
Chapter 12
Simulating the Effects of Nutrient Loading
Rates and Hypoxia on Bay Anchovy
in Chesapeake Bay Using Coupled
Hydrodynamic, Water Quality,
and Individual-Based Fish Models

Aaron T. Adamack, Kenneth A. Rose and Carl F. Cerco

Abstract Water quality in the Chesapeake Bay has decreased since the 1950s due
to an increase in nutrient loadings that have increased the extent and duration of
hypoxic conditions. Restoration via large-scale reductions in nutrient loadings is
now underway. How reducing nutrient loadings will affect water quality is well
predicted; however, the effects of reduced nutrients (reduced food availability) and
associated reduced hypoxia on fish are generally unknown as most water quality
models do not include trophic levels higher than zooplankton. We dynamically
coupled a spatially explicit, individual-based population dynamics model of juve-
nile and adult anchovy to the three-dimensional Chesapeake Bay eutrophication
model. Growth rates of individual anchovy were calculated using a bioenergetics
equation. Anchovy consumption rates were forced by zooplankton densities from
the water quality model, and anchovy consumption of zooplankton was added as an
additional mortality term on zooplankton in the eutrophication model. Anchovy
mortality was size dependent and their movement depended on water temperature,
dissolved oxygen, and zooplankton concentrations. Multi-year simulations with
fixed annual recruitment were performed under decreased, baseline, and increased
nutrient loadings scenarios. The results of our analyses show that anchovy
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responses to changed nutrient loadings are dominated by changes in productivity,
including simultaneous changes in growth and mortality rates, and spatial distri-
bution, and depend on life stage. As such, we recommend using full life cycle,
spatially explicit population models that are dynamically coupled to water quality
models as a tool for predicting the effects of changes in nutrient loadings on fish
population dynamics.

Keywords Nutrient loading ⋅ Hypoxia ⋅ Bay anchovy ⋅ Numerical model-
ing ⋅ Population dynamics ⋅ Individual-based model ⋅ Chesapeake Bay

12.1 Introduction

Understanding the link between water quality and fish population dynamics is
especially important with the widespread efforts, often at considerable cost, to
reduce eutrophication in coastal waters (e.g., Cloern 2001; Rabalais et al. 2002;
Breitburg et al. 2003; Conley et al. 2009). Changes in how an ecosystem is man-
aged, such as altering the rates of nutrient loadings, can have large and complex
impacts on the ecosystem (Rabalais et al. 2002) including changes in the timing and
spacing of ecosystem production dynamics. Historically, water quality models
(freshwater) and nitrogen–phytoplankton–zooplankton (marine) models simulated
the lower trophic level food web in order to predict chlorophyll-a and nutrient
cycling (Rose et al. 2017). Zooplankton were included to get a realistic mortality
term for the phytoplankton (i.e., closure term), and predicting realistic temporal and
spatial variation in the zooplankton biomasses was a second-order consideration
(Runge et al. 2004, Lett et al. 2009). Distinct from these models were the extensive
efforts to simulate upper trophic level population dynamics (e.g., fish population)
and food web dynamics (e.g., Ecopath with Ecosim, Christensen and Walters
2004). Many fish growth and population models focus on fish dynamics and do not
include water quality and trophic levels lower than zooplankton (e.g., Luo and
Brandt 1993; Rose et al. 1999; Lett et al. 2009).

Assessment of the effects of nutrient loadings on fish population dynamics is
complicated by not only increasing nutrients stimulating the lower trophic level
food web (potentially more food for fish), but also triggering hypoxia (dissolved
oxygen (DO) < 2 mg L−1) that has potentially negative effects on fish growth,
reproduction, survival, and distribution (Rose et al. 2009). Earlier modeling studies
(Brandt and Mason 2003; Breitburg et al. 2003; Adamack et al. 2012) that linked
output from a water quality model for the Patuxent River to models of fish popu-
lations showed that the responses of populations to the changes in nutrient loading
rates can be complex and different across life stages. Quantifying the effects of low
DO at the population level further complicates the analysis because most effects
beyond individuals are likely indirect as a result of shifts in other species (prey and
predators of the fish of interest) or arise from spatial displacement of the species to
areas of lower habitat quality.
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The need to link fish bioenergetics and population models with water quality is
particularly important in the Chesapeake Bay (Bay) ecosystem. Historically, epi-
sodic hypoxia and anoxia occurred in deeper portions of the water column of the
Chesapeake Bay (Cooper and Brush 1991; Cronin and Vann 2003; Hagy et al.
2004). Since precolonial times, total nitrogen and total phosphorus loadings to the
Bay are estimated to have increased 6.2-fold and 17.1-fold, respectively (Boynton
et al. 1995), with much of the increase having occurred over the last century (Hagy
et al. 2004; Kemp et al. 2005; Fisher et al. 2006); bottom-water hypoxia is now a
persistent, annual occurrence. Nutrient loadings have increased because of a three-
fold increase in human population size within the Bay watershed over the past
100 years, changing land-use patterns (initially forested, followed by large-scale
clearing for agriculture, today agricultural lands are decreasing as land becomes
urbanized or reverts to forests), and an increase in the use of agricultural fertilizers
with the use of nitrogen-based fertilizer in Maryland doubling between 1960 and
2000 (Kemp et al. 2005). The Bay watershed is now undergoing a costly,
multi-decadal restoration effort (Chesapeake Bay Program 2013) and had a total
maximum daily load (TMDL) implemented for nutrients and sediments by the US
Environmental Protection Agency in 2010 (US EPA 2010). The objective of the
restoration program is to “Correct the nutrient- and sediment-related problems in the
Chesapeake Bay and its tidal tributaries sufficiently to remove the Bay and the tidal
portions of its tributaries from the list of impaired waters under the Clean Water
Act.” The cost of this plan has been estimated as 13–15 billion dollars to Maryland
alone (Gray 2013). Quantification of the benefits of achieving these nutrient
reduction goals to fish and the food web at the population and higher levels was
recognized early on as a challenge (Kemp et al. 2005) that continues on to today.

Bay anchovy (Anchoa mitchilli) in Chesapeake Bay is a well-studied species
(e.g., Houde et al. 1989; Houde and Zastrow 1991; Jung and Houde 2004a) that is a
good candidate species for linking water quality to fish growth and population
dynamics. Bay anchovy are one of the dominant fish species in the Bay in terms of
both abundance and biomass (Baird and Ulanowicz 1989; Houde et al. 1989; Jung
and Houde 2003), and bay anchovy are a major trophic link between zooplankton
and piscivores (Baird and Ulanowicz 1989; Hartman and Brandt 1995). Bay
anchovy consume 15–18% of zooplankton production during the summer and fall
(70–90% of all zooplankton consumed by planktivorous fish), and in turn, they are
the source of 60–90% of the energy intake of the piscivorous fish that fed upon bay
anchovy during the summer, fall, and spring seasons.

Here, we dynamically couple a version of the three-dimensional Chesapeake
Bay water quality model (Cerco and Cole 1993) with a spatially explicit individual-
based population dynamics model for bay anchovy. The individual-based anchovy
model simulates the growth, mortality, and spatial distribution of anchovy on the
same three-dimensional spatial grid as the water quality model. The coupled models
are used to predict the effects of increasing and decreasing the nutrient loadings to
Chesapeake Bay on bay anchovy growth, biomass, and spatial distribution. We
performed simulations for low and high levels of bay anchovy recruitment and for
wet, normal, and dry water years. Additional simulations were performed to

12 Simulating the Effects of Nutrient Loading Rates … 321



examine how increased mortality during the egg and larval stages from exposure to
hypoxia and how increased mortality rates on juveniles and adults due to increased
habitat overlap of anchovy and their predators would affect the results.

12.2 Methods

12.2.1 Chesapeake Bay Water Quality Model

The Chesapeake Bay Environmental Modeling Package (CBEMP) was developed
more than 20 years ago to assist in the management of eutrophication in the
Chesapeake Bay ecosystem. The CBEMP has undergone continuous revisions and
additions since then to respond to evolving management needs in the Chesapeake.
Most recently, the CBEMP provided technical support for the development of the
Chesapeake Bay TMDL (Batiuk et al. 2013). The CBEMP is comprised of three
models: a three-dimensional hydrodynamics (CH3D-WES) model (Kim 2013), an
eutrophication (CE-QUAL-ICM) model (Cerco et al. 2010), and a sediment dia-
genesis model (DiToro 2001).

The most recent version of the CBEMP operates on a three-dimensional grid of
50,000 elements and simulates the period from 1985 to 2005 (Cerco and Noel 2013).
These levels of spatial detail and temporal extent are in contrast to the original 4,073
cell grid and 1984–1986 simulation period used here. The original grid and appli-
cation period are retained, however, for educational purposes and as a “test bed” for
model development. The model code for this smaller grid has been updated to keep
track with current developments made to the most recent finer resolution grid ver-
sion. In this analysis, we used the original grid version for the 1984–1986 time
period as the simpler model grid was more amenable to carrying out the model
development process (e.g., modifying the water quality model code and testing
model behavior after the addition of fish), the necessary input model runs were
readily available, and it sufficiently captured the major dynamics needed for linkage
to fish with quicker run times. The initial application of the version of the CBEMP
used here for the years 1984–1986 was described by Cerco and Cole (1993).

