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Juvenile fish life history varies across large spatial gradients because of latitudinal 

influences on growing season length and winter severity.  I evaluated recruitment processes (e.g., 

hatching date, growth, and mortality) affecting largemouth bass Micropterus salmoides 

recruitment to age-1 across a latitudinal gradient of Florida lakes and related my findings to 

results for this species from more northerly latitudes.  I sampled the 2003 and 2004 year classes 

at six Florida lakes that spanned latitudes from N27o0’ to N30o5’.  My first objective tested 

whether 1) early-hatching provided a growth and survival advantage relative to later-hatching 

through their first summer, and 2) whether overwinter size-selective mortality strongly 

influenced recruitment to age-1 across Florida’s latitudinal gradient.  My results did not fully 

conform to common hypotheses because early-hatched sub-cohorts (i.e., fish hatched at dates in 

the left tail of the overall hatching distribution) did not exhibit a growth and survival advantage 

at all lakes and I did not detect strong size-selective overwinter mortality.   

My second objective evaluated the relative contributions of genetic and environmental 

effects on spawning periodicity by rearing Florida largemouth bass M. s.  floridanus from Lake 

Okeechobee in south Florida and intergrade largemouth bass M. s.salmoides x floridanus (or 
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vice-versa) from Lake Seminole in north Florida in a similar environment in Gainesville, Florida.  

Results showed that Florida fish began spawning earlier than intergrade fish in all ponds and 

Florida fish had a longer spawning season than intergrade fish.  Similarly, Florida fish at Lake 

Okeechobee began spawning earlier and had a longer spawning season than intergrade fish at 

Lake Seminole.  Thus, environmental factors influenced spawning periodicity for both genetic 

stocks, but spawning periodicity in ponds also reflected characteristics of their source 

populations.   

My last objective explored implications of hatching date-dependent growth and mortality 

observations for age-0 largemouth bass to evaluate relative effects on recruitment to age-1.  

Modeling results showed that hatching date-dependent mortality could influence the 

contributions of differing hatching sub-cohorts to year class composition at age-1, but total age-1 

and adult biomass was not largely affected.  Thus, my models predicted large compensation 

potential and strong regulation for largemouth bass recruitment. 
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CHAPTER I 
GENERAL INTRODUCTION 

Fisheries managers and ecologist struggle to understand fish recruitment because it is 

variable and many factors influence survival of age-0 fishes (Post et al. 1998).  Factors 

influencing age-0 fish survival differ among latitudes owing to environmental influences (e.g., 

winter water temperatures) and can result in localized adaptations to adult spawning strategies 

for maximizing offspring survival (Conover 1992).  Thus, both genetic and environmental 

components likely contribute to adult spawning timing, but their relative contributions and 

implications for offspring survival are largely unknown.  Identifying processes and factors that 

regulate and control age-0 survival facilitates our ecological understanding of juvenile 

recruitment processes, adult reproductive timing, and fisheries management across broad 

latitudinal gradients.  The recreational importance and broad distribution of largemouth bass 

have resulted in extensive research and generalized hypotheses that identified important factors 

(e.g., hatching date and growth rate) that can limit age-0 survival.  Studies commonly concluded 

that age-0 largemouth bass hatching early in the spawning season had early-life advantages (e.g., 

lower mortality) and were more likely to survive during winter relative to later-hatched members 

of a year class (Miranda and Hubbard 1994a; Ludsin and DeVries 1997; Garvey et al. 1998), 

however all of these studies were conducted at latitudes where growing season length and winter 

water temperatures would likely strongly affect age-0 largemouth bass survival. 

  Florida winters are mild relative to latitudes where other age-0 largemouth bass 

recruitments studies have been conducted (i.e., Alabama to Wisconsin).  Mild winters could 

strongly influence the onset and duration of spawning, growth, and the potential for overwinter 

mortality, thus suggesting that age-0 recruitment processes may differ for Florida populations 

relative to more northerly populations.  I studied the 2003 and 2004 largemouth bass year classes 
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at six Florida lakes distributed across three regions (south, central, and north).  I evaluated 

hatching seasons, growth, mortality, and size-selective overwinter mortality across a range of 

