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Abstract Hydrological variation is believed to be the

main density-independent factor that controls fish re-

cruitment in floodplain ecosystems. However, our abil-

ity to fully understand these controls is greatly impeded

by the size-selective nature of sampling gear. To illus-

trate the benefits of estimating the effects of size-

selective bias on population parameters, we used a co-

hort analysis to reconstruct a 20-year time series of

larval/neonate abundance for five species in the Order

Cyprinodontiformes along a hydrological gradient in the

Florida Everglades. We applied generalized linear

models to estimate recruit density and analyze size-

selectivity for our sampling gear. The adjusted data

resulted in a 7 to 40-fold increase in estimated recruit

density, which varied seasonally at regional and local

spatial scales and was greatest at the end of the wet

season (October, December) for most species; no con-

sistent seasonality in recruitment of any species was

apparent in the raw data. Using the adjusted data, we

detected a positive relationship between recruit density

and recovery time following marsh drying events at

short and intermediate-hydroperiod sites for all species.

However, depth was the major hydrological driver of

recruitment at long-hydroperiod sites. Within sites, we

observed interspecific variation in species responses to

changes in annual hydroperiod.We suggest that fisheries

models can be applied to data from anymeshed sampling

gear to improve abundance estimates and reveal seasonal

recruitment dynamics. Our use of such models revealed

seasonal recruitment dynamics that were previously un-

detected, with implications for planning of restoration

and management of the Everglades.

Keywords Cohort analysis . Recruitment . Floodplains .

Size bias

Introduction

Fish recruitment may be tightly linked to hydrological

cycles in seasonally pulsed freshwater ecosystems

(Arthington and Balcombe 2011; Godfrey et al. 2017).

Variations in hydrology are predicted to be the major

environmental factor that influences fish recruitment in

floodplain ecosystems. These are often life-history de-

pendent with the dependence on floods highest for

migratory species and lowest for sedentary species with

parental care (Agostinho et al. 2004; Winemiller 2004).

Furthermore, habitat loss due to hydrological regime

modification is believed to be the major source of re-

duced recruitment in regulated rivers (Aarts et al. 2004).

Fish species have adapted to hydrologically dynamic

environments by evolved reproductive strategies and

life histories that exploit pulses in primary production

within newly inundated habitats (King et al. 2003; Zeug

andWinemiller 2008; Furness 2015). These adaptations

may buffer some species against anthropogenic modifi-

cation of the hydrological landscape. Understanding the

factors that control fish recruitment is crucial to

Environ Biol Fish (2019) 102:595–613

https://doi.org/10.1007/s10641-019-00856-9

J. V. Gatto (*) : J. C. Trexler
Department of Biological Sciences, Florida International

University, Miami, Florida 33199, USA

e-mail: jgatt006@fiu.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/s10641-019-00856-9&domain=pdf
http://orcid.org/0000-0002-9793-0997


determining the influence of hydrological regime on

population dynamics in seasonally pulsed systems.

However, our ability to fully understand these con-

trols is often greatly impeded by biased estimates of

early life history stages associated with size-selective

sampling gear. Differences among gear type have im-

peded quantification of age and size-structured process-

es in fisheries (Ghulam Kibria and Ahmed 2005). For

example, several studies have shown that mesh size and

shape severely impact the quantity and composition of

the total catch, often selecting for larger individuals

(Rudstam et al. 1984; MacLennan 1992; Millar and

Fryer 1999). Organism morphology (length, width,

and height) can be used to understand the magnitude

of selection associated with equipment type and use

(Reis and Pawson 1999; Gabr et al. 2007; Bolat et al.

2010). Other sampling methods used to study recruit-

ment also suffer from inherent bias. Sweep net electro-

fishing (SNE), for example, selectively captures species

based on the voltage and mesh size used (King and

Crook 2002). Therefore, understanding the size-

selective nature of sampling gear is crucial to assure

accurate quantitative estimates of key parameters shap-

ing recruitment and evaluate their links to environmen-

tal gradients in dynamic ecosystems.

Cohort analyses have become a popular method to

reconstruct fish populations and indirectly estimate re-

cruitment (Cadrin and Vaughan 1997; Porch et al.

2001). Two types of cohort analyses have been devel-

oped for fisheries stock assessment, the backward pro-

jection model [e.g., Virtual Population Analysis (VPA)]

and forward projection model (e.g., Statistical Catch-at-

Age Analysis (SCAA)). Backward projection models

follow adult cohorts backward through time to estimate

the abundance of younger fish and have become a useful

tool in estimating the abundance of larval and juvenile

recruits (Livingston and Jurado-Molina 2000; Coggins

et al. 2006). Estimates of fishing and natural mortality

obtained from both fisheries-dependent and -

independent data are used to estimate the historical

recruitment that would support the current population.

Although these methods do not directly estimate recruit-

ment, these cohort analyses are useful in estimating

current and future stocks of commercially exploited

species.

Though widely adopted in stock assessment proto-

cols and management practices (Lassen and Medley

2001; Jurado-Molina et al. 2016), cohort analyses have

not been applied to support field studies of fish

recruitment using meshed sampling gear. This technique

has the potential to improve biomass estimates and our

understanding of recruitment dynamics in any ecosys-

tem. Currently, little is known about the impact of size-

selective bias on our understanding of seasonal recruit-

ment dynamics for small fish species inhabiting flood-

plains and wetlands. In this paper, we illustrate the use

of a backwards projection cohort analysis in a study of

fish population dynamics from a seasonally pulsed

floodplain wetland. The Florida Everglades is an excel-

lent system to explore the effects of hydrology on fish

recruitment because it supports a diverse gradient of

hydrological disturbance (short to long hydroperiods).

