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ABSTRACT

In this paper we develop a simple dynamic model to describe the season-
ality of fish population subjected to the pattern of water level fluctuations
(i.e., hydroperiod) in a northern Taiwan wetland ecosystem, Kuandu
Natural Reservation. We use a harmonic oscillation to characterize
hydroperiod quantitatively by obtaining the amplitude and timing of
the dominant periodic component in a time series of water levels. The
model illustrates the temporal pattern of fish dynamics through the year
that can result in very high density of fish at the end of a hydroperiod as
well as the importance of ponds and other depressions that both are
refuges and sinks during dry periods. We suggest that a 9-mon effective
threshold in the length of the hydroperiod must be exceeded to produce
high fish population densities. Our results also indicate that the large,
piscivorous fish appear to have a major impact on smaller fish in the
marsh habitat. Simulation results reveal that the recovery of small fish
populations in the marsh following a major drought requires up to two
years. The collective results imply that human activities such as drainage
or other alterations of the hydrology can exacerbate natural cycles and
results in detrimental stresses on fish production and the higher trophic
levels dependent on this production.
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INTRODUCTION

Fluctuating marsh ecosystems are found throughout the tropics and
subtropics, but their fish population dynamics are little understood. In
Taiwan region, for example, such marshes seasonal variation in rainfall
and discharge cause considerable variation in the depth and extent of
water cover, and many of these marshes become dry each year. Kushlan
(1,2), Capone and Kushlan (3), and Jordan et al. (4) pointed out that the
seasonal water level cycle appears to be the dominant influence on the fish
community. During the usual dry down, marsh fish become densely concen-
trated in ponds, but little is known about population fluctuations of the fish
during the rest of the year outside the ponds.

The pattern of water level fluctuations in a wetland is its hydroperiod.
Periodic draughts can amplify the effects of the annual dry season and result
in the drying of freshwater marsh. This produces massive losses of fish num-
bers and threatens the residual seed populations of fish needed to repopulate
the marshes in the next wet season. Snodgrass et al. (5) indicated that hydro-
period accounted for significant portions of variation in controlling the bio-
availability of Hg in a wetland ecosystem. Lorenz (6) revealed that sites with
a longer hydroperiod had a higher density in fish biomass than sites with
a shorter hydroperiod. One of the factors helping to mitigate the severity of
the effects of drought is the quasi-permanent water bodies that are refuges for
fish during these dry down. Fish that can locate refuges during dry downs
may survive the most severe droughts.

These quasi-permanent water bodies, however, are not guaranteed sanct-
uaries for fish that move into them. Crowding can lead to oxygen depletion
and higher susceptibility to disease. In addition, the larger water bodies typi-
cally house many piscine reptilian predators. For small fish, the most signifi-
cant predators may be the large size fish. Thus, the fraction of small fish that
fish survive a dry down will be the product of the fraction of fish that move
into water bodies deep enough to last through the dry down and the fraction
of those that escape mortality from predation and crowding in these refuges.

In view of the likelihood that conditions amenable to the maintenance of
a healthy wetland ecosystem are likely to worsen over years in Taiwan.
Moreover, because of human interference, there is now concern about the
current functioning of this system of biological energy collection and concen-
tration in the most freshwater marsh in Taiwan region. Wading bird numbers
and reproductive have declined. The system of levees and canals built in
the neighbor of wetlands to divert water for urban and agricultural water
use and flood control has altered the natural hydrological cycles over large
portions of the wetland region, and has reduced the formerly high availabilities
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of fish for the wading birds over much of this landscape. Thus, the system of
water regulation has imposed a stress on the natural functioning of the system.

So far the manner and extent of the restoration have not yet been
defined. A key part of the prediction is how various proposed hydrologic
restoration alternatives will affect fish population across the landscape. Each
alternative will involve a partial return to natural conditions but will un-
avoidable retain much of the present system of dikes and canals. Snodgrass
et al. (7) indicated that hydroperiod length should be included as a primary
criterion in wetland regulations. Jordan et al. (4) recommended that resource
managers consider using fish as indicator to evaluate the efficacy of ongoing
restoration and management efforts in wetland systems.