Florida latitudes and related my findings to popular largemouth bass recruitment hypotheses.  I 

reported an experiment to evaluate the contributions of genetic and environmental factors to 

largemouth bass spawning season initiation and duration with implications for evolution of adult 

spawning strategies across latitudes.  I used a trophic-based ecosystem model to simulate how 

hatching date-dependent survival would influence within year-class interactions and year class 

strength, and related my findings to theory on the evolution of parental spawning strategies and 

addressed implications for fisheries management.   
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CHAPTER 2 
EXPLORING THE GENERALITY OF RECRUITMENT HYPOTHESES FOR 

LARGEMOUTH BASS ALONG A LATITUDINAL GRADIENT OF FLORIDA LAKES 
 

Aquatic ecologists and fisheries managers struggle to understand fish recruitment because 

recruitment is inherently variable, and both density dependent and independent factors influence 

pre-recruitment survival (Post et al. 1998).  Environmental (e.g., temperature) and biological 

(e.g., energetics and predator-prey relationships) factors interact to influence recruitment 

processes (e.g., hatching dates, growth, and mortality), but the relative strengths of those 

recruitment processes can vary greatly with latitude (Conover 1992; Garvey et al. 2002a).  

Establishing latitudinal patterns in hatching, growth, and survival of juvenile fish is a goal of 

ecologists (Garvey et al. 2002a) and facilitates understanding of species-specific variation in life-

history traits across large spatial gradients (Conover 1992). 

Early-life survival in teleost fishes has been closely associated with body size (Miller et 

al. 1988), which is largely influenced by hatching date and somatic growth rate (Conover 1992; 

Houde 1997).  Spawning initiation generally occurs earlier in the year at lower latitudes than at 

higher latitudes for broadly distributed species due to influences of temperature (Lam 1983; 

Conover 1992).  Spawning strategies often reflect adaptive characteristics, such that spawning 

season durations are protracted at lower latitudes relative to higher latitudes because of 

differences in growing season duration and the strength of over-winter size-dependent mortality 

(Conover 1992).  When spawning distributions are protracted, variation in conditions for early- 

versus late-hatched sub-cohorts (i.e., fish hatched in a specific period within the total hatching 

distribution) can be large relative to systems that exhibit contracted spawning distributions, 

potentially magnifying differences in growth and survival among sub-cohorts within a year class 

(Phillips et al. 1995; Cargnelli and Gross 1996; Narimatsu and Munehara 1999).  Thus, temporal 
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spawning patterns may result in differing strengths of factors regulating recruitment processes 

among populations. 

Early-hatching often leads to large juvenile size by the end of the first growing season 

and higher survival relative to later-hatched members of a year class (e.g., Trebitz 1991, 

Cargnelli and Gross 1996), but biotic interactions (e.g., competition) also can influence this 

relationship (Olson 1996; Post 2003).  Early hatching and increased size have been shown to be 

beneficial by reducing vulnerability to predators (Christensen 1996; Hambright et al. 1991), 

providing foraging advantages (Ludsin and DeVries 1997; Mittelbach and Persson 1998), and by 

improving fish condition for overwinter survival (Shuter and Post 1990; Ludsin and DeVries 

1997) relative to smaller members of a year class.  Post (2003) suggested that early-hatching 

provides opportunities that can result in earlier age-at-maturity, and thus, increased lifetime 

fitness.  Therefore, early hatching has often been considered advantageous in fish populations 

structured by size-dependent mortality. 

Life-history strategies across species distributions result from responses to both 

environmental and genetic influences (Stearns 1976).  Because temperature, and thus latitude, 

can influence spawning success, fish populations are expected to exhibit adaptations to local 

conditions that maximize progeny survival (Stearns 1976; Conover 1990).  Without knowledge 

of the relative strengths of processes influencing survival among populations, broad scale 

ecological patterns of recruitment are difficult to establish.  Broad recruitment hypotheses have 

been proposed for largemouth bass; however, Parkos and Wahl (2002) reported that most 

knowledge concerning recruitment processes for this species was largely derived from studies 

conducted from only a portion of their distribution.  For example, Garvey et al. (1998) 

hypothesized that the strength of overwinter mortality should increase with decreasing latitude 
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because warmer winter climates facilitate increased predation during winter.  Garvey et al. 

(1998) developed their hypothesis from populations extending from Wisconsin to central 

Alabama, but information was not available from the southern extent of the largemouth bass’s 

native range.  To evaluate the generality of recruitment hypotheses across latitudinal gradients, 

recruitment processes need to be evaluated outside the areas used to develop the hypotheses. 

