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River flow can impact which sources of particulate organic matter (POM) fuel estuarine food webs. Here, we used stable
carbon (C) and nitrogen (N) isotope analyses to compare how contributions of different POM sources (terrestrial, estuarine,
and marine) to the diets of zooplankton and juvenile fishes differed between low and high river flow conditions, as well as
spatially across a tropical estuary, Hilo Bay, Hawaii, USA. Diets of zooplankton and juvenile fishes were affected by river flow
conditions, but the magnitude and the change in the basal resources depended on the location of the station in the estuary
relative to the ocean and the river mouths. Consumers from the station most isolated from the ocean and with groundwater
and overland flow inputs, utilized a combination of estuarine and terrestrial POM during both low and high river flow conditions
and exhibited less variability in their basal resources than stations with direct ocean exchange. Consumers from stations in
the Bay most affected by ocean exchange and river inputs utilized a combination of estuarine, terrestrial, and marine POM
during low flow conditions, but shifted to marine and terrestrial POM during high river low conditions. This shift to using
terrestrial POM during high river flow conditions was substantial and up to 40% higher than values measured in other estuaries.
Factors suspected to be affecting which POM source(s) consumers use in Hilo Bay are gross primary production, biological
availability of exported terrestrial OM, and estuarine bacteria biomass, all of which are affected by river flow. Overall, our results
suggest that Hilo Bay’s food web and possibly those from other tropical estuaries are vulnerable to changes in hydrology,

which may be further enhanced by global climate change.

Estuaries are dynamic ecosystems whose physical, chemical,
and biological characteristics are greatly influenced by fresh-
water runoff from land and water exchange with the ocean
(Day et al. 1989). As a result of their dynamic nature, estuar-
ies support high levels of biological diversity, with multiple
interconnected trophic links that result in complex food
webs (Day et al. 1989, Cohen 1994). However, the spatial,
temporal, and regional mechanisms governing the structures
of these complex food webs remain unclear. One aspect under
investigation is the importance of different organic matter
(OM) sources to the base of estuarine food webs (Deegan and
Garritt 1997, Mulkins et al. 2001, Pagano et al. 2006), and
how the relative importance of these OM sources changes
with natural and anthropogenic perturbations (Chanton and
Lewis 2002, Hoffman et al. 2008, Schlacher et al. 2009).
Organic matter within estuaries is comprised of both autoch-
thonous OM (i.e. in situ phytoplankton, marsh vegetation,
benthic macroalgae), as well as allochthonous OM of terres-
trial origin, which is transported into the estuary via rivers.
It has been well documented in streams, rivers, and lakes that
allochthonous OM subsidies increase secondary production
(Wallace et al. 1997, Pace et al. 2007). However, several stud-
ies suggest that terrestrial OM is only a minor contributor to
the diets of estuarine organisms, especially those feeding in

the water column (Deegan and Garritt 1997, Sobczak et al.
2002, Van den Meersche et al. 2009). The current consen-
sus that pelagic estuarine food webs are endogenously fueled
suggests that these communities may be less affected by the
availability of allochthonous OM sources across spatial,
temporal, and regional scales. In addition, studies have sug-
gested that primary and secondary consumers are adaptive
foragers that select high quality, low quantity autochthonous
OM over more abundant, but lower quality terrestrial OM
(Martineau et al. 2004, Delong and Thorp 2006). However,
broad generalizations about estuarine food webs may limit
our understanding of persistence and stability of estuarine eco-
systems in the face of perturbation, especially global climate
change.

Traditionally, estuarine food web studies focused on char-
acterizing the trophic structure of a system at a single point
in time. More recent studies have examined how temporal vari-
ation in hydrologic variables (i.e. river discharge) define and
restructure food webs (Hoover et al. 2006, Hoffman et al.
2008, Schlacher et al. 2009). Fluctuations in river discharge
affect the quantity and quality of terrestrial OM exported to
estuaries (Wiegner et al. 2009), as well as estuarine phytoplank-
ton growth, which may trigger responses in estuarine food
webs (Hoover et al. 2006). River discharge and distance from
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river mouths are also thought to influence the spatial scale of
estuarine food web structure by governing across-ecosystem
subsidies to estuarine consumers (Chanton and Lewis 2002,
Hoffman et al. 2008, Schlacher et al. 2009, Tallis 2009). To
date, the majority of these studies have mainly focused on tem-
perate and subtropical estuaries, leaving tropical estuaries
largely uncharacterized.

The dynamics among trophic levels in tropical estuaries
are generally thought to be more tightly coupled than tem-
perate systems due to their nearly continuous high temper-
atures and abundant light availability year round (Roman
et al. 2002, Hoover et al. 2006). As a result of this tight
coupling, secondary production within tropical estuaries res-
ponds quickly (e.g. days or weeks) to changes in phytoplankton
communities caused by hydrological perturbations (Hoover
et al. 2006). However, increases in river discharge caused by
storm runoff can create two opposing changes to estuarine
food web structure. If storm runoff contains high concen-
trations of dissolved nutrients that otherwise limit primary
production and light availability is not significantly reduced
by suspended solid inputs, then estuarine primary produc-
tion may be stimulated and may fuel secondary production
(Mallin et al. 1993, Hoover et al. 2006). In contrast, if storm
runoff has high concentrations of suspended solids and water
residence time in the estuary is long, then light limitation
may reduce estuarine primary production (May et al. 2003,
de Swart et al. 2007, Mead and Wiegner 2010). In order for
secondary production to be sustained in the face of reduced
primary production under high river flow conditions, organi-
sms must receive terrestrial or marine OM subsidies. How-
ever, more regional data sets are needed to determine the extent
to which river discharge structures estuarine food webs by
altering contributions of autochthonous and allochthonous
OM sources to consumers and how the importance of these
sources is affected by changes in hydrology.

