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Abstract. Inverse analysis is a promising method for addressing a common problem in stream ecology:
how to estimate material and energy flows through food webs when the total number of flows greatly
exceeds the number of measured flows. Inverse analyses provide solutions to systems of linear difference
equations, where each equation corresponds to a flow between 2 foodweb compartments. Physiological and
isotopic constraints are used to reduce the number of possible solutions and to ensure that flow magnitudes
are realistic. We used inverse methods to develop models of C and N flows through the food web in Kaiwiki
Stream, a forested stream on the island of Hawaii. The empirical data used in the models included
measurements of respiration and detritus ingestion and particulate organic matter dynamics. Constraints for
the models included stable isotope ratios and assimilation and production efficiencies. Sensitivity analyses
indicated that the models were robust to changes in the values of most empirical measurements. The models
elucidated community- and ecosystem-level properties of Kaiwiki Stream that would have been obscured in
simpler tracer or budget models. Among those properties are the flows of dissolved organic C and N
through the food web, the roles of bacteria, fungi, and fruit in metazoan diets, and the differences in primary
dietary sources of C and N, indicating differential assimilation of ingested food. The modeled C and N flow
networks for Kaiwiki Stream had dissimilar structures, which might reflect a combination of differential C
and N assimilation and dissimilar effects of physical processes on C and N flows between nonliving pools.
Rates of ecosystem processes estimated by inverse analysis (e.g., gross primary productivity, community
respiration) were comparable with rates measured in other tropical and temperate forested streams. Our
study demonstrates the utility of inverse methods for reconstructing food webs, estimating material and
energy flow rates, and generating hypotheses.

Key words: inverse analysis, foodweb model, carbon, nitrogen, flow network, tropical stream, riparian
forest, allochthonous input, autochthonous productivity.

Several long-standing issues in stream ecology can

be explored using quantitative models of material and

energy flows into, within, and out of food webs.

Among those issues are the relative importance of

microbial and invertebrate consumers of particulate
organic matter (POM) (Hall and Meyer 1998, Rose-
mond et al. 2001), the relative importance of autoch-
thonous and allochthonous food sources (McCutchan
and Lewis 2002, Thorpe and Delong 2002, Parkyn et al.
2005), the prevalence of omnivory (Woodward and
Hildrew 2002, Thompson et al. 2007), and the degree
to which nutrients (particularly C and N) move
independently within food webs (Elser and Urabe
1999, Stenroth et al. 2006).
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Three general approaches are in widespread use for
constructing quantitative models of C and N flows
through stream food webs: input–output budgets (e.g.,
Naiman and Melillo 1984, Peterson et al. 1986), mass-
balance network analyses (e.g., Poepperl 2003), and
compartment models based on isotopic tracers (iso-
tope-tracer models; e.g., Wollheim et al. 1999, Tank
et al. 2000). Each of these approaches has limitations,
most of which are related to the dynamic behavior of
external drivers, such as stream flow and riparian
subsidies, and to the taxonomic and biogeochemical
complexity of stream food webs.

In input–output budgets, different processes with
the same net effect are indistinguishable (e.g., nutrient
spiraling with no net retention, and throughflow with
no uptake). Mass-balance network analyses rarely
achieve mass balance when first compiled; individual
terms are adjusted until mass balance is achieved
(Kavanaugh et al. 2004). As a result of these ad hoc
adjustments and multiple unmeasured flows, the
number of mass-balance model solutions is vast, and
selecting an optimal solution is a subjective process
(Savenkoff et al. 2001). Isotope-tracer models generally
assume isotopic equilibrium between food sources and
consumers. This assumption is not always met, and
flow estimates might be biased by slow turnover in
consumers or input of unlabeled material (Hall and
Meyer 1998, Hamilton et al. 2004). Improved isotope-
tracer models account for varied turnover rates but not
for unlabeled material (Hamilton et al. 2004). As with
input–output and mass-balance models, isotope-tracer
models are highly simplified, and this simplification
can make links between consumers and diet items
difficult to resolve. For example, POM consumers in
tracer studies are often isotopically enriched compared
with the bulk POM, a result that indicates differential
assimilation of POM components (Hall et al. 1998,
Wollheim et al. 1999, Tank et al. 2000, Parkyn et al.
2005). Adding terms for different POM components to
tracer models has had mixed success; splitting POM
into labile and recalcitrant fractions improved the fit
between modeled and measured flows in some cases
but not others (Hall et al. 1998, Wollheim et al. 1999).

In each of the preceding approaches, measured
flows inevitably account for a small proportion of the
actual number of flows in the study system. As a
result, foodweb models using these methods are
indeterminate, i.e., many different flow networks can
be postulated, all of which are consistent with the data
(Vézina and Platt 1988). What is needed is a modeling
approach that combines an incomplete set of measured
flows with a set of constraints that limit the possible
values of the unmeasured flows. Such an approach

reduces the number of possible flow networks, but still
does not produce a unique solution. An additional
criterion is needed to identify a single optimal (i.e.,
most accurate or parsimonious) representation of the
food web. Inverse analysis is an approach that meets
these needs. In broad terms, inverse analysis is a data
assimilation technique used to reconstruct model
frameworks, such as food webs, from empirical data
sets (Vézina 1989). Inverse methods have been used
previously to address indeterminate problems in
engineering, geophysics, and ecology, including C
and N flows in lake and coastal food webs (e.g.,
Vézina and Pace 1994, Eldridge et al. 2005, Niquil et al.
2006).

Our paper has 2 objectives. One is to introduce
inverse foodweb analysis to stream ecologists as a
powerful alternative to previous modeling approach-
es. We demonstrate the step-by-step process of
constructing inverse models of C and N flows using
a real food web. The 2nd objective is to use the
demonstration models to explore the issues raised
above: the relative importance of autochthonous vs
allochthonous food sources and of microbial vs
invertebrate POM consumers, the roles of omnivores,
and the degree to which C and N move independently
within food webs. We used Kaiwiki Stream on the
island of Hawaii for our demonstration models.
Previous work at Kaiwiki Stream provided some
empirical data, with a focus on coarse POM (CPOM)
dynamics (Larned 2000, Larned et al. 2001, 2003). Our
study represents an advance in foodweb analysis in 3
respects. First, parallel C and N models were devel-
oped from a single data set. Second, both C and N
stable isotope ratios were used as constraints. Our
study is the first application of N isotope constraints.
Third, our study is the first application of inverse
foodweb analysis in stream ecology.

Methods

Modeling approach

The following is a brief overview of inverse foodweb
analysis. The approach is described in greater detail in
Vézina and Platt (1988) and Eldridge et al. (2005). The
first step is to compile lists of foodweb compartments
(i.e., resident taxa and internal and external nutrient
pools) and all plausible flows between pairs of
compartments. Not all possible flows are plausible,
e.g., metazoans do not assimilate dissolved inorganic
N. Collectively, the plausible flows comprise a
qualitative a priori foodweb model. The next step is
to express each measured and unmeasured flow in the
a priori model as a linear difference equation.
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Measured flows are fixed in the inverse analysis, and
unmeasured flows are estimated by the computational
routine. Mass balance is required for each compart-
ment, i.e., the sum of inflows must equal the sum of
outflows, with no net change in compartment mass.