For the original grid (4,073 cell grid which we used here), the Bay’s surface was
divided into a horizontal grid of 729 cells with horizontal side lengths of ∼5 by
10 km (Fig. 12.1). Vertically, each column of cells is 2–15 cell layers (each cell is
about 1.5 m thick) deep. The hydrodynamics model is run separately from the
eutrophication and diagenesis models and employs curvilinear coordinates in the
surface plane and a Z-grid in the vertical direction to produce three-dimensional
predictions of velocity, diffusion, surface elevation, salinity, and temperature for
each cell on an intra-tidal (about 5 min) timescale. Outputs from the hydrodynamics
model that were used in the water quality model include cell volume, flows between
cells in the axial, transverse, and vertical directions, and vertical turbulent diffusion.
A Lagrangian processor was used to filter out intra-tidal details from the
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hydrodynamic output, while maintaining the intertidal scale (about 12 h) transport
(Dortch et al. 1992). Inputs to the hydrodynamics model include wind speed, air
temperature, tributary freshwater inflows, surface heat exchange, tides, and the
time-varying vertical distributions of temperature and salinity at the open boundary.
Calibration and validation of the original model are described by Johnson et al.
(1993).

The eutrophication and diagenesis models are run simultaneously. The
eutrophication model simulates the nutrient, phytoplankton, and zooplankton
dynamics in Chesapeake Bay on the same three-dimensional model grid as the
hydrodynamics model (Kim 2013). Additionally, the eutrophication model provides
boundary conditions in the water column including dissolved oxygen, temperature,
and nutrient concentration, for the sediment diagenesis model (DiToro 2001). The

Fig. 12.1 Chesapeake Bay water quality model grid and the location of some key tributaries
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diagenesis model computes sediment-water fluxes of nitrate, ammonium, phosphate,
dissolved oxygen, and silica based on these boundary conditions and on computed
particle deposition. The concentrations of 23 constituents are tracked in the
eutrophication and diagenesis models, including temperature, salinity, DO, several
forms of dissolved and particulate carbon, nitrogen, and phosphorus, summer and
winter phytoplankton groups, and micro- and mesozooplankton biomasses. The
primary forcing functions for the eutrophication model were transport information
from the hydrodynamic model, fall-line nutrient loads from the Susquehanna River
and other major tributaries, non-point-source loads from below the fall line,
point-source loads from municipal and industrial sources, atmospheric loads,
open-mouth boundary conditions, solar radiation, and meteorological conditions
(Cerco et al. 2010).

Model constituents were computed on a mass/unit volume basis in each cell on
the three-dimensional computational grid. Biological constituents, including phy-
toplankton and zooplankton, were quantified as carbonaceous biomass. Constituent
dynamics were updated approximately every 15 min for each model cell using a
three-dimensional mass-conservation equation that was solved using the
finite-difference method.

In addition to improvements and enhancements to the hydrodynamics and
eutrophication models since the original version used here, another significant
development has been the addition of living resources to the model. These living
resources include bivalve filter feeders (Cerco and Noel 2007, 2010) and vertebrate
species such as Atlantic menhaden (Dalyander and Cerco 2010). Indeed, the
anchovy analysis described here inspired the subsequent development of the
menhaden addition to the recent version of the hydrodynamics–eutrophication
model.

12.2.2 Bay Anchovy Model

The bay anchovy model is a spatially explicit individual-based population model
(IBM) that tracks the growth, mortality, and movement of individual anchovy in the
same three-dimensional grid as the hydrodynamics and eutrophication models. The
anchovy model was inserted directly into the eutrophication model code so that it
operates on the same time steps as the eutrophication model and is able to directly
interact with the eutrophication model. Anchovy consumption rates are dependent on
the micro- and mesozooplankton densities and temperature generated by the
eutrophication model for each cell and time step, bioenergetics (respiration and
egestion) are dependent on temperature, horizontal movement of anchovies is related
to zooplankton densities and temperature, vertical movement depends on tempera-
ture and DO, and growth and mortality are affected by lowDO. Zooplankton biomass
consumed by the anchovy is returned to the eutrophication model in the form of
particulate and dissolved nutrients. Parameter values and a brief description of
parameters for anchovy bioenergetics and movement are shown in Table 12.1.
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Table 12.1 Parameter values used in the model equations for bay anchovy growth and
consumption from Luo and Brandt (1993) and for the bay anchovy kinesis movement model.
Values of the eight K feeding efficiency parameters were determined during calibration of the
model. Values of the vulnerability parameters (v) were all set to one and so did not affect the
proportion of micro- versus mesozooplankton consumed

Symbol Description Value

Consumption

ac Intercept for maximum consumption (g prey (g wet weight)−1 d−1 0.41
bc Exponent for maximum consumption −0.33
Q Slope for temperature dependence on consumption 2.22
To Optimum temperature for consumption (°C) 27
Tm Maximum temperature for consumption (°C) 33
K11 Half saturation for microzooplankton for anchovy < 43 mm (g wet weight

m−3)
4.8

K12 Half saturation for mesozooplankton for anchovy < 43 mm (g wet weight
m−3)

0.04

K21 Half saturation for microzooplankton for anchovy 43–60 mm (g wet
weight m−3)

10.0

K22 Half saturation for mesozooplankton for anchovy 43–60 mm (g wet weight
m−3)

2.0

K31 Half saturation for microzooplankton for anchovy 60–90 mm (g wet
weight m−3)

20.0

K32 Half saturation for mesozooplankton for anchovy 60–90 mm (g wet weight
m−3)

5.0

K41 Half saturation for microzooplankton for anchovy > 90 mm (g wet weight
m−3)

80.0

K42 Half saturation for mesozooplankton for anchovy > 90 mm (g wet weight
m−3)

20.0

v1 Vulnerability of microzooplankton to anchovy 1.0
v2 Vulnerability of mesozooplankton to anchovy 1.0
Respiration

ar Intercept for maximum standard respiration (g O2 (g wet weight)−1 d−1) 0.0115
br Exponent for maximum standard respiration −0.346
Qr Slope for temperature dependence of standard respiration 2.25
Tor Temperature for standard respiration (°C) 30
Tmr Maximum temperature for standard respiration (°C) 36
S Specific dynamic action coefficient 0.10
Ac Activity parameter 2.0
Egestion and excretion

A Intercept for temperature dependence of egestion 0.77
B Exponent for temperature dependence of egestion −0.40
au Proportion of assimilated food excreted 0.15
Caloric density

Calz Caloric density of micro- and mesozooplankton (calorie (g prey)−1) 610
(continued)
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In order to conveniently track the movement of individual anchovy, the grid
coordinates were converted from the latitude and longitude coordinates used in the
eutrophication model to Universal Transverse Mercator (UTM) coordinates, which
are given in terms of meters (m). The conversion was done using the equations of
Snyder (1987) and assumed that the shape of the Earth conformed to the dimen-
sions assumed by the 1980 Geodetic Reference System/World Geodetic System
1984 ellipsoid. To confirm that model cell sizes were consistent for the two grids,
the horizontal side lengths of the anchovy model grid cells were compared to the
eutrophication model grid cells. Differences in side lengths for the two grids are less
than 0.1 m per side.

12.2.2.1 Annual Recruitment of Juveniles

A fixed number (low, median, or high) of 23 mm long, 30-day-old bay anchovy
were added to the model each year as weekly cohorts for the duration of the
simulation. There are about 109 to 1014 bay anchovy individuals in Chesapeake Bay
(Jung and Houde 2004a), and modeling each individual separately is not possible
computationally. To solve this, we used a super-individual approach (Scheffer et al.
1995). Each super-individual being simulated was given an initial worth, the
number of identical population individuals that each super-individual represented.

The initial worth of each super-individual within a recruitment scenario was set
to a constant value that was determined as the total number of 23 mm recruits being
added in a simulation year divided by the number of super-individuals (about 105

super-individuals were used). The initial worth of each super-individual was

Table 12.1 (continued)

Symbol Description Value

CalF Caloric density of bay anchovy (calorie (g wet weight)−1) 1000
Mortality

q Multiplier of length-dependent mortality rate 1.17
Movement

H1 Height parameter for the inertia component of movement 0.75
H2 Height parameter for the random component of movement 0.9
Ф Maximum swimming velocity (BL s−1) 1.0
QM0 optimum temperature for horizontal (°C) 27
σ standard deviation of temperature for horizontal (°C) 2
QM0 prey availability (fraction of CMAX) for horizontal 0.8
σ standard deviation of prey availability for horizontal 0.05
QM0 optimum temperature for vertical (°C) 27
σ standard deviation of temperature for vertical (°C) 4
QM0 optimum dissolved oxygen (mg L−1) for vertical 5.0
σ standard deviation of dissolved oxygen (mg L−1) for vertical 1.5
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therefore 3.6 × 106 individuals for the low recruitment scenario, 1.2 × 107

individuals for the median recruitment scenario, and 1.584 × 107 individuals for
the high recruitment scenario.

