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Modeling turbidity type and intensity effects on the growth
and starvation mortality of age-0 yellow perch
Nathan F. Manning, Jonathan M. Bossenbroek, Christine M. Mayer, David B. Bunnell, Jeff T. Tyson,
Lars G. Rudstam, and James R. Jackson

Abstract: We sought to quantify the possible population-level influence of sediment plumes and algal blooms on yellow perch
(Perca flavescens), a visual predator found in systems with dynamic water clarity. We used an individual-based model (IBM), which
allowed us to include variance in water clarity and the distribution of individual sizes. Our IBM was built with laboratory data
showing that larval yellow perch feeding rates increased slightly as sediment turbidity level increased, but that both larval and
juvenile yellow perch feeding rates decreased as phytoplankton level increased. Our IBM explained a majority of the variance in
yellow perch length in data from the western and central basins of Lake Erie and Oneida Lake, with R2 values ranging from 0.611
to 0.742. Starvation mortality was size dependent, as the greatest daily mortality rates in each simulation occurred within days
of each other. Our model showed that turbidity-dependent consumption rates and temperature are key components in deter-
mining growth and starvation mortality of age-0 yellow perch, linking fish production to land-based processes that influence
water clarity. These results suggest the timing and persistence of sediment plumes and algal blooms can drastically alter the
growth potential and starvation mortality of a yellow perch cohort.

Résumé : Nous avons voulu quantifier l’influence possible au niveau de la population des panaches de sédiments et des
proliférations d’algues sur la perchaude (Perca flavescens), un prédateur visuel qui occupe des systèmes présentant une clarté de
l’eau dynamique. Nous avons utilisé un modèle basé sur l’individu (MBI) qui nous a permis d’inclure la variance de la clarté de
l’eau et la répartition de la taille des individus. Notre MBI a été élaboré avec des données de laboratoire qui montrent que les taux
d’alimentation des perchaudes larvaires augmentent légèrement avec l’augmentation du degré de turbidité associée aux sédi-
ments, mais que les taux d’alimentation des perchaudes tant larvaires que juvéniles diminuent à mesure que la quantité de
phytoplancton augmente. Notre MBI explique la majeure partie de la variance de la longueur des perchaudes observée dans des
données des bassins ouest et central du lac Érié et du lac Oneida, les valeurs de R2 allant de 0,611 à 0,742. La mortalité par inanition
dépend de la taille, les taux de mortalité quotidienne les plus élevés dans chaque simulation se produisant dans un intervalle de
quelques jours seulement. Notre modèle montre que les taux de consommation dépendants de la turbidité et la température
sont des éléments clés pour la détermination de la croissance et de la mortalité par inanition pour les perchaudes de moins d’un
an, reliant la production de poissons à des processus terrestres qui influencent la clarté de l’eau. Ces résultats donnent à penser
que le moment et la persistance des panaches de sédiments et des proliférations d’algues peuvent modifier radicalement le
potentiel de croissance et la mortalité par inanition d’une cohorte de perchaudes. [Traduit par la Rédaction]

Introduction
Turbidity events, such as sediment plumes and algal blooms,

are increasing owing to changes in land use and climate (Allan 2004)
across a range of aquatic ecosystems (Johnson and Rejmánková 2005;
Hoegh-Guldberg et al. 2007). Alterations to the observable envi-
ronment are of particular importance to visually foraging fish
species (McMahon and Holanov 1995; Turesson and Brönmark
2007) because many of the factors affecting the growth, survival,
and ultimately the recruitment success of age-0 fish are influ-
enced by water clarity (Crowder et al. 1987; Post and Evans 1989;
Sogard 1997; Bergenius et al. 2002). Therefore, quantifying the
relationship between water clarity and age-0 fish growth and sur-
vival may help predict year class strength, especially under chang-
ing environmental conditions.

Yellow perch (Perca flavescens) are visual predators often found in
systems with dynamic water clarity regimes and therefore pro-
vide a good model to illustrate the possible population-level influ-
ence of sediment plumes and algal blooms on fish. Age-0 yellow
perch transition from pelagic larvae that feed primarily on zoo-
plankton to demersal juveniles that feed on zooplankton and
benthos (Wu and Culver 1992). During this ontogenic transition,
visual focal length and acuity increase (Wahl et al. 1993), possibly
resulting in developmental-stage-dependent effects of water clar-
ity on foraging ability. Growth and survival of age-0 yellow perch
are subject to a number of environmental factors, such as zoo-
plankton availability (Mills et al. 1989), predation pressure (Reichert
et al. 2010), and water temperature (Clady 1976), many of which are
influenced by turbidity type (sediment or algae) and intensity. The
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type and intensity of turbidity often change throughout the year
while age-0 yellow perch are undergoing physiological and behav-
ioral changes. This suggests that the effect of water clarity on
age-0 yellow perch growth and mortality is seasonal and that
temporal effects must be considered when describing the poten-
tial influence of water clarity.