The present study used Hilo Bay, Hawaii, USA, to deter-
mine the impact of river flow on the structure of a tropical,
estuarine, pelagic food web. Being a tropical system, Hilo Bay
has abundant light and warm temperatures throughout the
year, allowing for favorable phytoplankton growing conditions.
Additionally, the Hilo Bay watershed has one of the highest
annual rainfall rates in the USA and is the largest watershed in
the state of Hawaii (Juvik and Juvik 1998). As a result, food
web responses to increased river flow may be rapid and on
the order of days (Mead and Wiegner 2010). The main objec-
tive of this study was to characterize the contributions of
terrestrial, estuarine, and marine OM to secondary produc-
tion of mesozooplankton in Hilo Bay under low and high
river flow conditions. We specifically focused on particulate
organic matter (POM) because it is directly consumed by
mesozooplankton and based our design on previous estua-
rine food web studies (Deegan and Garritt 1997, Hoover et
al. 2006, Schlacher et al. 2009). However, we recognize that
dissolved organic matter (DOM) may indirectly fuel estua-
rine consumers through the microbial loop. Our hypothesis
for this study was that terrestrial POM subsidies to consum-
ers’ carbon (C) and nitrogen (N) demands would increase
with increasing river flow, as a result of reduced estuarine
and marine POM availability, and increased terrestrial POM
availability. This study also characterized the contributions
of POM sources to dominant pelagic juvenile fishes of
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economical, recreational, and cultural importance during low
flow conditions. To accomplish these objectives, we measured
stable C and N isotopes from POM sources, zooplankton,
and fishes to identify which POM source(s) were the major
contributors to primary and secondary consumers’ diets.

Material and methods

Site description

Hilo Bay is a salt-wedge estuary located on the eastern side
of Hawaii Island (Fig. 1). The surface area of the Bay is ~6.4
km? and ranges in depth from 0-15 m. Hilo Bay is semi-
enclosed by a three-km long breakwall that affects water cir-
culation and increases residence time of sediments and POM
(Dudley and Hallacher 1991, USACOE 2009). Major sur-
face freshwater inputs to the Bay are from the Wailoa and
Wailuku Rivers. The Wailoa River is an perennial river with
continuous groundwater inputs nears its mouth and its
watershed drains 481 km?, which is predominantly forest,
but also contains a significant percentage of developed and
cultivated land (Table 1). The Wailuku River is a perennial
river and its watershed drains 574 km?, which is predomi-
nantly forest (Table 1). The Hilo Bay area receives almost
equal amounts of daylight between summer and winter
months, with only a two hour difference between seasons,
and has an average temperature of 23.3°C, with only a 3°
change seasonally (Juvik and Juvik 1998). Additionally, Hilo
Bay and its watershed have one of the highest precipitation
rates within the USA, receiving on average 330 cm of rain
nearshore and 508 cm of rain upslope annually (Juvik and

Juvik 1998).
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Figure 1. Map of stations and transects sampled from Jan 2007— Feb
2008 within Hilo Bay, Hawaii, USA, the Wailoa and Wailuku Rivers,
and adjacent marine environment. Triangles represent single point
sampling, while dotted lines represent transects. Arrows represent the
general direction of currents in Hilo Bay and were obtained from
Dudley and Hallacher 1991.



Table 1. Characteristics of the Wailuku and Wailoa Rivers’ watersheds,
Hawaii, USA. Land cover data were obtained from < www.csc.noaa.
gov/crs/lca/hawaii.html > and are from 2001. To our knowledge, there
were no significant changes to land cover from 2001 to 2008.
N/A = not available.

Wailoa Wailuku
Parameter River River
Watershed area (km2) 481 576
Headwater elevation (m) 762 3500
Riparian land cover (% of each river)
high-intensity developed 3.3 0.1
low-intensity developed 7.7 0.2
cultivated land 3.9 0.8
grassland 27.3 26.0
evergreen forest 40.7 59.0
scrub/shrub 14.6 10.7
bare land 0.3 2.9
emergent wetland N/A 0.3
water 2.3 N/A

Samples of POM sources and consumers were collected
from 2007-2008 from two riverine stations (Wailoa and
Wailuku Rivers), three estuarine stations (Whailoa River
plume, Wailuku River plume, and Outer Bay), and one off-
shore marine station (Fig. 1). Multiple stations within the
Bay were chosen to spatially characterize food web variability.
The Wailoa River plume station, located in the southeastern
portion of the Bay, was the inner most station in Hilo Bay
and is isolated from direct surface water exchange with the
ocean (Fig. 1). The Wailuku River plume station was located
in the southwestern portion of the Bay, with a 1.5 km open-
ing connecting it to the Pacific Ocean (Fig. 1). The Outer
Bay station was located on the outside of the breakwall, out-
side the harbor, and had direct surface water exchange with the
Pacific Ocean (Fig. 1). Riverine and estuarine samples were col-
lected under eight low (< 8.0 m3 s~1) and four high (>10.0
m3s~!) river low conditions, as measured at the Wailuku River
gage (USGS Station no. 16704000) at Piihonua (Table 2).
Due to high surf advisories, the Outer Bay station was not
accessible during two of the high river flow events. The marine
station was located two km outside the Bay and was sampled
on two low flow and one high flow events (Fig. 1).

Sample collection

Terrestrial, estuarine and marine POM were collected using
a 20-um mesh plankton net. Particulate organic matter
samples were later size fractionated into a 20-50 um size
group. Here, terrestrial POM was a mixture of both riverine
and land-derived POM. Terrestrial POM from the Wailoa
and Wailuku Rivers were collected one day prior to collection
of estuarine consumers during low river flow conditions and
two days prior during high river flow conditions. A two day
gap should have allowed for terrestrial POM to be incorpo-
rated into Hilo Bay’s estuarine food web, as a previous study
in Kaneohe Bay on Oahu Island, Hawaii, found that the
food web responded to increased river flow on the order of
days (Hoover et al. 2006). Nets were placed in a flowing por-
tion of the river for ten minutes or until a minimum of five
mg dry mass of sample was collected. Estuarine POM was
collected along three transects at each estuarine station during

Table 2. Daily discharge from the Wailuku River, Hilo, Hawaii, USA,
on low and high river flow sampling days during this study. Wailuku
River data were obtained from USGS gage no. 16704000 < http://
hi.water.usgs.gov/data/adrweb/2005/sw/portal/16704000.htm| >.