In this paper, we demonstrate how to correct density

estimates derived from meshed sampling gear in a long-

term dataset and improve our understanding of recruit-

ment dynamics of fishes in hydrologically pulsed wet-

lands. This information can improve our understanding

of links between hydrological modification of ecosys-

tems and recruitment, and ultimately fish population

dynamics, to improve restoration approaches following

anthroprogenic modification of rivers and floodplains

by providingmore accurate information on recruit abun-

dance and temporal patterns of recruitment along envi-

ronmental gradients.

Materials and methods

Study sites and species

Between 1996 and 2016, fish were collected using a 1-

m2, 2-mm mesh, throw trap using a standard protocol

(Jordan et al. 1997) at 21 monitoring sites in the Ever-

glades, Florida, U. S. A. These sites were distributed in

Shark River Slough (SRS), Taylor Slough (TSL), and

Water Conservation Areas (WCA) 3A and 3B (Fig. 1).

Samples were collected in five months of each year

(July, October, December, February, and April), with

water-year sampling starting in July (early in South

Florida wet season) and ending in April of the following

year (late in South Florida dry season, Fig. 2). Three or

five plots were selected at each site, and five (WCA 3A

and 3B) or seven (SRS, TSL) throw-trap samples were

collected within a plot. Sites located inWCA 3A and 3B

yielded 75 samples per year (three plots x five throws x

five sample events), while sites in SRS and TSLyielded

105 samples per water-year (three plots x seven throws

per plot x five sample events); in dry years requiring
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helicopter access, five throws were taken per plot. The

location of each throw within each plot was determined

using a random number table. Plot sizes varied from

10,000 m2 (100 m × 100 m) to 2100 m2 (70 m × 30 m),

depending on surrounding vegetation and availability of

sampleable habitat (Trexler et al. 2002; Trexler et al.

2003). After securing the trap, floating mat volume (sub-

merged aquatic vascular plants, periphyton, etc.), water

depth, and emergent plant stem counts (by species) were

recorded before fish and macroinvertebrates were re-

moved following a standardized protocol of sweeps with

a bar seine and dip nets (Jordan et al. 1997).We used data

from the Everglades Depth Estimation Network (EDEN)

to provide stage data for each site that were used to

estimate days since a site was last dry prior to sampling

(DSD), number of days the site was inundated greater

than 5 cm in the preceding 365, and depth at the time of

sampling (Telis 2006; Liu et al. 2009). Long-term mon-

itoring at these sites from July 1996, to April 2016, (20

water years) yielding over 20,000 community samples

with over 400,000 fish and invertebrates. There is no

evidence of visitor impact on these long-term study sites,

possibly because randomization makes revisiting same

sampling points unlikely, marsh plants re-grow quickly,

and periodic marsh drying overwhelms sampler impacts

on vegetation and soil (Wolski et al. 2004).

To assure adequate sample sizes for this study, only the

six most common fish species were used. These species

were Bluefin Killifish Lucania goodei, Least Killifish

Heterandria formosa, Flagfish Jordanella floridae,

Sailfin Molly Poecilia latipinna, Eastern Mosquitofish

Gambusia holbrooki, and Golden Topminnow Fundulus

chrysotus. Age estimates from otolith analyses suggest

that the typical lifespan of these species is much less than

one year in the Everglades (Haake and Dean 1983;

Konnert 2002). The age at sexual maturity for these

species is between 30 and 90 days, less than or similar

to the time between sequential samples. Thus, the 100

sequential samples in this study (20 years x five samples

per year) represent between 34 and 51 generations for

each species.

Recruitment is the process of new individuals enter-

ing an existing population, which for fisheries is often

the exploitable stock (Blackhart et al. 2006). In practice,

fisheries scientists have used a variety of working defi-

nitions of recruitment and recruits to facilitate study

(Miller and Kendall 2009), often focusing on the life

history transition from larva to juvenile that may be

accompanied by a transition of habitat-use or

‘settlement’ (Kaufman et al. 1992). This study includes

species with (Fundulidae: Golden Topminnows, Bluefin

Killifish; Cyprinodontidae: Flagfish) and without

(Poeciliidae: Eastern Mosquitofish, Least Killifish,

Sailfin Molly) a larval stage, complicating use of a

developmentally-based recruitment criterion. Therefore,

we define recruits as any individual below the size of

sexual maturation (Table 1; cf. Anderson 1988). Thus,

age (days since hatching or parturition) of fishes con-

sidered to be recruits in this study would be from hatch/

birth up to 60–163 days depending on the species.

Population-based models

We used age-structured models to estimate popu-

lation growth. Horizontal life tables for each spe-

cies suggested senescing populations because of

low density of early age/size classes, though

long-term observation indicated that the popula-

tions were persistent over time and space (unpub-

lished data). A graphical representation of survi-

vorship curves produced an inverse parabola, with

an inflection point near the size of maturation for

each species (~15–18 mm). We assumed that indi-

viduals at lengths to the left of the inflection point

were under-represented by our sampling gear. In

all cases where multiple inflection points were

noted, the inflection point representing the shortest

length was selected as the minimum size collected

efficiently. These multiple inflection points were

noted at all study sites for each of the species,

suggesting that movement (e.g., immigration, emi-

gration) of early life stages, could not alone ex-

plain their absence. We hypothesized that the miss-

ing early age classes resulted from un-sampled

juvenile fishes. Accordingly, we used model-

based projections of survivorship curves to esti-

mate their abundance and evaluate this hypothesis.

We applied a generalized linear model to the adult

cohorts within the abundance-at-age data for each spe-

cies. This equation linearized the discrete-time model:

N t ¼ N−Mt
0 ð1Þ

where Nt is the population size at time t, N0 is the initial

population size, and M is the instantaneous mortality

rate [proportion of individuals which recruit to next size

class (individuals mm−1)]. Several assumptions about

the population structure for each species were necessary

Environ Biol Fish (2019) 102:595–613 597



to apply this model (Table 1). We fit a negative binomial

error distribution because the response variable (cohort

density) was estimated as integers (counts). To account

for the annual lifespan of these species (<300 days),

every water-year was treated separately by producing a

single model for each site by water-year (July–April),

creating a maximum of 420 (21 sites × 20 water-years)

cohort models for each species. Following model ap-

proximation, we tested their fit by comparing the ob-

served abundance and the model-predicted values using

Fig. 1 Map of the sites in this study
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Fig. 2 Mean water depth with 95% confidence interval at each

sample event averaged across all sites within the hydroperiod

classification (Long, Intermediate, and Short hydroperiods).