Sediment turbidity can increase feeding by larval fish, possibly
because of increased visual contrast of prey items at the small
perceptive scale used by these fish (Boehlert and Morgan 1985; De
Robertis et al. 2003; Wellington et al. 2010). In contrast, light
scattering caused by particulates reduces the feeding rate of juve-
niles and adults owing to their longer focal lengths (Benfield and
Minello 1996). Sediment turbidity may also increase larval sur-
vival by reducing predation risk from fish with longer focal
lengths (Reichert et al. 2010) and reducing starvation mortality
during the critical period after yolk-sac absorption (Houde 1975;
Munk and Kiørboe 1985). However, increasingly rapid and fre-
quent flooding of tributaries due to climatic and land-use
changes may alter the timing of sediment plumes (Cooper 1995;
Friedl and Wüest 2002; Pfister et al. 2004), producing turbid con-
ditions during periods that have historically been clear-water
phases (Sutherland et al. 2002). Late-season age-0 fish decrease
feeding as sediment turbidity increases (Wellington et al. 2010),
and the growth of juvenile and adult fish is likely to be reduced by
late-season sediment plumes (Wellington et al. 2010), possibly
having population-level effects.

In contrast with sediment turbidity, algal turbidity both scat-
ters incoming light and selectively absorbs photosynthetically ac-
tive radiation, thus reducing light levels more than sediment
turbidity of the same intensity (Gallegos et al. 1990). Additionally,
algal cells form colonies and thus produce larger particles relative
to sediment (Yang and Kong 2012), which may interfere with suc-
cessful prey detection. Algal blooms reduce the foraging rate of both
larvae and juveniles, even at low intensities (Diehl 1988; Radke
and Gaupisch 2005; Wellington et al. 2010), suggesting that there is
no developmental-stage-dependent effect of algal turbidity, un-
like with sediment turbidity. Globally, algal blooms are increasing
in intensity and duration (Hallegraeff 1993; Landsberg 2002) and
have become problematic in many aquatic systems (Dyble et al.
2008; Bridgeman and Penamon 2010; Bridgeman et al. 2012), mak-
ing it increasingly important to quantify how these blooms affect
fish populations.

In this study, we utilized an individual-based model (IBM) of
bioenergetics and starvation mortality, which allowed us to in-
clude both variance in water clarity conditions over time and
variance in the population’s response due to the distribution of
fish size. We included laboratory-measured larval and juvenile
feeding rates to estimate daily consumption and modeled the
growth and starvation mortality of age-0 yellow perch. We vali-
dated our model using observed environmental data from three
different systems and created an array of scenarios that predict
how age-0 yellow perch are likely to respond to potential altera-
tions in sediment plume and algal bloom dynamics.

Methods
We modified existing IBMs describing generalized growth and

survival of larval fish (Letcher et al. 1996b) and larval yellow perch
(Fulford et al. 2006a, 2006b) by explicitly including the effects of
turbidity based on laboratory-derived ingestion rates (Wellington
et al. 2010). These measured feeding rates replaced encounter and
consumption rates that are traditionally indirectly calculated us-
ing swimming speed, light levels, and prey densities. Our model
simulated the daily ingestion, growth, and starvation mortality of
larval and juvenile yellow perch through the first 124 days post-
hatch. This period covered the majority of the first growing season
and corresponded to when juvenile yellow perch were regularly cap-

tured by the Ohio Department of Natural Resources’ (ODNR) trawls,
which is one of the data sets used for model validation.

Model description

General
Our base model was constructed using the simecol package in R

version 2.15.1 and consisted of an initial cohort of individuals that
passed through a series of submodels over a course of daily time
steps. The submodels included (i) daily ingestion, (ii) daily bioen-
ergetic growth, and (iii) starvation mortality (Fig. 1). Each model
trial was initiated with a cohort of 10 000 individuals and run for
124 time steps (i.e., days). The initial length of each individual was
drawn from a normal distribution (Table 1) and mass was then
calculated using a length−mass regression (Table 1). For the first
4 days, individuals were considered yolk-sac larvae and did not feed;
they grew at a standardized rate of 0.02 g·day−1 (Gordon 1982) and
did not experience starvation mortality. After the yolk-sac period,
individuals were passed through the three submodels (ingestion,
growth, starvation) each day, and size and survival status were
updated for all individuals. Each trial continued for 124 days or
until all individuals were dead. Using our base model, we altered
parameters within the daily ingestion submodel to create hypo-
thetical scenarios or historical scenarios that mimic real-world
conditions (see below).

Daily ingestion
The daily ingestion submodel estimated the total mass of prey

ingested (I) by each individual fish each day as

(1) I � � (iih · cmass)