Use of super-individuals affected how anchovy mortality, consumption, and
almost all model outputs were computed. In a true individual-based approach, the
mortality rate would be converted to a probability of death and compared to a
random number to determine whether the model individual was either removed or
left in the population. Super-individuals remain in the simulation; mortality was
simulated by decrementing the super-individual’s worth by the total mortality rate
(MT, d

−1):

Worthi, t+1 =Worthi, te−MT ðΔtÞ ð12:1Þ

where Δt = ∼ 0.0104 days (15/1440 min). When a super-individual reached old
age (1095 days) or its worth dropped below 0.001, it was removed from the sim-
ulation. The total amount of prey consumed by a super-individual during a time step
was determined by multiplying the amount of prey consumed by a single model
individual by the super-individual’s worth. Model predictions of anchovy densities,
lengths, weights, and other outputs were weighted by the worth (in the statistical
sense) of each super-individual. For example, a mean length on a given day was the
weighted average of the lengths of the super-individuals, with the weights for
averaging being the worths of the super-individuals when they were output.

The number of individuals added each week as part of annual recruitment had a
triangular distribution with the smallest cohorts being added in early June and
mid-October and the largest cohort being added in mid-August (Luo and Musick
1991; Zastrow et al. 1991; Jung and Houde 2004a). Newly generated
super-individuals were randomly placed in model cells in the spatial grid that had
DO concentrations greater than 3.0 mg L−1 and zooplankton concentration greater
than 0.005 g C m−3. The probability of a newly generated super-individual being
placed in a particular cell was set to the volume of each cell as a proportion of the
total volume of all 4,073 cells. If the minimum DO and zooplankton concentrations
were not met, a new initial cell was randomly selected for the anchovy.

12.2.2.2 Growth and Bioenergetics

Growth of each individual was based upon the Luo and Brandt (1993) bay anchovy
bioenergetics model and was evaluated each eutrophication model time step (every
15 min):

dW
dt

= ½CON − ðR+ SDA+F +E+REPÞ� ⋅ Calz
Calf

⋅W ⋅ f ðDOcellÞ ð12:2Þ

where W is the wet weight (g wet weight) of an individual, CON is the amount of
prey consumed, R is the respiration, SDA is the specific dynamic action, F is the
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egestion, E is the excretion, REP is the reproduction, Calz is the caloric density of
prey (cal (g prey)−1), Calf is the caloric density of anchovy (cal (g wet weight)−1),
and f(DOcell) is the low DO effect on growth. Consumption and the loss terms were
all in units of g prey (g wet weight)−1 d−1. The ratio of the caloric densities converts
g prey into g anchovy for the terms within the brackets to obtain the units of g
anchovy per g anchovy per day.

The values of temperature and zooplankton densities that affected anchovy
growth and consumption were those predicted for the cell currently occupied by an
individual by the eutrophication model. Consumption was the sum of the amount of
the microzooplankton and mesozooplankton consumed by an anchovy during each
time step and depended on a maximum possible consumption rate and a type 2
functional response:

CON = ∑
2

j=1
Cj ð12:3Þ

Cj =
CONmaxðPDjvj ̸KcjÞ

1+ ∑2
k=1 ðPDkvk ̸KckÞ

ð12:4Þ

where Cj is the consumption of prey type j by the individual anchovy, PDj are the
densities of microzooplankton (j = 1) and mesozooplankton (j = 2) in the cell of
the individual, vj is the vulnerability (all assumed 1.0), and Kcj are the
half-saturation parameters based on size interval c of the anchovy. Zooplankton
densities were converted from g C m−3 in the eutrophication model to g wet weight
m−3 for use in the anchovy model by multiplying by 12.5 (dry weight was 20% of
wet weight and carbon weight was 40% of dry weight; Mauchline 1998). Maximum
consumption rate was an allometric function of anchovy weight and temperature:

CONmax = acWbc ⋅ f ðTÞ ð12:5Þ

where ac and bc determine the weight effect; f(T) is bell-shaped function that is one
at the optimum temperature, To; zero at the upper temperature, Tm; and Q is a
parameter that approximates a Q10 relationship (a measure of the change in bio-
logical rates as a consequence of increasing temperature by 10 °C) within the
CONmax function for temperatures below T0.

Respiration was modeled as a power function of weight and then adjusted for
temperature using the same temperature effect function as with CONmax but with
different parameter values for the optimum and upper temperatures and for the Q10

relationship:

R= arWbr f Tð ÞAc ð12:6Þ
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where ar and br determine the weight effect; Tor, Tmr, and Qr are specified for f
(T) for respiration; and Ac is the activity multiplier. The values of Tor and Tmr were
set so that respiration rate increased over the range of simulated temperatures.

Egestion was represented as a fraction of consumption, while excretion and
specific dynamic were represented as fractions of assimilated energy (consumption
minus egestion).

F =CON ⋅A ⋅TB ð12:7Þ

E= CON −Fð Þ ⋅ au ð12:8Þ

SDA= ðCON −FÞ ⋅ S ð12:9Þ

where A and B determine the temperature effect on egestion, au is the fraction of
assimilated energy lost to excretion, and S is the fraction of assimilated energy lost
to specific dynamic action.

Energy related to reproduction (REP in Eq. 12.2) was computed as the
grams/day expended during days 115–246 of each year by anchovy that were at
least 43 mm long and that had a positive net energy intake for the time step. The
energy used for reproduction was set to half of the net energy intake, and repro-
duction costs were applied to all individuals (males and females).

A logistic sigmoidal function, developed originally by Luo et al. (2001) for
Atlantic menhaden, was used to simulate the physiological effects of exposure to
low dissolved oxygen on anchovy growth rate.

f ðDOcellÞ=1 ̸ð1+ eð− 2.1972DOcell +6.5916ÞÞ ð12:10Þ

The function f ðDOiÞ used the DO in the cell to determine the multiplier, and
then the multiplier was applied to the predicted change in weight of the anchovy for
that time step (Eq. 12.2). Growth begins to be reduced at a DO of about 6 mg L−1

is 50% of normal growth at 3 mg L−1 and approaches zero at DO concentrations
less than 1 mg L−1.

Anchovy weights were converted into lengths using a weight–length relationship
modified from Jung and Houde 2004a:

Lnew =
W

e− 11.799

� �1
3

ð12:11Þ

where Lnew is the new length of the anchovy and e−11.799 is a constant derived from
a length–weight function fitted to summer (July) anchovy lengths and weights. An
anchovy’s length only changes if its new length is longer than its length during the
previous time step.
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12.2.2.3 Mortality

Four sources of mortality were included in the bay anchovy model: general mor-
tality (MG), starvation mortality (Mstarv), mortality due to exposure to low DO
(MDO), and mortality due to old age. Once each 15-min time step, the general,
DO-related, and starvation mortality rates were summed to get total mortality (MT),
and used to update the worth of the super-individual (Eq. 12.1). Old age mortality
was threshold based on age (i.e., not a rate) and resulted in the elimination of the
super-individual with all of its worth.

General mortality represented all causes of anchovy mortality except mortality
due to low DO, starvation, and old age. The rate was a simple constant during
winter (October through March) and decreased with anchovy length during the
summer (April through September).

MG = q ⋅ L− 1 ð12:12Þ

where q is the multiplier for length-dependent mortality. Jung and Houde (2004a)
estimated wintertime and length-dependent summer mortality rates based upon 6
years (1995–2000) of field data. As low DO, starvation, and old age mortality are
added to the general rate in the model, we used the lowest summer (q = 1.17) and
winter mortality rates (0.005 d−1) estimated by Jung and Houde (2004a) for general
mortality.

Mortality rate due to exposure to hypoxia was a function of the DO concen-
tration in the cell.

MDO =0.093487 + 70.11894 ⋅ ðln½DOcell�Þ2 ð12:13Þ

This function was fit to experimental data on Atlantic menhaden (Brevoortia
tyrannus) reported by Burton et al. (1980). As observed mortality rates become
extremely high at low DO concentrations, and as anchovy only moved vertically
once every 4 eutrophication model time steps (each eutrophication model time step
simulates ∼15 min of real time; 4 eutrophication model time steps ≈ 1 h of real
time), the maximum mortality rate due to exposure to very low DO was set to a very
high value (33.78 d−1). This high mortality rate resulted in almost complete mor-
tality for the super-individual after 4 time steps, and thus, if such long exposure
occurred, the individual would be removed from the simulation due to near zero
worth.

