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We used inverse methods to reconstruct carbon flows in experimental lakes where the fish community had
been purposely altered. These analyses were applied to three years of data from a reference lake and
two experimental lakes located i n Csgebic County, Michigan. W e reconstructed seasonally averaged
flows among two size groups sf phytoplankton, heterotrsphic bacteria, microzosp%ankton,cladocerans, and
copepods. The inverse analysis produced significantly different flow networks for the different lakes that
agreed qualitatively with known chemical and biological differences between lakes and with other analyses sf the impact of fish manipulations on food web structure and dynamics. The results pointed to alterations in grazing pressure on the phytoplankton that parallel changes in the size and abundance of cladocerans and copepods among lakes. Estimated flows through the microbial food web indicated low bacterial
production efficiencies and small carbon transfers from the microbial food web to the larger zooplankton.
This study demonstrates the use of inverse methods to identify and compare flow patterns across ecosystems and suggests that microbial flows are relatively insensitive to changes at the upper trophic levels.
Nous avons applique des methodes inverses pour reconstruire les flux de carbone dans des lacs experimentaux dans lesquels les communautt5s de poisson ont ete alterkes. Ces analyses ont 6t6 appliquees 2 trois
ann6es de dsnnkes d'un lac de r6fbrence et de deux lacs exp6rimentaux situes dans Be cornte Gogebic,
Michigan. Nous avons reconstruit les flux saisonniers entre deux classes de taille de phytoplancton, les bacteries heterotrophiques, le microzooplawcton, Ies cladoceres et les copepodes. L'analyse inverse a produit
des reseaux de flux entre les cornpartiments qui sont significativement differents entre les differents lacs et
qui spaccordent qualitativement avec des differences conwues dans la chimie et la biologie de ces lacs et
avec d'autres analyses de I'impact des manipulations des cornmunaut6s de poissons sur la structure et
la dynamique des reseaux trophiques. Les resultats montrent des alterations de la pressiow de broutage sur
le pkytoplancton en parallgle avec des changements dans la taille et t'abondance des cladoc&res et des
copepodes. Les flux estimes 2 travers le reseau microbien indiquent des efficacites de croissance des
bactbries faibles et de petits transferts de carbone d u reseau rnicrobien au zooplancton. Cette etude
dbmsastre I'utiIit6 des rnkthodes inverses pour identifier et cornparer entre les 6cosyst&rnes les patrons de
transferts trophiques. Nous suggkrons h partir de notre analyse que les flux micsobiens sont relativement
insensible%aux changernents aux niveaux trophiques superieurs.
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ass fluxe:s in aquatic ecosystems are related to the
structure of food webs and the supply of energy and
nutrients to primary producers. Numerous studies
in lakes Rave focused on the differences in food web dynamics in communities dominated either by piscivorous or planktivorous fishes (DeMelo et d. 1992). Shifts in fish community structure may induce changes in the structure,
biomass, and productivity of lower trophic levels (Carpenter
et al. 198%).The changes in lower trophic levels that result
from cascading trophic interactions may have either transitory or long-term effects on the dynamics of aquatic mosysterns (e.g., Leavitt et al. 1988; Carpenter et al. 1993b). Few
studies of trophic cascades have considered how material
fluxes in pelagic systems change with differing food web
structure (but see Carpenter et al. 1992). In addition, few
studies have considered how modificatisns in organisms at
the top of the food web might impact heterotrophic microbial
26334

processes, despite considerable research indicating that these
organisms account for much of the energy flow and nutrient
recycling in planktonic systems (Stockner and Porter 1988;
Sherr and %hen 1991).
A crucial problem in assessing the response of aquatic
systems to cascading trophic interactions is h a t most of the
flows between food web constituents are difficult to measure.
These unknown flows may be assessed by inverse modeling,
which has been used extensively in the analysis of ghysical systems be.$., Wunsch 1978; Bolin et al. 1983) and has
recently been applied to food webs (VCzina and Platt 1988;
Jackson and EBdridge 1992). Inverse modeling is closely
related to multidimensional parameter optimization techniques that have been suggested or applied to estimate energy
or material transfers in food webs (Hdfon 1979). G. Radach
(p. 48 in Platt et al. 1981) concluded that the utility of optimization techniques (which he called inverse methods) is
Can. S. Fish. Aquat. Sci., Vol. 51, 1994
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limited by the rarity of the long multivariate time series
required to reliably estimate parameters. Vkzina and Platt
(1988) proposed to circumvent this difficulty by following
practices in geophysical inverse methodology and directly
incorporating a priori knowledge along with the data to constrain the parameter estimates, Inverse methods are formal
procedures to estimate parameters of models that cannot be
fully constrained by the available observations (underdetermined models).
The other novel aspect of this approach is that prior
knowledge is incorporated as ranges of possibilities (i.e., a
flow can take any value within a defined range) that reflect
the uncertainties concerning many biological processes. The
method calculates the "best" solution that falls within those
ranges. This allows us in particular to circumvent the exact
specification of nonlinear interactions in the food web models. We rely on ranges to bound possible excursions of the
parameters. For example, if the standing stock of compartment P varied by a factor of 2 between lake A and lake B,
we would expect the flows from this compartment to also
change by a factor of 2 in a linear model. However, inexact
constraints in a multidimensional linear system allow nonlinear differences (by a factor other than 2) between the
flows estimated for lakes A and B.
In summary, the inverse techniques we apply here rely
heavily on inexact constraints to compensate for sparse or
missing data and to deal implicitly with nonlinear variations. Typically, the ratio of inexact constraints to "hard"
data in our models is 3 to I , reflecting the general state of
knowledge for many ecological systems. Our application of
inexact constraints to this problem is a significant difference from the bulk of optimization procedures that have
been applied in ecology in the past, which rely more on the
data and on exact constraint rules. In any case, the use of formal procedures for estimating food web parameters is not
widespread and the techniques available to do SO need to
be demonstrated and refined.
The inverse technique is described in detail in VCzina
and Platt (1988) and was modified slightly by Jackson and
Eldridge (1992). The general approach is to develop a compartmental food web model and constrain the model with
measured flows. Unmeasured flows are bounded by a series
of constraint conditions that are derived from prior knowledge of general allometric trends, limits to production efficiencies, and the partitioning among energetic pathways
(e.g., respiration and excretion). A solution for all the flows
is then computed that is consistent with the data and the
constraint conditions. The inverse modeling approach
addresses the typical situation where direct flow measurements are much fewer than the total number of flows within
a given food web.
En this paper, we combine data from whole-lake fish
manipulations with a simple compartmental model of the
planktonic food web to examine changes in carbon flows
in response to cascading trophic interactions. Weekly rneasms
of the standing stocks of all components of the food web as
well as some of the major flows (e.g., pr-imay and bacterial production) over three years in three different lakes provide an
extensive data set for inverse model d y s i s . Our study has two
purposes. First, we use the data sets to examine the utility of
inverse modeling as a method for analyzing fosd webs; inverse
modeling is a relatively new and untested method in ecological studies. Data from the experimental manipulations provide
Can. J. Fish. Aquat. Sci., Vol. 51, 1994

a variety of food web conditions. We examine whether the
inverse modeling method can produce plausible flow stmctures that also discriminate between the major results of the
ecosystem experiments. Our second interest is to assess ca'rbsn flows as revealed by the inverse model solutions. We
evaluate how flows may have changed in response to the
fish community manipulations. We focus on two types of
flows that are particularly difficult to measure empirically:
zooplankton grazing on phytoplankton and carbon uptake
and loss by heterotrophic bacteria.