To understand causes of hydroperiod seasonality on fish dynamics,
a simple dynamic model is developed. The model describes a hypothetical
wetland designed according to literature data supplemented by unpublished
data on Kuandu, a wetland ecosystem in the northern Taiwan region. The
primary object of this paper is to describe the effect of water level changes on
population levels of fish in the marshes on both seasonal and long-term basis.
We focus on the seasonal dynamics of the community of small fish (e.g.,
mosquitofish (Gambusia affinis) and silverbiddy (Gerres abbreviatus)) as
water level change through the year. This small fish are major prey items
for many wading birds in Kuandu wetland ecosystem.

This paper predicts the effects of prolonged droughts on fish popula-
tions that have become more frequent during the past few decades of human
intervention. A lengthy period of drought may reduce remnant populations
of fish to very low levels and the recovery for the populations after the
drought may be correspondingly low. The potential for large piscivorous
fish to have a regulatory effect on the smaller fish that are important to the
wading birds is also examined.

MODEL STRUCTURE

Hydroperiod Dynamics

Nuttle (8) has been successfully used the harmonic analysis in measuring
wetland hydroperiod. With the quantitative measures of hydroperiod derived
by harmonic analysis, he was able to demonstrate statistically the relation-
ship between water management and hydroperiod. In this paper, we use
a simple harmonic oscillation to characterize hydroperiod by obtaining the
amplitude and timing of dominant periodic component in a time series of
water level (8),

y ¼ �yyþ A cos 2�
d � dmax
365

� �� �
; ½1�
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where y is the water depth in the cell during the year (m), �yy is the mean water
depth (m), A is the amplitude of the water depth cycle, d is the day of the year
(d), and dmax is the day of the year on which water depth is a maximum.

Lower Trophic Dynamics

It generally assumes that the ultimate limits on the growth of the fish
populations can be determined by the lower trophic levels represented by
periphytons, macrophytes, mesoinvertebrates, macroinvertebrates, and detri-
tus that are resources of the fish.

The dynamic model corresponding to the graphic model of Figure 1
describing the lower trophic interactions can be expressed by considering
from the aspect of traditional predator-prey model that is known as the
Lotka-Volterra model as (9),

dB1ðtÞ

dt
¼ aB1ðtÞ � bB21ðtÞ � cðdB4ðtÞ þ eB5ðtÞÞB1ðtÞ � �B1ðtÞ;

1208 LIAO, TSAI, AND LIN

Figure 1. Lower trophic interactions among periphyton, macrophytes, macroinvertebrates,

mesoinvertebrates and detritus.

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
N
a
t
i
o
n
a
l
 
T
a
i
w
a
n
 
U
n
i
v
e
r
s
i
t
y
]
 
A
t
:
 
1
5
:
2
8
 
1
5
 
S
e
p
t
e
m
b
e
r
 
2
0
0
8



ORDER                        REPRINTS

dB2ðtÞ

dt
¼ fB2ðtÞ � gB22;

dB3ðtÞ

dt
¼ hðbB21ðtÞ þ gB22ðtÞ þ iB24ðtÞ þ jB25ðtÞÞ

� kB23ðtÞ þmFLðtÞ þ nFSðtÞ;