Values underneath the dashed reference line (5 cm) are considered

too dry for fish species. Vertical bars enclose one year of samples

(5 samples per year) from February to December (D)
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ordinary least-squares regression. We then calculated

the number of individuals that were missing in our data

by comparing the model predicted values to the ob-

served abundance for each length class and converted

it into a density (β) as follows:

β ¼ ∑
l

0

N est−Nobs

n
ð2Þ

where l is length class (in 1 mm increments), l0 is

the length at birth/hatch, Nest is the model predict-

ed value, Nobs is the observed count per cohort,

and n is the number of samples collected.

Estimating size-selectivity curves

Following the estimation of abundance per cohort,

we then estimated size-selectivity of the sampling

gear for each species. First, we estimated the

probability of catching a fish based on its size by:

P̂catch ¼
Nobs

N est

ð3Þ

where Nobs is the observed count per cohort and

Nest is the model-predicted value. We then fit a

nonlinear model using non-linear least squares

(NLS) to our probability estimates using the size-

selectivity equation:

Pcatch ¼
1

1þ e−r L−L50ð Þ
ð4Þ

where r is a constant that controls the shape of the

curve, L is fish standard length, and L50 is the

length at which the probability of catch is 50%

(Millar and Fryer 1999). Each model was run for a

maximum of 1000 iterations against the response

variable P̂catch to best estimate model parameters r

and L50. Following model approximation, we test-

ed the fit of these models by using the same

methods as the age-structured models. Once all

values of Pcatch were calculated, we averaged the

estimates for all sites and water-years by length

class to generate the size-selectivity curve for each

species. The final estimates of selectivity were

multiplied by 0.63 to account for both the clearing

(probability of removal if present, ~0.83) and cap-

ture efficiencies (probability of fish escaping be-

fore enclosure, ~0.20) derived from previous stud-

ies (Jordan et al. 1997). This produced size-

selectivity curves that account for the size-

Table 1 Assumptions made for the generalized linear models on the abundance-at-age data. Age and size at maturation is for females in

species with sexual dimorphism

Topic Assumption Justification

Immigration/Emigration Closed populations; No emigration or

immigration across sites

Sites spatially isolated; located >15 km

from each other

Population Structure Populations exhibit age structured growth Life tables reveal stable age structure of adults;

Sample bias possible for smaller individuals

Population growth rate Population is in stable equilibrium; neither

increasing or decreasing in size

Tests on density dependence reveals intrinsic

rate of growth~0

Size at birth/hatch Eastern Mosquitofish (<7 mm) and Sailfin

Molly (<9 mm)

Golden Topminnow (<7 mm) and Bluefin

Killifish (<6 mm)

Least Killifish (<6 mm)

Flagfish (<6 mm)

(Ala-Honkola et al. 2011; Beyger et al. 2012;

Conrow and Zale 1985; Nordlie 2000)

Age/Size at Maturation Eastern Mosquitofish (17 mm, ~84 days)

Bluefin Killifish (18 mm, ~71 days)

Sailfin Molly (18 mm, ~112 days)

Least Killifish (10 mm, ~65 days)

Golden Topminnow (22 mm, ~54 days)

Flagfish (20 mm, ~164 days)

Mortality Z =M Throw trap removal of species (fishing mortality F)

is negligible
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selective nature of the throw trap and the clearing

efficiency of the sampling methods.

Cohort analysis

Although we estimated spatial differences in

neonate/larval abundance, we were ultimately in-

terested in documenting temporal or seasonal pat-

terns of juvenile density. We applied the general-

ized linear models to our time series to obtain an

estimate of the instantaneous mortality rate (M) for

every water-year, site, and species. Our estimates

of mortality were then applied to a cohort analysis

across 21 sites and 20 years for all species except

the Sailfin Molly. We considered the data for

Sailfin Molly to be too over-dispersed and the

species was not abundant enough at each site to

provide a robust cohort analysis. The same as-

sumptions were made on population structure for

each site (Table 1) and we conducted a backward

projection cohort analysis to our catch-at-age data.

Further, evidence suggests that our survey has no

significant influence on population size (Wolski

et al. 2004). This allowed us to set the catch

equation of Pope’s Approximation (Pope 1972)

equal to zero and conducted a length-based cohort

analysis based on the following equation:

N l;t ¼ N lþ1;tþte
M ð5Þ

where N l,t is the number of individuals of length l

at time t, and N l + 1,t + 1 is the number of individ-

uals surveyed of length l + 1 at time t + 1.

To account for the rapid life histories of our

study species, we conducted our cohort analysis

using a seasonal time cycle. Each year was ana-

lyzed individually using a six-season time step.

The cohort analysis started in February and

followed a cohort backward to April of the previ-

ous year. This timing was selected based on adult

density in the time series and a 12/12 photoperiod

corresponding to the onset of the reproductive

cycle for these species. We assumed cohort dura-

tion to be one water year, permitting creation of a

time step between February and April (T = 6) and

assumed that all but one individual of the cohort

died in that period (Na,6 = 1). This satisfies the

assumption of backward projection models describ-

ing mortality of all individuals within a cohort past

a certain time. We then started our backward pro-

jection in February with

Nl;5 ¼ eM ð6Þ

where Nl,5 is the number of individuals of length l

in February (T = 5). To account for 60–90 days

between sample periods, we used published age-

at-length curves to account for growth between

sample periods (Haake and Dean 1983). Our cal-

culations of cohort abundance were projected

backward in time to December (T = 4, 60 days),

October (T = 3, 60 days), July (T = 2, 90 days),

and ended in April (T = 1, 90 days).