Study Sites and Experimental Malfipulati~ns
The experimental studies on which the model analysis is
based were conducted in Peter and Tuesday lakes located
in Sogebic County, Michigan. A third lake, Paul, served as
a reference system. These lakes, the experimental manipulations conducted, and the results from these studies have
been previously described (Carpenter and Kitchell 1993).
Here, we only briefly sketch the manipulations and major
responses of the lakes for the years 1988-90. All data used
to develop the model were based on weekly samples taken
during the summer stratified season.
The experiment in Tuesday Lake involved observing the
recovery of planktivorous minnow populations after the
removal of largemouth bass (Mcropterus salmokdes). Minnow populations (principally the northern redbelly dace
(Phsxinus eos)) underwent exponential growth over the
period 1988-90 (Hodgson et al. 1993). In response to the
increase in planktivory from minnows, the zooplankton community structure shifted abruptly at the end of I988 when the
large-bodied species of Daphnia declined. Subsequently,
the zooplankton community was dominated by an assemblage of small species, and phytoplankton biomass and productivity increased about 30% (Carpenter et al. 1993b).
The experiment in Peter Lake was designed to simulate the
effects of piscivore removal on a system containing both
planktivores and piscivores (Carpenter and Kitchell 1993).
Planktivores were added to the lake each year in the spring
and piscivore populations were reduced. In 1988 and 1989,
3000 fingerling rainbow trout (Oncorhynchus mykiss) were
introduced and 2800 golden shiner (Notemigonus caysoleucas) were introduced in 1990 (Hodgson et al. 1993). Piscivores, including largemouth bass and rainbow trout (age
1+), were almost completely removed in 1989 and 1990
by a combination of electroshocking, angling, and gillnetting
(Hodgson et al. 1993). This experiment resulted in periods
of increased planktivory that varied among years and resulted
in large oscillations in zooplankton size structure and biomass
(Soranno et al. 1993b). Phytoplankton biomass and production were also affected by shifts in the size of cladscerans (Carpenter et al. 1993b).

Methods
Model Description
We developed a compartmental model of carbon flows
for the photic zone during summer (Fig. 1). The model
structure and flows represent a compromise between the
model complexity required to represent the interactions of
interest and the need to keep the number of flows to be
estimated as small as possible. The compartments are nano(a30 pm) and net (>30 pm) phytoplankton, heterotrophic
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Net phytoplankton, cladmerans, and copepds produce DOC
or particulate detritus. The Hatter is considered to sink directly
out of the photic zone without significant recycling.
Conservation of mass equations were written for each
compartment:

where and fik represent intercornpartmental flows (from
compartment i to compartment j or from j to k) and zOj and
yjq are, respectively, inflows and outflows across the boundaraes of the food web. An external input of allochthonous
DOC was introduced in the model as an additional source of
heterotrophic activity (see below). Sedimentation of the
detritus generated by phytoplmktton and the large heterotrophs
is the only net Boss from the food web.
The mass flows among compartments are linear and determined strictly by the source compartment (donor controlled).
Two-way interactions between source and sink compartments are not explicitly treated in the model. Top-down
effects should appear as differences between the reference asad
treatment data sets that then affect the inverse solutions. This
linear model by itself cannot simulate top-down interactions;
however, c s m p ~ s o n samong site- and time-specific solutions
of the model should reveal these nonlinear interactions.
Use of Measured Flows in the Model
Primary production, bacterial production, and total respiration were measured weekly during the growing season
(Carpenter et al. 1993b; Pace 1993). Seasonal averages of
these measurements were included in the model with equations of the f o m
FIG. 1. Compartmental model of carbon flows in an epilimnetic
food web. (A) Plows of BIC and DOC; (B) flows of particulate

carbon.
bacteria, microzooplankton, cladocerans, and copepods. In the
model, all living compartments add to the dissolved inorganic carbon (DIC) pool through respiration and contribute
to the dissolved organic carbon (DOC) p o l through excretion. We assumed that DOC release by bacteria is negligible
compared with their DOC uptake.
The microzooplankton compartment represents a composite
of rotifers and heterotrophic flagellates. We did not include
ciliates in the microzooplankton estimates because complete
data on these organisms were not available. Estimates using
data from 1990 only indicate that ciliates account for 9-18%
of the total micsozooplankton biomass in the three lakes;
excluding them from the model probably does not lead to
serious underestimates of flows though the microzoopl~ton.
Trophic flows are limited by the prevalent feeding mode
and by the relative sizes of predator and prey. In the model,
cladocerans can graze on all the smaller-sized compartments, copepods are not allowed to consume bacteria, and the
microzooplankton are restricted to feeding on bacteria and
nanophytoplankton.
Representation of the production and fate of detrital material was highly simplified in the model. We assumed that
bacteria, nanophytoplankton, and microzcsoplankton do not
produce particulate detritus. Instead, detrital flows from
these compartments move directly to the DOC pool (Fig. 1).

(2) g s ( f 9 ~ 7=~ q
)
where t j is a seasonally averaged measured flow and p(f,z,y)
is a linear function that specifies the model flows (Fig. 1) that
add up to the measured flow. Each equation was divided
by the seasonal variance to insure that the weight of each
measured flow in determining the global solution was
inversely related to its variability.
Sedimentation losses of net phytoplankton from the photic
zone for each lake and year were calculated by the formula

where f,,, is the carbon flux sedimenting as net phytoplankton (milligrams per square metre per day), s is the
average net phytoplankton sinking rate (metres per day)
assumed constant for all lakes and all seasons (Baines and
Pace 1994), P,,, is the integrated carbon biomass of net
phytoplankton (milligrams per square metre), and z, is the
seasonally averaged depth of the euphotic zone in each lake
(metres). A constant variance of lo4 was applied to calculated
sedimentation fluxes as an indicator of the low precision
of this estimate.
Use of Inequality Constraints in the Model
VCzina m d Platt (1988) introduced a number of constraints
for inverse modeling of aquatic food webs that are mostly
size-dependent limits to energetic processes (e.g., respiration, ingestion) and limits on the efficiency of biological
Can. J . Fish. Aquat. Scf., Vol. 51, 1994
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TABLE1. Constraints applied to biological flows in the inverse model. The same sonstraints apply to both
phytoplankton compartments (nano- and net) and to the heterotrophic compartments other than bacteria. The
constraint equations give the upper or lower bound to the corresponding Wow in mg ~ . r n - ~ - d -Variables
'.
used
in the constraint equations are gross primary production (PP), net primary production (NPP), respiration (R),
excretion (E), ingestion (I), degradation of dead phytoplankton to DOC (Bph)PDOC input from the watershed
(D,,,,),
carbon biomass of the compartment (B), average individual size (W? pgC), and mean temperature of the
euphotic zone (T).

Process

Compartments

Type of bound

Respiration
Respiration
Respiration
Respiration
Respiration
Respiration
Excretion
Excretion
Excretion
Excretion
Ingestion
Degradation to

Phytoplankton
Phytoplankton
Heterotrophs
Bacteria
Heterotrophs
Bacteria
Phytoplankton
Phytoplankton
Heterotrophs
Heterotrophs
Heterotrophs

Lower
Upper
Lower
Lower
Upper
Upper
Lower
Upper
Lower
Upper
Upper

VCzina and Platt 1988
Vkzina and Platt 1988
Fasham 1985
Fasham 1985
Moloney and Field 1989
Moloney and Field 1989
Baines and Pace 199 I
Baines and Pase 199 1
VCzina and Platt 1988
Vkzina and Platt 1988
Moloney and Field I989

Phytoplankton

Lower

Pace et al. 1984

DOC

Equation

Reference

TABLE2. Limits to growth and assimilation efficiencies for the heterotrophic

compartments.