River flow Wailuku River
condition Date discharge (m3 s—1)
Low 03/14/2007 1.13
05/03/2007 1.50
06/18/2007 0.85
07/08/2007 7.65
07/30/2007 1.36
09/05/2007 1.84
10/10/2007 1.93
11/07/2007 1.53
High 01/10/2007 10.56
03/01/2007 45.59
12/12/2007 22.23
01/29/2008 26.73

low and high river flow conditions (Fig. 1). Plankton nets
(20-wm mesh) were towed approximately one meter below
the surface at two knots for ten minutes along each transect.
Extensive picking and filtering was used to remove terrestrial
material from estuarine POM samples. However, despite our
best attempts to remove terrestrial material, fine particles
may have remained in the estuarine sample. Thus, in this
study, estuarine POM was a mixture of riverine, estuarine
and marine POM. Marine POM was collected from eleven
overlapping transects using methods described above for
estuarine POM. All samples were immediately placed on ice
and stored frozen until further analyses.

Zooplankton and larval fishes were collected simultane-
ously with the estuarine POM samples using 150-im and
500-um mesh plankton nets towed approximately one meter
below the surface at two knots for three consecutive ten
minute intervals along designated transects (Fig. 1). Samples
were immediately placed on ice. Plankton were later size
fractionated into 150-500 tm and =500 um bulk samples,
and a sub-sample of each size group was stored frozen until
analysis. Dominant secondary consumers (i.e. calanoid cope-
pods, crab megalops, Sagitza sp. (chaetognaths), and larval
fishes) were removed from the remaining bulk sample for
individual analysis. Dominant zooplankton groups were deter-
mined from visual surveys and M and E Pacific’s report on
Hilo Bay (1980).

Pelagic juvenile fishes of economical, recreational, and
cultural importance (i.e. Herklotsichthys quadrimaculatus blue
stripe herring, Encrasicholina purpurea nehu, Kuhlia sandvi-
censis Hawaiian flagtail, and Scomberoides lysan leatherback)
were also collected from multiple stations within the Wailoa
and Wailuku Rivers’ plumes by throwing a 0.60-cm mesh cast
net from shore, a method used by Hawaii’s Dept of Aquatic
Resources. Fish species of interest were not found at the Wailuku
River station. Isotopic turnover of fish tissue is relatively slow
compared to larval fish and zooplankton, and estimates of
isotopic turnover are unknown for these species. Therefore,
dietary analyses of juvenile fishes were done for low flow days
only. Fish were only collected on days that had > 30 consecu-
tive days of low river flow (<8.0 m? s71). All samples were
stored frozen until analyzed for stable C and N isotopes.
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Table 3. Average (SE) 8'3C and 8'N signatures of particulate organic matter (POM) sources within Hilo Bay, Hawaii, USA, during low and
high river flow conditions. Wailoa and Wailuku River samples are comprised of terrestrial POM, river plumes and outer Bay samples consist

of estuarine POM, and marine samples consists of marine POM.

Low flow High flow
POM sources n d13C 815N n d13C 815N
Wailoa River 8 —28.590 (0.249) 3.689 (0.155) 4 -28.132 (0.251) 3.277 (0.099)
Wailuku River 8 —19.995 (0.313) 0.870 (0.073) 4 -25.554 (0.102) 0.827 (0.071)
Wailoa River plume 8 —22.277 (0.492) 3.560 (0.148) 4 -23.966 (0.238) 3.343 (0.523)
Wailuku River plume 8 —20.952 (0.408) 3.405(0.312) 4 -24.880 (0.689) 3.387 (0.181)
Outer Bay 8 —20.983 (0.629) 3.699 (0.120) 3 -23.461 (0.399) 3.509 (0.422)
Marine 2 —20.641 (0.129) 3.643 (0.328) 1 -20.821 3.497
Stable isotope analyses 313C or é’)liNMlj =81C, or 8N, — (X TL - 1) (1)

Particulate organic matter, zooplankton, larval fishes, and mus-
cle tissue from juvenile fishes were analyzed for stable C and N
isotopes. Samples that were collected multiple times on a single
day were pooled and the average C and N isotopic signatures
were used in analyses. Samples with insufficient biomass were
pooled across transects when possible. Prior to stable isotope
analysis, samples analyzed for C were acid digested with 10%
HCI to remove calcium carbonate (Jacob et al. 2005). Pooled
POM samples were filtered onto pre-combusted (500°C, 6 h)
Whatman GF/F filters, dried at 70°C to a constant mass, and
packaged in 9 X 10 mm tin capsules. Zooplankton and fishes
samples were dried following the above procedures and then
homogenized using a mortar and pestle, weighed, and packed
into 5 X 9 mm tin capsules. All samples were analyzed for sta-
ble C and N isotopic composition using an elemental analyzer
coupled to a isotope ratio mass spectrometer. Stable isotope
results are presented as deviations from a standard (VPDB
for C and atmospheric N, for N). Reproducibility at natural
abundance levels were = 0.04%o and % 0.07%o for 8'3C and
SN, respectively.