Although we originally assumed that these study

sites were closed systems, evidence suggests that these

sites are not closed (Goss et al. 2013; Hoch et al. 2015).

Furthermore, some level of reproduction and recruit-

ment occur year-round for the study species in the

Everglades (Haake and Dean 1983). We accounted for

both immigration and continual reproduction by using a

series of two condition statements in real time:

If Nlþ1;tþ1e
M
> Nobs then Na;t ¼ Nlþ1;tþ1e

M ð7Þ

If Nlþ1;tþ1e
M≤Nobs then Nl;t ¼ Nobs ð8Þ

which compares our calculated values of Nl,t with the

observed value in our time series. The larger of the two

values was retained for any given length. Finally, we

adjusted our estimates based on hydrology data collect-

ed from nearby monitoring gauges. Since our initial

analysis was conducted independently of hydrology

data, dry sites at the time of sampling were originally

ignored. We corrected for this by setting all Na,t = 0

when dry sample-periods were identified (depth <

5 cm, DSD = 0) for all three plots.

Seasonal and hydrological effects

We used a general linear model to examine how recruit-

ment of juveniles for five species varied by season, year,

hydrological region, and among sites within regions.

The response variable was log-transformed density of

recruits (number of fish per sample) estimated by our

cohort analysis. Recruit density was calculated for the

three plots combined (n = 15–21) and was log-

transformed to meet the assumptions of normality and

homoscedasticity for both the original and reconstructed

Environ Biol Fish (2019) 102:595–613 601



time series. To determine the effect of hydrology on

recruit density, we used hydrological variables derived

from EDEN gauges. We calculated the number of days

following a major drying event (DSD), a squared DSD

term (DSD2) and water depth at date of sampling. Our

linear models used the main effects of season, water-

year, site, species, DSD, DSD2, and depth. To determine

if there were changes in seasonality of recruitment be-

tween our original and reconstructed time series, we

developed a separate series of linear models with the

season of peak recruitment as the response variable.

This tested the main effects of site, water-year, species,

and density type (observed vs estimated).

We used multi-model inference (MMI) based on

Information Theory (Akaike Information criterion) to

evaluate the effects of hydrological drivers on recruit-

ment (Burnham andAnderson 2004).We considered the

variables DSD, DSD2, depth, and the combination of

these variables (with and without intercepts) as linear

predictors of log-transformed recruit density. To deter-

mine the effect of annual variation of hydroperiod (a

metric of annual disturbance intensity), we evaluated

whether changes in annual hydroperiod would result in

lower or higher maximum recruitment at each study site.

Overall recruitment (total number of recruits throughout

the year) was also evaluated to determine if changes in

annual hydroperiod reflected changes in total recruit-

ment. However, these models were not applied to long-

hydroperiod sites because they lacked variability of the

independent variables (>360 days annually). We then

selected the best model (∆AIC = 0) and used an Analy-

sis of Covariance (ANCOVA) to test the interaction

between species and annual hydroperiod within a site

on both annual recruitment and maximum recruit den-

sity as individual response variables. Although there

were additional models that were equally valid (∆AIC

< 3), we wanted to limit this analysis to a single model

and considered the best model (∆AIC = 0) the most

parsimonious explanation of recruitment for our

ANCOVA models.

Results

Site descriptions and hydrological context

Hydroperiod ranged from 172 to 366 days at the 21

study sites (Table 2). We classified each site into one

of three different disturbance regimes (short,

intermediate, and long) based on the number of drying

events (depth < 5 cm) each site experienced during the

study (20 years). Long-hydroperiod sites experienced

zero to three drying events over the 20 water years of the

study, four to twelve for intermediate hydroperiods,

and > 12 drying events in 20 years for short-

hydroperiod sites. All six long-hydroperiod sites were

located within WCA (sites 4–8). Three of these sites

(WCA 4, 5, and 8) experienced zero or one drying event

per plot over the duration of our study. Ten intermediate-

hydroperiod and five short-hydroperiod sites were iden-

tified, primarily located within SRS and TSL. Both

these regions included the most frequently disturbed

sites in the study; WCA had only one short-

hydroperiod site (WCA 3). Three sites located within

SRS and TSL dried annually over the course of the

study (TSL MDsh, SRS 37, and SRS 50).

Size-selective nature of throw traps

Observed adult density for each species closely matched

model-predicted values and provided a good basis to

back-calculate larval/neonate density. On average, our

generalized linear models explained >63% of the varia-

tion observed for adult density. Model fit was weakest

for the Bluefin Killifish (Mean R2 = 0.63 ± 0.01) and

strongest for the Least Killifish (Mean R2 = 0.95 ±

0.004). We observed no significant lack-of-fit for

>75% of all site, water year, and species combinations.

Our analyses revealed that the number of larvae and

juveniles (<7 mm to ~15 mm for all species) captured

was low compared to model-predicted values (observed

was <10% of predicted) across all sites and water years.

Unlike juveniles, the model predictions for adults (indi-

viduals >18 mm SL except for Least Killifish) were

well-matched to observed values (observed abundance

was >80% of predicted) with little spatial-temporal var-

iability in predictability. Therefore, selectivity was gen-

erally high (>80% theoretical selectivity) at size of mat-

uration for five of the six species (Table 1) due to strong

model fit of the estimated adult densities prior to ac-

counting for clearing and enclosure efficiency for four

of the six species (Fig. 3). These models achieved 100%

theoretical selectivity for five of the six species (>20mm

SL for Eastern Mosquitofish, Bluefin Killifish, >25 mm

SL for Flagfish, and > 30 mm SL for Sailfin Molly).