As noted above, the number of unmeasured flows is
likely to exceed the number of measured flows,
resulting in an indeterminate model. The approach
developed by Vézina and Platt (1988) overcomes the
problem of indeterminacy with 2 features, a set of
ecological and physiological constraints and a mini-
mization function. In earlier inverse foodweb analyses,
constraints consisted of literature values for assimila-
tion and productivity efficiencies and allometric limits
on respiration and ingestion. Recently, C isotope ratios
have been used as constraints, using site-specific
isotope data and published fractionation factors
(Eldridge et al. 2005). Isotope constraints operate by
limiting the isotopic differences between source and
recipient compartments. Collectively, constraints limit
the range of values that unmeasured flows can take
and are usually in the form of bounded ranges or
inequalities (e.g., algal respiration rate .5% and ,30%
of C fixation rate). Constraints can take the form of
equalities when values are known with high precision
(e.g., isotope ratios, stoichiometric relationships).

A constraint system reduces the number of possible
solutions to the modeling problem, but does not yield
a unique solution. The minimization functions intro-
duced by Vézina and Platt (1988) and Vézina et al.
(2004) identify a single solution, which is the one that
minimizes the squared differences between modeled
and measured flows. These procedures are analogous
to regression analyses, where squared deviations
between data and models are minimized. To produce
a model solution, the mass-balance equations, mea-
sured flows, and constraints are compiled, and an
inversion routine is applied. The routine iterates until
it finds values for the unmeasured flows that satisfy all
mass-balance equations and constraints. These values
comprise a set of foodweb flows that is both
parsimonious and consistent with the measured flows
and ancillary data. Early inverse analyses used linear
matrix methods to compute foodweb flows. Vézina
et al. (2004) subsequently adopted a nonlinear method,
which we used in our study.

The most parsimonious foodweb models are not
necessarily the most accurate. However, analyses of
simulated food webs characterized by high levels of
allochthonous input, high throughput, and low levels
of internal nutrient recycling indicate that the minimi-
zation approach produces accurate estimates of nutri-
ent flows (Vézina and Pahlow 2003, Vézina et al. 2004).

Forested streams, such as the one considered in our
paper, are likely to fit that description (Larned 2000).

The mass-balance requirement implies that the
modeled food web is at steady state. Inflows and
outflows can be uncoupled in streams over short time-
scales (e.g., autumn litter input and winter washout).
Therefore, inverse models are best suited for analyzing
food webs at annual or multiyear scales. When
possible, we used annually averaged measurements
to minimize the effects of short-term imbalances.

Study site

Kaiwiki Stream (lat 19845030 00N, long 155806015 00W)
is a forested coastal stream on the island of Hawaii,
US. The hydrology and climate of Kaiwiki Stream are
described in Larned (2000). The study reach consisted
of the lower 150 m of two 2nd-order branches and the
80-m-long 3rd-order main stem, which ends at a
waterfall above the Honolii River estuary. The annual
average wetted surface area of the reach is 1200 m2.
The study reach has ;70% canopy cover. The riparian
forest is dominated by 5 tree species, guava (Psidium
guajava), rose apple (Syzygium jambos), mango (Man-
gifera indica), African tulip (Spathodea campanulata), and
hau (Hibiscus tiliaceus). The first 4 trees are nonnative;
the origin of hau is uncertain.

Macroinvertebrates in Kaiwiki Stream are dominat-
ed by 6 species, the gastropods Neritina granosa and
Tarebia granifera, the decapods Atyoida bisulcata and
Macrobrachium lar, the caddisfly Cheumatopsyche pettiti,
and the turbellarian Dugesia sp. Mosquito fish (Poecilia
sp.) also are abundant. Neritina granosa and A. bisulcata
are endemic Hawaiian species; T. granifera, C. pettiti, M.
lar, and Poecillia sp. are nonnative; the origin of Dugesia
sp. is uncertain. The prevalence of nonnative riparian
trees and stream macrofauna is typical of low-
elevation catchments in Hawaii (Cuddihy and Stone
1990, Brasher et al. 2006, Kinzie et al. 2006).

Empirical flow measurements and field surveys

Empirical measurements of foodweb flows (mea-
sured flows) made at Kaiwiki Stream were used in the
C and N models. Measured flows came from long-
term measurements of CPOM fluxes, short-term
measurements of respiration, CPOM ingestion by
invertebrates, and input and export of fine suspended
POM (FSPOM) and dissolved inorganic and organic C
and N (DIC, DOC, DIN, DON, respectively).

CPOM flux measurements were made from Febru-
ary 1998 to January 1999 and from March to July 2000.
Direct riparian CPOM input was measured with litter
trays and lateral traps. Material in the trays and traps
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was sorted into 8 categories (leaves, small stems and
petioles, fruit, and flowers of C3 and C4 plants).
CPOM transported into the study reach from upstream
and exported downstream out of the reach was
measured on 46 dates by trapping transported
material on mesh fences spanning the channel. Details
of CPOM flux measurements are in Larned (2000).

Detritus ingestion rates were measured from April
to September 1998 in streamside microcosms (Larned
et al. 2001, 2003). Ingestion rates of detrital leaves and
fruit were estimated by mass loss in the presence of
macroinvertebrates, corrected for mass loss in control
microcosms with no macroinvertebrates. We measured
leaf ingestion by A. bisulcata, M. lar, N. granosa, and T.
granifera, and fruit ingestion by M. lar and T. granifera.

Stable isotope data for model constraints came from
field surveys at Kaiwiki Stream in April and July 2000
and June 2003. Sessile invertebrates, CPOM, benthic
algae, bryophytes, and fungal hyphae were transferred
directly into acid-washed precombusted glass contain-
ers. Two forms of benthic algae were collected,
epilithic turfs and filamentous green algae (FGA;
dominated by Cladophora glomerata). Three forms of
bryophytes were collected, leafy liverworts, thallose
liverworts, and pleurocarpus mosses, each represented
by several species. Fungal hyphae were collected from
submerged detrital fruit. Benthic POM (BPOM) was
collected from deposits in riffles and pools. FSPOM
was collected by filtering stream water onto precom-
busted glass-fiber filters (GF/F). Riparian plant mate-
rial was collected in litter trays on the stream banks.
Crustaceans and fish were collected by dip netting and
electroshocking. All invertebrates and fish were held in
stream water for 6 to 8 h to clear the guts. Crustacean
and gastropod exoskeletons were removed and dis-
carded; other macroinvertebrates and all fish were
analyzed whole. The samples were stored frozen
(�168C) until processed. All samples used for isotope
analysis were acidified, oven-dried at 608C, and
ground. C and N isotope ratios were measured at
Analytical Services, University of Hawaii, with a
Finnegan Delta-S mass spectrometer (Thermo Scientif-
ic, Waltham, Massachusetts).

Respiration rates of A. bisulcata, M. lar, N. granosa,
and T. granifera were determined on 3 dates during the
2000 and 2003 surveys. A 500-mL acrylic respirometer
equipped with a YSI model 5000 O2 meter (Yellow
Springs Instruments, Yellow Springs, Ohio) and a data
logger were used to measure O2 consumption by the
invertebrates in unfiltered stream water. O2 consump-
tion and invertebrate ash-free dry mass were convert-
ed to mass-specific DIC production using a respiratory
quotient of 1 (Lambert 1984).