½2�

dB4ðtÞ

dt
¼ dB1ðtÞB5ðtÞ � iB24ðtÞ;

dB5ðtÞ

dt
¼ eB1ðtÞB5ðtÞ � jB25ðtÞ;

where B1 is the periphyton biomass (g), B2 is the macrophyte biomass (g), B3
is the detrital biomass (g), B4 is the mesoinvertebrate biomass (those <1mg
body weight), B5 is the macroinvertebrate biomass (those >1mg body
weight), FL is the large fish biomass (g), and FS is the small fish biomass
(g). The following parameters may be seasonally varying: a is the periphyton
growth rate (d�1), b is the periphyton death rate (d�1g�1), c is the inverse of
assimilation rate of macroinvertebrates and mesoinvertebrates (dimension-
less), d is the mesoinvertebrate growth rate (d�1g�1), e is the macroinverte-
brate growth rate (d�1g�1), f is the macrophyte growth rate (d�1), g is the
macrophyte death rate (d�1g�1), h is the percentage production in detritus
(dimensionless), i is the mesoinvertebrate death rate (d�1g�1), j is the macro-
invertebrate death rate (d�1g�1), k is the detritus decay rate (d�1g�1), m is the
large fish death rate (d�1), n is the small fish death rate (d�1), and � is the
small fish periphyton uptake rate (d�1).

An underlying assumption of Eq. [2] is that the lower trophic interac-
tions between predators and prey consist of a single predator consuming a
single prey item.

Fish Life Cycles

Most of the fish that have been found in Kuandu wetland include
mosquitofish (Gambusia affinis), silverbiddy (Gerres abbreviatus), large-scale
mullet (Liza marcolepis), jarbua terapon (Terapon jarbua), broadhead sleeper
(Eleotris melanosoma) and euryhaline teleost (Oreochomis sp.) (10). In the
model, two fish functional types are categorized according to the body length,
the small planktivorous functional type (e.g., G. affinis and T. jarbua,
body length ranged from 18–32mm) and the large piscivorous functional
type (e.g., L. marcolepis and O. mossambicus, body length ranged from
59–274mm).

The fish in each of these two functional types are modeled as 1-mon age-
class. Growth in age, growth in size, and mortality occurs on a 3-d time step
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basis, but an increase to the next age-class occurs only on the first time step
within a given month. Thus the age of fish in days (t) may be expressed as,

t ¼ 30mþmd; ½3�

where m represents the month age-class of a particular fish and md is the
day of the month.

Gamito (11) suggested that for seasonal growth for long-lived fish, the
von Bertalanffy equation is preferable to describe fish population growth and
mortality. We thus use the von Bertalanffy equation to calculate the size of
the fish in a particular m-mon age-class as,

Lm ¼ L1ð1� ekðt�t0ÞÞ; ½4�

where Lm is the fish size in a m-mon age-class, whereas weight in grams dry
weight is given by the weight-length relationship,

W ¼ �L�; ½5�

where L1, k, t0, �, and � are constants. It is assumed that all fish that
survive through a given time step grow at the growth rate specified by
Eqs. [4] and [5].

Mature fish of each functional group produce a number of viable off-
spring during their reproductive season. The age of maturity, the fecundity,
and the months during the year in which each functional group reproduces
are specified as input data.

Four types of mortality assumptions are embodied in the model: (i)
The natural mortality of an uncrowded population which is dependent on
individual fish size class, but is independent of population size. The age-
dependent functional form for survival used in this model is assumed by
the equations that have been taken from the ecological literature and all
have been used in modeling real situations (9),

SðtÞ ¼ 1:0�
p1

1þ ð p2tÞ
p3
; ½6�

where S(t) is the survival rate at the age of fish t, whereas p1, p2, and p3 are
constants; (ii) Density-dependent mortality due to starvation. This is calcu-
lated by first computing the density of preferred prey for a particular age-
class of a particular functional group. As this density of preferred prey
decreases, the mortality rate of that specific age-class and functional group
increases; (iii) Losses due to predation from the other functional group in the
model is also included. Particularly, fish of the small functional type are
preyed on by the fish of the large functional type. Predation from wading
birds is not yet included in this model; and (iv) Losses due to drying out of
a spatial cell.
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Movement Patterns

A scenario that would lead to the movement patterns of fish in the
Kuandu wetland ecosystem may occur if the hydroperiod dynamics is con-
sidered to be the only environmental driving variable. The movement pat-
terns that coupled water level fluctuations and fish population that the model
attempts to capture in the hypothetical wetland designed according to
Kuandu landscape can be described as follows.