Although the Least Killifish achieved 100% selectivity

for mature individuals >14 mm SL, selectivity was

generally low (<40%) for both juveniles and small
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adults at and above the size of maturation (<=11 mm

SL). In contrast to the other species, capture efficiency

was lowest for the Golden Topminnow and only

achieved 95% selectivity (>80% for mature adults

>22 mm SL).

Cohort analysis

Prior to cohort analysis to correct for size-biased sam-

pling, our data did not reveal seasonal recruitment that

was consistent among years for any species. However,

after cohort analyses, peaks of recruitment were present

on a consistent seasonal pattern at 15 of our 21 study

sites and for four of the five species. This noticeable

change in estimated recruitment was clearest at short-

hydroperiod sites and occurred at all five short-

hydroperiod sites. Unlike short-hydroperiod sites, ac-

counting for under-sampling juveniles revealed seasonal

recruitment for 70% and 50% of intermediate and long-

hydroperiod sites respectively. Seasonal dynamics of

recruitment seem most prominent at short hydroperiod

sites and disappear as the environment becomes more

stable. Long-hydroperiod sites experience annual peaks

in recruitment; however, the timing of these peaks var-

ied from year to year and failed to occur on a consistent

seasonal basis.

On average, estimated recruitment was seven to 40-

fold greater in our corrected data than in the raw data at

times of highest recruitment; however, this difference

was negligible at times of little to no recruitment.

Though the mean relative difference was great, the

absolute increases in recruit density attributable to cor-

rections were often modest; large differences between

the corrected and uncorrected data were most prevalent

for Least Killifish. We attribute this to the small body

size of both adults and juveniles, which resulted in larger

under-sampling of both age classes. Further, higher

mortality rates (steeper slope) were estimated for this

species when compared to the other four analyzed

(Table 3). Our cohort analysis added more recruits for

Table 2 Summary statistics of hydrological variables throughout the 20 years of the study by sites located in Shark River Slough, Taylor

Slough, and Water Conservation Area at the date of sampling

Region Site Average Annual Minimum Depth

(cm)

Average Annual Maximum Depth

(cm)

Mean Hydroperiod

(Days)

Number of Drying

Events

SRS 06 26.29 (2.80) 73.84 (2.19) 356.77 (4.14) 3 (A), 3 (B), 8 (C)

SRS 07 19.24 (2.76) 62.61 (2.21) 348.73 (5.01) 11 (A), 11 (B), 12 (C)

SRS 08 16.30 (2.60) 61.32 (2.36) 331.22 (7.75) 13 (A), 11 (B), 13 (C)

SRS 23 15.00 (2.71) 59.66 (2.12) 322.60 (11.00) 7 (A), 11 (B), 7 (C)

SRS 37 9.54 (2.07) 54.25 (2.61) 316.68 (9.64) 17 (A), 18 (B), 16 (C)

SRS 50 7.29 (1.94) 54.04 (2.87) 299.50 (9.54) 17 (A), 17 (B), 17 (C)

TSL CP 19.81 (2.72) 62.19 (1.53) 343.21 (7.75) 9 (A), 9 (B), 12 (C)

TSL MD 20.76 (3.25) 62.49 (1.68) 344.81 (4.77) 13 (A), 13 (B), 13 (C)

TSL MDsh 4.26 (1.79) 42.00 (1.61) 263.77 (10.14) 18 (B), 19 (E)

TSL TS 16.98 (2.52) 54.10 (1.45) 341.32 (6.37) 13 (A), 13 (B), 13 (C)

TSL TSsh 12.53 (2.46) 47.05 (1.51) 332.00 (6.83) 14 (D), 16 (E)

WCA 01 41.00 (2.34) 89.80 (3.55) 362.63 (1.73) 1 (A), 1 (B), 1 (C)

WCA 02 30.08 (3.13) 79.29 (3.31) 354.95 (4.94) 5 (A), 5 (B), 5 (C)

WCA 03 14.73 (2.70) 60.58 (3.19) 319.63 (10.10) 15 (A), 14 (B), 14 (C)

WCA 04 51.51 (2.71) 103.77 (3.81) 365 0 (A), 0 (B), 0 (C)

WCA 05 41.01 (3.13) 95.37 (3.99) 365 0 (A), 0 (B), 0 (C)

WCA 06 42.93 (4.11) 109.14 (4.59) 361.75 (2.59) 2 (A), 2 (B), 3 (C)

WCA 07 24.57 (2.74) 60.27 (2.24) 353.55 (5.82) 4 (A), 3 (B), 3 (C)

WCA 08 24.57 (2.35) 61.83 (2.36) 359.18 (4.30) 0 (A), 1 (B), 2 (C)

WCA 09 16.14 (2.59) 60.18 (3.40) 333.95 (8.41) 10 (A), 10 (B), 10 (C)

WCA 10 10.80 (2.20) 65.76 (4.13) 308.32 (12.00) 13 (A), 13 (B), 13 (C)

Under Number of Drying Events, parentheses indicate individual plots
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the Least Killifish since observed recruitment was sig-

nificantly lower to support estimates of population size

at Nt + 1 than for all other species.

Our analyses detected interspecific variation in the

timing of recruitment along a hydrological gradient. We

found that October through December were the primary

months for peak recruitment of Bluefin Killifish, East-

ern Mosquitofish, and Least Killifish (Fig. 4 a-c). In

contrast, July through October had peak recruitment

for Flagfish and December through February for Golden

Topminnows (Fig. 4 d-e). Most seasonal shifts predicted

by our models were directed toward a later sample

period (e. g., July to October, October to December),

with few changes to earlier sample periods (e. g., Octo-

ber to July). On average, peak recruitment occurred 1–

3 months later in the water year than observed in the raw

data, shifting the estimated time from the dry to wet

season in some cases. Flagfish displayed the largest

change in the timing of estimated recruitment, with peak

recruitment approximately seven months later than ob-

served in the raw data (in July rather than February).