Fig. 1. Flow diagram of the individual-based model.
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where iih is the total number of prey items consumed by an indi-
vidual in a given hour and cmass is the mean mass of individual
items consumed. We assumed a 12 h period of active feeding
(daylight hours) as a simplification for modeling purposes (Fulford
et al. 2006b). The 12 values for iih were converted to hourly con-
sumed mass by multiplying iih by the mean mass of the prey
consumed (cmass, Table 1) and then summed across the 12 h to
determine I. I varied as a function of three factors: turbidity type
and intensity, life stage of the individual, and prey types con-
sumed (Fig. 1). Turbidity type and intensity were assigned based on
values derived from our hypothetical and historical scenarios de-
scribed below. The life stages of yellow perch include an ontoge-
netic shift from pelagic larvae and postlarvae to more benthic
juveniles at >30 mm total length (TL) (Wu and Culver 1992). The
12 hourly ingestion rates, iih (Table 1), were drawn from a normal
distribution based on the results of Wellington et al. (2010), in
which ingestion rates varied hourly depending on turbidity type
and intensity, zooplankton density, and life stage. The range used
to calculate the distribution included the numbers of prey con-
sumed by larvae and juveniles at low (10 zooplankton·L−1), medium
(100 zooplankton·L−1), and high (300 zooplankton·L−1) zooplankton
densities at a given turbidity type–intensity combination. If a
nephelometric turbidity unit (NTU) value used in the model was
equal to an NTU value in the experimental data, then the observed
standard deviation was used in the normal distribution; other-
wise, the standard deviation of the distribution was the mean of
the two nearest observed NTU values. Converting the laboratory
data into a normal distribution in this way allowed for stochastic-
ity in feeding rates based on turbidity intensity and type, fish
developmental stage, and zooplankton density within day, be-
tween days, and between individuals.

The shift from pelagic larvae to benthic juveniles in yellow
perch typically results in a switch from an entirely zooplankton-
based diet to one composed of both zooplankton and benthic
macroinvertebrates (Wu and Culver 1992). Thus, in our model,
cmass for individuals smaller than 30 mm TL consisted entirely of
planktonic prey, while for individuals larger than 30 mm TL, diet
composition was partitioned into 70% zooplankton (Daphnia sp.),
20% small benthic invertebrates (chironomids), and 10% large ben-
thic invertebrates (mayfly larvae), and cmass was determined by
multiplying those percentages by the respective prey masses
(Table 1). The partitions were set to be representative of the typi-
cal diet composition of yellow perch juveniles in Lake Erie (Parrish
and Margraf 1994; Tyson and Knight 2001).

Because our ingestion submodel had the potential to allow an
individual fish to feed at or near its maximum feeding rate for
multiple hours, it was necessary to limit daily ingestion to a size-
specific daily maximum (Cmax). If an individual’s projected con-

sumption exceeded maximum consumption, the mass of food
eaten was set to Cmax, defined as

(2) Cmax � CmaxInt ·MassCmaxExp

where CmaxInt and CmaxExp were derived from Letcher et al.
(1996a) (Table 1). This function decreased Cmax as a percentage of
an individual’s body mass as fish size increased, from a maximum
of 200% of body mass per day for small larvae to approximately
60% of body mass per day for larger juveniles.

Bioenergetic growth
The bioenergetics submodel determined individual gains or

losses (�M) in a day, defined as

(3) �M � (I ·AE) � TC

where I (�g·day−1) is the ingestion rate from above and AE is the
assimilation efficiency, which was set at 0.8, the asymptotic max-
imum identified in Letcher et al. (1996a). Total costs (TC) was a
function of routine metabolism (RM, �g·day−1), activity metabolism
(AM, �g·day−1), specific dynamic action (SDA), and egestion (E):

(4) TC � RM � 0.5 ·AM � I(SDA � E)

RM was a function of fish mass and temperature and was calcu-
lated as in Kitchell et al. (1977) and Post (1990). AM equaled 4.4
times RM during active feeding hours and 0 during nonfeeding
times (Post 1990). SDA + E was defined as a constant proportion of
I (0.30; Letcher et al. 1996a). The value of �M was applied to the
individual, and the individual’s mass was increased or decreased
for the next day cycle. Length could increase as a result of mass
gain, but it could not decrease as a result of mass loss. If the individ-
ual attained a new maximum mass (Wmax), it was recorded for com-
parison with subsequent masses in the starvation submodel.

Starvation
Individuals in the model were subject to starvation mortality if

they lost a predetermined proportion of their previous maximum
body mass. In the model,

(5) Ws � Thresh·Wmax

where Ws is the mass at which death is caused by starvation, and
Thresh is the proportion of Wmax at which an individual starved.
Individuals that attained Ws for any value of Wmax died of starva-
tion (Letcher et al. 1996a). The starvation threshold for this model

Table 1. Variable and parameter names, values, and sources.

Variable or parameter name Value Source

Initial number of individuals 10 000 (per cohort)
Initial length distribution � = 5.3 mm, SD = 0.3 mm Fulford et al. 2006a
Length to mass equation Wk = 0.519 × (length)3.293 Fulford et al. 2006a
Ingestion rate, larva in sediment (no.·h−1) iLS = 0.120 × NTU + 29.248 Wellington et al. 2010
Ingestion rate, larva in algae (no.·h−1) iLA = −0.265 × NTU + 31.104 Wellington et al. 2010
Ingestion rate, juvenile in sediment (no.·h−1) iJS = −0.359 × NTU + 86.975 Wellington et al. 2010
Ingestion rate, juvenile in algae (no.·h−1) iJA = −0.449 × NTU +35.919 Wellington et al. 2010
Secchi depth to NTU equation NTU = 5847.4 × (Secchi depth)−1.371 T.B. Bridgeman (unpublished data)
Mean prey mass (planktonic) 8.70 × 10−5 g Rose et al. 1999
Mean prey mass (small benthic) 3.81 × 10−3 g Rose et al. 1999
Mean prey mass (large benthic) 8.52 × 10−3 g Schloesser and Nalepa 2001
Starvation threshold 0.53 Fulford et al. 2006a
Cmax intercept 2.8275 Letcher et al. 1996a
Cmax exponent 0.8496 Letcher et al. 1996a

Note: NTU, nephelometric turbidity unit; Wk, mass of an individual larva.
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was set to 0.53, a value that has been used for yellow perch
(Fulford et al. 2006a) but is conservative in that it allows for a
greater percentage of mass loss before mortality relative to values
(0.58 to 0.87) used for other fish species (Letcher et al. 1996a).