Growth
efficiency (%)
Assimilation
efficiency (%)

Bacteria

Microzooplankton

Copepods

Cladocerans

10-60

10- 40

5 -40

5- 40

-

-

50-80

50-80

transformations (e.g., growth efficiency, assimilation efficiency). These constraints are expressed in the general form
(4)
h, 5 g ( f , z , y ) h,
where h, and h , are lower and upper bounds and g(4;z,y)
is a linear function that specifies the combination of flows
that add up to the lower and upper bounds.
We made a number of modifications to these original constraints. We updated the size-dependent constraints on respiration and ingestion with new empirical models from the
literature (Table 1). The lower and upper bounds on the
proportion of net primary production released as DOC were
recalculated from a new literature review (Table 1). Constraints on phytoplankton respiration, DOC release by heterotrophs (Table I), and metabolic efficiencies are basically
the same as in VCzina and Platt (1988) (Table 2).
Vtzina and Platt (1988) did not introduce any constraints
on the specific grazing flows. As a result, some grazing
flows cam be set to zero by the inverse solution technique (see
below), and the relative sizes of grazing flows may bear
little relationship to the relative biomass of the prey compartments, We sought to correct this problem by introducing
simple grazing functions based on the assumption that consumers graze in proportion to resource availability:
(5)

Gkj> -.Bk

Elli

ZG,

where Gkjis the grazing flow from prey compartment k to
consumer compartment j, B, is the biomass of cornpartment k, ZGij is the total grazing by compartment j across

all prey compartments, and x B j is the total biomass of the
prey compartments. This is equivalent to assuming that the
consumer compartments do not select against any prey.
Two exceptions were recognized. An unpublished study
indicates that copepods filter nanophytoplankton about half
as fast as net phytoplankton (H. Cyr, University of Toronto,
Toronto, Ont., unpublished data). In addition, a recent study
of cladoceran particle utilization (Brandelburger 1991) yields
a filtration efficiency of 0.625 on bacteria relative to larger
particles. Therefore, in both those cases, the grazing Wows
were bounded by

where akjis the ratio of the filtering rate on prey compartment k to the maximum filtering rate.
Finally, some limits on the biomass turnover (grams of
carbon per gram of carbon per day) of the heterotrophic
compartments were imposed. Lake- and yem-specific limits
on the turnover of cladocerans were calculated from birth
rate data (Soranno et al. 1993a). Upper and lower bounds
on the turnover rate were set at 2 2 standard errors of the
mean. Microzooplankton and copepod compartments were
assumed to turn over at least once per 10 d and once per
20 d, respectively.
The constraints were calculated based on seasonal averages
of the mean size and mean biomass of the compartments
for each lake and year. The calculated mems were substituted
into the constraint equations (Tables 1 and 2), and these
were used to obtain lake- and year-specific solutions.
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FIG.2. Carbon flows calculated by the inverse method for Paul Lake, 1988. White bars are the estimates from the standard model and
gray bars are those from the M-R model. The flows are grouped into (A) respiration flows, (B) DOC flows, (C) trsphic flows, and
(D) particulate detrital flows. For Fig. 2A, 2B, and 2D, the bar labels are the source compartment; for Fig. 2C, the bottom bar
labels are the receiving compartments (grazers) and the top bar labels are the source compartments (prey). Abbreviations for compartments: Nano, nanophytoplankton; Net, net phytoplankton; Bac, bacteria; Micrsz, microzooplankton; Cop, copepods; Clad, clads
cerans; Alloch, allochthsnous source. Phyts in Fig. 2B refers to dissolution of detritus from both nano- and net phytoplankton.

Model Solution and Analysis
The conservation of mass (Eq. I), flow specification
(Eq. 2), and constraint (Eq. 4) equations can be collected
into matrix form
( 4 ) Ax = I$
where x = [%z y]', b = [(%
gj', prime means matrix transpose,
and A and G are matrices s f constant coefficients. A priori weights on the conservation of mass and measured flows
(b) and on the flows to be estimated (x) can be introduced
as follows:

where S and W are diagond matrices that contain weights for
b and x, respectively. The diagonal of S has the form [I oZ]'
where o2are the variances of the measured flows. The diagonal of W contains weights that control the relative importance of the flows based on a priori expectations. We used
a biomass-weighted scheme, where the flows are assumed
proportional to the biomass of the compartments (w,= Bi).
The effect of these weights is to control the relative importance of the different compartments in determining the Wow
structure.
Equations 9 and 10 can be solved for x by quadratic programming (Lawson a d Hmson 19'74). The solution obtained
minimizes the L2 noms of the residuals (Ax - b) and of the
2038

flows (x), that is, it minimizes the squared errors of the
measured flows and the sum of the squared flows. Equations 9 and 10 together specify over 60 constraints on
2'7 parameters. These constraints are not necessarily compatible and there may not be feasible solutions. We have
systematically modified some of the constraints either to
allow feasible solutions to be computed or to explore alternative soHutions to the mass balance problem. These modifications are described in the next section.

Results
Initial Model Solutions
We first describe some general features of the inverse
solutions using the flow network for Paul Lake, 1988 (Fig. 2).
Gross primary production is split about equally between
nano- and net phytoplankton. Respiration by the phytoplankton is high, constituting about 28-30% of gross primary production. Bacterial respiration is the most important respiration flow, followed by microzooplankton
respiration; contributions of large grazers to total respiration are small. Except for nanophytoplankton, DOC flows
from the biota (hereafter, recycled DOC) are spread relatively uniformly among the various compartments. Allochthonous DOC inputs make a small contribution to bacterial
energy demand. Consumption of nanophytoplankton by
microzooplankton is a major grazing pathway whereas the
Wow from namophytoplankton to copepods is zero. Cladocerm
grazing is split about equally between nano- and net
Can. 9. Fish. Aquat. Sci., Voe. 51, 1994
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phytoplankton and is an important loss term for both compartments. Microzooplankton dominate bacterial grazing,
and the utilization of microzooplankton by cladocerans and
copepods are minor trophic pathways. Cladocerans are an
important source of sinking detrital material; the direct contribution of autotropkic material to sinking fluxes is smaller
than material produced by zooplankton.
This solution concentrated the grazing of nanophytoplankton and bacteria through the microzooplankton. We
compared microzooplankton filtering rates estimated from the
inverse solution with filtering rates measured in the field
(Vaquk and Pace 1992) and found that the inverse estimates
were on the order of 10 times higher than the field measurements. The estimated filtering rates for the other grazers were consistent with rates expected in the field (Peters and
Downing 1984). This led us to limit the grazing activity of
microzooplankton by restricting the size range of particles
available to 4 ylm for microflagellates and 4 0 ylm for
rotifers. The effect of this restriction on the inverse solution (microzooplankton restricted, or M-R hereafter) is shown
in Fig. 2 for Paul Lake, 1988. Respiration flows through
the bacteria were increased at the expense of microzooplankton, whose contribution to total respiration became
comparable with that of the large grazers. DOC flow was
routed mostly through the phytoplankton, especially through
dissolution of phytoplankton detritus, and contributions by
heterotrophs became much smaller. Nanophytoplankton grazing by microzooplankton fell by an order of magnitude
whereas the other trophic flows remained basically
unchanged. Finally, sinking flows through the large grazers were increased. The overall impact of this model change
was that phytoplankton excretion losses and increased defecation by crustaceans compensated for the smaller loss term
through microzooplankton.
The M-R model gave microzooplankton filtering rates on
nanophytoplankton that agreed with the field estimates;
however, the microzooplankton filtering rates on bacteria
remained high. We tried decreasing this rate by forcing bacterial flows through the cladocerans with empirical estimates of bacterial grazing by cladocerans (Porter et al.
1983). This version of the model, however, did not work
for cases where the cladoceran densities were quite high
(Paul Lake, 1989, and Peter Lake, 1989 and 1990) and, in the
other cases, only reduced microzooplankton filtering rates on
bacteria by a factor of 2 instead of the factor of 10 needed
to reconcile inverse and field estimates. Therefore, we kept
the M-R model for comparison with the initial (standard)
model. We recognized that the M-R model did not yield
completely accurate trophic flows through the microzooplankton, but we considered it as the best model given existing information.
Consistency of Inverse Flow Networks
We computed solutions based on the standard and
M-R models for the nine lake-year data sets. Feasible solutions (i.e., compatible with all the constraints) were obtained
in all but one case: the M-R model for Paul Lake, 1990.
To determine if the solutions were consistent and discriminated among the nine data sets, we used a principal component analysis of all the flows from the all the solutions
(27 flows X 17 solutions). The first two components
accounted for 46% s f the total variability in flows among
models and data sets and were used to map the solutions
Can. J. Fish. A ~ U Q P
Sci.,
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FIG. 3. (A) Positions of mu8tidimensional inverse solutions
(27 flows) on the plane formed by the first and second principal
components and (B) positions of the flows that weigh most heavily on these components. Squares represent the solutions of the
standard model and circles are the solutions of the M-R model.
Abbreviations in Fig. 38: Tu, Tuesday Lake; Pa, Paul Lake;
Pe, Peter Lake; solutions for 1988, 1989, and 1990 are shown.
Abbreviations for flows in Fig. 3B: E, excretion; R, respiration;
compartments are identified. as in Fig. 2. Crustacean zooplankton
flows are not identified individually. Flows tend to increase in the
direction of the arrows.