Food web analyses

We examined differences in the POM base of food webs
between lowand high river flow conditionsand among estuarine
stations by estimating the percent contribution of different
POM sources (terrestrial, estuarine and marine) to consumers’
diets within Hilo Bay. Percent contributions of different
POM sources to consumers’ organic C and N demands were
calculated using the SIAR ver. 4.0 mixing model (stable iso-
tope analysis in R) (Parnell et al. 2010). Percent contribu-
tions are reported as the 50% Bayesian credibility interval.
Due to the position of the breakwall and currents within
Hilo Bay (Dudley and Hallacher 1991, USACOE 2009),
marine POM was excluded as a possible POM source for
consumers within the Wailoa River plume (Fig. 1). Station-
specific (Wailoa River plume, Wailuku River plumeand Outer
Bay) stable isotopic values of estuarine POM were averaged
within river flow conditions and used in dietary analysis of
consumers collected from that location. Consumers’ 8'3C
and 8N signatures were also averaged within river flow
conditions. Because the aim of this study was to determine
which POM source was fueling the base of the food web,
POM 8'3C and 8'5N signatures were corrected for isotopic
trophic shifts using Eq. 1:
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where 83C; or 8PN; ; is the corrected POM value, 83C,
or 8N, is the initial stable C or N isotopic signature of the
POM source, o is the mean discrimination factor (DF)
(0.2 £ 0.21%o0 for C and 2.2 +0.30 %o N for invertebrate
consumers, and 1.3 = 0.30%o for C and 3.3 +0.26 %o for
N for fishes (McCutchan et al. 2003)), and TL is the trophic
level of the consumer being analyzed, which was determined
using gut content and dietary analysis from the literature
(Table 4). The 150-500-im bulk plankton, = 500-um bulk
plankton, and larval fishes were not identified to species, and
therefore, TL could not be estimated using literature. The TLs
of these consumers were estimated by plotting C and N isoto-
pic signatures on an x—y scatterplot. This analysis showed that
150-500-um bulk plankton and one group of larval fishes
grouped closely with calanoid copepods and = 500-pm bulk
plankton and the remaining larval fishes grouped closely
with Sagitta sp. As a result, these consumers were given the
same TL as copepods and Sagizta, respectively.

Statistical analyses

The 8'3C and 8N signatures of POM sources were com-
pared between river flow conditions (low vs high) and among
stations (Wailoa River, Wailuku River, Wailoa River plume,
Wailuku River plume, Outer Bay, Marine) using a two-way
analysis of variance (ANOVA). The §'3C and 8!°N values of
consumers (i.e. 150-500- and = 500-ium bulk plankton, cope-
pods, crab megalops, Sagitta sp. (chaetognaths), larval fishes)
were also compared between river flow conditions and among
stations using a two-way ANOVA. Fixed effects for both
analyses included river flow condition and station, along with
the two-way interaction term. Post hoc analyses were con-
ducted using the Tukey HSD multiple comparisons test and
all statistical analyses were performed in Statistica ver. 9.0

(StatSoft, Tulsa, OK) at an o level of 0.05.

Results

Stable isotope characterization

POM sources

The stable C and N isotopic composition of POM sources
to Hilo Bay exhibited significant hydrological and spatial
differences (Table 3, Fig. 2). In general, 8'3C signatures of
POM sources were significantly more depleted in 1*C during
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high river flow conditions than during low river flow con-
ditions (F, 5, =42.23, p<<0.001; Table 3, Fig. 2). Carbon
isotopic signatures of POM sources were significantly differ-
ent among stations (Fs 5o =47.06, p<<0.001). Additionally,
there was a significant interaction between station and river
flow condition (F5 5,=9.51, p <0.001), which showed that
astation’s 8'3C POM signature was affected by river flow con-
ditions. During low river flow conditions, the Wailoa River’s
POM was significantly more depleted in '3C (down to
8.60%0) compared to POM from the Wailuku River, estua-
rine (Wailoa River plume, Wailuku River plume and Outer
Bay), and marine stations. The Wailuku River's POM was
enriched in 13C compared to other POM sources, but was
only significantly different than POM from the Wailoa River
and the Wailoa River plume during low river flow condi-
tions. Despite the depletion of 13C in all POM sources dur-
ing high river flow conditions, the Wailoa River's POM was
still significantly more depleted in 3C relative to POM from
the Wailuku River, estuarine and marine stations. With the
exception of Wailoa River's POM, the Wailuku River’s POM
was more depleted in 13C up to ~5%o relative to other POM
sources, and was significantly different than the Wailoa River
and marine POM sources during high river flow conditions.

Stable isotopic N signatures of POM sources were not sig-
nificantly different between low and high river flow events
(F, 50 =1.227,p =0.273) and there was no interaction between
station and river flow condition (Fy s, = 0.227, p = 0.949).
POM from high river flow events was depleted in’>N com-
pared to POM from low river flow events; however, this dif-
ference was not significant. The 85N signatures of POM
sources varied significantly among stations (F 5, = 42.358,
p<0.001), which was due to Wailuku River’s POM being
significantly more depleted in >N during low (up to 2.83%o)
and high river flow conditions (up to 2.68%o) conditions
compared to all other stations (Table 3, Fig. 2).

Consumers

Similar to POM sources, 8'3C signatures of consumers from
estuarine stations exhibited significant hydrological and spa-
tial differences and there was a significant interaction between
station and river flow condition (F, 4, = 4.16, p=10.017),
which again suggests that consumers’ 8'3Csignaturesatagiven
station were affected by river flow. Pooled consumers’ §13C
signatures were significantly more enriched in '3C during low
river flow conditions than high ones (F, ;4,3 =06.18, p=10.014;
Table 4, Fig, 2). Consumers 8'3C signatures were similar among
all three estuarine stations during low river flow conditions,
but Wailoa River Plume’s consumers were significantly differ-
ent than Wailuku River Plume’s consumers during high river
flow conditions. (F, ;s = 4.44, p=0.013). The 6'3C values
of consumers from the Wailoa River plume were depleted by
as much as 2.8%o compared to consumers from the Wailuku
River plume during high river flow conditions.