Starvation mortality (0.1 d−1) was applied to anchovy model individuals whose
weight was 70% or less of the expected weight given their length for each time step
that an anchovy was below its expected weight. Mortality due to old age (100%
mortality; super-individual removed from simulation) was applied to all model
individuals upon reaching an age of 1,095 days (3 years old) based on Newberger
et al. (1989), who found that bay anchovy generally did not live past 3 years of age.
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12.2.2.4 Movement

A kinesis approach (Humston et al. 2000; Humston 2001; Watkins and Rose 2013)
was used to simulate the horizontal and vertical movement of each anchovy
super-individual. Anchovy positions were tracked in continuous x, y, and z space.
The x and y coordinates corresponded to an individual’s UTM coordinates, while
the z coordinate was the distance from the water surface. Horizontal and vertical
movements were evaluated separately at fixed time intervals (x and y every 12 h; z
hourly) to improve model run time, to account for differences in the distances
involved and the time required for an anchovy to cross model cells in the horizontal
and vertical planes, and to allow for the establishment of an inertial gradient (de-
scribed below). Horizontally, model cells are several kilometers across and could
require more than a day for an adult anchovy (e.g., ∼5 cm TL) to cross the cell if
they took the most direct path across the cell. Vertically, model cells are only 1.5
meters and an adult anchovy could swim from the bottom of a cell to the top of the
cell in ∼30 s. The movement model added together an inertia component (f(Vt-1))
and a random component (g(ε)) to produce a net velocity for each of the x, y, and z
dimensions each time step.

Vt = f ðVt− 1Þ+ gðεÞ ð12:14Þ

where f ðVt− 1Þ is a function that was based upon the anchovy’s velocity during the
previous movement step, and g(ε) is a randomly generated velocity. The net
velocities were then multiplied by the time since the last movement step to deter-
mine changes in distance for x, y, and z, which then were added to the current
location to get a new x, y, and z location and a cell location.

The relative contribution of inertial versus random components was dependent
on how close a movement cue was to its optimum level. When conditions in a cell
were close to the optimum, the inertial component dominated movement. When
conditions in a cell were far from the optimum, the random component dominated
movement. Both functions were described using Gaussian functions:

f ðVt− 1Þ=Vt− 1 ×H1 eð− 0.5Þ½ðQM −QM0Þ ̸σ�2
h i

ð12:15Þ

gðεÞ= ε×H2 eð− 0.5Þ½ðQM −QM0Þ ̸σ�2
h i

ð12:16Þ

where H1 and H2 control the height of the function and were restricted to the range
0–1.0, σ controlled the width of the Gaussian function, ε is a random number
deviate drawn from a normal distribution with a mean and standard deviation based
on an individual’s swimming speed, QM is the actual value of the movement cue,
and QM0 is the optimum value of the movement cue. For the two components of the
movement model to work properly, model individuals needed to shift between cells
somewhat frequently (in terms of movement steps) in order to generate cue gra-
dients that will drive the inertia component of the movement model. As vertical
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distances across cells were short, vertical movement could be evaluated frequently
(hourly) while the relatively long horizontal distances across cells required longer
movement time steps (12 h).

Horizontal (x and y) movement depended on the cues from water temperature
and zooplankton density, while vertical (z) movement depended on water tem-
perature and DO. Water temperature and prey availability were used as cues
because they were the key factors affecting anchovy growth, while DO was used as
a cue because it affects the vertical distribution of anchovy and other fish species
(e.g., Constantini et al. 2008 and Zhang et al. 2009) and can cause direct mortality.
The optimal water temperature (QM0 for temperature) was set to 27 °C, the optimal
temperature for consumption by anchovy (Luo and Brandt 1993). Densities of
micro- and mesozooplankton were combined into a single measure of overall prey
availability using the functional response portion of the equation for consumption,
and the optimum value for prey availability (QM0 for food) was set to 80% of
CONMAX (Eq. 12.5). To avoid mortality due to low DO, while at the same time
preventing anchovy from aggregating at the surface of the water column, we set the
optimum DO concentration (QM0 for DO) to 5.0 mg L−1.

Deviates from optimal were computed separately for each cue, and the smaller of
the deviates for water temperature and prey availability was used to determine the
net velocities for x and y movement, while the product of the deviates for water
temperature and DO was used for vertical movement. Vertical movement was
restricted to a maximum change of 3 m per vertical movement step in order to
simplify the tracking of anchovy movement, as anchovy can potentially swim many
times the thickness of the water column between the 1 h movement time steps.

Once the distances that an anchovy moved along x, y and z had been deter-
mined, a two-part procedure was used to update the anchovy’s position. In the first
part of the procedure, the anchovy’s new x and y values were determined by adding
the distances moved along the x and y coordinates to the anchovy’s previous
position. A point-in-polygon subroutine (Burkadt 2014) was used to determine
whether the anchovy’s new position was outside of the cell that it had begun the
time step in. If the anchovy finished in the same cell that it started in, the anchovy’s
horizontal movement was complete for the current movement step. If the anchovy’s
new position was outside the initial cell, then the anchovy’s position was checked to
determine whether or not it was on the model grid for the current depth layer. If the
individual’s new position was not on the grid, then the individual was reflected back
onto the grid. Finally, the individual’s new cell was identified and updated.

The second part of the movement updating procedure was to update the individ-
ual’s vertical position. Updating vertical position was simpler as z values were
constrained to the interval between the surface and bottom of the water column, and
all cells in the vertical dimension were in had the same shape and thickness. If the z
value was above the surface or below the bottom, then the z value was reset to place
the anchovy just below the surface or just above the bottom. Once the anchovy’s final
position was determined, its velocities along the x- and y-axes for the current
movement step were recalculated using the anchovy’s starting and actually realized
final positions. The recalculated velocities were used to set Vt-1 for the next move-
ment step.
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12.2.3 Modifications to the Eutrophication Model
to Accommodate Bay Anchovy

The eutrophication model had been calibrated previously without anchovy preda-
tion on zooplankton. To accommodate the addition of anchovy to the eutrophica-
tion model, we reduced the mortality rates of summer algal biomass from 1.00 d−1

to 0.15 d−1, and predation mortality on micro- and mesozooplankton by 70% based
on model calibration results.

12.3 Simulations

Three sets of model simulations were performed: calibration and baseline to
examine the effects of water year and recruitment level, effects of increased and
decreased nutrient loadings, and the effects of forced increased mortality rates to
offset the benefits of increased nutrient loadings (e.g., increases in zooplankton
prey). The results of single model runs were reported, as runs that used different
random number seeds generated very similar model predictions of anchovy growth,
densities, and spatial distributions. We used eutrophication model input files and
hydrodynamics output for the years 1984, 1985, and 1986; these were arranged to
obtain a single 10-year sequence. The 3 years can be assigned water year types
(e.g., normal, wet, and dry) by using the US Geological Survey (2014) classification
of annual-mean stream-flow entering Chesapeake Bay: 1984 was a wet year, 1985
was a dry year, and 1986 was a normal year. Calibration runs used a repeating
series of the input files for the 1986 conditions (normal years). For all other sim-
ulations, we linked the input files for the 1984 (wet), 1985 (dry), and 1986 (normal)
water years in order to match the sequence of wet, normal, and dry water year types
that were observed between 1984 and 1993 (Fig. 12.2). This was done to use a real
sequence of water year types in model simulations. Settings for all of the model
runs are summarized in Table 12.2.

12.3.1 Bay Anchovy Recruitment

Annual recruitment levels for the low and high recruitment scenarios were based on
estimates of the total number of eggs produced each year by anchovy, and
age-dependent growth and size-dependent mortality rates from Jung and Houde
(2004a). The number of eggs produced was combined with growth and mortality
rates to estimate the total number of 23 mm long bay anchovy (the initial size of
anchovy added to the model; eggs and larvae were not directly included in our
simulations) produced each year. Low (3.6 × 1011 individuals) and high
(1.58 × 1012 individuals) recruitment levels were set to the years with the lowest
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and highest numbers of 23 mm long individuals produced across the six annual
estimates. Our low recruitment condition was probably truly low as data from the
Maryland Department of Natural Resources Bay-wide index (2017) indicated that
age-0 bay anchovy catch per unit effort has declined since 1959. Our high
recruitment condition, while high for the 1995–2000 period, may be closer to
average recruitment relative to the long-term record for anchovy in Chesapeake
Bay.

12.3.2 Nutrient Loading Scenarios

Three nutrient loadings were used: baseline, decreased, and increased. The baseline
nutrient loadings scenario used the nutrient loads estimated for the years 1984,
1985, and 1986. The decreased scenario reduced nutrient loads by 50% from
baseline levels in each year. A 50% reduction in nutrient loadings was roughly
equivalent to that required under the old Chesapeake 2000 Agreement, which
required reductions of 48 and 53% (based on 1985 levels) for total nitrogen and

Fig. 12.2 Volume of hypoxic water for decreased, baseline, and increased nutrient loadings
during the 3 prerun years and the 10 years after that used the same water year type as observed in
1984–1993. Spin-up years are indicated by the label “pre.” Water year type is indicated by the
initials: D = dry year, W = wet year, and N = normal year. Water year types were obtained from
the USGS (http://www.md.water.usgs.gov/monthly/bay.html). Note that the calender year starts on
the ticks for “Water year based on”
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phosphorus inputs (Kemp et al. 2005; Chesapeake Bay Program 2013). In the
increased loadings scenario, nutrient loads are 50% higher than the baseline loads.
The increased loadings scenario provides a contrasting scenario to the decreased
loadings scenario. It may reflect future conditions if no action is taken, but no such
land use and loadings projections have been made. Increases and decreases in
nutrient loadings were applied through the use of a simple multiplier of the nutrient
loading rates (e.g., nutrient loadings × 0.5 for the decreased nutrient loadings
scenario and × 1.5 for the increased nutrient loadings scenario). In the standard
10-year simulations, the volume of hypoxic water was typically 20–40% less under
decreased nutrient loadings and about 10–15% larger under increased nutrient
loadings (Fig. 12.2). The model represents peak hypoxia in summer, coincident
with peak primary production of organic matter and temperature-induced respira-
tion. There can be some modeled residual hypoxia in isolated deep holes during
winter. The residual hypoxia is an artifact of the relatively coarse grid and is absent
in later, more highly resolved grids (e.g., Cerco and Noel 2013). The isolated
persistent hypoxic volumes do not impact the anchovy, as the location and small
spatial extent of any residual winter hypoxia did not affect anchovy habitat.