and the flows that were most strongly correlated with the
variations among solutions.
The inverse solutions for the experimental lakes, Tuesday
and Peter, map in different parts of the reduced space formed
by the first two components. The solutions for Paul Lake
tend to be more dispersed, as might be expected for the reference lake. Solutions for Peter Lake are found on the positive side of the first principal component (Fig. 3A), reflecting higher flows through the large consumers (Fig. 3B).
Solutions for Tuesday Lake fall on the negative side of the
first principal component (Fig. 3A), toward higher bacteria
respiration, allochthonous DOC inputs, and phytoplankton
excretion Rows (Fig. 3B). The first component is largely
driven by changes in the grazing and metabolic flows of
the crustacean zooplankton compartments; except for bacterial
respiration, the microbial flows are not strongly involved
in the differences in flow patterns.
The standard solutions for Paul and Tuesday lakes fall
on the positive side of the second component whereas the
M-R solutions for these lakes fall on the negative side
(Fig. 3A). The positive side of component 2 is related to
increases in flows through the microzooplankton (Fig. 3B).
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FIG. 4. Phytoplankton grazing rates inferred by the inverse

models.
This generalizes the tendency, already noted for Paul Eake,
1988, of the standard model to route the flows preferentially through the microzooplankton.
Analysis of Flows
Using the microzooplankton restriction model, we analyzed the flows of carbon through the food webs for all
lakes and years except for Paul kake, 1990, where the standard model was used. We focused on the phytoplankton
grazing flows and on the flows through the microbial food
web. These flows have not been measured directly in the
experimental lakes and we feel that it is in those areas that
the inverse solutions can make the strongest contribution.
Patterns sf grazing on phy~opkankton
Owe of the intentions of the experimental manipulations
was to induce shifts in zooplankton community structure
that would change tfae gazing pressure on phytoplankton. The
inverse solutions provided estimates of the various grazing
flows (Fig. 4) that were difficult to measure directly. We
used the model flows to evaluate how grazing may have

changed in response to the manipulations. In addition, we
assessed the modeled grazing flows for their consistency
with other data and analyses of the ecosystem responses.
In the reference system, Paul Lake, cladocerans were the
most important grazers in all three years, and grazing by
cladocerans was particularly high in 1989 (Fig. 4A). This
was because the large cladoceran Hslspediurn gibberurn
was very abundant during this year; zooplankton biomass
reached the highest level recorded in Paul Lake over a 7-yr
period (Soranno et al. 1993a, k993b). Microzooplankton
grazing was low except during 1990 (Fig. 4B). However,
only the standard model could fit the 1990 Paul Lake data
and we have no evidence to support this high estimated
microzooplankton grazing. Neither rotifers nor heterotrophic
flagellates occurred at higher abundances and there were
no significant changes in size structure of either community in 1990 relative to other years in Paul kake.
In Peter Lake, crustacean zooplankton grazing was a large
component of the total Wow in the food web. For example,
crustacean zooplankton grazing accounted for 53-6896 of
the net primary production in Peter Lake compared with
39-57% in Paul Lake and 25-3396 in Tuesday Lake over
the three years. Grazing by cladocerans increased in 1989 and
1990, while copepod grazing remained stable (Fig. 4A
and 4C). Microzooplankton grazing was a minor Wow in all
three years and declined over time (Fig. 4B). These patterns agreed with large increases in both the size and biomass
of the cladocerans during 1989 and 1990, but not with shifts
in the biomass of copepods (Soranno et al. 1993a).
We suspect that the magnitude of the interannual changes
in grazing in Peter Lake was actually higher than that partrayed in the model. This is because, for 1989 and 1990,
the upper limit on the biomass turnover of the copepsds
and the cladocerans had to be relaxed to obtain a feasible
solution. The turnover times for these compartments reached
2-3 mo in the model. The high turnover times were needed
because the model could not satisfy the high zooplankton
demand given the available production. This agrees with
lower measured birth rates for cladocerans (1989-98) as
well as with the sharp population declines observed after
an initial biomass maximum.
Modeled flows for Tuesday Lake suggested that grazing by
microzooplankton and cladocerans was low in 1988 and
then increased in 1989 and 1990 (Fig. 4A and 4B). In general, microzooplankton were a more important component of
the total grazing in Tuesday Lake than in the other lakes.
Increased microzooplankton grazing in 2989 and 1990
(Fig. 4B) was consistent with increases in rotifer populations observed over this period (Soranno et al. 1993a).
CIadoceran grazing was especially low in 1988 (Fig. 4A).
This result seemed surprising, as cladoeeran biomass was
highest in 1988 and the mean size of cladocerans declined
from I988 to 1990 as planktivory from the recovering minnow populations increased (Soranno et al. 1993a). Nevertheless, this result was consistent with the allometric formulations we used in the model. The shift to smaller
zooplankton in Tuesday Eake led to a higher metabolic
demand by the zoopiankton in 1989 and 1990. This resulted
in a solution that partitioned more of the phytoplankton carbon through the cladoceran compartment.
Microbial flows
The changes induced by the experimental manipulations
offer the opportunity to analyze the sensitivity of microbial
Can. J. Fish. Aqraat. Sci., Vob. 51, 1994
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FIG.5. (A)Bacterial production efficiency and (B-D) flows of particulate carbon from the microbial food web (bacteria and microzooplankton) to the zooplankton (copepods and cladocerans) in carbon units (Fig. 5B) and as a proportion of the gross DOC Wow
(Fig. 5C) and of the zooplankton carbon demand (Fig. 5D).