Water samples for DIN, DON, and DOC analysis

were collected daily during the 2000 and 2003 surveys.
Samples were filtered through precombusted GF/F
filters into preleached and acid-washed polyethylene
bottles. These samples were stored on ice in the field
and frozen within 4 h. Bubble-free water samples for
DIC analysis were collected in glass vials and
preserved with HgCl2. DIN (NH4

þ and NO3
– þ

NO2
–), DON, DIC, and DOC concentrations were

measured at Department of Oceanography, Texas A &
M University, with a FinneganMat 252 mass spectrom-
eter (Thermo Scientific).

Model construction for Kaiwiki Stream

Qualitative a priori C and N models were construct-
ed using information from previous field studies of
Hawaiian forest streams (Kido 1997, Larned 2000,
Kinzie et al. 2006). Several compartments were pooled
to make the number of modeled flows manageable.
Leaves, flowers, stems, and fruit of C4 plants, and
leaves, flowers, and stems of C3 plants were pooled
after determining that the 95% confidence intervals for
mean d13C and d15N values overlapped in these
groups. Mosses and leafy and thallose liverworts were
pooled into 1 bryophyte compartment using the same
criterion. After pooling, both models had 26 compart-
ments, 4 of which were external sources and sinks:
riparian forest, upstream reaches, estuary, and atmo-
sphere (Fig. 1). The remaining compartments made up
the food web within the study reach. The a priori
model had 149 C flows and 146 N flows. The mass-
balance equations that correspond to the flows into
and out of each compartment are listed in Appendix 1
(available online from: http://dx.doi.org/10.1899/
07–134.1.s1). Measured flows accounted for 15 of the
C flows and 13 of the N flows (Table 1) and functioned
as fixed flows in the models. Flows were expressed in
units of mmol C or N m�2 stream surface d�1.

Physiological constraints were derived from pub-
lished data (Appendix 2; available online from: http://
dx.doi.org/10.1899/07–134.1.s2). All physiological
constraints took the form of inequalities, which
provided upper and lower bounds on some unmea-
sured flows.

Most isotopic constraints were derived from C and
N isotope ratios in samples from Kaiwiki Stream
(Table 2). Literature values were used for 5 compart-
ments for which we had no isotope data: d13C-DIC
from Whalen (1994), bacterial d13C from Coffin et al.
(1994), d13C-DOC from Finlay (2001), bacterial d15N
from Macko and Estep (1984), d15N-DIN from Chang
et al. (2002), and d15N-DON from Feuerstein et al.
(1997). Isotope constraints are listed in Appendix 3
(available online from: http://dx.doi.org/10.1899/
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07–134.1.s3). The formulation of C stable isotope
constraints is described briefly here; an identical
procedure was used for the N stable isotope con-
straints. Constraints were formulated for the 12C and
13C flows between each pair of source (i) and
destination (j) compartments, using the total C flow
from i to j and the 13C/12C isotope ratio of the source
compartment (ri). These constraints force the model to
maintain isotopic mass balance as 12C and 13C flow
between compartments. When variation in the mea-
sured isotope ratios for both compartments of a pair
was low (e.g., standard deviation , mean for each
compartment), the constraint was formulated as an
equality:

13C flowi;j ¼ r12
i C flowi;j;

and rewritten to solve for 0:

�r12
i C flowi;j þ13 C flowi;j ¼ 0:

The 12C flow is estimated as the total C flow. In
actuality, the mass of 12C is ;99% of the total C mass.
When variation in the measured isotope ratios for

FIG. 1. A priori models of C and N flows into, within, and
out of the Kaiwiki Stream study site. For clarity, individual
foodweb compartments have been grouped in boxes. Arrows
connecting boxes represent individual flows to each com-
partment in each box. Star symbol indicates predatory
interactions between all pairs of invertebrate and fish taxa.
ATY ¼ Atyoida bisulcata, BAC ¼ bacteria, BPOM ¼ benthic
particulate organic matter, BRY¼bryophytes, C3F¼C3 fruit,
C3L¼C3 leaves and stems, C4P¼C4 plant material, CHE¼
Cheumatopsyche pettiti, CYAN ¼ cyanobacteria, DIC ¼
dissolved inorganic C, DIN ¼ dissolved inorganic N, DOC
¼ dissolved organic C, DON ¼ dissolved organic N, DUG ¼
Dugesia sp., FGA ¼ filamentous green algae, FSPOM ¼ fine
suspended particulate organic matter, FUN¼ fungi, MLAR¼
Macrobrachium lar, NER¼Neritina granosa, POE¼Poecilia sp.,
PERI ¼ periphyton, TAR ¼Tarebia granifera.

TABLE 1. Mean (61 SD) measured C and N flows. Data
are from field studies at Kaiwiki Stream and microcosm
studies using plant material and animals from Kaiwiki
Stream. Units are mmol C or N m�2 stream surface d�1. DIC
¼ dissolved inorganic C, DOC¼ dissolved organic C, DIN¼
dissolved inorganic N, DON ¼ dissolved organic N, NA ¼
not applicable.

Flow rates C N

C3 leaf and stem litterfall 232.7 6 138.2 8.1 6 4.0
C3 fruit litterfall 243.5 6 229.9 10.4 6 17.4
C3 leaf and stem input from

upstream 18.5 6 16.8 0.5 6 0.5
C3 fruit input from upstream 11.5 6 11.4 0.6 6 0.3
C3 fruit consumption by

Macrobrachium lar 9.1 6 1.6 2.2 6 0.5
C3 fruit consumption by

Tarebia granifera 3.4 6 2.7 0.1 6 0.6
C3 leaf decomposition 32.4 6 23.4 0.7 6 0.9
Macrobrachium lar respiration 52.3 6 37.4 NA
Tarebia granifera respiration 10.0 6 4.5 NA
DIC and DIN input from

upstream 262.6 6 210.0 10.2 6 0.7
DOC and DON input from

upstream 163.3 6 67.9 30.5 6 25.6
C3 leaf and stem export

downstream 216.5 6 112.6 0.5 6 0.3
C3 fruit export downstream 171.9 6 257.9 8.1 6 12.2
DIC and DIN export

downstream 156.2 6 140.6 10.2 6 4.1
DOC and DON export

downstream 184.2 6 53.4 74.5 6 26.1

TABLE 2. Mean (61 SD) C and N isotope ratios in samples
collected at Kaiwiki Stream. Sample sizes in parentheses.
DIC ¼ dissolved inorganic C, DOC ¼ dissolved organic C,
DIN ¼ dissolved inorganic N, DON ¼ dissolved organic N,
NA¼ not applicable.