When the water depth in the spatial cell falls to low levels, the fish
begin to move to depressions or ponds. The large fish move first and the
smallest fish last. All have moved to depressions before the depth relative to
the surface of the cell falls to zero. Some fraction of the fish present in the
spatial cell at each time is allocated either to ponds or to depressions. The
fractions of each species that reach ponds or depressions, respectively, can be
specified.

As the water level drops further, the portion of a cell area that remains
under water diminishes. Only the deeper depressions remain flooded. We
assume that the fish can move to the depressions, but that some fraction will
reach only shallower, isolated depressions and become stranded as water levels
continue to fall. If depressions dry out, or are discovered by wading birds, the
fish in them are lost from the population. Those surviving in depressions
emerge into the cell when the water level rises again.

Trophic Dynamics

The small-fish functional type is assumed to feed only on lower trophic-
level materials, whereas the large-fish functional type undergoes a shift from
small prey (taken from lower trophic levels) to fish of the small-fish func-
tional type. On each time step, surviving fish of each functional type and age-
class are assumed to grow in length by an amount specified by Eq. [5]. This
results in an increase in weight as

�W ¼ Wt �Wt�3 ¼ �L�
t � �L�

t�3; ½7�

for each fish. This biomass must be acquired through predation. Thus it is
assumed that on each time step an amount of biomass of

P
i �W=c

is removed from the prey species in the model, where the summation
index, i, runs over all fish and c is the biomass conversion efficiency of the
predator in converting consumed prey into predator offspring.

Each predator may have its preferred prey. Both the small fish func-
tional type and the smaller size classes of the large-fish functional type prefer
meso- and macro-invertebrates, whereas the larger size classes of the large
piscivorous fish functional type prefer the smaller fish.
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MODEL IMPLEMENTATIONS

Input Parameters

Simulations of the model were preformed to examine the following
general aspects on the behavior of the fish populations: (i) the dynamics of
the fish population in the marsh through a year as a function of the hydro-
period, and (ii) the effect of droughts of various duration on the survival of
fish in the marsh and on their recovery after the water depths return to
previous levels. The simulations results were include the following: (i) num-
bers of fish per square meter (summed over age-classes) for each functional
group at monthly intervals, and (ii) biomass of fish for each functional group
in the study area on monthly intervals. Input parameters for the model
simulation are described as follows.

Study area: The study area was chosen in the northern Taiwan wetland,
Kuandu Natural Reservation where a shallow marsh 0.5–1m deep in the
wet season. During the typical dry season the marsh dries and water becomes
confined to ponds. We chose a spatial cell measuring 1000m	 1000m as
our basic landscape unit. This size is arbitrary, yet large enough that an
entire landscape, such as the Kuandu wetland, could be modeled as a grid
of cells.

Fish life cycle parameters: The values of fish growth parameters in
Eqs. [4] and [5] are presented in Table 1. Table 1 also gives the values of
the age of maturity, the fecundity, and the months during the year where each
functional group reproduces. Table 2 lists the range values of reproduction
parameters for each month.

1212 LIAO, TSAI, AND LIN

Table 1. Values of Principal Life Cycle Parameters

Fish Functional Type

Parameter Type 1: Small Fish Type 2: Large Fish

von Bertalanffy coefficientsa

L1 5.0 40.0
K �6.0 �6.0

t0 0.045 0.0175
Weight-length coefficientsb

� 0.0013 0.0015

� 3.73 3.24

Age of maturity (d)c 30.0 360.0
Fecundity, number offspring per month, per fishc 20.0 10.0
Months where reproduction occursc Feb.–Nov. Jan.–Oct.