Wows to shifts in food web structure. From the flow networks, we derived bacterial production efficiency, the amount
of bacterial carbon transferred to crustacean zooplankton,
and the ratios of this carbon transfer to DOC flow-and zooplankton demand (Fig. 5). In the model, bacterial production
efficiency was the ratio of predatory consumption to carbon
input to this compartment. This efficiency was about 18-15%
in Tuesday and Paul lakes and 2 8 4 0 % in Peter Lake
(Fig. 5A). The low production efficiencies in Tuesday and
Paul lakes resulted from the relationship between measured
rates of bacterial production and total community respiration. Bacterial production was low relative to primary production, while community respiration often exceeded net
primary production (Pace 1993). As a consequence, bacterial
respiration in model solutions was a major flow (Fig. 2)
leading to low production efficiencies. In Peter Lake, the
primary production to respiration ratio exceeded 1, so less
material was funnelled through bacterial respiration in the
model solutions. Production efficiencies were thereby higher,
although not as high as the values of 50% often used as
standards in modeling studies (e.g., Pace et al. 1984; Fasham
et al. 1990).
The '6microbial link" is the transfer of microbial carbon to
crustacean zooplankton, either by direct consumption or
indirectly through the microzosplankton compartment
(Fig. 5B). In absolute terms, this quantity varied from about
5 to 15 rng ~.m-'.d-l in the different solutions (Fig, 5B).
This quantity represented a small percentage of the flow of
Can. J. Fish. A y m t . Sci., Vok. 51, 1994

DOC derived from biotic compartments (=recycled DOC in
Fig. 5C), meaning that most of the DOC produced by constituents of the food web was respired within the microbial
food web (bacteria and microzooplankton). The microbial
link was also a small fraction of the crustacean zooplankton
carbon demand. Mean efficiencies for the different lakes
and years are all 915% and are usually around 5%, indicating that only a small component of the carbon required by
zooplankton was ultimately derived from bacterial production (Fig. 5D).
According to model solutions, flows through the microbial
compartments were not strongly impacted by the food web
shifts. For example, despite the large changes in zooplankton biomass in Peter Lake, there was little change in the
quantity of microbial production moving to larger zooplankton (Fig. 5B and 5D). Similarly, in Tuesday Lake,
there was little change in the modeled flows through the
microbial components even though primary production,
chlorophyll, and zooplankton size structure changed over
the 3-yr period.

Discussion
Evaluation of Inverse Method Results
One initial goal of our investigation was to evaluate the
ability of the inverse method to discriminate among different experimental situations. For Tuesday and Peter lakes,
the differences were clear and were as expected from their
284 1
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contrasting trophic structures. Large grazers were generally
dominant in Peter Lake and the inverse solutions produced
high grazing flows through the crustacean zooplankton.
Small grazers were relatively more abundant in Tuesday
Lake and more of the production moved through detritus
and DOC to bacteria. The inverse solutions also suggested
higher allochthonous DOC utilization in Tuesday Lake than
in Peter Lake. This was an original result of the inverse
analysis (there were no data or constraints on this flow) and
it agreed qualitatively with the trophic status of Tuesday
(dystrophic) and Peter (oligotrophic) lakes. In general, the
inverse analysis discriminated flow networks between the
experimentally manipulated lakes that involved plausible
changes in flow patterns.
The inverse analysis did not discriminate interannual differences as well as differences between the experimental
lakes. In Tuesday Lake, the production, biomass, and size
structure shifts induced by the minnow population recovery between 1988 and 1990 were modest (on the order of
20-3096). In Peter Lake, shifts in crustacean zooplankton
were strong but transient, and their impact was difficult to
resolve with a seasonally averaged model. We would expect
stronger and sustained manipulation effects to appear in the
flow structures estimated by inverse analysis. In any case, the
M-R solutions suggested a movement toward higher crustacean grazing in both Tuesday and Peter lakes in 1989 and
1990. This change in Peter Lake can be related to the effect
of the manipulation on zooplankton biomass; the unexpected
increase in grazing in Tuesday Lake is discussed later.
Bn Paul Lake, the trophic structure was not pushed to
extremes by manipulations as in Tuesday or Peter Lake.
For such undisturbed situations, the model choice was more
critical because the data and constraints allowed a wider
range of inverse solutions. The M-R model solutions appeared
as more credible descriptions of flows in the reference lake.
Not only were the estimated grazing flows more realistic,
but the intermuel differences in the solutions were much less
pronounced than with the standard model, which was what
we expected in the reference system. Nevertheless, the interannual differences in Paul Lake solutions were significant and
related to significant year-to-year variations in the reference lake (e.g., the Holopedium bloom in 1989 and measured primary production in 1990 which was 28% below
its 3-yr mean). Long-term records are needed to separate
experimental effects from natural variability whatever the
analysis techniques used, including inverse analysis.
Inverse models of the experimental lakes did not always
produce feasible solutions. Data collated within an inverse
model were not necessarily consistent with the preconceptions
built into the mass balance conditions (e.g., steady state)
or the constraints. The steady-state assumption was probably inappropriate for Peter Lake in 1989 and 1990. Zooplankton biomass fluctuated dramatically during the growing season and inverse solutions tracking the week-to-week
dynamic changes would probably have been required to
properly account for the seasonal flows. Methods to do this
are under development. That feasible solutions were obtained
by increasing the turnover time of crustacean zooplankton
confirmed that there was a shortage of energy for large grazers in Peter Lake, in accord with observations that the artificially high zooplankton biomass was not sustainable
(Soranno et al. 1993a).
Although the basic model used was linear, some of the

differences in inverse solutions among lakes and years were
nonlinear. For example, the proportion of the primary production grazed shifted dramatically among lakes, particularly between Tuesday Lake and both Paul and Peter lakes.
There were also shifts in microbial flow patterns between
Peter Lake and the other lakes. Contrary to our expectations, these shifts were more related to lake-to-lake differences than to specific experimental manipulations. Mevertheless, the inverse model was able to reveal nonlinear
changes in the Wow patterns implicit in the differences
among data sets.
In this analysis, the interactions between nutrient and carbon flows were not considered. Phosphorus generally limits
carbon production in lakes and phosphorus cycling is obviously a critical component of these food webs and of their
response to manipulations. The inverse methodology can
accommodate models with several materials or tracers flowing simultaneously through the system (VCzina and Platt
1988). Many of the phosphorus flows are simple stoichiometric transformations of carbon flows and do not add new
information; nevertheless, the addition of cycling processes
specific to phosphorus could further constrain the carbon
flows. The detailed data on phosphorus cycling in these
lakes were not available at the time of our analyses, but this
information is now becoming available and will be used in
future analyses.
Overall, the inverse analysis gave flow networks that
qualitatively agreed with independent assessments of the
interlake differences and of the effects of the manipulations.
They also agreed with the magnitude and nature of interannual variations in the reference lake. The absence of a
feasible solution could indicate either potential difficulties
with the data (averaging out fluctuations), imbalances between
trophic levels, or other incompatibilities between the data
and the constraints. Inverse analysis proved a useful tool
not only to produce flow networks, but also to verify the
internal consistency of complex data sets.
Ecological Implications of Inverse Method Results
The inverse analysis provided a number of quantitative
insights into flows that are not routinely measured in the
field. Microbial flows and efficiencies, for example, are difficult to assess because bacterial utilization of the heterogeneous DOC pool that feeds the microbial food web is difficult to quantify in situ. The growth efficiency of bacteria
in nature is uncertain (Pomeroy and Wiebe 1988) and some
efficiency figure must be assumed in energy Wow studies. Our
inverse analysis circumvents this problem by calculating
bacteria growth efficiencies that are consistent with global
properties of the ecosystem. The results for these experimental lakes indicate that bacteria growth efficiencies must
be low to simultaneously balance production, respiration,
and the energy flows through the various trophic levels.
The bacterial respiratory sink in these lakes is very high,
particularly in dystrophic Tuesday Lake. Whether this result,
obtained in these small lakes, can be generalized to other
aquatic systems remains to be determined.
Given low bacterial efficiencies, microbial transfers to
large consumers calculated by inverse modeling are small.
These results me qualitatively consistent with tracer studies
(Ducklow et al. 1986; Pemie et al. 1996; Wylie and Currie
1991) and with other modeling studies (Jackson and Eldridge
2992). From an wosystem perspective, trophic links directly
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from bacteria to large grazers or through micrograzers contribute little energy to the upper food web.
The efficiency of DOC utilization and transfer was highest in Peter Lake in 1989 and 1990, when there were high
biomass of cladocerms md copepods. Under those conditions,
the large grazers reduced the energy available to the microbial food web. The inverse models consistently calculated
lower phytoplankton grazing by microzooplankton and lower
DOC flows, particularly through the phytoplankton. Therefore, the inverse solutions suggested shifts from detrital to
grazing pathways that may have k e n caused by perturbations
at higher trophic levels. Nonetheless, the proportion of the
zooplankton demand met by the microbial link remained
negligible. Increases in microbial efficiencies did not compensate for lower absolute DOC flows or for increased zooplankton demand.
The inverse modeling also produced estimates of grazing flows that were difficult to measure in the field. The
solutions gave the expected differences in grazing patterns
between Tuesday and Peter lakes: relatively larger grazing
flows through the microzooplankton and lower overall grazing pressure in Tuesday Lake. The only unexpected result was
that overall grazing pressure in Tuesday Lake increased
from 1988 to 1990 contrary to expectations based on time
series analyses of cascading interactions. Specifically, the
increase in phytoplankton biomass and production in Tuesday
Lake between 1988 and 1990 was attributed to decreased
grazing pressure by Daphnia (Carpenter et al. 1993a).
There are three possible explanations for this discrepancy. The first is that grazing did increase slightly as portrayed in the inverse solutions and that the increase in primary production is not a consequence of lower grazing
pressure. The second is that time-averaged inverse models
cannot detect the modest effect of the Daphrtia population
decline on primary production. The third possibility is that
the models we used do not effectively simulate the grazing
of large Daphna'a. The standard and M-R models used in
this study both predict higher metabolic demands for smaller
organisms. Because they are based strictly on allometric
relations, decreases in grazer size will to a certain extent
compensate or even reverse the impact of decreases in grazer
biomass. However, these allometric rules may not accurately portray the differences in actual feeding rates among
grazers (Cyr and Pace 1992). Large Daphnia consume a
broader spectrum of particles than most zooplankton (Burns
1968). Furthermore, while allometric models for zooplankton in general reveal that specific feeding rates decline with
body size (Peters and Downing 1984), models of in situ
cladoceran feeding predict that specific rates do not decline
with size (Knoechel and Holtby 1986). The use of alternative formulations to parameterize this effect in inverse models, and other types of models as well, should be explored.
An important goal of ecosystem studies is to identify regular and repeatable patterns in the flows of energy and materids and to compare these flow properties within and among
systems. Inverse methods were proposed as one way to
move toward this objective (Vezina and Platt 1988). This
study demonstrates the use of inverse methods to identify
and compare flow patterns across ecosystems. From our
analysis, we propose that the most fruitful directions for
improvement of the inverse methodology would be (1) use
of time series data to preserve dynamic information and
(2) Improved constraint equations to increase the ecological
Can. J. Fish. Aquat. Sci., VoE. 51, 1994