Foodweb compartment d13C (%) d15N (%)

DIC �21.0 6 7.0 (7) NA
Periphyton �23.3 6 2.5 (8) 0.8 6 3.2 (8)
Filamentous green algae �15.8 6 6.0 (4) 3.4 6 0.9 (4)
Cyanobacteria �19.9 6 6.3 (6) 5.0 6 2.4 (6)
Bryophytes �29.0 6 1.7 (12) 3.1 6 2.3 (11)
Fungal hyphae �26.5 6 1.9 (6) 2.0 6 0.6 (6)
C3 leaf & stem litter �25.4 6 6.9 (46) –0.8 6 0.6 (46)
C3 fruit litter �26.8 6 1.9 (9) 0.5 6 0.7 (9)
C4 plant litter –11.6 6 0.7 (8) 2.2 6 0.8 (8)
FSPOM �25.8 6 1.0 (6) 1.9 6 1.8 (8)
BPOM �25.5 6 1.6 (9) 3.9 6 0.8 (14)
Atyoida bisulcata �22.4 6 0.7 (5) 5.7 6 1.2 (5)
Poecillia sp. �20.4 6 1.2 (4) 6.2 6 0.3 (4)
Macrobrachium lar �21.6 6 0.9 (11) 5.9 6 0.7 (11)
Chemumatopsyche petitti �23.9 6 1.3 (4) 3.5 6 0.3 (4)
Dugesia sp. �22.5 6 1.3 (3) 6.1 6 0.5 (3)
Tarebia granifera �22.5 6 1.0 (3) 4.5 6 0.5 (4)
Neritina granosa �22.4 6 3.0 (4) 4.1 6 0.1 (4)
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either compartment of a pair was high (e.g., standard
deviation . mean), the constraint was formulated as
an inequality. As with the physiological constraints,
formulating constraints for highly variable isotope
ratios as inequalities provided the model with upper
and lower bounds:

�r12
i C flowi;j þ13C flowi;j � 0ðlower boundÞ

r12
i C flowi;j �13C flowi;j � 0ðupper boundÞ:

For flows involving respiration or autotrophic C
fixation, a fractionation factor (ai,j) was included in
the constraint for equalities:

�ria
12
i;j C flowi;j þ13C flowi;j ¼ 0

and for inequalities:

�ria
12
i;j C flowi;j þ13C flowi;j � 0ðlower boundÞ

ria
12
i;j C flowi;j �13C flowi;j � 0ðupper boundÞ:

Respiratory fractionation factors used were 1% for
presumed herbivores and 2% for presumed omnivores
and predators (Fry 2006). For autotrophic C fixation,
the fractionation factor ranged from �5 to �14%

(Lajtha and Marshall 1994), with the final value

selected by the model minimization procedure. C

isotopic fractionations caused by trophic interactions

and DOC assimilation are usually very small (Post

2002) and were not applied in the model. In the N

model, a fractionation factor of 3% was applied to

flows involving DIN excretion (Fry 2006).

The C and N models were solved using the

nonlinear inversion routine fmincon in the Matlab

Optimization toolbox (version 4.0; The Mathworks,

Natick, Massachusetts; www.mathworks.com). This

routine iterates a matrix of difference equations until it

reaches a constrained minimum. As noted above,

minimum refers to the squared differences between

modeled and measured flows. A smoothing routine

developed by Vézina et al. (2004) also was applied to

minimize differences among modeled flows. Without

this 2nd routine, the fmincon routine tends to maximize

a small number of flows and reduce others to 0. We

sought to quantify as many flows as possible, on the

assumption that few plausible flows have real values

of 0. Model output consisted of C and N flows

between foodweb compartments. Modeled flows

,0.5 mmol C or N m�2 d�1 were not included in the

TABLE 3. Modeled and measured C and N flows in Kaiwiki Stream. Abbreviations are as in Fig. 1. Units: mmol m�2 d�1. Bold
text indicated measured flows.

C N

Flow Rate Flow Rate Flow Rate Flow Rate

LITR to C3L 232.7 BPOM to MLAR 2.6 TAR to MLAR 4.3 LITR to C3L 8.1
LITR to C3F 243.5 BPOM to TAR 2.0 DUG to MLAR 0.6 LITF to C3F 10.4
UPS to C3L 18.5 C3L to TAR 2.2 CHE to DUG 0.5 UPS to C3L 0.5
UPS to C3F 11.5 DOC to BAC 2.8 TAR to DUG 4.8 UPS to C3F 0.6
UPS to DIC 262.6 DOC to FUN 2.8 C3L to DOC 8.5 UPS to DIN 10.2
UPS to DOC 163.3 DOC to BRY 43.4 C3F to DOC 23.6 UPS to DON 121.9
UPS to FSPOM 151.4 DOC to PERI 4.9 FGA to DOC 2.1 UPS to FSPOM 12.9
C3L to DNS 216.5 FSPOM to CHE 7.3 BRY to DOC 8.9 C3L to DNS 0.5
C3F to DNS 171.9 FSPOM to BPOM 7.3 PERI to DOC 2.2 C3F to DNS 8.1
DIC to DNS 156.2 C3L to FSPOM 23.3 CHE to DOC 6.2 DIN to DNS 10.2
DOC to DNS 184.2 C3F to FSPOM 24.3 MLAR to DOC 17.3 DON to DNS 74.5
FSPOM to DNS 198.3 FUN to FSPOM 2.6 POE to DOC 1.3 FSPOM to DNS 53.1
DIC to ATM 156.2 BRY to FSPOM 12.9 TAR to DOC 3.4 DIN to ATM 18.1
DIC to FGA 41.5 C3F to MLAR 9.2 DUG to DOC 1.4 DIN to BAC 11.4
DIC to BRY 17.7 C3F to POE 5.3 BAC to DIC 1.7 DIN to CYAN 2.5
DIC to PERI 43.6 C3F to TAR 3.4 FUN to DIC 1.7 DIN to FGA 7.7
BAC to CHE 4.1 FUN to CHE 0.7 FGA to DIC 2.1 DIN to BRY 4.1
BAC to MLAR 5.8 FUN to MLAR 3.2 MLAR to DIC 52.3 DIN to PERI 3.0
BAC to TAR 3.9 FUN to TAR 1.9 BRY to DIC 39.4 BAC to CHE 7.5
BAC to DUG 1.0 FGA to MLAR 21.8 PERI to DIC 18.4 BAC to MLAR 3.9
C3L to BAC 0.6 FGA to POE 7.9 CHE to DIC 18.7 BAC to POE 1.7
C3F to BAC 10.0 FGA to TAR 7.7 POE to DIC 4.0 BAC to DUG 3.9
FSPOM to BAC 1.8 PERI to CHE 14.1 TAR to DIC 10.4 C3L to FUN 1.5
C3F to FUN 7.3 PERI to TAR 2.0 DUG to DIC 4.3 DON to PERI 13.3
BPOM to BAC 1.2 CHE to MLAR 2.2 DON to BRY 12.2
BPOM to CHE 1.5 POE to MLAR 7.9 DON to FUN 16.5
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final output because flows this low were within the

margin of error for measured flows.