This shifts the Flagfish peak from early wet season to

early dry season and was consistent across

hydroperiods. Our analyses also revealed a three-

month change from early in the dry season (February)

to late in the dry season (April) at some sites for

Flagfish. Dry-season recruitment was indicative for the

Golden Topminnow in both our cohort analysis and our

unadjusted data. Overall, the Least Killifish, Bluefin

Killifish, Flagfish and Eastern Mosquitofish were

recruiting during the peak of the wet season; whereas,

the Golden Topminnow recruits during the transition

period between the wet and dry seasons at intermediate

and short hydroperiods.

Using the model-estimated density data, we found that

hydrological differences among sites played an important

role in fish recruitment. Recruitment varied among re-

gions, sites within regions, seasons, years, and species

(F47, 10,499 = 158.49; p < 0.001). Inter-season variation

was primarily driven by fluctuations in water depth and

proximity to a drying event at short and intermediate

hydroperiod sites. Partial residual plots revealed that

recruit abundance increased parabolically as a function

of DSD and water depth at short and intermediate hydro-

period sites for all species (e.g., Bluefin Killifish, Fig. 5).

MMI included DSD (>66% of sites on average) and

DSD2 (>63% of sites on average) as predictors of recruit

density for both short and intermediate hydroperiod sites

(∆AIC < 3). This suggests that recruitment at both short

and intermediate hydroperiod sites increased rapidly fol-

lowing re-inundation of a habitat, but declined over time.

Further, MMI included depth as an important predictor of

recruitment for the majority of our models regardless of

hydroperiod (>88% on average). This occurred most

commonly for models that described recruitment at

long-hydroperiod sites (>85% for all species at long

Flagfish Eastern
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hydroperiods). DSD and DSD2 were less likely to ex-

plain recruitment variability at long-hydroperiod sites

and were included in <57% of models, suggesting that

depth acts as the primary hydrological driver of recruit-

ment at long-hydroperiod sites (e. g., Least Killifish,

Fig. 6).

Within a site, interannual variation in hydroperiod

drove changes in both annual and maximum recruitment

rates. Results from our ANCOVA suggest that the inter-

action between species and annual hydroperiod is dif-

ferent for each species; hydroperiod and maximum re-

cruitment were either negatively correlated, positively

correlated, or respond parabolically to hydroperiod (e.g.,

TSL MDsh, Fig. 7). Maximum recruitment rates for

both the Eastern Mosquitofish and Flagfish displayed

linear correlations with hydroperiod more frequently

than any other species (9 of 16, 56.3% of models select-

ed each) and were negatively correlated with hydrope-

riod for 33% of those models. Regardless of the

relationship, annual hydroperiod significantly influ-

enced maximum recruitment rates at all sites except four

of the shortest hydroperiod sites (SRS 37; TSL CP,

MDsh, TSsh). MMI revealed that quadratic models

(Hydroperiod and Hydroperiod2) best explained maxi-

mum recruitment at both intermediate and short-

hydroperiod sites; however, parameter estimates for

the squared term were not significantly different from

zero for the majority of cases. Contrary to maximum

recruitment rates, MMI revealed annual recruitment was

positively correlated with hydroperiod for the majority

of the cases (e.g., TSLMDsh, Fig. 8). The squared term,

Hydroperiod2, was not significantly different from zero

in cases when the quadratic model was selected. Al-

though each species reacted differently to changes in

annual hydroperiod, each species responded differently

across sites and no species-specific pattern was detected.

Recruit density was most variable, and often highest,

at intermediate hydroperiod sites. We detected no

Table 3 Mean (± SE) slope parameter estimate over the 20-year time series by site and species

Estimated mean instantaneous mortality rates (Z)

Region Site Golden Topminnow Eastern Mosquitofish Flagfish Least Killifish Bluefin Killifish

SRS 06 0.12 (0.01) 0.37 (0.04) 0.27 (0.03) 0.74 (0.03) 0.33 (0.02)

SRS 07 0.11 (0.01) 0.27 (0.02) 0.24 (0.02) 0.67 (0.04) 0.29 (0.02)

SRS 08 0.11 (0.01) 0.31 (0.01) 0.30 (0.03) 0.62 (0.05) 0.30 (0.02)

SRS 23 0.14 (0.02) 0.31 (0.02) 0.33 (0.06) 0.60 (0.05) 0.34 (0.02)

SRS 37 0.09 (<0.01) 0.26 (0.02) 0.27 (0.02) 0.63 (0.02) 0.24 (0.02)

SRS 50 0.18 (0.03) 0.26 (0.02) 0.42 (0.06) 0.52 (0.05) 0.25 (0.03)

TSL CP 0.14 (0.02) 0.19 (0.02) 0.42 (0.05) 0.52 (0.05) 0.28 (0.02)

TSL MD 0.11 (0.01) 0.25 (0.02) 0.35 (0.02) 0.56 (0.05) 0.26 (0.02)

TSL MDsh 0.10 (0.01) 0.26 (0.03) 0.21 (0.03) 0.48 (0.06) 0.25 (0.02)

TSL TS 0.11 (0.01) 0.25 (0.02) 0.37 (0.05) 0.54 (0.06) 0.25 (0.02)

TSL TSsh 0.04 (0.02) 0.22 (0.02) 0.36 (0.07) 0.56 (0.07) 0.21 (0.02)

WCA 01 0.15 (0.02) 0.32 (0.02) 0.34 (0.06) 0.70 (0.04) 0.34 (0.02)

WCA 02 0.12 (0.01) 0.31 (0.02) 0.29 (0.02) 0.73 (0.05) 0.33 (0.01)

WCA 03 0.09 (<0.01) 0.29 (0.04) 0.22 (0.02) 0.50 (0.05) 0.23 (0.01)

WCA 04 0.13 (0.01) 0.31 (0.02) 0.26 (0.06) 0.64 (0.05) 0.36 (0.02)