Florida’s climate ranges from subtropical to temperate, thus potentially providing a 

prolonged breeding season and minimal winter effects relative to other temperate North 

American latitudes.  My objective was to evaluate the generality of recruitment hypotheses, 

developed at more northerly latitudes, to juvenile largemouth bass survival in Florida.  I 

compared hatching distributions, growth, and survival of age-0 largemouth bass across a 

latitudinal gradient of Florida lakes (i.e., at the southern extent of their native distribution) to 

determine if survival patterns conform to current hypotheses regarding pre-recruitment 

largemouth bass survival.  I tested two hypotheses: 1) that early hatching would result in a 

growth and survival advantage through the summer (e.g., Phillips et al. 1995; Ludsin and 

DeVries 1997; Pine et al. 2000), and 2) that size-selective overwinter mortality would strongly 

influence survival to age-1 (e.g., Miranda and Hubbard 1994; Ludsin and Devries 1997; Garvey 

et al. 1998). 

Methods 

I divided Florida into three study regions (i.e., south, central, and north; per Crawford et 

al. 2002) and selected two lakes from each region for my study.  Study lakes in each region 

included: 1) north region: Seminole and Talquin Reservoirs, 2) central region: Lakes Harris and 

Monroe, and 3) south region: Lakes Okeechobee and Istokpoga (Table 2-1; Figure 2-1).  Due to 

Lake Okeechobee’s large size, my sampling area (> 25 km2) was located in the northwest region 
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of the lake.  Seminole Reservoir is not entirely within Florida; thus, I sampled only the west 

littoral zone along the Chattahoochee Basin from the Alabama state line to Jim Woodruff Lock 

and Dam (i.e., Florida waters).  Sample sites at other lakes were distributed throughout the entire 

littoral area.  In general, lakes had vast, highly vegetated littoral zones composed of submergent 

(e.g., Hydrilla verticullata), emergent (e.g., pickerelweed Pontederia cordata) and floating-

leaved (e.g., fragrant water lily Nymphaea odorata) plants.  Vegetation types and abundances 

were generally similar across lakes, except for Lake Talquin, where vegetation abundance was 

lower and less diverse compared to the other lakes (M. Rogers, personal observation).  I sampled 

the 2003 and 2004 year classes of largemouth bass from shortly after hatching through the 

following spring (i.e., about age-1) at each lake.     

Early Age and Growth 

 I used block nets to sample age-0 largemouth bass during spring and summer at each 

lake.  Due to the potential for earlier-hatching in my south region relative to my central and north 

regions, Lakes Okeechobee and Istokpoga were sampled in early spring (i.e., February or March) 

and all lakes were sampled during spring (i.e., late April/May) and summer (i.e., late June/July) 

in each year.  A 100-m block net (3.2-mm knotless nylon mesh) was deployed in a 10m x 10m 

square (total area = 0.01 ha) and liquid rotenone (Prenfish® 5% active ingredient) was applied at 

3 mg/L.  Twelve block nets were set at each lake during each sampling event.  Samples were 

collected in shallow (< 2m) littoral zones, and sample sites were selected to be representative of 

available habitat types (e.g., vegetation type).  At each net, all fish were collected by 3-4 wading 

investigators until fish did not continue to surface, and the net was then moved to another 

location and set again.  My strategy underestimated fish density due to incomplete recovery, but 

allowed for higher samples sizes per habitat type and lake (Timmons et al. 1978).   
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All collected fish were placed on ice and returned to the laboratory.  Age-0 largemouth 

bass were measured to nearest 1 mm total length (TL) and weighed to the nearest 0.01 g.  Age-0 

largemouth bass from each sampling event were placed in 1 cm length groups and sagittal 

otoliths were removed from a subsample of fish so that the length distribution of aged fish 

closely reflected the length frequency of the entire fish sample collected in that period (Ludsin 

and DeVries 1997; Pine and Allen 2001).  Otolith preparation and age estimation followed the 

procedures of Miller and Storck (1982) and Ludsin and DeVries (1997).  A sample of 30 known-

age largemouth bass from the Richloam Fish Hatchery, Florida, was collected during May 2003 

and was used to validate age accuracy.  All otoliths were read twice by two independent readers.  