realism of the solutions. We believe that inverse analysis
can contribute greatly to the elucidation of energy flow patterns in aquatic ecosystems that remain difficult to assess
by direct observational or experimental means.

Acknowledgments
We thank J. Cole for useful discussions on the inverse method
results and S. Carpenter for providing data and commenting on
the manuscript. L. Devine Castonguay edited the manuscript
and worked on the figures. This study was supported by NSF
grant DEB9019873 to M.L. Pace, by an NSERC operating grant
to A.F. VvCzina, and by the Department of Fisheries and Oceans.

References
BAINES,S.B., AND M.L. PACE.1991. The production of dissolved organic
matter by phytoplankton and its importance to bacteria: patterns across
marine and freshwater systems. Eimnol. Oceanogr. 36: 1078 -1090.
BAINES,S.B., AND M.L. PACE.1994. Relationships between suspended particulate matter and sinking flux along a trophic gradient and implications for the fate of planktonic primary production. Can. J. Fish.
Aquat. Sci. 5 1: 25 -36.
K. HOLMEN,
AND B. MOORE.1983. The simulBOLIN,B., A. BJORKSTROM,
taneous use of tracers for ocean circulation studies. Tellus 35B:
206 -236.
BRANDELBURGER,
Pi. 1991. Filter mesh size of cladocerans predicts retention efficiency of bacteria. Lirnnol. Oceanogr. 36: 884-894.
BURNS,C.W. 1968. The relationship between body size s f filter-feeding
Cladocera and the maximum size of particle ingested. Limol. Bceanogr.
13: 675 -678.
CARPENTER,
S.R., AND J.F. KITCHELE.1993. Experimental lakes, manipmladons, and measurements, p. 15-25. Hn S.R. Carpenter and J.F. Kitchell
[ed.] The tropkic cascade in lakes. Cambridge University Press,
New York, N.Y.
CARPENTER,
S.R., J.F. KITCHELL,
A N D J.R. HODGSON.1985. Cascading
trophic interactions and lake productivity. BioScience 35: 634-439.
CARPENTER,
S.R., C.E. KRAFT,R. WRIGHT,X. HE, P.A. SORANNO,
AND
J.R. HODGSON.1992. Resilience and resistance of a lake phosphorus
cycle before and after food web manipulation. Am. Nat. 14: 781-798.
CARPENTER,
S.R., J.A. MORRICE,
J.J. ELSER,A.E. ST. AMAND,AND N.A.
MACKAY.1993a. Phytoplankton community dynamics, p. 189 -209.
In S.R. Carpenter and J.F. Kitchell [ed.] The tropkic c a s c d e in lakes.
Cambridge University Press, New Ysrk, N.Y.
CARPENTER,
S.R., J.A. MORRICE,
P.A. SORANNO.
J.J. ELSER,N.A. MACKAY,
AND A.L. ST. AMAND.1993b. Primary production and its interactions
with nutrients and light trmsmission, p. 225 -251. in S.R. Carpenter and
J.F. Kitchell [ed.] The trophic cascade in lakes. Cambridge University Press, New York, N.Y.
CYR,H., AND M.L. PACE.1992. Grazing by zooplankton and its relationship
to community structure. Can. J. Fish. Aquat. Sci. 49: 1455-1465.
DEMELO,R., R. FRANCE,AND B.J. MGQUEEN.1992. Biomanipulatisn: hit
or myth? Limnsl. Oceanogr. 37: 192-207.
DUCKLOW,
H.W., 14.14. PURDIE,P.J. LEB. WILLIAMS,
AND J.M. DAVIES.
1986. Bacterioplankton: a sink for carbon in a coastal marine plankton
community. Science (Wash., D.C.) 232: 865-867.
FASHAM,
M.J.R. 1985. Flow analysis s f materials in the marine euphotic
zone, p. 139-162. Htt RR.E.Ulanowicz and T. Platt [ed.] Ecosystem
theory for biological oceanography. Can. Bull. Fish. Aquat. Sci. 213.
FASHAM,
M.J.R., H.W. DUCKLOW,
AND S.M. MCKELVIE.
1990. A nitrogenbased mode8 of plankton dynamics in the oceanic mixed layer. J. Mar.
Res. 48: 591-639.
HALFON,E. 1979. Mathematical modeling of phosphorus dynamics through
integration of experimental work and system theory, p. 75-83. In
D. Scavia and A. Robertson [ed.]. Perspectives on lake ecosystem
modeling. Ann Arbor Science Publishers, Ann Arbor, Mich.
HOBGSON,J.R., X. WE, AND J.F. MITCHELL.1993. The fish populations,
p. 43-68. In S.R. Carpenter and J.F. Kitchell [ed.] The trophic cascade
in lakes. Cambridge University Press, New York, N.Y.
JACKSON,
G.A., AND P.E. ELDRIWE.1W2. Food web analysis of a planktonic
system off Southern California. Prog. Oceanogr. 30: 223-25 1.
KNOECHEL,
R., AND E.B. HOLTBY.1986. Cladoceran filtering rate: body
length relationships for bacterial and large algal particles. Limnol.
Bceanogr. 3 1: 195 -200.