Sensitivity analyses

Foodweb model solutions can be affected by

variation in empirical measurements. Sensitivity anal-

yses were carried out to assess the effects of variation

in measured flows on modeled C and N flows. All

measured flows of C and N input to the study reach

(e.g., litterfall) and cycling within the reach (e.g.,

respiration) were used in the sensitivity analyses. New

solutions to both models were calculated after increas-

ing and decreasing the values of the measured flows,

one at a time, by 5, 10, and 20%. The inversion routine

could not reach a solution when DIC and DOC inputs

from upstream were altered. A total of 120 new model

solutions was calculated, 60 each for the C and N

models. Changes in each modeled flow to each

alteration in a measured flow were calculated as

(flowaltered/flowstandard)100, where flowstandard is the

rate of a flow in the standard model (with no

alterations), and flowaltered is the rate of the same flow

in the altered model.

Community and ecosystem properties

Several community and ecosystem properties of the

stream food web were computed by summing flows

across compartments and taking ratios. For example,

gross primary production (GPP) for the study reach

was estimated as the sum of DIC flows to autotrophic

compartments, and retention efficiencies were estimat-

ed as the ratios of C and N flows from external sources

to biotic compartments. The effective trophic level for

each consumer was calculated as 1 plus the weighted

average of the trophic levels of its C and N sources.

The weighting factor for each source was the product

of its trophic level and its proportional contribution to

the total C or N flow to the consumer. The NET-

WRK4.2a software package (www.cbl.umces.edu/

;ulan/ntwk/network.html) was used to calculate

effective trophic levels.

Results

After running the Kaiwiki Stream foodweb models,

and omitting modeled flows ,0.5 mmol C or N m�2

d�1, 76 C flows and 60 N flows remained from the 149

C flows and 156 N flows in the a priori models

(Table 3). Four compartments were omitted from

the model because C and N flows were ,0.5 mmol

m�2 d�1: A. bisulcata, N. granosa, cyanobacteria, and C4

plant material. Field observations indicated that

biomass levels for these compartments were very low.

TABLE 3. Extended.

N

Flow Rate Flow Rate

DON to BAC 17.8 TAR to DIN 1.8
C3F to MLAR 2.2 DUG to DIN 3.7

FUN to CHE 4.1 C3F to DON 0.5
FGA to POE 2.3 CHE to DON 3.8
FGA to MLAR 2.2 MLAR to DON 4.2
BRY to TAR 1.8 POE to DON 0.9
BRY to MLAR 5.2 TAR to DON 0.6

PERI to POE 1.5 DUG to DON 1.2
PERI to MLAR 1.4
PERI to CHE 5.1
CHE to DUG 0.9
CHE to MLAR 0.8
POE to MLAR 2.2

DUG to MLAR 0.5
MLAR to FSPOM 1.9

BAC to FSPOM 5.2
C3L to FSPOM 6.4

FUN to FSPOM 4.9
FGA to FSPOM 2.9
BRY to FSPOM 9.1

PERI to FSPOM 8.0
BAC to FSPOM 6.4
CHE to DIN 11.6
FUN to DIN 7.7

MLAR to DIN 12.8
POE to DIN 2.9

TABLE 4. Summary of C and N flows in Kaiwiki Stream
food web. Retention efficiency is assimilation divided by
input from external pools. P/R ¼ gross primary productiv-
ity/community respiration, DIC ¼ dissolved inorganic C,
DOC ¼ dissolved organic C, DIN ¼ dissolved inorganic N,
DON ¼ dissolved organic N, POC ¼ particulate organic C,
PON¼ particulate organic N, TOC¼ total organic C, TON¼
total organic N, NA ¼ not applicable.

Statistic or index C N

Throughput (mmol m�2 d�1) 1083.4 73.2
Total consumption (mmol m�2 d�1) 214.5 55.5
Organic matter imported/export ratio 0.9 1.3
Retention efficiency of DIC and DIN (%) 39 157
Retention efficiency of DOC and DON (%) 33 53
Retention efficiency of POC and PON (%) 7 33
Retention efficiency of TOC and TON (%) 12 40
Gross primary productivity (mmol

C m�2 d�1) 103 NA
Net primary productivity (mmol

C m�2 d�1) 43 NA
Community respiration (mmol

C m�2 d�1) 153 NA
P/R 0.67 NA
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C model

The C model had import and export rates of ;1083
mmol C m�2 d�1, which correspond to an annual
throughput of ;4.7 3 105 mol C, based on a reach
surface area of 1200 m2 (Table 4). The largest C inputs
to the reach were direct input of C3 plant material
from the riparian forest (476 mmol m�2 d�1, approx-
imately equally divided among leaves and stems, and
fruit), and DIC, DOC, and FSPOM transported from
upstream (262, 163, and 151 mmol m�2 d�1, respec-
tively). C3 plant material transported from upstream
accounted for the remaining C input (30 mmol m�2

d�1). The largest C export was C3 plant material
transported from the stream reach to the estuary (389
mmol m�2 d�1). Remaining C exports were approxi-
mately equally divided among DIC, DOC, and FSPOM
transported to the estuary, and DIC transferred to the
atmosphere (152–198 mmol m�2 d�1 for each flow).
The reach was a small net source of dissolved C; rates
of DIC and DOC export from the reach to the estuary
and atmosphere were 15% higher than input rates.
Particulate organic C (POC) input was 10% higher
than export, indicating that the reach was a small net
sink for POC. Retention efficiency for C was generally
low; 39% of the DIC, 33% of the DOC, and 7% of the
POC entering the reach was assimilated into biotic
compartments (Table 4).

GPP, estimated as the sum of DIC uptake rates by
FGA, bryophytes, and periphyton, was 103 mmol m�2

d�1 (Table 4). DIC uptake by bacteria was ,0.5 mmol
m�2 d�1. Community respiration (CR), estimated as
the sum of C flows from autotrophic and heterotrophic
compartments to the DIC pool, was 153 mmol m�2 d�1.
Respiration by M. lar (52 mmol m�2 d�1) was the
largest internal source of DIC (Table 4). The ratio GPP/
CR (P/R) was 0.67, indicating that the Kaiwiki Stream
reach was net heterotrophic (Table 4).

Nonrespiratory heterotrophic C flows in the food
web totaled 280 mmol m�2 d�1, distributed among 36
individual flows. The largest individual flows were:
FGA consumed by M. lar (22 mmol m�2 d�1), DOC
assimilated by bryophyte assemblages (43 mmol m�2

d�1), periphyton consumed by C. pettiti (14 mmol m�2

d�1), periphyton consumed by M. lar (12 mmol m�2

d�1), and C3 fruit assimilated by bacteria (10 mmol
m�2 d�1). The remaining heterotrophic flows were all
,10 mmol m�2 d�1.

Individual heterotrophic C flows were grouped into
10 trophic modes to simplify the interpretation of the
model (Fig. 2). Modes with the largest estimated C
flows were herbivory (65 mmol m�2 d�1) and DOC
uptake (54 mmol m�2 d�1). Modes with intermediate
flows were predation, bacterivory, frugivory, and
bacterial and fungal decomposition (15–20 mmol m�2

d�1 for each mode). Flows in the remaining modes,

FIG. 2. Modes of heterotrophy within the Kaiwiki Stream food web. Columns represent the sum of C (black columns) and N
(white columns) flows between diet items and consumers within each mode. Filtering refers to assimilation of nutrients from fine
suspended particulate organic matter, deposit-feeding refers to assimilation of nutrients from benthic particulate organic matter,
and detritivory refers to assimilation of nutrients from C3 leaves and stems. DOC ¼ dissolved organic C.
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suspension and deposit-feeding, fungivory, and C3
leaf and stem ingestion (detritivory), were ,10 mmol
m�2 d�1.