Between-reader ages differing by less than 3.5 d were used to produce an average age (Maceina 

et al. 1995).   

Hatch date for each fish was estimated by subtracting the number of rings counted on the 

otolith from the day of year when collection took place.  Total length at age data were modeled 

using both a linear model and an exponential model for each lake, and error variance was 

compared using a variance ratio test (Zar 1999).  The linear and exponential models were fit to 

TL at age using data from fish between 30-75 d old to ensure that the age and subsequent growth 

comparisons were similar across hatching cohorts and study lakes.  Mean daily growth rate 

(DGR, mm/d) for each fish was estimated as: 

 DGR = (TLc - 6)/age                        (2-1) 

where TLc is the total length at capture, age is the number of days from swim-up (i.e., the ring 

count), and 6 mm is subtracted to correct for total length at swimup (Goodgame and Miranda 

1993; Ludsin and DeVries 1997).  I used swimup dates as an indicator of hatch dates and an 

index of adult spawning activities.   
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I compared mean DGR among hatching periods and lakes.  Fish were grouped into early, 

middle, and late hatch periods by partitioning the entire hatching date distribution for each lake 

and year into 33 percentile groups.  Estimated hatch dates from each sample were pooled to 

construct the entire hatching distribution for each lake and year because I wanted to incorporate 

early hatch dates that may not have been detectable in later samples due to mortality (see Isely et 

al. 1987).  Hatching periods that delineated sub-cohorts were lake and year specific to evaluate 

the general prediction that early-hatching, within any given system, would result in a growth and 

survival advantage relative to later-hatching.  Mean DGR was compared among sub-cohorts (i.e., 

early, middle, late) and lakes using a two-way analysis of variance (ANOVA) for each year with 

hatching period and lake as factors.  If lakes within regions did not exhibit differences in mean 

DGR among sub-cohorts, I grouped lakes into regions (north, central, south) and used a two-way 

ANOVA with regions and hatching periods as factors.  Least-squares means with Tukey’s 

modification were used to separate DGR means if differences were significant in the ANOVA. 

Water temperature was measured at each lake throughout the study.  Temperature loggers 

manufactured by Onset ® were placed at two stations within the sample areas at each lake 

between 0.5 and 1 m water depth prior to initiating data collection and they recorded data during 

the entire study period.  Temperature loggers were programmed to record water temperature at 

six-hour intervals, thus allowing us to relate age-0 largemouth bass hatching frequency 

distributions and growth rates to water temperatures for each lake, region, and year. 

Early survival of age-0 largemouth bass was assessed using changes in abundance-at-age 

from sequential block net sampling events at each lake.  Fish were grouped in 7-day cohorts for 

each lake and sampling event.  Survival of each cohort was estimated as: 

Si = Ni, t/Ni, t-1                   (2-2) 
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where Si is the survival rate of cohort i, Ni, t  is the mean density of fish from cohort i at time t, 

and Ni, t-1 is the mean density of cohort i in the preceding sampling event.  Survival was 

estimated between the early spring and spring sampling periods at south lakes and the spring to 

summer sampling periods at all lakes.  Only cohorts that were fully recruited (i.e., > 15 mm TL) 

to the block nets in each sampling event were used for estimating survival.  Seven-day cohorts 

were grouped into early, middle, and late-hatched sub-cohorts based on dates delineated by the 

total hatching distribution as described above.  I tested for differences in mean survival among 

sub-cohorts for the early-spring to spring periods in the south lakes combined using a one-way 

ANOVA.  Low sample sizes (the number of cohorts per lake) precluded lake-specific survival 

assessment for spring to summer sampling periods.  Thus, I grouped lakes by region and tested 

whether mean survival differed among sub-cohorts and regions using a two-way ANOVA.  

Least-squares means was used to separate means if the overall ANOVA had significant effects (α 

= 0.05). 