Model testing and application

Model evaluation
To evaluate the performance of our IBM, we compared model

output (mean length at 124 days posthatch) with data collected in
the field for three different systems: the western and central ba-
sins of Lake Erie, and Oneida Lake, New York. For each compari-
son, we used field observations of turbidity type, clarity, and
temperature to set the parameters in the daily ingestion and bio-
energetics submodels. Using these parameters, we generated model
results that could be compared with corresponding field data on
fish length.

Data from Lake Erie were collected by the ODNR interagency
trawl surveys. For the western basin of Lake Erie, we considered
the years 1987–2007, and for the central basin, the years 1990–
2011. For both basins of Lake Erie, individual years were included
if they had at least two observations for water clarity (Secchi
depth) and surface and bottom temperatures in all months be-
tween May and September as well as fish length data from the last
week of August and (or) the first 2 weeks of September. Monthly
mean field observations of temperature as well as turbidity
and (or) water clarity for each system were used to inform the
model parameters for each year included in the comparison. In
our model we used surface water temperatures for the pelagic
larval stage and bottom temperatures after the ontogenetic shift
to more demersal juveniles. The turbidity type was not specified
in the water quality data, so to differentiate between sediment
and algal turbidity, we used records of phytoplankton density and
total suspended solids by date in the western basin of Lake Erie for
the years 2002 through 2009 (Chaffin et al. 2011). In Lake Erie,
there are two primary blooms: a spring bloom, which occurs be-
tween April and June, and a summer–fall bloom, which generally
occurs between July and September. The spring bloom is pri-
marily composed of diatoms and has a much lower intensity and
shorter duration than the summer–fall bloom (Chaffin et al. 2011).
The summer–fall bloom is primarily composed of buoyant cya-
nobacterial species, such as Microcystis and Anabena spp., which
often form thick layers at or near the surface, potentially reducing
light levels more than a comparable density of diatoms would
(Chaffin et al. 2011). Owing to their timing, high density, and long
duration, summer–fall blooms are likely to be more detrimental
to fish growth than the shorter, low-intensity spring blooms;
therefore, we focus on summer–fall blooms in this model. For
the years that phytoplankton density data were unavailable, we
needed to estimate the start date of the algal bloom. To estimate
these bloom dates, we used the data from Chaffin et al. (2011) to
identify environmental thresholds that best described the onset
of cyanobacterial algal blooms. For the years 2002–2009, no
blooms occurred when surface water temperatures were below
21 °C. When this temperature threshold was exceeded, observed
Secchi depth was negatively correlated with phytoplankton den-
sity but not with sediment, suggesting that any reduction in water
clarity observed in the ODNR data when surface water tempera-
tures exceeded 21 °C was likely due to algal turbidity. This corre-
sponds to the general pattern of turbidity observed in the western
basin of Lake Erie, where sediment turbidity peaks in the spring
and early summer months and algal blooms are more prominent
later in the season (Figs. 2a–2c). For our IBM, an algal bloom was
considered to have started if there was an observed decrease in
water clarity from the ODNR data and the surface water temper-
ature exceeded 21 °C, and it would end if the water temperature
dropped below the threshold value. For both basins of Lake Erie,
the hatch-out date was assumed to be 1 May, as that date generally

falls within the first week in which temperature-days have ex-
ceeded the 90% hatch-out threshold (Guma’a 1978).

The Oneida Lake data were collected by the Cornell Biological
Field Station, and we included the years 1981–2011. For Oneida
Lake, sampling was conducted more frequently, which allowed us
to use weekly field observations to set model parameters for each
year included. Particular years were included if they contained at
least one field record per week for temperature, turbidity level,
and turbidity type in all months between May and September as
well as mean fish masses for the 17th and 18th weeks posthatch.
These masses were converted to length using regression (Schael
et al. 1991) for comparison with model results. For Oneida Lake,
hatch-out was assumed to be 1 week prior to the first records of
8 mm fish, which made hatch-out the last week of April or the first
week of May, depending on the year.

Fig. 2. Mean monthly values for (a) sediment turbidity, (b) algal
turbidity, and (c) surface water temperatures for the western and
central basins of Lake Erie and Oneida Lake for years included in the
individual-based model. NTU, nephelometric turbidity unit.
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The field-measured values for water clarity were converted to
NTU values using a Secchi depth to NTU conversion equation
(Table 1) to compare them with the laboratory-derived feeding
rates (Table 1). Model output was obtained by running each year in
each lake or basin five times, for a total of 50 000 individuals. The
daily ingestion submodel was modified by using the weekly or
bimonthly mean NTU values and turbidity types observed in the
field. The daily records of individual length, mass, and survival
status were averaged within each model run and then across the
model runs to produce daily mean cohort length and survival
values to allow for comparison with field data from Lake Erie and
Oneida Lake.