aAdapted from Gamito [11].
bFor small fish, the values are based on the large-scale mullet (r2¼ 0.95), whereas for large fish,
euryhaline teleost is adopted (r2¼ 0.94) in curve fitting to Eq. (5).
cAdapted from Shao [10].
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Mortality parameters: The parameters in Eq. [6] of the age-dependent
functional form for the mortality were chosen to roughly fit estimated survival
curves of the two functional fish groups based on literature data fromKushlan
(1,2). The resulting fitting parameters are listed in Table 3. The other
three mortality parameters account for density-dependent mortality due to
starvation, losses due to predation from other functional group, and losses
due to drying out of a spatial cell, are lumped as a bulk parameter according to
literature data adapted from Kennth and Timothy (12) andWerner et al. (13).
Table 4 gives the lumped mortality parameters in each month.

Movement patterns parameters: The fractions of each species that reach
ponds during dry down and moving from pond to marsh during reflooding in
each corresponding month are specified shown in Table 5. These values given
in Table 5 are estimated from the literature data adapted from McIvor and
Odum (14) and Jordan and et al. (4). They are based on observations in the
field, but little quantitative evidence exists to support them at present.

HYDROPERIOD EFFECTS ON FISH DYNAMICS 1213

Table 2. Reproduction Parameters in Each Month for Two Functional Type Fisha

Fish Functional Type

Month Type 1: Small Fish Type 2: Large Fish

Jan. 1 1.15
 1.2
Feb. 1 1.15
 1.2

March 1.01
 1.2 1.1
 1.2
April 1.005
 1.25 1.1
 1.25
May 1.01
 1.35 1.15
 1.6

June 1.1
 1.5 1.2
 1.8
July 1.25
 1.55 1.7
 1.8
Aug. 1.35
 1.6 1.75
 1.85
Sept. 1.45
 1.7 1.5
 1.8

Oct. 1.5
 1.7 1.2
 1.35
Nov. 1.4
 1.6 1
Dec. 1.2 1

aAdapted from Weatherley [15] and Kushlan [2].

Table 3. Parameters Used in Density-Dependent and Age-Specified Survival Rate in Eq. (6)a

Fish Functional Type

Parameter Type 1: Small Fish Type 2: Large Fish

p1 0.8 0.6

p2 0.05 0.0035
p3 0.25 1.75

aAdapted from Kushlan [1,2].

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
N
a
t
i
o
n
a
l
 
T
a
i
w
a
n
 
U
n
i
v
e
r
s
i
t
y
]
 
A
t
:
 
1
5
:
2
8
 
1
5
 
S
e
p
t
e
m
b
e
r
 
2
0
0
8



ORDER                        REPRINTS

Trophic interactions parameters: Table 6 lists the parameters relating
each fish functional type and its prey. These parameters imply that if all
potential preys of a functional type are available in unlimited amounts the
functional type would take prey in those proportions. Table 7 lists the initial
biomass of lower trophic level and two functional type fish along with the
parameters presented in Eq. [2].
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Table 4. The Lumped Mortality Parameters in Each Month for Two Functional Type Fisha

Fish Functional Type

Month Type 1: Small Fish Type 2: Large Fish

Jan. 0.25
 0.35 0.05
 0.3

Feb. 0.1
 0.3 0.01
 0.2
March 0.1
 0.25 0.01
 0.15
April 0.05
 0.2 0.005
 0.1

May 0.1
 0.35 0.01
 0.2
June 0.1
 0.4 0.01
 0.45
July 0.25
 0.45 0.05
 0.6

Aug. 0.3
 0.52 0.15
 0.7
Sept. 0.4
 0.6 0.28
 0.75
Oct. 0.45
 0.6 0.35
 0.85
Nov. 0.2
 0.35 0.3
 0.7

Dec. 0.1
 0.3 0.05
 0.6

aAdapted from Kenneth and Timothy [12] and Werner et al. [13].