Table 12.2 Summary of the model runs analyzed in this paper. All simulations were structured
23 years long and started with 10 years of spin-up for nutrient loadings (no anchovy), then 3 years
of spin-up for anchovy (normal water years), and then 10 years of water years that matched the
water years of 1984–1993. The first 10 years for spin-up used all normal water years and the same
nutrient loadings as was used for the 1984–1993 period. The 3 years of spin-up for anchovy also
used normal water years and the low or high recruitment level used in 1984–1993

Run Purpose Nutrient
loadings

Recruitment
level

q in
general
mortality

1 Re-calibration and effects of water year
and recruitment level

Baseline Low 1.17
2 Baseline High 1.17
3 Effects of increased and decreased

nutrient loadings
Decreased Low 1.17

4 Increased Low 1.17
5 Decreased High 1.17
6 Increased High 1.17
7 Effects of decreased recruitment

(increased egg or larval mortality) due to
increased nutrient loadings

Increased 86% of Low 1.17
8 Increased 49% of Low 1.17
9 Increased 12% of Low 1.17
10 Increased 76% of High 1.17
11 Increased 52% of High 1.17
12 Increased 23% of High 1.17
13 Effects of increased general mortality rate

of juveniles and adults due to increased
nutrient loadings

Increased Low 1.3
14 Increased Low 1.43
15 Increased High 1.3
16 Increased High 1.43
17 Increased High 2.3
18 Increased High 2.725
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12.3.3 Initial Conditions from Spin-Up

All simulations were structured as 23-year simulations. Each simulation started with
10 years of spin-up for nutrient loadings (no anchovy), then 3 years of spin-up for
anchovy (normal water years), and then 10 years of water years that matched the
water years of 1984–1993. The first 10 years for spin-up used all normal water
years and the same nutrient loadings scenarios as was used for the 1984–1993
period (e.g., 50% increase, baseline, or 50% decrease). The 3 years of spin-up for
anchovy also used normal water years and the same low or high recruitment level as
used in the 1984–1993 portion of the simulation. For example, run 13 (Table 12.2)
had 10 years of no anchovy under normal water years and increased nutrient
loadings, then 3 years with anchovy under normal water years, increased nutrient
loadings and low recruitment, and then 1984–1993 water years under increased
nutrient loadings, low recruitment, and q increased from 1.17 to 1.3.

12.3.4 Increased Mortality Rates

Changes in nutrient loadings can have several potential effects on bay anchovy that
were not directly simulated in our bay anchovy model. Chesney and Houde (1989)
used laboratory studies to show that anchovy egg hatchability declined significantly
at DO concentrations less than 3 mg L−1, while Adamack et al. (2012) used a
simulation model and showed that increased spatial extent and duration of low DO
conditions due to increases in nutrient loadings could result in significant increases
in egg mortality rates. Costantini et al. (2008) and Ludsin et al. (2009) found that
increases in the extent of hypoxia in Chesapeake Bay could increase the mortality
rates of forage fish by increasing the degree of vertical spatial overlap between the
forage fish and their predators resulting in increased encounter rates. The above
studies were focused on the negative effects of increased hypoxia from increased
nutrient loadings on anchovy. However, the reverse situation of decreased nutrient
loadings reducing hypoxia resulting in less vertical spatial overlap between forage
fish and their predators reducing their encounter rates and thereby reducing mor-
tality is also possible and of potential importance.

To investigate those mortality-related effects not explicitly covered in the
anchovy model, we ran two sets of simulations for the low and the high recruitment
scenarios with increased nutrient loadings. The first set of simulations examined the
potential effects of increased egg mortality due to increases in the vertical extent
and intensity of hypoxia under the increased nutrient loadings scenario. The egg
stage is not explicitly simulated in our model because we add recruits each year. We
represented possible changes in egg (and larval) mortality rates by adjusting the
recruitment levels. For the low and high recruitment scenarios, we tested three
levels of recruitment reductions from the original recruitment levels with the goal of
identifying how much larval recruitment had to be reduced in order to result in no

336 A.T. Adamack et al.



net gain in anchovy production relative to the baseline nutrient loading scenario.
The minimum recruitment level tested for the low recruitment scenario was arbi-
trarily set to 12% of the baseline low recruitment level, while for the high
recruitment scenario the minimum was set to the low recruitment level (23% of high
recruitment). Two additional recruitment levels that were spaced evenly between
the minimum recruitment level and the original recruitment level were tested for
each recruitment scenario (low and high).

The second set of simulations examined the effects of increases in bay anchovy
juvenile and adult mortality rate due to potential increases in the degree of vertical
spatial overlap between anchovy and their predators. While we simulated anchovy
vertical movement, predators were represented as a mortality rate. As an initial
approach to simulating predator responses that would cause increased overlap, we
increased q, the length-specific mortality coefficient (Eq. 12.12), from our original
value of 1.17 to 1.3 and to 1.43. These values were the median and maximum
values of q measured by Jung and Houde (2004a). The value of q was further
increased to 1.725 and to 2.3, which were equivalent to instantaneous mortality
rates that were about 50% and about 100% higher than the instantaneous mortality
rates when q was set the baseline value of 1.17. These higher values of q were to
ensure that mortality would be sufficiently high to offset the increased anchovy
production under increased nutrient loadings.

12.3.5 Model Outputs

Model outputs are presented for the three sets of simulations: re-calibration and the
baseline simulations, the effects of water years and nutrient loading on anchovy,
and how changes in recruitment and mortality due to increased nutrient loads affect
anchovy biomass. All model outputs and how they were computed from
super-individuals in the simulations are documented in Table 12.3.

Results summarizing the baseline and re-calibration results include time series
plots of daily total biomass, total abundance, and mean length, and comparisons of
daily nutrient, chlorophyll-a, and micro- and mesozooplankton concentrations
before and after the addition of anchovies to the model. We then summarize the
baseline results using YOY individuals only in October from the last years (normal,
dry, and wet) of the simulations: box plots of lengths, biomass, and abundance.
Finally, we compared box plots of the latitudes of individuals between each water
year type (last 3 years) and reported field data.

The effects of water year type and nutrient loadings also use mean length,
biomass, and abundance for YOY in October. Two additional outputs are
two-dimensional spatial maps of all individuals in July by water year type (last
3 years) and high or low recruitment, and the percentage of mortality due to the
possible causes over all years in the simulations. The effects of additional mortality
were assessed by comparing YOY biomass in October under increased loadings
with various values of reduced recruitment and increased values of q to October
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Table 12.3 Calculations performed to go from super-individuals to the model outputs reported in
tables and figures in this paper

Model output Calculations Runs and
Years

Figures

Daily biomass, abundance,
and mean length of all
individuals

Output all individuals on first
time step of each day; compute
summed weight x worth
(biomass) and worths
(abundance); compute mean
length (weighted by worth)

Runs 1 and 2
All 13 years
for each run

Figure 12.3

October YOY median length,
growth rate, abundance, and
biomass

Output all YOY individuals on
first time step after midnight
on October 15; compute the
median length (weighted by
worth), mean growth rate
(weighted by worth) from
23 mm in length to current
length of super-individual,
summed worths (abundance),
and summed weight x worths
(biomass)

Runs 1 and 2
Last 3 years
(dry, normal,
and wet) of
each run

Figure 12.4
(also
Table 12.4)

Mean latitude in mid-October Output all individuals on first
time step after midnight on
October 15; assign individuals
to 10 mm size classes;
compute box plots of latitudes
(weighted by worth)

Run 2
Last 3 years
(dry, normal,
and wet) of the
run

Figure 12.4

Box plot of lengths and
biomass in mid-October, and
percent survival (initial
recruitment to October)

Output all YOY individuals on
first time step after midnight
on October 15; compute box
plots of lengths (weighted by
worth) and biomass (weights x
worth); and compute survival
as summed worths of all
individuals on October 15
divided by initial total worth
of 23 mm recruits

Runs 1–6
Last 3 years
(dry, normal,
and wet) of
each run

Figure 12.5

Depth-integrated densities of
age-1 and older anchovy

Output all age-1 and older
individuals on first time step
after midnight on July 15;
compute summed worths of all
individuals over depth by
surface grid cell

Runs 3–6
Last 3 years
(dry, normal,
and wet) of
each run

Figure 12.6

Mean latitude by month of
age-1 and older individuals

Output the latitude and worth
of each age-1 and older
individual on midnight of the
midpoint day in each of April,
May, June, July, and August;
compute the mean latitude
(weighted by worth)

Runs 3–6
Last 3 years
(dry, normal,
and wet) of
each run

Figure 12.7

(continued)
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biomass predicted under baseline conditions. The patterns in the model results that
rely on snapshot outputs in October were consistent across water years, regardless
of day selected for outputting, but the magnitude of the individual model results
varied across output days.