Mean length of age-0 yellow perch at �124 days posthatch from
the field data was compared with the mean length of individuals
from the model using linear regression to determine the precision
with which the model predicted growth of yellow perch in condi-
tions that mimic natural temporal variations in turbidity type
and intensity. ANCOVA for parallel slopes was used to determine
whether the slopes of the predicted regression lines were signifi-
cantly different from 1, which would indicate a bias for over- or
underprediction in the model.

Sensitivity analysis
We used the individual parameter perturbation and sensitivity

calculations described in Letcher et al. (1996a) to test the sensitiv-
ity of our model outputs of growth and starvation mortality to
changes in key parameters. We adjusted the following parameters
by ±10% independently: larval and juvenile feeding rates in both
sediment and algal turbidity, and temperature. The sensitivities
were calculated as

(6) (|y� � y�|)/(y0 ·0.2)

where y+ and y− are the outputs with the individual parameters
adjusted ±10% (five replicates), and y0 is the mean output value
(10 replicates) using the unadjusted parameter values. A sensitiv-
ity value >1 indicates that the selected parameter had a dispropor-
tionately large effect, while a value <1 indicates that the change in
the individual parameter value had a less than proportional effect
on the output.

Model scenarios
We designed 12 scenarios to predict age-0 yellow perch growth

across a range of possible future turbidity conditions. First, we
conducted “static” runs whereby four possible turbidity type–
intensity combinations were held constant for the entire 124-day
period: low sediment turbidity (�5 NTU), high sediment turbidity
(�100 NTU), low algal turbidity, and high algal turbidity. These
scenarios span the range observed in the systems and were de-
signed to bracket the responses of both larval and juvenile fish.
Growth and survivorship curves were generated for each scenario
and examined to determine the relative effects of turbidity type
and intensity on growth and starvation rates during the larval and
juvenile stages. We also noted the number of days it took for the
average individual to reach ≥30 mm TL and make the switch to
the juvenile feeding regime. Temperature regimes for all 12 sce-
narios were set to the long-term mean in the western basin of Lake
Erie for each week included.

Second, we developed eight dynamic scenarios that exposed
yellow perch cohorts to hypothetical changes in the intensity and
timing of sediment plumes and algal blooms. For these simula-
tions, turbidity conditions were altered based on a series of envi-
ronmental scenarios that were informed by locally downscaled
climate change models for the Great Lakes Basin (e.g., Mortsch
and Quinn 1996; Goyette et al. 2000). These climate change models
were used to broadly define generic scenarios that would corre-
spond to potential changes in turbidity regime, such as an espe-

cially wet spring prolonging the sediment plumes from surface
runoff, or extended periods of high temperatures and low precip-
itation allowing algal blooms to start earlier in the season. These
dynamic scenarios included the following:

A. A hypothetical “best-case” scenario in which the results of the
static, single-condition model scenarios were used to deter-
mine a sequence of turbidity conditions that would result in
maximal growth and survival at the end of the 124-day period
(Scenario 5)

B. High-intensity algal blooms (�100 NTU) lasting 2, 4, and
8 weeks during the juvenile phase (i.e., late summer) (Scenar-
ios 6–8)

C. A 1-week high-intensity algal bloom during the larval phase
(i.e., late spring) (Scenario 9)

D. High-sediment conditions (�100 NTU) 2, 4, and 8 weeks past
the ontogenetic shift (Scenarios 10–12)

For Scenarios 6–12, time periods that were not specifically ma-
nipulated were set to the turbidity regime in Scenario 5 (i.e., the
best-case scenario). Growth and survivorship curves were gener-
ated for each experimental perturbation and compared with the
ideal growth curve to determine the reduction in growth, poten-
tial delay of the ontogenetic shift, and changes in the starvation
mortality potential.

Results

Model evaluation
Our IBM explained a majority of the variance in yellow perch

length for the data sets from the western and central basins of
Lake Erie and Oneida Lake, with R2 values ranging from 0.611 to
0.742 (Figs. 3a–3c). The slope of the regression line for the western
basin was not significantly different from 1 (ANCOVA test for par-
allel slopes, df = 15, P > 0.068), indicating that model results for
this system were balanced between over- and underprediction of
observed fish lengths, but the mean predicted length was higher
than observed mean values by an average of 6%. The slopes of the
regression lines for the central basin of Lake Erie and for Oneida
Lake, however, were significantly different from 1 (ANCOVA test
for parallel slopes, df = 10, P = 0.037 and df = 31, P = 0.021, respec-
tively). For the central basin, the model overpredicted mean
length by 12% when observed individuals were, on average,
smaller than 73 mm, and underpredicted by 8% for years in which
mean length exceeded 73 mm. For Oneida Lake, the model over-
predicted length by 11%, on average. The three underpredictions
for Oneida Lake were for the years with the greatest observed
lengths. It should be noted that while the long-term model fit for
these systems is good, the within-year differences between pre-
dicted and observed lengths could represent a biologically signif-
icant amount of variation.