Table 5. Parameters Describing Movement Patterns, i.e., Probabilities of Reaching Pond

During Dry Down or Moving from Pond to Marsh During Reflooding in Each Month for
Two Functional Type Fisha

Fish Functional Type

Month Type 1: Small Fish Type 2: Large Fish

Jan. 0.7
 0.9 0.2
 0.7
Feb. 0.55
 0.6 0.3
 0.4
March 0.6
 0.8 0.2
 0.3
April 0.65
 0.7 0.4
 0.6

May 0.1
 0.2 0.2
 0.3
June 0.55
 0.9 0.3
 0.6
July 0.7
 0.8 0.5
 0.9

Aug. 0.8
 0.9 0.4
 0.7
Sept. 0.55
 0.7 0.3
 0.5
Oct. 0.6
 0.9 0.2
 0.6

Nov. 0.8
 0.95 0.6
 0.8
Dec. 0.8
 0.9 0.4
 0.8

aAdapted from McIvor and Odum [14] and Jordan et al. [4].
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Water depth scenarios: Figure 2 shows three different water depth sce-
narios through a single year ranging from a scenario with a dry period of
about five months (scenario A), a normal water level (scenario B), to a scen-
ario where the spatial cell is flooded during the whole year (scenario C).
To eliminate any effect of initial conditions on the fish populations, the
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Table 6. Parameters Describing Trophic Interactionsa

Fish Functional Type

Parameter Type 1: Small Fish Type 2: Large Fish

Periphyton

Macrophytes 0.54
Detritus 0.24
Mesoinvertebrates 0.05 0.06

Macroinvertebrates 0.17 0.11
Fish functional type 1 0.83

aAdapted and estimated from Patten [16].

Table 7. Initial Biomass per Square Meter of Trophic Levels and
the Principle Parameters of Eq [2] Used in the Model Simulation

Parameter Value

FL(0) 0.109 gm�2a

FS(0) 0.319 gm�2a

B1(0) 0.617 gm�2b

B2(0) 3.15 gm�2a

B3(0) 2.25 gm�2c

B4(0) 0.065 gm�2a

B5(0) 0.88 gm�2a

a 2.25 d�1a

b 0.03d�1g�1c

c 0.39b

d 0.14 d�1g�1a

e 0.254 d�1g�1b

f 0.745 d�1g�1a

g 0.125 d�1g�1b

h 0.355b

i 0.000825 d�1g�1b

j 0.000425 d�1g�1b

k 4.5 d�1g�1a

m 0.05 d�1a

n 0.07 d�1a

� 0.54 d�1a

aEstimated from Patten [16].
bEstimated from Le Cren et al. [17].
cEstimated from Gerking [18].
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simulation was extended for 10 years, with the same seasonal pattern of water
depth repeated each year in a given simulation.

Drought scenarios: Figure 3 shows two different patterns of drought
imposed on an otherwise continuously flooded cell. The shorter drought
period (curve A) consisted of a small dry down in Year 7. The longer
drought period (curve B) consisted of a drought period lasting from Years
5 to 7, and large dry downs in the three succeeding years. Such prolonged
droughts may be more common as a result of human modification of the
system’s hydrology.

Finally, the overall dynamic model reflects the trophic level interactions
in that the small fish feed on the preys from lower trophic level web and the
large fish feed almost exclusively smaller functional group, can be expressed
as follows based on Table 6,

dFLðtÞ

dt
¼ 0:06B4ðtÞ þ 0:11B5ðtÞ þ 0:83FsðtÞ � 0:05FLðtÞ; ½8�

dFSðtÞ

dt
¼ 0:54B2ðtÞ þ 0:24B3ðtÞ þ 0:05B4ðtÞ þ 0:17B5ðtÞ � 0:83FSðtÞ

� 0:07FSðtÞ;
½9�

The system of Eqs. [5], [8], and [9] is solved numerically by using the
subroutine ODE45 based on the 4th-order Runge-Kutta method of
MATLAB Version 5.1 and done in double precision with FORTRAN 90.
The algorithm is stable provided the error and the convergence criteria are
carefully monitored.
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Figure 2. Three hypothetical water level scenarios for the studies spatial cell through the
year where curve A represents a dry down; curve B, a normal water depth; and curve C, a

flooding scenario.
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Simulation Results