Size-Dependent Over-Winter Survival  

Electrofishing was used to sample fish in fall (October) and spring (March; ~age-1) of 

each year.  Twenty-minute electrofishing transects were conducted in the same habitats where 

block-netting took place using pulsed DC current, and sampling was continued at each lake until 

at least 100 juvenile largemouth bass were captured.  Otoliths were removed from juvenile 

largemouth bass collected by electrofishing and examined to ensure lack of an annulus.  Size 

structure of age-0 largemouth bass in each sampling event was used to assess relative overwinter 

size-specific survival in each lake and year.  Differences in size structure between sampling 

periods were determined using Kolmogorov-Smirnov tests (Zar 1999).  
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Results 

Early Age and Growth 

Age-0 largemouth bass hatching seasons varied widely by region in Florida, but were 

generally similar for both lakes in each region.  Spawning periodicity (i.e., the distribution of 

hatching events during the spawning season) was variable within lakes and resulted in differing 

hatch dates that corresponded to early-, middle-, and late-hatched sub-cohorts between years 

(Table 2-2).  Largemouth bass from south lakes hatched earlier than central and north lakes fish 

during both years.  Hatching initiation began in early December at south lakes (Figures 2-2, 2-3) 

and not until early March at north lakes (Figures 2-2, 2-3).  In central lakes, age-0 largemouth 

bass initiated hatching in mid to late February, except at Lake Monroe some fish hatched in 

January 2004 (Figures 2-2, 2-3).  I detected different hatching initiation dates for the south 

region lakes during 2003.  During 2003, hatching began in February at Lake Istokpoga, but in 

early December at Lake Okeechobee (Figures 2-2, 2-3).  Hatching distributions were multimodal 

in many cases, indicating that spawning activity peaked at several times through the spawning 

seasons. 

Total hatching distributions and water temperatures during spawning also varied among 

regions, with more protracted hatching distributions in the south relative to north lakes.  

Hatching durations ranged from 61 d at Lake Harris in 2003 to 160 d at Lake Istokpoga in 2004 

(Table 2-2).   Hatching durations were longest at south lakes, shorter at central and north lakes, 

and least variable at north lakes relative to the other lakes (Table 2-2).  Water temperatures at 

hatching initiation were as low as 14.7° C at Lake Talquin and as high as 22.0° C at Lake 

Istokpoga during the study.  Hatching occurred at temperatures up to 29.6°C at Lake Istokpoga 
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during 2004.   Water temperatures at median hatching dates ranged from 19.0° C at Lake 

Istokpoga during 2003 to 25.7° C at Lake Istokpoga during 2004 (Table 2-2).   

Linear models described relationships between mean TL and age (days) as well as 

exponential models (all Variance Ratio Tests with P > 0.12), and thus, I used linear models to 

describe growth rates.  Mean DGR of fish varied among lakes and sub-cohorts, but differences 

were not always consistent for lakes within regions.  The lake*hatching period interaction was 

significant in 2003 (both P < 0.001) indicating that mean DGR varied with both factors, but 

differences were not consistent across lakes or hatching periods.  For example, all sub-cohorts 

from Lake Istokpoga exhibited relatively rapid growth in 2003 (all hatching periods ≥ 0.60 

mm/d), whereas Lake Okeechobee growth rates were low for the early-hatched sub-cohort (0.43 

mm/d) and were more rapid for mid- and late-hatched sub-cohorts (0.57 and 0.59 mm/d, 

respectively; Table 2-3).  In 2004, early-hatched sub-cohorts at both south lakes grew slowly 

(mean DGR 0.40-0.43), whereas middle- and late-hatched sub-cohorts grew faster (mean DGR 

0.51-0.59; Table 2-3).  The 2003 year class exhibited rapid growth at north lakes with mean 

DGR ≥ 0.68 mm/d for all sub-cohorts.  The 2004 year class had moderate to rapid growth at the 

north lakes (mean DGR range = 0.59 – 0.82; Table 2-3).  Central lakes had moderate growth 

rates (range 0.53-0.73 mm/d) that did not vary among sub-cohorts during either year.  Thus, for 

three of four lake-year combinations at south lakes, I found that early-hatched sub-cohorts had 

slow growth relative to later-hatched sub-cohorts and other study lakes in Florida.   

 Similar to growth-rate data, survival of age-0 largemouth bass varied among sub-cohorts 

and regions and was generally lowest for early-hatched sub-cohorts at south lakes.  In 2003, 

survival of fish between March and May at south lakes was lower for early (mean S=0.06) than 

for middle-hatched (mean S=0.38, P < 0.02; Table 2-4) sub-cohorts.   Late-hatched sub-cohorts 
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had not recruited to the block net for comparison of survival between March and May.  Survival 

between the May and July sampling periods for the 2003 year class ranged from 0.16 to 0.29 

across regions and sub-cohorts, but mean survival did not differ for either variable (both P > 0.2; 

Table 2-4).  In 2004, both early and middle-hatched sub-cohorts at south lakes had low survival 

(0.14 early, 0.11 middle) between February and late April, and these values did not differ (P > 

0.90).  Late-hatched sub-cohorts again had not recruited to the gear for this comparison.  