Can. J. Fish. Aquat. Sci. Downloaded from www.nrcresearchpress.com by UNIV OF WISCONSIN MADISON on 08/20/15
For personal use only.

LAWSON,
C.L., AND W.J. HANSON.1974. Solving least squares problems.
Prentice-Hall, Englewood Cliffs, N.J. 340 p.
LEAVITT,
P.R., S.R. CARPENTER,
A N D J e F MITCHELL.
~
1989. Whole-lake
experiments: the annual record of fossil pigments and zooplankton.
Limnol. Oceanogr. 34: 700-717'.
MOLONEY,
C.L., AND J . 6 . FIELD.1989. General allometric equations for
rates of nutrient uptake, ingestion, and respiration in plankton organisms. Limnol. Oceanogr. 34: 1298-1299.
PACE,M.L. 1993. Heterotrophic microbial processes, p. 252-277. I?t
S.R. Carpenter and J.F. Kitchell [ed.] The trophic cascade in lakes.
Cambridge University Press, New York, N.Y.
PACE,M.L., J.E. GI,ASSER,AND L.W. PQMEROY.
1984. A simulation analysis of continental shelf food webs. Mar. Biol. 82: 47-63.
PERNIE,G.L., D. SCAVBA,
M.L. PACE,AND H.J. CARWICK.
1990. Micrograzer impact and substrate limitation s f bacterioplankton in Lake
Michigan. Can. J. Fish. Aquat. Sci. 47: 18-46-1841.
PETERS,R.H., AND J.A. DOWNING.
1984. Empirical analysis of zooplankton
filtering and feeding rates. Limnol. Qceanogr. 29: 763 -784.
PLATT,T., K.H. MANN,AND R.E. ULANOWBCZ.
1981. Mathematical models
in biological oceanography. Unescs Press, Paris. 156 p.
POMEROY,
L.R., AND W.J. WIERE.1988. Energetics of microbial food webs.
Hydrobiologia 159: 7-1 8.
PORTER,K.G., Y.S. PEIG,A N D E.F. VETTER.1983. Morphology, flow
regimes, and filtering rates of Daphia, Ceriodaphnia,and Bosmina fed
natural bacteria. Oecologia 58: 156-163.

SHERR,
E.B., AND B.F. SHERW.
1991. Planktonic microbes: tiny cells at the
base of the ocean's food web. Trends Ecol. Evol. 6: 50-54.
SORANNO,
P.A., S.R. CARPENTER.
AND M.M. ELSER.1993a. Zooplankton
community dynamics, p. 116-152. In S.R. Carpenter and J.F. Kitchell
[ed.] The trophic cascade in lakes. Cambridge University Press,
New York, N.Y.
SORANNO,
P.A., S.R. ~ARPEN'FER,
AND X. HE. 1993b. Zooplankton biomass
and body size, p. 172-188. In S.R. Carpenter and J.F. Kitchell [ed.] The
trophic cascade in lakes. Cambridge University Press, New York, N.Y.
STOCKNER,
J.G., AND K.G. PORTER.1988. Microbial food webs in freshwater planktonic ecosystems, p. 69-83. In S.R. Carpenter [ed.l Complex interactions in lake ecosystems. Springer-Verlag, New York, N.Y.
VaquC, D., and M.L. Pace. 1992. Grazing on bacteria by flagellates and
cladocerans in lakes s f contrasting food web structure. J. Plankton
Res. 14: -487-321.
VEZINA,A.F., AND T. PCATT.1988. Food web dynamics in the ocean.
I. Best-estimates of flow networks using inverse methods. Mar. Ecol.
Prog. Ser. 42: 269-287.
WUNSCH,
6 . 1978. The North Atlantic general circulation west of 5Q0W
determined by inverse methods. Rev. Geophys. 16: 583-624).
WYLIE,J.E., AND D.J. CURRIE.1991. The relative importance of bacteria and
algae as food sources for crustacean zooplankton. Limnol. Oceanogr.
36: 708 -728.

Can. J . Fish. Aquar. Sci., Vol. 51, 1994

Can. J. Fish. Aquat. Sci. Downloaded from www.nrcresearchpress.com by UNIV OF WISCONSIN MADISON on 08/20/15
For personal use only.

This article has been cited by:
1. Aurélie Chaalali, Blanche Saint-Béat, Géraldine Lassalle, François Le Loc’h, Samuele Tecchio, Georges Safi, Claude Savenkoff,
Jérémy Lobry, Nathalie Niquil. 2015. A new modeling approach to define marine ecosystems food-web status with uncertainty
assessment. Progress in Oceanography . [CrossRef]
2. Blanche Saint-Béat, Christine Dupuy, Hélène Agogué, Alexandre Carpentier, Julien Chalumeau, Serena Como, Valérie David,
Margot De Crignis, Jean-Claude Duchêne, Camille Fontaine, Eric Feunteun, Katell Guizien, Hans Hartmann, Johann Lavaud,
Sébastien Lefebvre, Christel Lefrançois, Clarisse Mallet, Hélène Montanié, Jean-Luc Mouget, Francis Orvain, Pascaline Ory,
Pierre-Yves Pascal, Gilles Radenac, Pierre Richard, Alain F. Vézina, Nathalie Niquil. 2014. How does the resuspension of the
biofilm alter the functioning of the benthos–pelagos coupled food web of a bare mudflat in Marennes-Oléron Bay (NE Atlantic)?.
Journal of Sea Research 92, 144-157. [CrossRef]
3. Serena Rasconi, Boutheina Grami, Nathalie Niquil, MarlÃ¨ne Jobard, TÃ©lesphore Sime-Ngando. 2014. Parasitic chytrids
sustain zooplankton growth during inedible algal bloom. Frontiers in Microbiology 5. . [CrossRef]
4. Stuart R. Borrett, James Moody, Achim Edelmann. 2014. The rise of Network Ecology: Maps of the topic diversity and scientific
collaboration. Ecological Modelling . [CrossRef]
5. Sébastien Tortajada, Nathalie Niquil, Hugues Blanchet, Boutheina Grami, Hélène Montanié, Valérie David, Corine Glé, Blanche
Saint-Béat, Galen A. Johnson, Elise Marquis, Yolanda Del Amo, Sophie Dubois, Dorothée Vincent, Christine Dupuy, Florence
Jude, Hans J. Hartmann, Benoît Sautour. 2012. Network analysis of the planktonic food web during the spring bloom in a semi
enclosed lagoon (Arcachon, SW France). Acta Oecologica 40, 40-50. [CrossRef]
6. Michael R. Stukel, Michael R. Landry, Mark D. Ohman, Ralf Goericke, Ty Samo, Claudia R. Benitez-Nelson. 2012. Do inverse
ecosystem models accurately reconstruct plankton trophic flows? Comparing two solution methods using field data from the
California Current. Journal of Marine Systems 91, 20-33. [CrossRef]
7. Y Olsen, T Andersen, I Gismervik, O Vadstein. 2011. Marine heterotrophic bacteria, protozoan and metazoan zooplankton may
experience protein N or mineral P limitation in coastal waters. Marine Ecology Progress Series 436, 81-100. [CrossRef]
8. D. Brigolin, C. Savenkoff, M. Zucchetta, F. Pranovi, P. Franzoi, P. Torricelli, R. Pastres. 2011. An inverse model for the analysis
of the Venice lagoon food web. Ecological Modelling 222, 2404-2413. [CrossRef]
9. Thomas. J. Stewart, W. Gary Sprules. 2011. Carbon-based balanced trophic structure and flows in the offshore Lake Ontario food
web before (1987–1991) and after (2001–2005) invasion-induced ecosystem change. Ecological Modelling 222, 692-708. [CrossRef]
10. Nathalie Niquil, Maiko Kagami, Jotaro Urabe, Urania Christaki, Eric Viscogliosi, Télesphore Sime-Ngando. 2011. Potential role
of fungi in plankton food web functioning and stability: a simulation analysis based on Lake Biwa inverse model. Hydrobiologia
659, 65-79. [CrossRef]
11. N. Niquil, B. Saint-Béat, G.A. Johnson, K. Soetaert, D. van Oevelen, C. Bacher, A.F. VézinaInverse Modeling in Modern Ecology
and Application to Coastal Ecosystems 115-133. [CrossRef]
12. W.M. Kemp, J.M. TestaMetabolic Balance between Ecosystem Production and Consumption 83-118. [CrossRef]
13. Thomas J. Stewart, Robert O'Gorman, W. Gary Sprules, B. F. Lantry. 2010. The Bioenergetic Consequences of Invasive-Induced
Food Web Disruption to Lake Ontario Alewives. North American Journal of Fisheries Management 30, 1485-1504. [CrossRef]
14. Geoffrey R. Hosack, Peter M. Eldridge. 2009. Do microbial processes regulate the stability of a coral atoll's enclosed pelagic
ecosystem?. Ecological Modelling 220, 2665-2682. [CrossRef]
15. Elżbieta Zębek. 2009. Seasonal changes in net phytoplankton in two lakes with differing morphometry and trophic status
(northeast Poland). Archives of Polish Fisheries 17. . [CrossRef]
16. Scott T. Larned, Peter M. Eldridge, Robert A. Kinzie. 2008. Modeling C and N flows through a stream food web: an inverse
approach 1. Journal of the North American Benthological Society 27, 674-689. [CrossRef]
17. Boutheïna Grami, Nathalie Niquil, Asma Sakka Hlaili, Michel Gosselin, Dominique Hamel, Hassine Hadj Mabrouk. 2008.
The plankton food web of the Bizerte Lagoon (South-western Mediterranean): II. Carbon steady-state modelling using inverse
analysis. Estuarine, Coastal and Shelf Science 79, 101-113. [CrossRef]
18. Stéphanie Pasquaud, Jérémy Lobry, Pierre Elie. 2007. Facing the necessity of describing estuarine ecosystems: a review of food
web ecology study techniques. Hydrobiologia 588, 159-172. [CrossRef]