Figures 4–6 show the model predictions of number densities and bio-
mass (fishm�2 and gm�2) of the two functional type fish throughout the year
for each of the scenarios corresponding to hydroperiod scenarios A, B, and C
of Figure 2. Figure 4 shows the population density for hydroperiod A (dry
down scenario) reach a maximum of only slightly more than 0.082 fish m�2

(24.59 gm�2) and slight more than 0.21 fishm�2 (1.03 gm�2), for large and
small fish, respectively. Apparently, a flooded period of only seven or eight
months is not sufficient for large population growth. A strong periodicity is
shown in the intermediate scenario B (normal water level), with maximum
population densities toward the end of the flooded period of more than 0.16
fishm�2 (47.04 gm�2) and 0.34 fishm�2 (1.7 gm�2), respectively for large and
small fish (Figure 5). When the cell is flooded continuously, the populations
of the two functional type fish fluctuate between about 0.1 and 0.2 fishm�2

(Figure 6). The reason for the seasonal changes in this case is that the lower
trophic levels are undergoing seasonal variations. This is the same result
obtained by Kushlan (1,2). The densities, however, follow the same seasonal
pattern of increase through the period of cell flooding.

In the second simulations were performed in which large fish were
removed from the simulations altogether to see whether that had a significant
effect on the predicted population of small fish. Figure 7 shows that the
biomass of small fish increases from 7.82 to 100.66 gm�2, whereas the
number density increases from 2 to 24 fishm�2, indicating piscivorous fish
appear to have the significant regulatory effect on smaller fish numbers.

In the third simulation experiment, the spatial cell was subjected to a
situation in which hydrology changed from year to year. The purpose of this
experiment was to determine the resilience of the small fish population, i.e.,

HYDROPERIOD EFFECTS ON FISH DYNAMICS 1217

Figure 3. Water levels in spatial cell for two assumed drought scenarios where curve A
represents shorter drought period, whereas the longer drought period represented by curve B.
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Figure 4. Biomass and densities of the two functional type fish simulated through the year
corresponding to hydroperiod scenario A of Figure 2.
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Figure 5. Biomass and densities of the two functional type fish simulated through the year
corresponding to hydroperiod scenario B of Figure 2.
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1220 LIAO, TSAI, AND LIN

Figure 6. Biomass and densities of the two functional type fish simulated through the year
corresponding to hydroperiod scenario C of Figure 2.
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to determine how rapidly it could return to previous high levels following
droughts of different levels of severity. Simulations over 10-year periods were
performed under two different scenarios that shown in Figure 3. In the
drought experiment depicted in Figures 8 and 9, the population subjected
to a 3-year drought declines far below that subjected to only 1-year drought,
though it does not go to extinction. This is shown in Figures 8(C) and 9(C),
where the natural log of the populations plotted. The population subjected to
a large drought is smaller than the other population by a magnitude of about
102 at Years 6 and 7. Figures 8(C) and 9(C) also indicate that both popula-
tions recover to their baseline levels for flooded conditions within about two
years.