The metazoan consumers all appeared to be
omnivores because each assimilated C from �2 trophic
levels (Fig. 3A). The consumers with the most diverse
diets were M. lar (10 C sources), T. granifera (7 C
sources), and C. pettiti (5 C sources). Several trophic
links shown in Fig. 3 have not been reported or
investigated previously. Dugesia sp., a presumed
predator, receives some C through bacterivory. Bryo-
phytes, and to a lesser degree periphyton, appear to be
sinks for DOC. Both bryophyte and periphyton
assemblages are complex mixtures of autotrophic
species, bacteria, fungi, protozoa, and meiofauna,
and it was not possible to identify individual DOC
sinks within these assemblages.

Periphyton, moss, bacteria, and fungi each had an
effective trophic level of 2 because of DOC assimilation
by each group and detrital C assimilation by bacteria
and fungi (Fig. 3A). Effective trophic levels of
macroinvertebrates and fish ranged from 2.0–3.3,
which reflects the predominance of algae and other
basal resources in the animal diets. The highest trophic
level was occupied by Dugesia sp., indicating that this
taxon receives relatively more C from animal sources
than the other consumers. Examination of the flow
network confirms this; ;80% of the C flow to Dugesia
sp. came from animal prey and the remainder came
from bacteria (Fig. 3A).

N model

The N model had import and export rates of ;73
mmol m�2 d�1, which correspond to an annual
throughput of ;3.2 3 104 mol N (Table 4). The largest
N inputs were DON, FSPOM, and DIN transported to
the reach from upstream (31, 13, and 10 mmol m�2 d�1,
respectively), and C3 plant material from the riparian
forest (19 mmol m�2 d�1). The largest N exports were
DON, FSPOM, and DIN transported to the estuary (23,
18, and 10 mmol m�2 d�1, respectively), and DIN
transfer to the atmosphere (10 mmol m�2 d�1). The
reach was a net sink for both DON (input ;30% higher
than export) and particulate organic N (PON) (input
;10% higher than export). Retention efficiency for N
was higher than for C; 53% of the DON and 33% of the
PON entering the reach was assimilated (Table 4). The
retention efficiency of DIN was 157%, indicating DIN
spiraling (i.e., on average, an inorganic N molecule
was assimilated more than once as it moved through
the reach).

Heterotrophic N flows within the food web totaled
106 mmol m�2 d�1, distributed among 25 individual

flows. The largest individual flows were DON uptake
by bacteria and fungi (6 and 4 mmol m�2 d�1,
respectively), bacteria assimilated by M. lar (4 mmol
m�2 d�1), and FSPOM consumed by C. pettiti (4 mmol
m�2 d�1). As in the C model, the N model indicated
that Dugesia sp. is an effective bacterivore; the N flow
from bacteria to Dugesia sp. was 3 mmol m�2 d�1.

Trophic modes with the largest N flows were DON
uptake (16 mmol m�2 d�1), bacterivory (11 mmol m�2

d�1), herbivory (9 mmol m�2 d�1), and filtering (8
mmol m�2 d�1) (Fig. 2). No N flows from BPOM or C3
plant material to invertebrates were detected, a result
that might reflect the low N content of these
compartments. Average N concentrations (% dry
mass) were lower in BPOM and C3 plant samples
(;1%) than in algal, bryophyte, and fungal samples
(2–3%). Trophic links in the N model are shown in
Fig. 3B. As in the C model, the N model indicates that
most animals assimilate N from 2 or 3 sources, at 1 or 2

FIG. 3. Modeled C (A) and N (B) flows within the Kaiwiki
Stream food web. Only assimilatory flows are shown;
excretion, egestion, and physical transformations are omitted
for clarity. BPOM ¼ benthic particulate organic matter,
FSPOM ¼ fine suspended particulate organic matter, DOC
¼ dissolved organic C, DIC ¼ dissolved inorganic C.
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trophic levels. Macrobrachium lar is an exception, with
10 N sources. Macrobrachium lar was the only animal to
ingest N through predation at a detectable rate.
Effective trophic levels for N closely matched those
for C (Fig. 3B). Periphyton, moss, bacteria, and fungi
had effective trophic levels of 2 because of DON
assimilation and N assimilation from detritus by fungi.
The omnivores C. pettiti, M. lar, and T. granifera had
effective trophic levels between 2 and 3. As in the C
model, Dugesia sp. occupied the highest trophic level.
However, Dugesia did not acquire N at a detectable
rate from any animal prey; its primary N sources were
bacteria and fungi (Fig. 3B).

Sensitivity analyses

Responses of each flow in the C and N models to 5,
10, and 20% increases and decreases in measured flows
are listed in Appendix 4 (available online from: http://
dx.doi.org/10.1899/07–134.1.s4). Average changes
across all flows in response to each alteration in a
measured flow were computed to summarize these
responses (Table 5). For both the C and N models, only
the largest alterations in measured flows (620%)
resulted in average changes in modeled flows of
�5%. The most influential measured flows in the C
model were C3 leaf decomposition and C3 leaf and

stem litterfall, and the most influential flow in the N
model was DON input from upstream. In the C model,
a 20% decrease in C3 leaf decomposition resulted in an
;42% increase in the average C flow, and a 20%
increase in C3 leaf and stem litterfall resulted in an
;52% increase in the average C flow. In the N model, a
20% increase or decrease in DON input from upstream
resulted in an ;6% increase or decrease in the average
N flow, respectively.

The C model was highly sensitive to changes in C3
leaf and stem litterfall. This flow was the only
measured flow for which a 5% alteration elicited a
.2-fold increase in a single modeled flow or resulted
in any model flows going to 0 (Appendix 4). Increasing
the C3 leaf and stem litterfall rate by 20% led to a 29-
fold increase in the flow from the C3 leaf and stem
compartment to T. granifera, reduced 18 other flows to
0, and changed 15 flows from zero to �0.5 mmol C
m�2 d�1. Decreasing the leaf decomposition rate by
20% reduced 18 model flows to 0 and changed 16
flows from 0 to �0.5 mmol C m�2 d�1. Increasing or
decreasing CPOM input by 20% reduced 5 flows to 0
and changed 6 flows from 0 to �0.5 mmol C m�2 d�1.
The C model was relatively insensitive to changes in
C3 fruit litterfall, C3 leaf, stem, and fruit input from
upstream, consumption of detrital fruit by M. lar and

TABLE 5. Average changes (%) in modeled C and N flow rates in response to alterations in measured flows. Abbreviations are as
in Fig 1. The inversion routine could not reach a solution when DIC and DOC inputs from upstream were altered. NS¼no solution.

