alexander, O'Gorman,
& Maher, 2017). On the other hand, regional calculations for Meso-
America (Rauscher et al., 2010) and Central America (Diffenbaugh
& Giorgi, 2012) project a reduction in precipitation. In addition, the
downscaled projections available for the Hawaiian Islands vary spa-
tially, depending on local air temperature, evapotranspiration, ocean
water surface temperature, and wind speed and direction (Zhang et
al., 2016). While there are uncertainties and variation in estimates
of total precipitation change across the Tropics, declines have been
projected in several cases and the implications of our results can be
applied to other tropical areas where similar precipitation projec-
tions have been made.

The HSR sampling scheme allowed us to evaluate interannual
variability, while HTR sampling efforts demonstrated little differ-
ences in patterns within the year. We were able to capture a rela-
tively dry, extremely wet, and an average rainfall year with the HSR
sampling regime, which allowed us to evaluate if resource and con-
sumer patterns are altered by extreme years. The seasonal rainfall
patterns of 2012 and 2016 were strongly related with the 30-year
long-term rainfall trend, but this relationship did not hold up during
the extremely wet season in 2015. This is likely because the drier
end of the gradient received an increased number of short but ex-
treme rainfall events, inflating the average rainfall estimates in these
areas. However, the flow pattern of 2015 was similar to 2012 and
2016, because baseflow estimates avoid the artificial inflation by
extreme flood events. Since baseflow is a direct driver of stream
resources and consumer, we saw little difference in the ecological
response patterns (biomass and composition) between the 2015 and
the 2012/2016 years. This agreement indicates that this space-for-
time substitution is a robust sampling model that can be useful in
quantifying long-term responses, even in years that involve extreme
events. The HTR sampling regime also demonstrated that there was
little difference in the resource and consumer response patterns be-
tween the months. Nevertheless, when averaged, the resource and
consumer biomass patterns were stronger during the dry season
(e.g., invertebrate biomass 28x decline in wet vs. 42x in dry season,
analyses not shown), which mimicked the overall biomass patterns
we observed in the eight streams sampled for the HSR along our

rainfall gradient. This indicates that the flow variability within the
year (HTR) simulates the flow range along our rainfall gradients
(HSR).

There was little difference in the direction and strength of the
resource and consumer response pattern to variation in flow be-
tween the two sampling schemes, suggesting that both schemes
provide similar predictions about how climate change will affect
tropical communities. Baseflow and resource and consumer re-
sponse variables had very similar ranges between the HTR and
HSR sampling schemes, indicating the difference between monthly
sampling events (e.g., wet vs. dry season) mirrored interannual
variation in rainfall events (e.g., El Nifio-Southern Oscillation). The
only difference between the two schemes was in the response
of community composition to changes in flow. The HTR sampling
scheme detected a significant separation of communities between
wet, dry, and intermittent streams, indicating that there are sig-
nificant shifts in macroinvertebrate community composition with
changes in flow. These patterns did not significantly cluster out
with the HSR sampling scheme (Figure 6a), although the wet, dry,
and intermittent streams grouped similar to HTR sampling. The
lack of separation is likely because there were only two to three
points per stream for the HSR sampling regime. Therefore, the
HTR sampling captured the community structure more effectively
and we suggest using this method when answering consumer and
resource composition questions. However, overall, we deem both
sampling strategies comparable when answering ecosystem ques-
tions where a space-for-time substitution approach is appropriate.

Although using a space-for-time substitution approach to es-
timate effects of climate change can have some drawbacks, it has
been a valuable tool when used in the right context. Space-for-time
substitutions have the benefit of capturing long-term environ-
mental responses within a reasonable sampling time scale with-
out losing realism. However, there are three main criticisms of this
method: site and species histories can vary or are unknown, biotic
and abiotic factors vary along the spatial gradient, and the spatial
variability may not represent the temporal variability (Fukami &
Wardle, 2005; Johnson & Miyanishi, 2008). Since our predictive
rainfall gradient was formed along a short distance (~20 km) and
from the same lava flow, it presented us with the unique oppor-
tunity to have similar site and species history. In addition, we re-
ported many of the biotic and abiotic factors to ensure they are
not a cofactor driving our results. By comparing our two sampling
regimes (HTR vs. HSR), we were able to conclude that the spatial
variability generally represented the temporal variability well. In
addition, a recent long-term study (15 years) in Costa Rica, where
the projected changes in precipitation variability aligned with
ours, reported similar declines in macroinvertebrate abundance
(Gutiérrez-Fonseca et al., 2018). We conclude that a space-for-
time substitution approach is a valuable tool to assess climate im-
pacts on the whole ecosystem if the limitations of the approach
are addressed by the study design. We encourage other climate
studies to include landscape gradients to address anthropogenic
impacts in a timely manner.
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