Can. J. Fish. Aquat. Sci. Downloaded from www.nrcresearchpress.com by UNIV OF WISCONSIN MADISON on 08/20/15
For personal use only.

19. E. Marquis, N. Niquil, D. Delmas, H.J. Hartmann, D. Bonnet, F. Carlotti, A. Herbland, C. Labry, B. Sautour, P. Laborde, A.
Vézina, C. Dupuy. 2007. Inverse analysis of the planktonic food web dynamics related to phytoplankton bloom development on
the continental shelf of the Bay of Biscay, French coast. Estuarine, Coastal and Shelf Science 73, 223-235. [CrossRef]
20. NATHALIE NIQUIL, GRETTA BARTOLI, JOTARO URABE, GEORGE A. JACKSON, LOUIS LEGENDRE,
CHRISTINE DUPUY, M. KUMAGAI. 2006. Carbon steady-state model of the planktonic food web of Lake Biwa, Japan.
Freshwater Biology 51:10.1111/fwb.2006.51.issue-8, 1570-1585. [CrossRef]
21. Robert M. Daniels, Tammi L. Richardson, Hugh W. Ducklow. 2006. Food web structure and biogeochemical processes during
oceanic phytoplankton blooms: An inverse model analysis. Deep Sea Research Part II: Topical Studies in Oceanography 53, 532-554.
[CrossRef]
22. Tammi L. Richardson, George A. Jackson, Hugh W. Ducklow, Michael R. Roman. 2006. Spatial and seasonal patterns of carbon
cycling through planktonic food webs of the Arabian Sea determined by inverse analysis. Deep Sea Research Part II: Topical Studies
in Oceanography 53, 555-575. [CrossRef]
23. Tammi L Richardson, George A Jackson, Hugh W Ducklow, Michael R Roman. 2004. Carbon fluxes through food webs of the
eastern equatorial Pacific: an inverse approach. Deep Sea Research Part I: Oceanographic Research Papers 51, 1245-1274. [CrossRef]
24. Alain F. Vézina, Florence Berreville, Svetlana Loza. 2004. Inverse reconstructions of ecosystem flows in investigating regime
shifts: impact of the choice of objective function. Progress in Oceanography 60, 321-341. [CrossRef]
25. Michael Dowd, Renate Meyer. 2003. A Bayesian approach to the ecosystem inverse problem. Ecological Modelling 168, 39-55.
[CrossRef]
26. Şukru T. Beşiktepe, Pierre F.J. Lermusiaux, Allan R. Robinson. 2003. Coupled physical and biogeochemical data-driven
simulations of Massachusetts Bay in late summer: real-time and postcruise data assimilation. Journal of Marine Systems 40-41,
171-212. [CrossRef]
27. Alain F. Vézina, Markus Pahlow. 2003. Reconstruction of ecosystem flows using inverse methods: how well do they work?. Journal
of Marine Systems 40-41, 55-77. [CrossRef]
28. Luis G Abarca-Arenas, Robert E Ulanowicz. 2002. The effects of taxonomic aggregation on network analysis. Ecological Modelling
149, 285-296. [CrossRef]
29. James R. Christian, Thomas R. AndersonModeling DOM Biogeochemistry 717-755. [CrossRef]
30. Yngvar Olsen, Helge Reinertsen, Olav Vadstein, Tom Andersen, Ingrid Gismervik, Carlos Duarte, Susana Agusti, Herwig Stibor,
Ulrich Sommer, Risto Lignell, Timo Tamminen, Christiane Lancelot, Veronique Rousseau, Espen Hoell, Knut Arvid Sanderud.
2001. Comparative analysis of food webs based on flow networks: effects of nutrient supply on structure and function of coastal
plankton communities. Continental Shelf Research 21, 2043-2053. [CrossRef]
31. Laurence A Anderson, Allan R Robinson, Carlos J Lozano. 2000. Physical and biological modeling in the Gulf Stream region:.
Deep Sea Research Part I: Oceanographic Research Papers 47, 1787-1827. [CrossRef]
32. A.F Vézina, C Savenkoff, S Roy, B Klein, R Rivkin, J.-C Therriault, L Legendre. 2000. Export of biogenic carbon and structure
and dynamics of the pelagic food web in the Gulf of St. Lawrence Part 2. Inverse analysis. Deep Sea Research Part II: Topical
Studies in Oceanography 47, 609-635. [CrossRef]
33. Michael L Pace, Jonathan J Cole. 2000. Effects of whole-lake manipulations of nutrient loading and food web structure on
planktonic respiration. Canadian Journal of Fisheries and Aquatic Sciences 57:2, 487-496. [Abstract] [PDF] [PDF Plus]
34. A.F. Vézina, C. Savenkoff. 1999. Inverse modeling of carbon and nitrogen flows in the pelagic food web of the northeast subarctic
Pacific. Deep Sea Research Part II: Topical Studies in Oceanography 46, 2909-2939. [CrossRef]
35. Alain F. Vézina, Serge Demers, Isabelle Laurion, Télesphore Sime-Ngando, S. Kim Juniper, Laure Devine. 1997. Carbon flows
through the microbial food web of first-year ice in resolute passage (Canadian High Arctic). Journal of Marine Systems 11,
173-189. [CrossRef]