Measured flow

Change in measured flow

5% decrease 5% increase 10% decrease 10% increase 20% decrease 20% increase

C model
C3L litterfall �1.4 1.3 �1.6 2.4 �2.0 52.1
C3F litterfall �1.2 1.1 �2.3 2.3 �4.2 4.6
C3L input from upstream �0.2 0.1 �0.4 0.3 �0.7 0.6
C3F input from upstream �0.1 0.0 �0.1 0.1 �0.2 0.2
CPOM input from upstream �1.0 1.1 �1.7 2.4 �1.4 5.7
DIC input from upstream NS NS NS NS NS NS
DOC input from upstream NS NS NS NS NS NS
MLAR consumption of C3F 0.0 0.0 �0.1 0.0 �0.1 0.1
TAR consumption of C3F �0.1 0.0 �0.1 0.0 �0.1 0.1
C3L decomposition �0.1 0.0 0.6 �0.1 42.2 0.2
MLAR respiration 0.6 �0.5 1.2 0.2 2.3 2.0
TAR respiration 0.0 0.0 0.0 0.2 0.0 0.6
N model
C3L litterfall �0.3 0.3 �0.7 0.6 �1.3 1.3
C3F litterfall �0.3 0.3 �0.6 0.6 �1.2 1.2
C3L input from upstream �0.1 0.0 �0.1 0.1 �0.2 0.2
C3F input from upstream �0.1 0.0 �0.1 0.1 �0.2 0.2
DIN input from upstream 0.6 �0.6 1.2 �1.2 2.4 �2.4
DON input from upstream �1.4 1.4 �2.9 2.8 �5.7 5.6
CPOM input from upstream �0.4 0.4 �0.8 0.8 �1.6 1.6
MLAR consumption of C3F 0.0 0.0 0.1 �0.1 0.1 �0.2
TAR consumption of C3F �0.3 0.3 �0.6 0.6 �0.5 1.2
C3L decomposition �0.1 0.1 �0.2 0.2 �0.4 0.4
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T. granifera, and T. granifera respiration. Increases and
decreases in these measured flows resulted in ,20%
changes in any modeled flow.

The N model was most sensitive to changes in DON
and DIN input from upstream, and consumption of
detrital fruit by M. lar and T. granifera (Appendix 4).
Altering DON and DIN inputs by 10% or 20% resulted
in substantial changes in modeled rates of dissolved N
excretion and uptake, and in some trophic interactions.
Altering measured rates of fruit consumption by M. lar
and T. granifera resulted in substantial changes in rates
of bacteria, periphyton, and fungi consumption.

Discussion

How different are the C and N models, and why?

Because food items contain both C and N, one might
expect the C and N flows through a single food web to
be identical in structure, and the differences in C and
N flow rates to correspond to the C:N ratios of
ingested foods. The modeled C and N flow networks
for Kaiwiki Stream were clearly dissimilar in structure
(Fig. 3A, B) and differences between C and N flows did
not correspond closely to C:N ratios. The following
examples illustrate some of those differences. Tarebia
granifera, C. pettiti, M. lar, and bacteria used BPOM as a
C source, but no detectable assimilation of N from
BPOM was found for any consumer. Nearly all N
assimilated by bacteria came from DIN and DON
pools, but only 20% of the C assimilated by bacteria
came from dissolved pools; most came from allochth-
onous particulate pools. Dugesia sp., at the highest
trophic level, assimilated most of its C from animal
prey, but most of its N from bacteria and fungi.

Dissimilar C and N flow networks can occur within
a food web for 2 general reasons: dissimilar effects of
physical processes on C and N flows between
nonliving pools and differential assimilation of C and
N by organisms. Physical processes such as photo-
chemical degradation and stream–atmosphere ex-
change affect C-rich and N-rich compounds
differently, leading to differences in C and N flows
between pools (Moran and Zepp 1997). Differential
assimilation refers to the differing degrees to which the
C and N in ingested food items are transformed or
egested by organisms. Transformations include incor-
poration into tissues, and catabolism and remineral-
ization of organic compounds. The driving force
behind differential assimilation is the tendency for
organisms, particularly heterotrophs, to maintain
stoichiometric homeostasis (Sterner and Elser 2002).
Prospective diet items rarely match the stoichiometric
requirements of heterotrophs, and heterotrophs com-
pensate with variable feeding behavior (e.g., diet

switching and selective egestion; Plath and Boersma
2001) and variable digestive processes (e.g., varied
food residence time in the gut, and varied transgut
absorbance rates; Logan et al. 2004). Through these
mechanisms, organisms can meet their dietary require-
ments for C-rich and N-rich molecules from different
sources (Frost et al. 2005, Parkyn et al. 2005, Stenroth
et al. 2006). We contend that dissimilar C and N flow
networks within a food web such as Kaiwiki Stream
are caused, in part, by differences in nutrient acquisi-
tion strategies of coexisting species.

Differential C and N assimilation after food inges-
tion implies that some or all of one nutrient is
eliminated without substantial transformation,
through preabsorption processes (Caron et al. 1990,
Frost et al. 2005). If excess C or N is eliminated after
assimilation through postabsorptive processes such as
excretion, the excess appears in a foodweb model as a
flow through the consumer to another sink. One of the
benefits of N isotope data in foodweb models is
distinguishing pre- and postabsorptive processes; the
former result in no trophic fractionation, and the latter
in detectable fractionation.

An alternative explanation for apparent decoupling
of C and N flows is that the models are simply
inaccurate, i.e., inverse analyses generate dissimilar C
and N models, when the actual C and N flow
networks are similar. Accurate representation of food
webs is a concern when using inverse analysis because
the objective functions (the rules and conditions used
to derive model solutions) are based on expedience
(e.g., parsimony and minimal 0 flows), rather than
ecological theory (Vézina and Pahlow 2003, Vézina
et al. 2004). In our case, the objective function
minimized the least-square errors subject to a con-
straint system and minimized the squared differences
among flows (see Modeling approach). A different
objective function might have produced C and N
models more similar to each other than the ones we
have reported. The accuracy of any foodweb model is
difficult to assess because of the absence of complete
unbiased data sets to serve as standards. Lacking such
standards, accuracy can be partially assessed by
comparing selected modeled flows with validation
data. However, foodweb studies rarely have sufficient
data for both estimation and validation data sets. Post
hoc validation using field measurements is also rare,
particularly for complex food webs. The practical
alternative is to compare model predictions with
measurements from field studies in similar systems
(as described in Foodweb comparisons below). These
comparisons indicate whether model predictions are
broadly consistent with observations. More important,
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inconsistencies lead to the inclusion of new terms and
constraints in subsequent model runs.

Foodweb comparisons

The number of forested stream studies available for
comparison with the Kaiwiki Stream models is limited,
and we could make comparisons only with whole-
stream flows (not taxon-specific flows) that were
reported as areal rates and annual averages. Whole-
stream C flows (GPP and CR) in Kaiwiki Stream can be
compared with measurements made in forested
tropical streams in Puerto Rico (Quebrada Bisley,
Puento Roto, La Vega), and forested mid-latitude
streams in North America, New Zealand, and Europe
(Table 6). Estimated CR in Kaiwiki Stream was ;30%
lower than the median in Table 6, and GPP was ;30%
higher. Therefore, Kaiwiki Stream might be relatively
more autotrophic than most forested streams that have
been used for long-term measurements. Alternatively,
the model might have overestimated some C-fixation
rates or underestimated some respiratory flows. In
addition to the average values shown in Table 6,
numerous 1-d GPP and CR measurements have been
reported for forested streams (Mulholland et al. 2001,
Hall and Tank 2003, Ashkenas et al. 2004). The ranges
for these streams are GPP: 16 to 194 mmol C m�2 d�1,
CR: 61 to 831 mmol C m�2 d�1, and P/R: 0.03 to 0.5.
The estimates for Kaiwiki Stream fall within these
ranges. Given the limited data set for comparison, we
conclude that the Kaiwiki Stream C model gave a
reasonable prediction for GPP and CR, but whole-
stream metabolism measurements are needed to test
the prediction.