The patterns of starvation mortality of yellow perch predicted
by the model were similar among all years and among all systems.
Starvation mortality was highly size dependent, with the greatest
daily mortality rates occurring within days of each other, regard-
less of year or system. Daily mortality rates peaked between 7 and
12 days posthatch and then rapidly declined until starvation mor-
tality rates neared zero for individuals larger than 50 mm in
length. The only significant starvation events for larger individu-
als occurred in years with prolonged, high-intensity algal blooms;
however, these rates never exceeded 5% per day and were far less
than the peak mortality rates of nearly 20% per day for smaller
size classes.

Sensitivity analysis
The sensitivity analysis indicated that both growth and starva-

tion mortality were strongly influenced by algal turbidity during
the larval phase (Table 2). Juvenile feeding rates in algal turbidity
were the second most important determinant of growth but had

1548 Can. J. Fish. Aquat. Sci. Vol. 71, 2014

Published by NRC Research Press

C
an

. J
. F

is
h.

 A
qu

at
. S

ci
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
U

N
IV

E
R

SI
T

Y
 O

F 
M

IC
H

IG
A

N
 o

n 
05

/1
3/

15
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 



less effect on starvation mortality, indicating that while algal tur-
bidity impaired the ability of juveniles to grow, the larger size of
juveniles in the model made them less susceptible to starvation
mortality. Sediment turbidity was important for both growth and
starvation during the larval phase, but not for juveniles. Temper-
ature had the lowest proportional effect on starvation and, sur-
prisingly, had a proportional sensitivity <1 for growth as well. This
relatively low proportional effect of temperature, particularly on
growth, may have occurred because a 10% change in temperature
would be within the normal daily range of conditions encoun-
tered. To produce proportional effects similar to algal turbidity, a
change in temperature of more than 25%, or about 6 °C, would be
required.

Model scenarios
Growth, timing of ontogenetic shifts, and starvation mortality

differed substantially among the hypothetical IBM scenarios that
simulated a static turbidity type and intensity. Cohorts modeled
with high sediment turbidity had the highest larval growth rate
and underwent the ontogenetic shift 5 days earlier, on average,
than cohorts modeled with low sediment turbidity (Fig. 4a).
However, the larval growth advantage did not continue into the
juvenile phase when sediment turbidity remained high; the low-
sediment fish quickly surpassed the high-sediment fish in length.
Fish produced in low-sediment conditions were 25% larger than
those produced in high-sediment conditions (82 versus 63 mm,
Fig. 4a) at 124 days. Higher total growth, however, did not confer
higher survival, as high-sediment conditions produced the lowest
starvation mortality rate (Fig. 4b).

Fish in algal turbidity grew more slowly than those in sediment
turbidity (Fig. 4a). Constant low-algae conditions produced fish
that averaged 38 mm in length and that did not make the onto-
genetic shift until approximately 100 days posthatch (Fig. 4a). Co-
horts modeled with continuous high-algae conditions averaged
only 24 mm in length, and these individuals generally never
achieved the size associated with the ontogenetic shift (Fig. 4a).
The algal cohorts also had significantly increased starvation mor-
tality when compared with the sediment cohorts. Individuals in
low-algae conditions experienced nearly 80% mortality, and those
in high-algae conditions experienced over 99% mortality owing to
starvation (Fig. 4b). Because survival was very poor in the high-
algae conditions, additional runs were completed to improve the
sample size of survivors to estimate growth.

Using the relationships observed in the static-condition scenar-
ios, we developed a “best growth” model that would represent
growth of yellow perch under ideal turbidity conditions. The best
growth model applied high sediment turbidity until the mean
cohort length exceeded the threshold to switch to the juvenile
feeding regime. Turbidity was then switched to low sediment to
maximize juvenile-stage growth through the remaining days. No
algal turbidity was applied to this group, as even low levels of algal
turbidity reduced growth rates in both developmental stages. The
cohorts in this model averaged 96 mm in length at 124 days post-
hatch, which was approximately 4% larger than the largest ob-
served length (western basin, 1987, 92.4 mm, Fig. 3a).

Our algal turbidity scenarios, which simulated algal blooms
lasting for 2, 4, and 8 weeks at the end of the season, produced
reductions in growth of 11%, 23%, and 45.5%, respectively, com-
pared with the best-case scenario (Fig. 5a). Additionally, starvation
mortality increased from <10% in the best growth model to >60% in
the 8-week algal bloom treatment (Fig. 5b). A 1-week algal bloom
during the second week of the larval stage produced results sim-
ilar to a 2-week bloom during the juvenile phase, with a 10%
reduction in mean cohort length (Fig. 5a) and starvation mortality
of 19% (Fig. 5b). An algal bloom during the larval phase also de-
layed the ontogenetic shift in these cohorts by approximately
12 days (Fig. 5a).

Our IBM showed that prolonged sediment turbidity after the
ontogenetic shift had less severe effects than algal turbidity but
still produced reductions in growth and increases in starvation

Fig. 3. Linear regressions of model predictions versus observed
lengths (mm) 124 days posthatch for (a) the western basin of Lake
Erie, (b) the central basin of Lake Erie, and (c) Oneida Lake, New
York. The dashed lines have a slope of 1.

Table 2. Proportional sensitivities of the five parameters tested for both growth and starvation mortality.