12.4 Results

12.4.1 Baseline Simulations

In the baseline simulations (Runs 1 and 2), total (all ages) anchovy biomass
(Fig. 12.3a) and abundance (Fig. 12.3b) show repeating annual cycles that reflect
the effects of recruitment level more than water year type. Under high recruitment,
biomass initially increased rapidly each year as recruits were added to the popu-
lation and then dropped very rapidly due to the rising biomass of anchovy rapidly
reducing their prey causing slower growth and higher mortality rates relative to the
low recruitment scenarios. While biomass and abundance were much higher under
high recruitment compared to low recruitment, mean length was lower under high
recruitment confirming a density-dependent effect of abundance on growth
(Fig. 12.3c). Abundance under high recruitment (Fig. 12.3b) initially dropped in
tandem with a drop in biomass each year (Fig. 12.3a), suggesting that slowed
growth led to increased mortality. Under low recruitment, both biomass and
abundance showed smoother increases as juveniles were added and decreases after
that each year, and the lower predation pressure on their zooplankton prey resulted
in faster growth and longer mean lengths (gray lines in Fig. 12.3).

Within each of the baseline simulations, the annual cycles of biomass, abun-
dance, and mean length did not show large differences among the dry, normal, and
wet water years (Fig. 12.3). Use of total population, which included all ages, acted

Table 12.3 (continued)

Model output Calculations Runs and
Years

Figures

Proportion of total mortality
due to each cause

Cumulative sum of all worths
due to mortality, and by each
mortality source (hypoxia,
starvation, old age, and
natural); compute the
proportions as sum of deaths
by source divided by total
deaths

Runs 1–6
All 13 years
for each run

Figure 12.8

YOY biomass in mid-October Output all YOY individuals on
first time step after midnight
on October 15; compute
biomass as summed
weight × worths

Runs 7–18
Last 3 years
(dry, normal,
and wet) of
each run

Figure 12.9
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(a)

(b)

(c)

Fig. 12.3 Total daily population biomass (a), abundance (b), and mean length (c) for the baseline
simulations under low and high recruitment

340 A.T. Adamack et al.



to smooth differences from year-to-year. When only YOY were examined, water
year type had somewhat larger effects, but they were still small compared to the
effects of recruitment level (discussed below in Fig. 12.6).

12.4.2 Assessment of Re-calibration Using Baseline
Simulations

Following the re-calibration of the coupled models after adding bay anchovy,
chlorophyll-a concentrations and mesozooplankton densities in the two simulations
(Runs 1 and 2) were 1-fold to 3-fold higher than predicted values without anchovy.
Predicted chlorophyll-a (based on the daily values) ranged from 0.85 to 18.65 g C m3

with anchovy versus 0.67 to 14.10 g C m3 without anchovy, and mesozooplankton
ranged from 0.0037 to 0.12 g C m3 with anchovy versus 0.0037 to 0.046 g C m3

without anchovy. In contrast, microzooplankton densities ranged from a third of to
being similar in magnitude to the predicted densities obtained without anchovy. The
temporal and spatial trends in micro- and mesozooplankton densities were generally
consistent with the densities from model runs without anchovy. Nitrate and phos-
phate concentrations were almost identical between simulations without and with
anchovy. Adamack (2007) further demonstrated the similarity of micro- and
mesozooplankton densities (with and without anchovy) to the historical field data
(roughly monthly) collected at station CB5.2 from the long-term monitoring pro-
gram (see Magnien 1987).

Model predictions of anchovy lengths and growth rates for YOY individuals that
survived to the end of October for the baseline simulations (Runs 1 and 2) are
somewhat comparable with the October field observations of Jung and Houde
(2004a, their Table 2). The median length of anchovy under low recruitment was
about 34 mm for all 3 water year types (last 3 years of the simulation), which is
lower than the range of mean lengths (46.7–51.1 mm) reported by Jung and Houde
(2004a). The shorter simulated lengths were driven by a combination of the date
that model results were output and the pattern of recruitment that we used. Delaying
output by 14 days resulted in median lengths being ∼5 mm longer, while ignoring
recruits added in September and October produced additional increases in the
simulated lengths. Simulated median lengths in the last 3 years of the high
recruitment baseline simulation were about 27 mm, which is approximately half of
the shortest mean lengths observed (46.7–51.1 mm, Table 12.4). Predicted YOY
anchovy growth rates for both the low and high recruitment simulations (about
0.38 mm d−1) are similar to Jung and Houde’s values (0.36 and 0.40 mm d−1), and
also similar to the juvenile anchovy growth rates reported by others (0.20–0.33 mm
d−1) for mid-Chesapeake Bay (Morin and Houde 1989; Newberger et al. 1989).

Predicted abundances of YOY anchovy in late October for the two baseline runs
are within the range of abundances observed by Jung and Houde (2004a) (Table 12.4).
Anchovy abundances for the low recruitment scenario (44.4 to 48.4 × 109
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individuals) are similar to the observed abundance in 1995 (44.5 × 109 individuals),
which was the year with the second lowest observed YOY recruitment. Predicted
abundances for the high recruitment scenario (169.1–187.6 × 109 individuals) are
between the median and highest levels of recruitment observed by Jung and Houde
(98.2–273.8 × 109 individuals).

October YOY biomass tended to be low relative to the October standing stock
biomass of anchovy reported by Jung and Houde (Table 12.4). Anchovy biomasses
predicted for low recruitment (18,393–22,502 metric tonnes) are similar to the fall
peak in biomasses observed by Jung and Houde during years with low estimated
anchovy biomass (∼25,000–50,000 metric tonnes; their Fig. 4a). However, pre-
dicted biomasses for the high recruitment scenario (28,346–39,684 metric tonnes,
Table 12.4) are less than half of the reported field-based estimates (∼100,000–
150,000 metric tonnes) during years with high anchovy biomass.

Model predictions of the mean latitude of age-1 and older anchovy (not YOY)
by length category are generally comparable to field data from the CHESFIMS
project (Miller et al. 2008). When each of the simulated water years were matched
with field data for years of similar water type, the predicted mean latitude of
anchovy overlaps with the observed latitudes for the intermediate length classes
(Fig. 12.4)

We examined the vertical distributions of anchovy for two cross sections of
Chesapeake Bay (not shown) and found that anchovy were generally concentrated
in waters above the hypoxic layer, consistent with Zhang et al. (2014) who showed
many pelagic fish species moving vertically in response to hypoxic conditions.

Table 12.4 Predicted median length in October, mean growth rate of survivors, abundance, and
biomass of YOY anchovy in dry, normal, and wet years of the baseline simulation under low and
high anchovy recruitment compared to observed values from Jung and Houde (2004a). The years
of field data are the lowest, median, and highest values of 23 mm anchovy recruits reported by
Jung and Houde in order to provide a range of values to compare to the model results

Year type Median length
(mm)

Growth rate
(mm d−1)

Abundance
( × 109)

Biomass (metric
tonnes)

Low recruitment

Dry 32.4 0.34 45.0 18,393
Normal 33.8 0.38 48.4 22,502
Wet 33.8 0.39 44.4 19,535
High recruitment

Dry 26.1 0.15 169.1 28,346
Normal 27.3 0.14 187.6 39,094
Wet 28.3 0.14 177.9 39,684
Jung and Houde (2004a)
Low (1996) 49.1 0.36 29.2 27,000
Median (1997
and 1999)

51.1 0.36 98.2 ∼100,000

High (1998) 46.7 0.40 273.8 193,000
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(a)

(b)

(c)

Fig. 12.4 Predicted latitudes (°N) of age 1 and older anchovy in October for the last 3 years water
year types: (dry (a), normal (b), wet (c)) of the baseline simulation under high recruitment
compared to field observations of the distributions of anchovy in the fall. Years of the field data
were matched to the simulated years based on being dry, normal, or wet water years. Anchovy
field distributions are from the CHESFIMS project
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12.4.3 Effects of Water Year and Nutrient Loadings
on Salinity, Temperature, and Zooplankton

Salinity and water temperature were only affected by water years, while meso-
zooplankton was affected by both water years and nutrient loadings scenarios. For
salinity, going from dry years to wet years resulted in lower overall salinities and
increased the southward extent of low salinity waters (e.g., salinity < 15; Fig. 12.5
top row). Water temperatures were somewhat similar for the dry year and the
normal year, but were somewhat cooler in wet years (Fig. 12.5 middle row).
Spatially, water temperatures tended to be warmest along the edges of the Bay and
in tributaries and coolest along the main channel, particularly in the northern half of
the Bay. Mesozooplankton density increased going from dry years to wet years and
from decreased nutrient loadings scenarios to increased nutrient loadings scenarios
in response to increases in nutrient loadings rates to the Bay (Fig. 12.5 bottom row).
Spatially, the main channel of the Bay had the highest mesozooplankton densities,
but this is in part a result of the mesozooplankton densities being depth-integrated
and the main channel being the deepest portion of the Bay. Microzooplankton (not
shown) had similar patterns to mesozooplankton.