WCA 05 0.12 (0.01) 0.34 (0.01) 0.28 (0.04) 0.71 (0.03) 0.32 (0.01)

WCA 06 0.12 (0.01) 0.34 (0.02) 0.32 (0.04) 0.63 (0.03) 0.30 (0.02)

WCA 07 0.11 (0.01) 0.29 (0.01) 0.24 (0.03) 0.70 (0.03) 0.30 (0.01)

WCA 08 0.11 (0.01) 0.30 (0.01) 0.23 (0.03) 0.64 (0.03) 0.29 (0.02)

WCA 09 0.08 (0.01) 0.25 (0.02) 0.15 (0.02) 0.49 (0.04) 0.21 (0.01)

WCA 10 0.10 (0.01) 0.26 (0.01) 0.18 (0.02) 0.50 (0.03) 0.23 (0.02)

The slope for each Generalized Linear Model is equivalent to the instantaneous mortality rate (Z, individuals mm−1 ). Estimates for each

individual year were used in our VPA to estimate recruit abundance
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difference in maximum recruit density based on hydro-

period class for Golden Topminnows (F2, 57 = 0.47, p =

0.63), Least Killifish (F2, 57 = 2.16, p = 0.13), and

Flagfish (F2, 57 = 1.72, p = 0.1875). However, there were
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noticeable differences in maximum recruitment for

Eastern Mosquitofish (F2, 57 = 6.94, p < 0.05) and

Bluefin Killifish (F2, 57 = 17.71, p < 0.05). On aver-

age, the density at maximum recruitment was greater

at intermediate-hydroperiod sites when compared to

short-hydroperiod sites for Flagfish (Mean Difference:

+9.51 ± 5.58 recruits/m2), Eastern Mosquitofish

(Mean Difference: +7.74 ± 2.10 recruits/m2), Bluefin

Killifish (Mean Difference: +10.18 ± 1.44 recruits/

m2), and Least Killifish (Mean Difference: +9.78 ±

2.67 recruits/m2), but this difference was negligible

for the Golden Topminnow (−0.36 ± 0.32 recruits/

m2). We also observed increased recruitment at inter-

mediate versus long-hydroperiod sites for Bluefin Kil-

lifish (+7.23 ± 1.40 recruits/m2) and Least Killifish

(+3.92 ± 3.04 recruits/m2). However, the difference

between long and intermediate hydroperiods was neg-

ligible for Golden Topminnows (−0.26 ± 0.42 recruits/

m2), Flagfish (+6.48 ± 6.72 recruits/m2), and Eastern

Mosquitofish (−0.09 ± 2.72 recruits/m2). On average,

intermediate- hydroperiod sites experienced higher re-

cruitment annually compared to annual recruitment at

short and long-hydroperiod sites.

Discussion

Our study has demonstrated that hydrology is a major

abiotic control of fish recruitment in the Everglades,

similar to other floodplain ecosystems (King et al.

2003; Agostinho et al. 2004; Balcombe et al. 2006).

For six species examined, a site-by-site analysis of the

hydrological drivers of recruitment revealed DSD to be

a major driver of recruitment dynamics along a hydro-

logical gradient. Our analyses also revealed that season-

al variation in recruitment was weakest for short-

hydroperiod sites and driven by the number of days

post-disturbance. Seasonal inundation creates optimal

environmental conditions for reproduction and recruit-

ment (Humphries et al. 1999; Agostinho et al. 2004;

Balcombe et al. 2007). Other studies have demonstrated

that inundation of the floodplain creates new habitats,

refuge from piscivorous predatory fish, and newly avail-

able food sources generated from the pulses in primary

production (Junk et al. 1989; Lake 2011; Bolland et al.

2015). Species at our sites exploit these features and

may be dependent on adult dispersal into newly inun-

dated habitats for reproduction because none are known

to produce eggs tolerant of drying (Furness 2015). In

contrast to shorter hydroperiods, annual variation in the

seasonal timing of recruitment was greatest for long and

intermediate-hydroperiod sites. Species located at these

sites may respond to other environmental cues (e. g.,

temperature, photoperiod, light penetration), which may

be less important drivers of recruitment in strongly

pulsed habitats. Furthermore, depth was correlated with

variation in estimated recruit density at long-

hydroperiod sites. Pulsed ecosystems experience a wide

range of water depths between seasons. Consequently,

shallow-water stress (elevated temperature, risk of des-

iccation, risk of invertebrate predators) during the dry

season may result in drastic changes in recruitment.
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Fig. 6 Scatter plot describing
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Hydrology induced immigration and emigration

(Obaza et al. 2011; Goss et al. 2014) may have influ-

enced the abundance-at-age data and resulting model-

predicted values. Although such dispersal would violate

one of our underlying assumptions (no dispersal), an

analysis of model residuals suggested that both immi-

gration and emigration did occur. These inferred move-

ment rates were not equivalent (i.e., emigration ≠
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immigration), which made accounting for individual

movement difficult since no discernable pattern was

observed. Our cohort analysis attempted to account for

these movement patterns by retaining observed values

that exceededmodel predicted estimates (See Eqs. 7 and

8) to account for immigrants arriving between sample

events. Although we assumed that missing cohorts were

caused by sampling gear, these missing individuals may

be emigrants that left to avoid stress associated with

hydrological disturbance. We accounted for these indi-

viduals through our cohort analysis via the addition of

missing individuals. Therefore, the assumptions made to

the fitted models were robust, regardless of hydrologi-

cally induced movement.

Jordan et al. (1997) estimated the magnitude of two

sources of sampling bias for a throw trap: clearing

efficiency and escape probabilities. Although clearing

efficiency and escape probabilities have been estimated

at 83% and 20% respectively, these estimates do not

account for the size-selective nature of mesh size. Our

analyses calculated the size-selective nature of a 2-mm

mesh and compared it to the other forms of bias associ-

ated with this gear. Size-selectivity seems to be the most

variable form of gear limitation since it is both species

and size-specific. Therefore, we suggest fitting catch

curves to abundance-at-age data to describe size-

selective bias in any sampling method (Schlechte et al.