Growth Starvation

Rank Parameter Sensitivity Parameter Sensitivity

1 Larval algal turbidity 2.89 Larval algal turbidity 1.59
2 Juvenile algal turbidity 2.09 Larval sediment turbidity 1.41
3 Larval sediment turbidity 1.52 Juvenile algal turbidity 1.39
4 Temperature 0.87 Juvenile sediment turbidity 0.56
5 Juvenile sediment turbidity 0.71 Temperature 0.30

Note: A value >1 indicates a disproportionately large effect on the response variable (growth or starvation), and a
value <1 indicates a less than proportional effect.
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mortality when compared with the best growth model. The 2-week
extension of high-sediment conditions produced only a 3% reduc-
tion in mean cohort length at 124 days posthatch (Fig. 6a) and a 2%
increase in starvation mortality (Fig. 6b). The 4-week extension of
high-sediment conditions produced a 12.5% reduction in growth
(Fig. 6a) and a 22% increase in starvation mortality (Fig. 6b); these
results are similar to those obtained with a 2-week algal bloom
late in the season (Figs. 5a and 5b). The 8-week sediment turbidity
treatment resulted in a 26% reduction in mean cohort length
(Fig. 6a) and a 28% increase in starvation mortality (Fig. 6b).

Discussion
Our bioenergetics IBM showed that turbidity-dependent con-

sumption rates and temperature are key components in deter-
mining growth and starvation mortality of age-0 yellow perch,
thereby linking fish production to land-based processes that in-
fluence water clarity. Our model validation showed that in Lake
Erie and Oneida Lake, the visual environment encountered by age-0
yellow perch, and its effects on prey consumption, explained sub-
stantial variability in growth. Furthermore, the results of our
water-clarity scenarios suggested that the timing and duration of
sediment turbidity may have a strong influence on larval fish
growth, as early-season but not late-season sediment turbidity
increased larval growth and reduced starvation mortality. In con-
trast, there were no developmental-stage-dependent effects with
algal turbidity, as growth decreased and starvation mortality in-
creased for both larval and juvenile fish in our model, even at low
algal concentrations. Recruitment of a cohort is strongly influ-

enced by growth and survival of age-0 individuals (Miller et al.
1988; Madenjian et al. 1996; Schlosser 1998; MacKenzie 2000).
Therefore, our results help connect the potential year class suc-
cess of an economically important fish species to the timing and
intensity of sediment plumes and algal blooms, which are often
due to anthropogenic actions (Nicholls and Hopkins 1993; Anderson
et al. 2002; Otero and Siegel 2004).

While our model was successful at explaining mean fish length
at the end of the growing season in several systems, other factors
likely contribute variability to fish growth. For example, density-
dependent growth may explain some of the deviation of our
model results from observed growth (Sable and Rose 2010), partic-
ularly for Oneida Lake, a system in which yellow perch has been
shown to exhibit strongly density-dependent growth (Mayer et al.
2000; Irwin et al. 2009). Our model consistently overpredicts size
at date for this system, which is consistent with a system in which
there are high levels of intraspecific competition for prey items.
Size-dependent predation is another factor not considered in our
model that can shape size distributions of yellow perch, favoring
the survival of the fastest-growing individuals (Brandt et al. 1987;
Post and Evans 1989; Rice et al. 1993). However, the effect of size-
dependent predation mortality may be reduced in our models.
Size-dependent predation and starvation mortality interact through
compensatory processes (Letcher et al. 1996a) such that many of
the individuals in our models that succumbed to starvation would
likely be in poor condition and would have been consumed by
predators prior to reaching their starvation threshold. It is often
difficult to identify the cause of mortality in a natural system, and

Fig. 4. Predicted (a) growth (measured as length) and
(b) survivorship curves for yellow perch cohorts modeled with four
static turbidity conditions for 124 days posthatch. The four scenarios
were low sediment, high sediment, low algae, and high algae. The
grey box denotes fish that have not yet made the ontogenetic shift.

Fig. 5. Predicted (a) growth (measured as length) and (b) survivorship
curves for the best growth model and models of high-algae
conditions for the final 2 weeks, 4 weeks, and 8 weeks of 124 days
and high-algae conditions for 1 week during the larval phase. The
grey box denotes fish that have not yet made the ontogenetic shift.
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so determining an actual starvation mortality rate for comparison
is not feasible. However, the estimates produced with this model
are similar to the starvation mortality rates and timing of starva-
tion events found in other modeling efforts (Letcher et al. 1996a,
1996b). Additionally, spring diatom blooms are often associated
with increased zooplankton densities, which may offset some of
the negative impacts of the reduction in visual foraging ability in
larval fish (Kalff and Knoechel 1978). Because of the short duration
and low intensities of these blooms, the positive effect of sedi-
ment turbidity during this time is likely a more significant factor
in the growth and survival of larval fish. While there are multiple
sources of variability not included in our model that may influ-
ence our results, we believe the inclusion of natural variability in
fish size distributions and zooplankton densities, in conjunction
with the laboratory-derived feeding rates, makes this a robust
model for predicting the growth and starvation mortality poten-
tial of age-0 yellow perch.