Stable isotopic N signatures of consumers were not signifi-
cantly different between river flow conditions (F, ;5 = 0.578,
p = 0.448) or among stations (F, 4, =1.689, p=0.188;
Table 4, Fig. 2), and there was no significant interaction between
station and river flow condition (F, ;45 = 0.625, p = 0.537).
Although not significantly different, 85N signatures of
consumers were more depleted in N during high river flow
conditions compared to low flow ones.
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Food web analysis

The SIAR mixing model indicated that POM source utili-
zation by consumers varied spatially and with hydrological
conditionswithin Hilo Bay (Table 5, Fig. 3). Because of the sig-
nificant interaction between river flow condition and station
for POM and consumers’ 8'3C signatures, food web analysis
results are presented by station below. Estuarine POM 813C
and 8N signatures from all stations within the Bay were
pooled as there were no significant differences among them.
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Figure 2. Mean (* SE) stable carbon (C) and nitrogen (N) isotopic sig-
natures of particulate organic matter sources (POM) and consumers
from the Wailoa River plume (A), Wailuku River plume (B), and
Outer Bay (C) stations during low (filled circles) and high (open
circles) river flow conditions. Codes are as follows: WLR = Wailoa
River POM, WKR = Wailuku River POM, WLE = Wailoa River
plume estuarine POM, WKE = Wailuku River plume estuarine POM,
OBE = Outer Bay estuarine POM, MAR = marine POM, SBP = 150—
500-pm bulk plankton, CC = calanoid copepods, CM = crab mega-
lops, T2F = trophic level two larval fishes, LBP = = 500-um bulk
plankton, SAG = Sagitra sp. T3F = trophic level three larval fishes,
HQ = Herklotischthys quadrimaculatus, EP = Encrasicholina purpurea,
KS = Kublia sandvicensis, SL = Scomberoides lysan.



Table 5. Range of percent dietary contributions of particulate organic matter (POM) sources (WL =Wailoa River POM, WK = Wailuku River
POM, E = estuarine POM, and M = marine POM) to consumers collected from three stations (Wailoa and Wailuku River plumes and Outer
Bay) within Hilo Bay, Hawaii, USA, during low and high river flow conditions. Percent contributions were determined using SIAR ver. 4.0.
() indicates where no samples were taken. Values are reported as the 50% credibility interval.

Wailoa River plume Wailuku River plume Outer Bay
Condition Consumer WL WK E WL WK E M WL WK E M
Low flow  150-500-um bulk plankton 0-1 35-40 59-64 6-9 23-26 29-38 30-38 0-1 45-49 4-19 30-40
calanoid copepods 5-8 40-48 43-52 15-17 32-36 26-34 22-30 9-10 15-21 2-6 62-70
crab megalops 1-3  44-57 33-45 0-1 52-62 2-10 12-22 0-1 44-51 3-10 32-41
T2 larval fishes 1-36  20-26 38-50 1-4 23-29 28-36 29-37 1-3 12-20 31-39 33-42
=500-um bulk plankton 0-1  95-97 13 0-1 0-1 1-8 87-94 0-1 1-4 9-22 70-84
Sagitta sp. 0-1 9197  2-7 0-1 1-5  26-39 41-54 0-2 1-6  33-44 35-45
T3 larval fishes 1-6  36-55 35-46 23-33 24-33 24-33 24-33 - - - -
Herklotsichthys quadrimaculatus ~ 1-2 34-38 60-64 - - - - - - -
Encrasicholina purpurea 0-2  44-49 47-53 - - - - - - - -
Kuhlia sandvicensis 1-3  46-52 41-49 - - - - - - - -
Scomberoides lysan 0-3 85-94 1-9 - - - - - - - -
High flow 150-500-um bulk plankton 0-1 47-52  47-51 0-1 4046 0-1 49-54 0-2 74-78 13 14-19
calanoid copepods 34-47 7-12 41-52  1-4 33-36 1-7 34-51 1-3 5-10 16-25 65-71
crab megalops 2-12 33-43 35-46 1-6 28-38 1-9 27-38 - - - -
T2 larval fishes 25-35 31-37 36-44 23-32 22-32 24-33 23-32 - - - -
=500-um bulk plankton 2-8  86-92 1-2 0-1 0-2 0-2  89-92 0-1 1-3 0-2  90-93
Sagitta sp. 3-12 36-47 36-45 1-6 0-3 1-31 33-47 1-5 2-10 25-36 33-46
T3 larval fishes 31-41 32-43 28-39 1-9 1-7  24-33 29-39 - - -

Wailoa River plume

Estuarine and terrestrial POM were both large contributors
of organic Cand N to the 8'3C and 8'5N signatures of primary
consumers within the Wailoa River plume during both low
and high river flow conditions (Table 5, Fig. 3A-B). Overall,
the Wailuku River was the major source of terrestrial POM
to consumers’ signatures during both low and high river flow
conditions (Table 5). However, the contribution of terrestrial
POM from the Wailoa River increased during high river flow
up to 6 X for all consumers within the Wailoa River plume,
except 150-500-im bulk plankton which had no detectable
change in contribution (Table 5).

Similar to primary consumers, estuarine and terrestrial
POM were also important sources of POM to secondary con-
sumers in the Wailoa River plume, regardless of river flow con-
dition (Table 5, Fig. 3A-B). Additionally, the Wailuku River
was also the largest contributor of terrestrial POM to secondary
consumers for both flow conditions (Table 5). Estuarine POM
made a substantial contribution to the organic C demands of
T3 larval fishes during low river flow conditions, and Sagizta sp.
and T3 larval fishes during high river flow conditions (Table
5). An increase in the contribution of terrestrial POM in the
Wailoa River’s secondary consumers’ signatures were also
observed during high river flow conditions (Table 5). The three
secondary consumer juvenile fish species (H. quadimaculatus,
E. purpures and K. sandvicensis) from the Wailoa River plume
all had similar POM source contributions to their 8!3C and
SN signatures, with both estuarine and terrestrial contribut-
ing substantially to their organic C and N demands (Table 5).
Scomberoides lysan differed from the other juvenile fish species
in that Wailuku River POM was the only major contributor
to their 83C and 8'°N signatures (Table 5).