The effects of water years and nutrient loadings scenarios on salinity, temper-
ature, zooplankton, and other water quality variables are covered in detail in Cerco
and Cole (1993), Cerco et al. (2010), and Cerco and Noel (2013).

12.4.4 Effects of Water Year and Recruitment Level
in Baseline Simulations

Recruitment level affected YOY anchovy lengths more than water years (Fig. 12.6).
Anchovy in the low recruitment scenario (Run 1) generally reached longer lengths
than anchovy in the high recruitment scenario (Run 2) (Fig. 12.6a vs. b). However,
there was little difference in the length distributions of anchovies across water years
(middle bars for each water year in Fig. 12.6a, b). Similar results were seen for
October biomasses (Fig. 12.6c, d) and abundances (Table 12.4) of YOY anchovy,
though there was more variability across water years for biomass and abundance
than for lengths. Across water years, YOY anchovy biomasses were similar for all
three water years under low recruitment (18,393–22,502 metric tonnes), but higher
for the normal and wet years than for dry year (about 39,000 vs. 28,346 metric
tonnes) under high recruitment (Table 12.4; Fig. 12.6c, d). The same pattern was
predicted for YOY abundance—similar for all years under low recruitment (44.4–
48.4 × 109 individuals) and higher for the normal and wet years than for the dry
year (187.6 and 177.9 vs. 169.1 × 109 individuals) under high recruitment.

Water year had a larger effect on anchovy spatial patterns than recruitment level.
As would be expected, anchovy densities (all ages) were generally higher under
high recruitment than low recruitment (note scale of color bar in Fig. 12.7). Across
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Fig. 12.5 July spatial patterns of depth-integrated salinity (top row), temperature (middle row),
and mesozooplankton densities (bottom row) for the dry year of the decreased nutrient loadings
scenario, the normal year of the baseline nutrient loadings scenario, and the wet year of the
increased nutrient loadings scenario. The three scenarios were selected to show the full range of
the nutrient loadings scenarios (e.g., the extreme minimum, “typical,” and maximum nutrient
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water years, the mean latitude of anchovies in July was farther south in the wet year
compared to the normal and dry years, likely in response to changes in the extent of
hypoxia between wet and dry years. In the wet year, bottom layer hypoxia extended
further south and was more intense than in normal and dry years (not shown). The

(a) (b)

(c) (d)

(e) (f)

Fig. 12.6 Comparison of YOY bay anchovy October length distributions (a, b), October biomass
(c, d), and survival from recruitment to October (e, f) across recruitment levels (low and high),
water year types (dry, normal, and wet), and nutrient loadings (decreased, baseline, and increased).
The last 3 years in each simulation were used as dry, normal, and wet year types. For anchovy
length box plots, circles show the 5th and 95th percentiles of the distributions, whiskers show the
10th and 90th percentiles, the box shows the 25th and 75th percentiles, and the solid line in the box
shows the median
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effect of water year type on latitude in July was roughly consistent under low and
high recruitment levels. Under low recruitment, mean latitude of age-1 and older
individuals in July was 37.27°N for the wet year versus 37.35°N and 37.33°N for
the dry and normal years. Under high recruitment, mean latitude in July was also
lowest (37.33°N) for the wet year compared to the normal and dry years (37.43°N
and 37.41°N, respectively).

12.4.5 Effects of Nutrient Loadings

Changing nutrient loadings (Runs 3–6) affected dissolved oxygen concentrations
and zooplankton densities in the eutrophication model. Increasing nutrient loads by
50% had a relatively small effect on hypoxic volume (Fig. 12.2). Reducing nutrient
loadings had a much larger effect on hypoxic volumes, with a 50% reduction in
nutrient loadings resulting in a 20–40% reduction in hypoxic volume (Fig. 12.2).
Higher nutrient loadings resulted in higher zooplankton densities throughout the
Bay (and vice versa).
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Fig. 12.7 July depth-integrated (# m−2) anchovy densities for the last 3 years (dry, normal, and
wet) of the baseline simulation under low recruitment (top row) and under high recruitment
(bottom row). Note the difference in the scale on the color bars
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The effects of increasing or decreasing nutrient loads on bay anchovy were
consistent across the two recruitment levels and the three water year types.
Increased nutrient loadings resulted in increases in YOY anchovy lengths and
biomasses, while decreased nutrient loadings resulted in decreases in lengths and
biomasses (Fig. 12.6a–d). However, YOY anchovy survival rates were inversely
related to nutrient loadings, with increased nutrient loads resulting in lower survival
rates for both recruitment levels (Fig. 12.6e, f), primarily due to increases in
mortality due to increasing rates of exposure to hypoxic conditions (Fig. 12.8) as
the volume of hypoxic water increased (Fig. 12.2). Changes in anchovy survival
rates (Fig. 12.6e, f) were small relative to the changes in anchovy lengths
(Fig. 12.6a, b), which resulted in increased nutrient loadings producing higher
biomasses of YOY bay anchovy (Fig. 12.6c, d) despite the higher YOY mortality
rates. We note that going from baseline nutrient loadings to increased nutrient
loadings had a smaller effect on anchovy lengths, biomass, and survival than going
from baseline to decreased nutrient loadings.

Fig. 12.8 Causes of anchovy
mortality for all anchovy
individuals dying over the
course of the 3 prerun years
and the 10 water years from
1984 to 1993 for decreased,
baseline, and increased
nutrient loads and low and
high recruitment. Causes of
mortality include exposure to
low DO (hypoxia), starvation,
old age, and general
(size-dependent) mortality
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12.4.6 Effects of Additional Hypoxia-Related Mortality

For the low recruitment level (Runs 7–9), reducing recruitment to 86% of the
baseline low recruitment level was sufficient to reduce October biomass of YOY
anchovy in the increased nutrient loadings scenario to the same level as the biomass
obtained under baseline nutrient loadings (Fig. 12.9a). This same reduction in
recruitment resulted in the offsetting of the nutrient-fueled increased high biomass
for all three water year types. Under high recruitment (Runs 10–12), recruitment
had to be reduced to 52% of the baseline high recruitment level to result in
October YOY anchovy biomasses that were approximately equal to biomasses
under baseline nutrient loadings (Fig. 12.9b).
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For the low recruitment level (Runs 13 and 14), increasing q from 1.17 to 1.30
resulted in October YOY anchovy biomass under increased nutrient loadings
dropping to the same level as under baseline nutrient loadings (Fig. 12.9c).
Increasing q from 1.17 to 1.30 translated into the mortality rate of a 23 mm long
individual increasing from 0.05 d−1 to 0.057 d−1 and for a 65 mm long adult to
increase from 0.018 d−1 to 0.020 d−1. Much larger increases in q were needed to
reduce October YOY biomasses back down to baseline levels under high recruit-
ment (Runs 15–18). During wet years, an increase of q from 1.17 to ∼1.6 was needed
(black line in Fig. 12.9d), while for normal and dry years q had to increase even
more to about 2.0. Increasing q from 1.17 to 1.6 resulted in mortality rate of a 23 mm
individual increasing from 0.05 to 0.070 d−1 and for a 65 mm individual increasing
from 0.018 to 0.025 d−1. A q value of 2.0 resulted in about a 75% increase in
mortality rate of juveniles and adults (from 0.05 to 0.087 d−1 and from 0.018 to
0.031 d−1).

12.5 Discussion

The effects on anchovy of increased and decreased nutrient loadings depended on
the assumptions made about hypoxia causing direct mortality on eggs and larvae
and causing increased mortality on juveniles and adults due to assumed changes in
anchovy and predator vertical spatial overlap. If we assume that mortality would
only be caused by direct exposure of juveniles and adults to hypoxia, then a 50%
change in nutrient loadings would have the expected “fertilizer” effect of changing
food availability and changes in growth would dominate the response of anchovy.
Decreased nutrient loadings would result in smaller YOY anchovy lengths and
lower biomass in October, while increased nutrient loadings would result in larger
YOY anchovy lengths and slightly higher biomass. These results include low DO
effects on juvenile and adult growth and mortality arising from direct exposure to
low DO and also reflect avoidance behavior by juveniles and adults of low DO. The
simulations ignored DO effects on egg and larval mortality and any mortality
changes related to habitat overlap between anchovy and their predators.