2016). The combination of size-selectivity, recovery

probabilities, and clearing efficiency can provide valu-

able information on how density estimates are influ-

enced by sampling gear limitations.

Changes in recruitment can be masked by gear selec-

tivity favoring large individuals (Frusher et al. 2003).

These results indicate that under-estimates of population

density are not uniform across the year and vary among

species; when present, underestimated densities were

greatest in times of high recruitment (primarily October

through December in the data used) and least in times of

limited reproduction (April through July in the data

used). Although some of these changes were minor

(e.g., Eastern Mosquitofish), our analyses did reveal

some drastic changes for some species. For example,

our analyses indicated that seasonal recruitment of

Flagfish occurred during the late wet to early dry season

(December to February). Our observed data indicated

that this occurred predominantly in the early wet season

(July), resulting in a 7–10month difference between our

observed and estimated values. This also indicates that

this species recruits during a period that is more

unpredictable and environmentally unfavorable (transi-

tion from wet to dry) in contrast to other species, which

favor more stable environments (peak of wet season).

This has large implications for management purposes,

and the practical uses of cohort analyses can prevent

errors in the estimation of seasonal recruitment. Further-

more, we were also able to estimate instantaneous mor-

tality rates and apply these estimates to a cohort analysis

specifically designed for annual species.

In contrast to other cohort analyses, which

are conducted on an annual (year to year) time step,

we used a seasonal time step because of the short life

cycles of the species examined. This shift in temporal

scale was both appropriate and necessary for a season-

ally dynamic annual species. This approach allowed for

estimation of temporal shifts in density by specifically

targeting inter-season variation in catch data. Further-

more, species used in our analyses are born small,

rapidly reach sexual maturity, and reproduce throughout

much of the year (Haake and Dean 1983). These life

history characteristics make typical use of annual cohort

analyses both impractical and inaccurate. Our work

illustrated how subtle differences in life history charac-

teristics (e.g., growth, development) have large implica-

tions for larval mortality and recruitment (Houde 1989).

These small differences in mortality may have contrib-

uted to high estimates and uncertainty for Least Killi-

fish. This species grows rapidly and reaches sexual

maturity at a small size (~10–12 mm in length) com-

pared to the five other study species (~18–22 mm).

Because of its small terminal size, Least Killifish were

the most under-sampled of those considered (a larger

portion of its life cycle was under-represented in collec-

tions) and provide a good example for the need to

incorporate life history differences when conducting

cohort analyses.

Uncertainties in the estimate of age-specific mortality

(M) continue to be a major problem for cohort analyses

(Lapointe et al. 1992; Maunder and Punt 2013). These

concerns are often associated with guessing the relative

contribution of natural and fishing mortality to total

mortality. There is no fishing mortality in this study,

but low population size may have caused unstable esti-

mates of age structure in some populations for some

years, violating one of the underlying assumptions of

our models. This may have caused under- or overesti-

mation of mortality needed for our backward projection

models. We were unable to calculate daily or seasonal

changes in mortality. Instead, we estimated annual
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changes in the instantaneous mortality rate (M) by fitting

models to adult cohorts. Seasonal differences in mortal-

ity, which are likely present, may influence our results

and future studies on seasonal sensitivity are needed.

This would require an age-based model that follows a

cohort month to month. Such an approach is beyond the

scope of the present study. We believe that our study has

addressed the major sources of error in cohort analyses,

validating the use of our cohort analysis to predict larval

and juvenile abundance in the Everglades.

We have provided a comprehensive survey of

the size-selective nature of the 1-m2, 2-mm mesh,

throw trap. Our findings are consistent with previ-

ous studies that suggest capture probabilities vary

across sizes and between species (Sistiaga et al.

2011). Differences in selectivity not only reflect

organism morphology, but were also influenced

by the size of maturation. Approximately, 63%

efficiency (after correcting for clearing and enclo-

sure efficiency) was achieved at or around the size

of maturation for each species. Contrary to studies

that use organism morphology to describe selectiv-

ity (Herrmann et al. 2012), minimum size at peak

collection efficiency from our selectivity curves

did not match sizes calculated from the morpho-

metric analyses [Golden Topminnow: 11.09 mm

(Morphometric) vs 18.00 mm (Selectivity); Eastern

Mosquitofish: 14.56 mm (Morphometric) vs

17.00 mm (Selectivity); Flagfish: 7.91 mm

(Morphometric) vs 20.00 mm (Selectivity); Bluefin

Killifish: 9.75 mm (Morphometric) vs 18.00 mm

(Se l e c t i v i t y ) ; Lea s t K i l l i f i s h 10 . 20 mm

(Morphometric) vs 12.00 mm (Selectivity)]. This

suggests that morphometric data alone cannot ac-

curately represent the size-selective nature of quan-

titative equipment. For our Everglades data collect-

ed using a 2-mm mesh throw trap, we determined

that information collected on all species of fish

examined <17 mm SL must be interpreted with

caution. Juvenile individuals are best sampled

using other quantitative methods that specifically

target larval and early juvenile stages (Neal et al.

2012; Habtes et al. 2014). Furthermore, the effi-

ciency of sampling gear can be improved by in-

corporating selectivity with clearing efficiency

(Jordan et al. 1997) and recovery probabilities to

fully understand the limitations of any sampling

gear. Furthermore, these estimates can be used to

back-calculate species density by dividing the

observed density by the respective capture efficien-

cy value (clearing efficiency X selectivity). The

resulting estimates could be combined with a mod-

ified cohort analysis to improve future density

estimates, detect seasonality of recruitment, and

determine the abiotic controls of recruitment in

pulsed ecosystems.
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