Wailuku River plume
In general, most primary consumers from the Wailuku River
plume utilized a combination of terrestrial, estuarine, and

marine POM almost equally during low river flow conditions,
and terrestrial and marine POM during high river flow
conditions (Table 5, Fig. 3C-D). The Wailuku River was
the largest contributor of terrestrial POM to consumers’ C
and N demands for both low and high river flow conditions
(Table 5). Both 150-500-um bulk plankton and calanoid
copepods had similar contributions of terrestrial, estuarine,
and marine POM during low flow conditions. However, dur-
ing high river flow conditions, the contribution of organic C
and N to these consumers from estuarine POM decreased
~40 X, while marine POM contributions increased up to
2 X (Table 5). Crab megalops primarily utilized terrestrial
POM during low flow conditions, but had similar contri-
butions from terrestrial and marine POM during high river
flow conditions (Table 5). T2 larval fishes had similar con-
tributions of terrestrial, estuarine, and marine POM to their
organic C and N demands during both low and high river
flow conditions (Table 5).

Secondary consumers from the Wailuku River plume uti-
lized estuarine and marine POM during both low and high
river flow conditions (Table 5, Fig. 3C-D). >500-im bulk
plankton obtained their organic C and N from marine POM
during both low and high flow conditions (Table 5). Sag-
itta sp. had similar contributions from both estuarine and
marine POM during both river flow conditions. T3 larval
fishes had similar contributions from terrestrial, estuarine,
and marine POM during low flow conditions, but their ter-
restrial POM contribution was substantially reduced during

high river flow conditions (Table 5).

Outer Bay

Primary consumers from the Outer Bay station utilized a
combination of terrestrial and marine POM during low river
flow conditions; however, there was no consistent pattern
with regards to POM source utilization during high river
flow conditions (Table 5, Fig. 3E-F). Terrestrial and marine
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Figure 3. Dominant patterns in flux of particulate organic matter (POM) sources (terrestrial, estuarine, and marine) to Wailoa River
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in the Wailoa River plume.
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POM contributed a similar proportion to the organic C and
N demands of the 150-500-pm bulk plankton during low
river flow conditions, while terrestrial POM was primarily
used during high flow conditions (Table 5). Calanoid cope-
pods primarily utilized marine POM during both low and
high river flow conditions (Table 5). Crab megalops and T2
larval fishes were not found at this station during high river
flow conditions, and therefore, no comparisons could be
made for these consumers between river flow conditions.
Secondary consumers from the Outer Bay station con-
sisted of only >500-um bulk plankton and Sagizza sp.; T3
larval fishes were not found at this station. While >500-um
bulk plankton and Sagitta sp. used different proportions
of POM sources, marine POM was generally the greatest
contributor during both river flow conditions (Table 5, Fig.
3E-F). For >500-um bulk plankton during low river flow
conditions, marine POM contributed 88% to their organic
C and N demands, while estuarine POM contributed the
remaining 22%. During high river flow conditions, estuarine
POM contributions dropped to 0—2%, while marine POM
contributions stayed high for the >500-um bulk plankton.
Estuarine and marine POM contributed the most and a
similar percentage to Sagitta sp.’s organic C and N demands
during both low and high river flow conditions (Table 5).

Discussion

While the effect of riverine discharge on estuarine food web
structure has been documented in temperate and subtropi-
cal regions (Chanton and Lewis 2002, Hoffman et al. 2008,
Schlacher etal. 2009), its role in tropical estuarine food webs,
which are thought to be tightly coupled, is largely unknown.
In Hilo Bay, the 6'3C and 8'5N signatures of POM and con-
sumers revealed a spatially and temporally dynamic food
web largely influenced by hydrology. While our hypothesis
that contributions of terrestrial POM to consumers diets
would increase during high river flow conditions was gener-
ally true, this increase was not reflective of the eleven-fold
increase in terrestrial POM previously documented in Hilo
Bay during high river flow conditions (Wiegner et al. 2009).
Additionally, there were also several consumers who exhib-
ited a large decrease or had little change in the contribu-
tion of terrestrial POM to their organic C and N demands
during high river flow conditions. Shifts from estuarine and
terrestrially-derived POM to marine-derived POM dur-
ing high river flow conditions occurred in portions of the
Bay with a direct connection to the ocean and river input
(Wailuku River plume and Outer Bay); more isolated areas
of the Bay (Wailoa River plume) exhibited a more static food
web that was dependent upon both estuarine and terrestrial
POM regardless of hydrological regime. Shifts in organic C
and N sources between low and high river flow conditions
were less pronounced in secondary consumers compared to
primary ones, and in many cases, a shift was not observed.
This may have been due to secondary consumers being more
mobile and expressing higher levels of selective feeding
(Alvarez-Cadena 1993, Saito and Kiorboe 2001, Tonnes-
son and Tiselius 2005), or because isotopic tissue turnover
times of secondary consumers may have exceeded the two day
sampling regime. Tissue turnover times for this study were

estimated using Hoover et al. (2006), which showed up to
a six-fold increase in zooplankton biomass just one day fol-
lowing a high flow event. However, the zooplankton com-
munity measured in Hoover et al. (2006) primarily consisted
of primary consumers, with the exception of a single spe-
cies of Chaetognaths, whose biomass increased between 2—4
days depending on the life stage. Because we do not have a
good understanding of isotopic tissue turnover in secondary
consumers in Hawaii, it is hard to determine whether they
have lower temporal variability in their diet than primary
consumers, or whether dietary shifts were not reflected in
their tissues because they had not come into isotopic equilib-
rium with the new POM source(s). Below, we present pos-
sible mechanisms for the observed patterns largely seen in
primary consumers diets within Hilo Bay with regards to
contributions from estuarine, terrestrial, and marine POM.