The effects of sediment turbidity on yellow perch growth in our
model depended primarily on the developmental stage of the
individuals. While increased fish growth has been linked to in-
creased water clarity (Mayer et al. 2000; Idrisi et al. 2001; Lathrop
et al. 2002), these studies often focus on a specific life stage and so
do not distinguish how turbidity may affect a succession of devel-
opmental stages of fish. In our model, high sediment turbidity
increased the feeding ability and thus the growth rate of larval
fish, and these fish underwent their ontogenetic shift 4 days ear-
lier than their low-sediment counterparts. The rapid early growth

experienced by larvae in high-sediment conditions also resulted
in lower starvation mortality and thus may contribute to higher
survival and numerically larger cohorts. The increased survival in
high-sediment conditions supports previous studies that have
shown that both higher survival (Reichert et al. 2010) and higher
abundances (Manning et al. 2013) of age-0 yellow perch are asso-
ciated with the sediment-rich outflow of the Maumee River into
the western basin of Lake Erie. Therefore, larval yellow perch that
experience an early-season sediment plume are likely to grow
faster than fish in clear water and will also be less vulnerable to
predation because predators, with relatively large reactive dis-
tances, may forage less efficiently in turbid water.

While our model predicts that sediment plumes are beneficial
to the growth and survival of larval yellow perch, late-season plumes
may reduce growth and increase starvation during the juvenile
phase. Yellow perch are often associated with river mouths, which
are historically turbid systems (Mulder et al. 1998; Moorhead et al.
2008), particularly during spring runoff. The higher larval growth
rate in high-sediment conditions may be indicative of natural
adaptation to historic turbidity regimes in these systems that
have higher sediment turbidity during the spring. However, an-
thropogenic activity has increased sediment transportation in
many systems (McDonnell and Pickett 1990; Waters 1995; Li and
Zhang 1998) and has likely extended the duration and altered the
timing of high-sediment conditions (Uncles et al. 1994; Prosser
et al. 2001; Sutherland et al. 2002; Paul and Meyer 2008). This
anthropogenic alteration of sediment plume dynamics has the
potential to change the role of river-associated sediment plumes,
with the implication that longer periods of sediment turbidity
may reduce growth rates in juvenile fish and ultimately reduce
survival.

In contrast to the developmental-stage-dependent effects of sed-
iment turbidity, algal turbidity reduced foraging ability and thus
reduced growth and increased starvation of both larval and juve-
nile fish in our model. For larval fish, algal turbidity has the po-
tential to reduce growth and delay the ontogenetic shift (Wu and
Culver 1992; Graeb et al. 2006), which can have serious repercus-
sions for the growth and survival of age-0 fish as well as the long-
term success of a population (Forseth et al. 1994; Olson 1996; Post
2003). However, this negative effect may only occur in a worst-
case scenario in which cyanobacterial blooms begin to replace the
diatom blooms generally seen in Lake Erie and Oneida Lake dur-
ing the larval stage of development. Algal blooms during the ju-
venile phase also reduced growth, but perhaps more importantly,
they increased susceptibility to starvation in these larger fish.
However, age-0 fish may experience lower predation mortality
when algal turbidity is high. For example, in western Lake Erie at
the end of August, age-0 yellow perch were more abundant but
smaller in highly turbid areas, suggesting a turbidity-mediated
trade-off between growth and survival (Manning et al. 2013). There-
fore, the effects of algal blooms on recruitment are likely complex.
Blooms should increase rates of starvation and lower the condition
of surviving juveniles, thereby increasing overwinter mortality
(Post and Evans 1989) and size-based vulnerability to predation
(Rice et al. 1993; Lundvall et al. 1999). However, predators should
also forage inefficiently during algal blooms, possibly contribut-
ing to a pattern of small but abundant fish in turbid water (Irwin
et al. 2009; Reichert et al. 2010; Manning et al. 2013). Larval fish
may also experience some benefit from increased zooplankton
densities during the low-intensity spring blooms. Ultimately, high
mortality and poor condition of fish are associated with large algal
blooms (Burkholder 1998; Malakoff 1998; Kempton et al. 2002), and it
is likely that the balance of effects of algal blooms on yellow perch
and other fish populations is highly negative.

Our model suggests that the timing and persistence of sediment
plumes and algal blooms can drastically alter the growth poten-
tial and starvation mortality of a yellow perch cohort. The timing
and duration of algal blooms in particular can substantially re-

Fig. 6. (a) Growth and (b) mortality curves for the best growth
model and for individuals exposed to high-sediment conditions for
2 weeks, 4 weeks, and 8 weeks after the ontogenetic shift. The grey
box denotes fish that have not yet made the ontogenetic shift.
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duce the growth and survival of a cohort and ultimately its recruit-
ment success. Even short-duration algal blooms during the larval
phase can significantly reduce the growth of a cohort. Long-duration
blooms during the juvenile phase (mid- to late summer) have be-
come increasingly frequent in many systems and can also have
dire consequences for a population. While short-duration sedi-
ment plumes early in the season may not have a large effect on a
cohort, plumes that occur later in the season, owing to resuspen-
sion events or dredging and dumping, could have a much larger
negative effect. Sediment plumes and algal blooms are tied to land
use and can be altered through directed management actions in
the watershed. Therefore, the potentially negative effects of in-
creased turbidity on fish should be considered when management
actions are planned that may alter the turbidity regime of a system.
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