However, if we assume that egg or larval mortality (i.e., reduced recruitment to
23 mm) or juvenile and adult mortality are related to the nutrient loadings via
hypoxia, then the predicted positive effects on anchovy of increased nutrient
loadings can be offset and even reversed by simultaneous changes in hypoxia extent
and intensity. Under low recruitment, a 14% reduction in the number of recruits was
sufficient to eliminate the benefits of increased nutrient loadings on anchovy bio-
mass, while even larger reductions in recruitment could reduce anchovy biomass to
levels that were less than half of those under baseline nutrient loads (Fig. 12.9a).
Within the prerecruit phase, an effect on eggs and yolk-sac larvae is more likely
than on larvae. Adamack et al. (2012) found that egg mortality was 2-fold to 7-fold
higher when nutrient loads were increased, while the response of early larvae was
complicated because of shifting degrees of vertical overlap with their invertebrate
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predators. Alternatively, juvenile and adult mortality rate would only need to
increase from 0.051 d−1 to 0.056 d−1 for 23 mm anchovy and from 0.018 d−1 to
0.020 d−1 for 65 mm anchovy due to more spatial overlap with predators to also
offset the benefits of increased nutrient loadings (Fig. 12.9c). While the same
general result was obtained under high recruitment, larger changes in mortality
related to increased nutrient loadings effects were needed.

We carried out some additional model simulations under increased nutrient
loadings with both sources of hypoxia-related mortality (direct egg/larval mortality;
predation on juveniles and adults due to changes in the degree of vertical spatial
overlap) changed simultaneously. While the reductions in recruitment and increased
mortality needed to offset increased biomass were reasonable when examined alone
for low recruitment, much larger changes were needed under high recruitment. We
did not do an exhaustive search of all combinations of reduced recruitment and
increased q values that would offset nutrient-fueled higher production under high
recruitment; rather, we tried a few combinations. For example, a combination of a
16% increase in juvenile and adult mortality rates combined with a 14% reduction in
recruitment in wet years and a 50% reduction in dry years was sufficient to offset the
benefits of increased nutrient loadings. Another viable combination was a 22%
increase in juvenile and adult mortality rates combined with a 14% reduction in
recruitment in wet years and a 25% reduction in dry years.

We also performed some additional simulations to explore the changes in
mortality needed to offset the reduced growth predicted under decreased nutrient
loadings. Predicted October YOY biomass under low recruitment with decreased
nutrient loadings was about 60% of the biomass under low recruitment with
baseline nutrient loadings across the 3 year types (Fig. 12.6c). One combination
that offsets the reduced biomass under decreased nutrient loadings was assuming
that reduced hypoxia spatial extent with decreased nutrient loadings would result in
lowered egg and larval mortality and therefore high recruitment (rather than low
recruitment) and less overlap of anchovy with their predators and therefore q would
decrease from 1.17 to 0.585. Predicted October YOY biomass under decreased
nutrient loadings but with these improved conditions was higher than the biomass
predicted under baseline loadings for the three water year types. There are other
combinations of egg and larval mortality (recruitment) and juvenile and adult
mortality (q values) that would also offset the reduced biomass predicted with
decreased nutrient loadings.

Thus, the apparent benefit of increased nutrient loadings (and by analogy of
decreased loadings) depends on both the increased zooplankton predicted (more
food) and possible increased mortality due to the direct and indirect effects hypoxia.
Under low recruitment, relatively small reductions in recruitment or increased
juvenile and adult mortality, and even smaller effects if both are operating simul-
taneously, were sufficient to offset or even reverse the effects of changes in nutrient
loadings. Larger reductions in recruitment or increased mortality were needed under
high recruitment conditions. Relatively large, but not impossible, reductions in
mortality due to less hypoxia offset the reduced growth under decreased nutrient
loadings. Determining the likelihood and realism of the needed changes in egg to
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larva and juvenile and adult mortality rates due to variation in hypoxia will require a
combination of field data collection coordinated with modeling in the future.

We included high and low recruitment and different water year types to bound
model predictions of responses to changes in nutrient loadings and the associated
changes in zooplankton and hypoxia. We used different simulated years to represent
dry, normal, and wet year types; however, we used only single years to represent
each of these types. In reality, there is also variability among years within dry,
normal, and wet year types. Recruitment level had the expected effect on biomass
and abundances, with the contrast between low and high recruitment showing the
effects of density-dependent growth and survival of YOY. Mean length of YOY in
October was almost 50% larger under low recruitment compared to high recruit-
ment. The slowed growth results in consistent, but relatively small, changes in
YOY survival from individuals being smaller with a mortality rate that decreased
with length (Rose et al. 2001). Wang et al. (1997) and Cowan et al. (1999) also
found density-dependent growth and survival using an individual-based anchovy
population model configured for a single, well-mixed box for the mesohaline region
of Chesapeake Bay. However, Jung and Houde (2004b) hypothesized that anchovy
should have higher survival rates during wet years than dry years due to their higher
concentrations in a smaller area satiating predators. This potential response of
anchovy mortality rates to water years cannot be seen in our simulations, as
predators are only included as a general size-dependent mortality term. Our pre-
dicted changes in survival were for individuals from recruitment at 23 mm to
October; whether the effect would be amplified if the dynamics of the larval stage or
predators were simulated is not clear.

Water year type, for a given level of recruitment, had smaller effects on biomass,
abundance, and lengths, but did cause a southward movement in wet years
(Figs. 12.4 and 12.7). The change in latitudinal distributions is consistent with Jung
and Houde (2004b). They suggested that during wet years, anchovy would be
located further south as their northward movement would be blocked by low DO in
the deeper waters of the mid-Bay region.

The idea that eventually the negative effects of hypoxia associated with
increased nutrient loadings result in reduced fish production has been widely dis-
cussed. Cross-system comparisons have shown that estuarine systems with higher
nutrient loads generally have higher biological production (Caddy 1993, Nixon and
Buckley 2002, Breitburg et al. 2009a, b). Caddy (1993) suggested that eutrophi-
cation in a coastal ecosystem will initially increase the production of pelagic and
demersal fish species, but predicted that further increases in eutrophication would
eventually cause the production of demersal fish to decline while pelagic fish
production would continue to increase or plateau. Diaz and Rosenberg (2008) offer
a similar argument of increasing nutrient loadings eventually leading to a decline in
fish populations via hypoxia decreasing benthic energy production that results in
decreased consumer production. Often in these reviews (e.g., Breitburg et al.
2009b), the potential for the negative effects of hypoxia from increased nutrient
loadings causing a decline in fish populations and fisheries, as suggested by Caddy,
is discussed; however, the empirical evidence for the “tipping point” is often limited
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with a few case studies offered as possible examples. Our analysis offers a case
study using a common pelagic species in Chesapeake Bay and illustrates how
coupled biophysical modeling can be used to quantify the negative direct and
indirect effects needed to offset the increased production from increasing nutrient
loadings. Our results can also be used to quantify the positive direct and indirect
effects needed to offset the reduction in production under decreased nutrient
loadings scenarios.

Our approach used here was a bottom-up analysis of the population dynamics of
a pelagic species. Despite hypoxia being a lower water column phenomenon, there
are many examples of analyses of hypoxia effects on pelagic fish species (Van-
derploeg et al. 2009; Dylander and Cerco 2010; Pothoven et al. 2012), including
studies that specifically dealt with bay anchovy (Ludsin et al. 2009; Adamack et al.
2012; Zhang et al. 2014). Our analysis also focused on how nutrient loadings
affected phytoplankton and zooplankton as part of the water quality modeling (i.e.,
bottom-up), but any other responses of the food web were assumed unaffected by
nutrient loadings and associated hypoxia. We did account for prerecruit (egg to
larval) mortality and juvenile and adult mortality, but as a sensitivity analysis with
forced changes in recruitment and mortality rates and in a non-spatial manner.
Increased juvenile and adult mortality would likely have a strong spatial aspect as it
would emerge from altered movement of anchovy and their predators (Breitburg
et al. 2009b; Ludsin et al. 2009). Other possible responses outside of the population
approach are direct and indirect effects on zooplankton (Ludsin et al. 2009; Roman
et al. 2012; Elliott et al. 2013); the interplay among zooplankton, ctenophores
(Mnemiopsis leidyi), and larval fish (Kolesar et al. 2010, 2017); and spatially
explicit losses of benthic production (Diaz and Rosenberg 2008). These top-down
and food web effects, which were mostly ignored or dealt with by forcing changes
in mortality in our model simulations, can modify the predicted anchovy responses
to changes in nutrient loadings we obtained here using a population-based approach
driven by a hydrodynamics–eutrophication model.

We have successfully demonstrated that we can dynamically couple the
three-dimensional Chesapeake Bay water quality model with a population dynamic
model of bay anchovy. Most analyses of the relationships among nutrient loadings,
hypoxia, and fish have focused on specific life stages (e.g., Adamack et al. 2012),
individuals at local scales (e.g., Rose et al. 2009), or changes in habitat (e.g.,
Constantini et al. 2008). Our approach attempted to operate at the population level
for the entire Chesapeake Bay, albeit not full life cycle because we forced
recruitment of early juveniles into the model every year. We believe that there are
three high-priority expansions needed to the present model. These include contin-
uing to develop the model for bay anchovy in Chesapeake Bay by adding the egg
and larval stages as individuals in the simulations, exploring different options for
the avoidance behavior, and adding individual predators so they can respond to
changes in anchovy distributions and to hypoxia. Making these changes to the
model would help us to better understand the effects of changes in nutrient loadings,
and concomitant changes in hypoxia, on bay anchovy population dynamics.
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