Estuarine POM contributions

Increases in freshwater discharge to estuaries can restructure
food webs in part by regulating estuarine phytoplankton
growth (Mortazavi et al. 2000). The importance of estuarine
POM in Hilo Bay’s pelagic food web under high river flow
conditions differed greatly among stations. Stations in the Bay
most affected by ocean exchange and river inputs (Wailuku
River Plume and Outer Bay) generally relied less on estuarine
POM than the more isolated Wailoa River plume station dur-
ing low flow conditions, but also had substantial reductions
in the utilization of estuarine POM during high flow condi-
tions. High river flow conditions within Hilo Bay decreased
gross primary production (GPP) by a factor of four (Mead
and Wiegner 2010), which likely resulted in the reduction
in the percent contribution of estuarine POM to consumers’
organic C and N demands from the Wailuku River plume
and Outer Bay stations. The reduction in the use of estuarine
POM by consumers in the Wailuku River plume and Outer
Bay stations is further supported by greater heterotrophic
surface water metabolism, indicative of allochtonous organic
matter utilization, at these stations compared to the Wailoa
River plume (Mead and Wiegner 2010). Decreased GPP was
attributed to increased turbidity and decreased salinity, water
temperatures, and nutrient concentrations from the Wailuku
River (Wiegner and Mead 2009, Mead and Wiegner 2010).
Direct surface water exchange with the Pacific Ocean could
have also decreased retention time of dissolved nutrients for
phytoplankton growth within the Wailuku River plume and
Outer Bay stations (Dudley and Hallacher 1991, USACOE
2009). The combination of high turbidity coupled with low
retention time of nutrients may make the Wailuku River
plume and Outer Bay stations unfavorable for substantial
phytoplankton growth during high river flow conditions,
reducing the availability of estuarine POM to consumers at
these stations (Snow et al. 2000, Warrick et al. 2005, Mead
and Wiegner 2010).

In contrast to the Wailuku River plume and Outer Bay
stations, the Wailoa River plume had a more static food web
that was fueled by both estuarine and terrestrial POM. Per-
cent contribution of estuarine POM to consumers’ 6'3C and
SN signatures in the Wailoa River plume did not change or
slightly increased during high river flow conditions, suggest-
ing that enough estuarine POM was produced at this station
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to maintain a similar food web structure as during low river
flow conditions. This was likely the result of higher nitrate
concentrations from developed and cultivated land within
the Wailoa River watershed (Fig. 1), coupled with longer
retention times of nutrient-rich waters within this station
compared with the Wailuku River plume and Outer Bay
stations, and greater water clarity compared to the Wailuku
River plume (Dudley and Hallacher 1991, USACOE 2009,
Wiegner and Mead 2009).

Terrestrial POM contributions

In addition to regulating phytoplankton growth, increases in
freshwater discharge to estuaries can increase the transport of
terrestrial POM to these systems (Chanton and Lewis 2002,
Wiegner et al. 2009). In Hilo Bay, high river discharge con-
ditions deliver >90% of the organic C and N annual yields
from the Wailuku River to Hilo Bay and POM concentra-
tions can increase by a factor of eleven compared to low flow
conditions (Wiegner et al. 2009). However, high river flow
conditions had a minimal influence on the contribution of
terrestrial POM to Hilo Bay’s consumers’ diets, as its contri-
bution to their diets remained consistent regardless of station
location or river low condition. While the contribution of
terrestrial POM to consumers’ 8'3C and 8'5N signatures gen-
erally increased during high river flow conditions and were
up to 40% higher than values measured in other estuaries
(Deegan and Garritt 1997, Chanton and Lewis 2002, Schlacher
etal. 2009), this increase was not proportional to the increased
availability of terrestrial POM as a food source, nor did it
compensate for the decrease in contributions of estuarine
POM to consumer isotopic signatures. Additionally, some
consumers expressed a decrease in contribution of terrestrial
POM by as much as 50% (Fig. 3). The observed pattern in
Hilo Bay contrasts with findings from temperate and sub-
tropical studies, where the relative importance of terrestrial
POM to food webs substantially increased with increasing
river flow (Chanton and Lewis 2002, Hoffman et al. 2008,
Schlacher 2008). One reason for this could be that we underes-
timated the total contribution of terrestrial POM to consum-
ers, as estuarine POM is a mixture of terrestrial, estuarine, and
marine POM. However, we do not believe that this was the
case, as contributions of estuarine POM to many consumers
at the Wailuku River plume and Outer Bay stations during
high river flow conditions were minimal, and even if 90% of
the estuarine POM signature was terrestrial, this would still
not explain why terrestrial POM’s contribution to Hilo Bay’s
food web did not substantially increase with increasing river
flow. Thus, a more likely explanation as to why terrestrial
POM’s contributions to consumers’ diets did not substantially
increase during high river flow is that more refractory OM
was discharged by the Wailuku (Wiegner et al. 2009) and
Wailoa Rivers during high river flow conditions compared
with low river flow conditions. Additionally, there was a 47%
reduction in bacteria biomass in the water column of Hilo
Bay during high river flow conditions (Wiegner et al. unpubl.).
Bacteria are pivotal organisms in the link between the micro-
bial loop and classical food webs (Pomeroy 1974, Paves and
Gonzalez 2008) and a substantial reduction in their biomass
could reduce the amount of organic C and N from terrestrial
OM that can be transferred to higher trophic levels via the
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microbial loop (Pomeroy 1974). However, for this to occur
in Hilo Bay, the question arises as to whether or not ter-
restrial OM is primarily entering its pelagic food web indi-
rectly via the consumption of bacteria who consume DOM,
as opposed to direct consumption of terrestrial POM by
zooplankton.