The system studies in this paper regarding fish in a freshwater marsh
that undergoes periodic flooding and drying is conceptually simple. During
periods of flooding, populations of small fish invade the wetlands from ponds
and other refuges and increase in size. The growth of the small fish type
population continues until one of the following occurs: (i) resources in the
flooded marsh become limiting, (ii) populations of piscivorous fish or other

HYDROPERIOD EFFECTS ON FISH DYNAMICS 1221

Figure 7. Biomass and densities of small functional type fish when the large fish were
removed from the simulation (solid lines). Dotted lines represent the large fish still exist in

the cell.
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Figure 8. Biomass and natural logarithm of densities of two functional type fish simulated

through 10 years period corresponding to drought scenario A of Figure 3.
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HYDROPERIOD EFFECTS ON FISH DYNAMICS 1223

Figure 9. Biomass and natural logarithm of densities of two functional type fish simulated
through 10 years period corresponding to drought scenario B of Figure 3.
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predators increase and control the small fish, or (iii) the next dry down of
the marsh occurs. During dry downs, the fish retreat to ponds or other
depressions.

The disadvantage of this conceptual model is that many field data are
needed to validate it. For example, knowledge of the microtopography of the
spatial cell is essential, because it determines the amount of refuge area that
remains at decreasing water depths as the marsh dries. The fraction of fish
able to find refuges also had to be estimated. The life-cycle characteristics of
the small fish had to be known to predict the speed of recovery of the
populations following reflooding. The resource base of the small fish had
to be modeled. Similar characteristics of piscivorous fish and their ability
to feed on smaller fish in the complex marsh environment had to be quanti-
fied as well.

Beyond these difficult assumptions that were incorporated into the
model are aspects of the system that we did not even attempt to take into
account. It is possible that, for example, dry downs have broader effects than
simply reducing the fish populations. The length and magnitude of a dry
down may have an effect on lower trophic level productivity during the
next period of flooding. We also simplified the system to small planktivorous
and large piscivorous fish interacting with a simple food web, ignoring other
aspects of the food web. We believe that the model makes predictions that
may be useful, particularly for roughly predicting the amount of biomass that
may become available to higher trophic levels, in particular, to wading birds,
during the marsh hydrologic cycle.

The model makes three further predictions that appear to us to be fairly
robust in the model system. First, there appears to be a threshold of about
9–10 months in the length of the hydroperiod. If the hydroperiod is less than
this, the small fish population stays small, no more than a few fish per square
meter. For longer hydroperiods, the fish population can reach levels of 6 to
8 fishm�2 by the end of the hydroperiod roughly indicating what the popula-
tion would be under continuously flooding. The second prediction is that the
large, piscivorous fish have a significant impact on small fish populations in
the marsh. The third prediction is that the repopulation of the small fish
following a dry down (even a prolonged dry down) occurs within two years.

Although this model is still in the early stages of development, we feel
that it already may be of use to resource managers. One important use is to
future research. From the results of the simulations presented in this paper,
we have already identified and initiated several new lines of research. Clearly
there is limited time and money, and all areas cannot be monitored. It may be
equally useful to run various model experiments that can determine the
relative important of predation and annual water level fluctuations within
the region. Models allow us to isolate factors in model experiments that may
not be possible to control adequately in the field and laboratory. Finally this
model can be used to run various scenarios with alternate management and
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restoration strategies; this is especially relevant in areas where protection of
wading birds has been considered as a management option.

CONCLUSIONS

The type of pulsed hydroperiod wetlands simulated here is an important
generic type that occurs inmany places especially in the tropics and subtropics.
The hydroperiod is a key feature that can lead to the seasonal expansion and
growth of prey populations and their subsequent concentration for higher
trophic levels. Changes in the nature of the timing, extent and duration of
flooding, may affect this process of collection and concentration of biomass.

The results of this study have obvious implications for the conservation
of species, such as wading birds, that depend on high concentrations of prey
produced in fluctuated hydroperiod wetlands. Humans are manipulating the
water in many such systems for urban and agricultural use as well as for flood
control. A result of such manipulations is that hydroperiods will be changed.
The effects of such changes can be devastating for wildlife and need to be
understood better and predicted where possible. Simulation modeling is one
tool that can be used to elucidate these effects. Moreover, models can be used
to predict long-term effects of different scenarios that may not be readily
tested in the field or experimentally. In this case, modeling proved to be
the most useful approach as predicted recovery times were long.
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