A frequent point of comparison among stream food
webs is the relative importance of aquatic autotrophs
and riparian detritus as food sources for metazoan

consumers (e.g., McCutchan and Lewis 2002). The
emerging picture from tropical streams is that meta-
zoans receive more C from aquatic autotrophs than
from detritus and comparable amounts of N from both
sources, even in shaded reaches (March and Pringle
2003, Mantel et al. 2004, Brito et al. 2006). Results from
Kaiwiki Stream are consistent with this pattern;
modeled C flows from algae to metazoans were 23
as high as C flows from riparian plant material to
metazoans, and modeled N flows from algae and
bryophytes to metazoans were 30% higher than N
flows from riparian plant material. This finding also
corroborates an earlier observation that Kaiwiki
Stream functions largely as a conduit for riparian
CPOM; rates of input and turnover are very high, but
rates of processing by invertebrates are low (Larned
2000, Larned et al. 2001, 2003).

Omnivory in stream food webs

Omnivores are the dominant trophic guild in some
forested streams (e.g., Thompson and Townsend 2002).
Possible reasons for the abundance of omnivores in
these streams include low nutritional quality of
riparian detritus, which requires the addition of
supplementary diet items, and fluctuations in food
supplies over short timescales. The relative importance
of omnivory in streams is under debate (Thompson
et al. 2007), but our model results suggest that
omnivory is, in fact, the dominant trophic mode in
Kaiwiki Stream. Several Kaiwiki Stream consumers
were classified as omnivores on the basis of trophic
links that we did not anticipate when constructing the
a priori model. Some unanticipated links might be the
result of incidental ingestion of nontarget diet items.
For example, bacterivory in Dugesia sp. is likely to
occur when they consume target prey with epizoic

TABLE 6. Comparisons of measured C flows and ratios in forested streams with modeled flows and ratios in Kaiwiki Stream.
Measured values are averages of �3 measurements in �2 seasons. CR¼ community respiration, GPP¼ gross primary production,
P/R ¼ GPP/CR, Tr ¼ tropical, Te ¼ temperate.

Stream Climate
CR

(mmol C m�2 d�1)
GPP

(mmol C m�2 d�1) P/R Source

Quebrada Bisley Tr 130 12 0.1 Ortiz-Zayas et al. 2005
Puento Roto Tr 264 108 0.4 Ortiz-Zayas et al. 2005
La Vega Tr 282 77 0.3 Ortiz-Zayas et al. 2005
Powder Creek Te 335 37 0.1 Young and Huryn 1999
Big Stream Te 145 93 0.7 Young and Huryn 1999
Walker Branch Te 126 43 0.3 Roberts et al. 2007
Fuirosos Te 233 23 0.1 Acuña et al. 2004
Black Creek Te 256 50 0.2 Meyer and Edwards 1990
White Clay Cr Te 168 75 0.5 Bott et al. 2006
Doe Run Te 308 169 0.6 Bott et al. 2006
Kaiwiki Stream Tr 153 103 0.7 This study
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bacteria. Detection of unexpected trophic links is an
advantage of inverse analyses compared with budget
and compartment models that consist solely of known
trophic links.

The resolution of a foodweb model can affect the
apparent importance of omnivory. This point has been
made previously for taxonomic resolution (Hall and
Raffaelli 1991). The same point can be made for the
level of differentiation of heterogeneous food sources.
For example, foodweb analyses typically treat seston
as a single basal food source consumed by primary
consumers (e.g., Howard et al. 2005). In fact, seston is a
mixture of autotrophic and heterotrophic organisms,
nonliving organic matter, and inorganic particles.
Examination of the modeled diet of C. pettiti in
Kaiwiki Stream (Fig. 3A, B) indicates that this filtering
caddisfly consumes at least 6 foods from 2 trophic
levels, all of which occur in seston. Increased differen-
tiation of mixtures such as seston and periphyton will
increase the number of diet items attributed to
consumers of such mixtures and identify cases of
differential assimilation.

Critique and recommendations

Inverse foodweb analyses are costly, and resources
must be allocated carefully to make them cost
effective. Our study would have benefited from
collection of fewer samples from compartments with
low C and N flow rates (e.g., C4 plant material) and
from more measurements of flows that strongly
influenced the models. However, it is impossible to
know before the data-collection stage which compart-
ments will be retained and which flows will strongly
affect model output. Sensitivity analyses from the
Kaiwiki Stream models and other inverse models of
freshwater systems should be useful in future model
development. In Kaiwiki Stream, allochthonous or-
ganic C input, DIN and DON input, and invertebrate
respiration were among the most influential flows.

We had little or no empirical information for several
compartments that appear to have major roles in
Kaiwiki Stream. Foremost among these were hetero-
trophic bacteria and fungi. We were unsuccessful in
our attempts to isolate bacterial samples for isotope
analysis, and poor results from epifluorescent cell
counts precluded estimates of bacterial production. In
the absence of empirical data, bacteria were not
assessed in the sensitivity analyses, but it is likely that
such data would improve model accuracy. Parkyn
et al. (2005) determined the stable isotope ratios of
natural heterotrophic biofilms composed of fungi and
bacteria, and demonstrated the metabolic dependence
of several invertebrates on these biofilms. We recom-

mend using the same procedures for assessing the
importance of microbes in C and N flows through food
webs. We also lacked empirical measurements of
stream–atmosphere exchange. The modeled rates at
which DIC and DIN were transported from the stream
to the atmosphere were substantial (.10% of the total
C and N exports from the stream), which suggests that
measured flows could have affected model results. We
did apply isotopic constraints to stream–atmosphere
DIC exchange, and the estimated flux to the atmo-
sphere (157 mmol m�2 d�1) and relative importance
(14% of export) were comparable with measurements
in tropical and temperate forest rivers and streams
(Richey et al. 1990, Jones and Mulholland 1998). We
had no comparable constraints for stream–atmosphere
DIN exchange, and no empirical information about the
composition or rate of this flux. Data for atmosphere–
stream exchange of NH3, N2O, and other N species
would have provided information on denitrification
and other instream processes.

An important function of foodweb models is to
generate questions that guide future research. Among
the questions generated by the Kaiwiki Stream model
are these: Is the ingestion of nonanimal prey by taxa
presumed to be carnivorous (e.g., Dugesia sp.) wide-
spread? Is omnivory generally prevalent in tropical
streams? How do invasions of omnivorous, nonnative
taxa transform material and energy flow networks? Do
different nutrients have dissimilar flow networks as a
general rule, and if so, is this primarily the result of
differential assimilation or of different effects of
physical processes? Addressing these questions
through further modeling and experimentation will
deepen our understanding of stream food webs.
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