The emerging pattern from past studies is one emphasiz-
ing coupling of the microbial loop and classical food webs
and deemphasizing direct consumption of terrestrial POM
by pelagic zooplankton (Pace and Glasse 1984, Azam et al.
1994, Sherr and Sherr 1994). In order to determine whether
a47% reduction in bacteria biomass could inhibit contribu-
tions of terrestrial OM despite their increased availability to
Hilo Bay consumers, a modified model from Deegan and
Garritt (1997) was used to estimate the likelihood of bacteria
asan indirect pathway for the transfer of terrestrial DOM from
the microbial loop to the classical grazing food web of Hilo
Bay. While the 85N of terrestrial DOM was not measured
in thisstudy, Coffinetal. (1989) and McClelland and Montoya
(2002) showed that the discrimination factor from plantleaves
(POM) — leachate (DOM) — bacteria was 0—2%o. Next,
assuming a discrimination factor of ~2%o per trophic level
(McCutchan et al. 2003), the difference between the 35N
signatures of mesozooplankton (~3.5-6.0%o) and Wailuku
River's POM (~0.8%o), the largest terrestrial POM con-
tributor to Hilo Bay during high river flow conditions, was
approximately three to four trophic levels. Using the interme-
diate value of 1%o for the bacterial fractionation of organic
N, the predicted 8N isotopic values are as follows: terrestrial
POM (~ 0.8%0) —> terrestrial DOM, ‘leachate,” + bacteria
(~1.8%0) — microzooplankton (~3.8%o0) — mesozooplank-
ton (~5.8%o). The predicted 8N isotopic values fall within
the measured isotopic values for these consumers in Hilo
Bay (Table 4), suggesting that this could be a likely pathway
for terrestrial OM into the system, and that a decrease in con-
tributions of terrestrial OM used by consumers in Hilo Bay
could be explained by the significant reduction in bacterial
biomass during high river flow conditions.

Marine POM contributions

High river flow conditions are often associated with high surf
brought on by storm systems (Sanderson 1993). The influ-
ence of high river flow conditions on marine POM’s con-
tributions to Hilo Bay consumers differed between stations,
where marine contributions greatly increased in the Wailuku
River plume station during high river flow and remained fairly
constant between flows in the Outer Bay station. Hydrologi-
cal forcing from increased wave action and mixing between
estuarine, marine, and riverine waters in the Wailuku River
plume during high river flow conditions was likely responsi-
ble for the increase (up to 40%) in marine POM subsidies to
consumers at this stations. Studies have shown that marine
phytoplankton in nearshore coastal waters can be stimulated
by fluvial nutrient exports during high river flow conditions,
and can support up to 90% of the organic C and N demands
of zooplankton (Schlacher et al. 2009). Wiegner and Mead
(2009) found that the Outer Bay and Wailuku River plume
stations had similar increases in nitrate concentrations dur-
ing storms, but the Wailuku River plume had nearly five times
greater turbidity than the Outer Bay station. This suggests



that unlike the estuarine stations in Hilo Bay where primary
production was likely inhibited by turbidity during storms,
marine primary production could have been stimulated by
river-born nutrients without being light-limited. Addition-
ally, nutrients (e.g. N and iron) in rainwater have also been
shown to stimulate primary production in offshore waters
(Paerl et al. 1999). The use of marine POM over the abun-
dant, lower quality, terrestrial POM suggests some level of
selective feeding by Hilo Bay consumers. Selective feeding
during high river flow conditions would be advantageous to
ensure the highest level of energy transfer efficiency (Paves
and Gonzdles 2008) and even reproductive success in some
consumers (Burdloff et al. 2002).

Conclusions

Many studies have emphasized the importance of estuarine
and marine POM sources to estuarine consumers, modeling
estuaries as a classical food web, where C flux primarily occurs
from phytoplankton to zooplankton to fishes and offers a
shortand energy efficient pathway (Chanton and Lewis 2002,
Sobczak et al. 2002, Van den Meersche et al. 2009). While
consumers from Hilo Bay utilized a combination of estua-
rine, terrestrial, and marine POM, the increase of terrestrial
POM contributions to consumers’ diets were substantial and
significant during high river flow conditions, and were up to
40% higher than values measured in other estuaries (Deegan
and Garritt 1997, Chanton and Lewis 2002, Schlacher 2008).
This suggests that terrestrial POM subsidies could be more
important in tropical estuaries compared to temperate and
subtropical ones. Although food webs emphasizing the trans-
fer of C by way of phytoplankton to fishes are thought of as
having high trophic transfer efficiency (Pomeroy 1974, Paves
and Gonzalez 2008), studies have found that a mix of direct
consumption of detritus and bacteria can yield high trophic
transfers as well (Carman and Thistle 1985, Danovaro and
Fabiano 1997), which would allow tropical estuaries to main-
tain a relatively high level of secondary and tertiary production.

The structure of food webs can fundamentally influence
community dynamics and stability, and are greatly affected
by natural and anthropogenic perturbations (Belgrano et al.
2005). However, the current paradigm on the POM base of
estuarine pelagic food webs in response to hydrological forc-
ing is that they are relatively static and remain largely endoge-
nously fueled (Chanton and Lewis 2002, Hoffman etal. 2008,
Schlacher 2008). Hilo Bay represents a dynamic and spatially
complex food web, for which its topology largely arises from
location specific mechanisms related to hydrological and
biological interactions. Our study found that the POM base
of the estuarine mesozooplankton food web in Hilo Bay was
not static; it varied temporally and spatially with river flow
conditions. Our results showed that subsidies to consum-
ers’ organic C and N demands from terrestrial and marine
POM were significant at the stations with a direct connec-
tion to the ocean and affected by river inputs. In addition,
strong temporal variability was evident in several consum-
ers from stations influenced directly by river flow and ocean
exchange, who shifted from primarily utilizing terrestrial or
estuarine POM during low river flow conditions to marine

POM during high river flow. These marked shifts in POM

source utilization support the idea that estuarine consumers
are to some degree selective feeders that optimize energy trans-
fer efficiency by selecting for quality over quantity (Martineau
etal. 2004, Delong and Thorp 2006). Results from this study
in conjunction with Mead and Wiegner (2010) suggest that
variability in GPD, biological availability of terrestrial OM,
as well as estuarine bacterial biomass associated with changes
in river hydrology were the main factors driving POM
source utilization by consumers in Hilo Bay, and that sta-
tions located in more isolated areas of the Bay appeared to
have a more stable OM base in their food web regardless of
river flow condition. If Hilo Bay is representative of tropical
estuaries, our results suggest that food web structure within
these systems may be vulnerable to changes in hydrological
conditions, physical structure of the estuary, and watershed
land-use.
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