Survival between April/May and June/July for the 2004 year class differed by region (P = 0.02), 

with the hatching period effect marginally significant (P = 0.07) and the interaction effect not 

significant (P = 0.8).  Survival from May to July was higher at north than south lakes (S = 0.32 in 

north lakes, 0.12 in south lakes, P < 0.01), and central lakes had intermediate values (S = 0.19; 

Table 2-4).  The hatching period effect showed that early-hatched sub-cohorts across all regions 

had marginally lower survival (S=0.12) than middle and late hatched sub-cohorts (both least 

squares mean S=0.25, both P < 0.2 in least squares means comparisons; Table 2-4).  Thus, the 

severity of mortality varied among regions and hatching periods with early-hatched sub-cohorts 

having low survival prior to summer (all S < 0.14) at south lakes in both years. 

 Water temperatures after hatching influenced age-0 largemouth bass growth.  The mean 

DGR for a given hatching period was positively related to the average water temperature during 

the 40 d period following the median hatch date for that hatching period across all lakes and 

years (r = 0.60, P < 0.001) (Figure 2-4).  Early-hatched sub-cohorts at south lakes endured 

average temperatures of approximately 18°C for the first 40 days after hatching, except for the 

early-hatched sub-cohort at Lake Istokpoga in 2003.  Later-hatched sub-cohorts at south lakes 

and all sub-cohorts at middle and north lakes experienced average temperatures > 20° C for the 
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first 40 days after hatching and all mean DGR for these sub-cohorts were greater than 0.53 

mm/d. 

Size-Dependent Over-Winter Survival  

I found little evidence of size-selective over-winter mortality because length frequency 

distributions from electrofishing in the fall (age-0) and following spring (age-1) were similar for 

most lakes in both years (Figures 2-5, 2-6).  Only the 2003 length frequency distributions from 

Lakes Harris and Talquin (Figure 2-5) differed between October and March electrofishing 

samples (both P = 0.02).  At Lake Harris, the relative number of small fish declined over winter, 

but the minimum size between fall and spring did not change and the maximum size increased, 

thus suggesting that growth occurred for the larger fish.  At Lake Talquin, an apparent mode of 

fish at 9-10 cm during fall increased greatly to 10-13 cm the following spring and both the 

minimum and maximum sizes increased between fall and spring.  Small samples sizes at Lake 

Monroe during March 2005 (2004 year class, ~ age-1) prevented evaluations of length 

frequencies from fall to spring, which was likely due to hurricane effects that increased mortality 

and/or greatly decreased sampling catchability because of extremely high water levels.  

Maximum size increased from fall to winter at all lakes and years, suggesting that growth 

occurred over-winter, except at Lake Seminole in 2003 where neither minimum size nor 

maximum size changed over-winter.  If over-winter mortality were highly size-selective for 

Florida lakes, I expected to see significant changes in the shape of the length frequency 

distributions between fall and spring, which rarely occurred in either year.  Although I was 

unable to assess the overall strength of overwinter mortality in Florida, my results suggested that 

mortality during this period was not strongly size-dependent.   
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Discussion 

I found evidence that limited the application of the current conceptual framework 

regarding hatch date and severity of overwinter mortality for age-0 largemouth bass recruitment.  

Current hypotheses would have predicted highest survival for early-hatched sub-cohorts relative 

to later hatched sub-cohorts in all lakes and years (Trebitz 1991, Miranda and Hubbard 1994; 

Ludsin and Devries 1997; Garvey et al. 1998; Pine et al. 2000).  I observed very slow growth for 

three of four early-hatched sub-cohorts at my lowest latitude lakes and never observed survival 

advantages for early-hatched sub-cohorts through their first summer at any Florida latitude I 

evaluated relative to later-hatched sub-cohorts.  I also found no evidence that size-selective 

overwinter mortality would restructure largemouth bass year classes for Florida lakes by limiting 

survival of smaller fish.  Garvey et al. (1998) reviewed 15 studies that investigated overwinter 

survival of age-0 largemouth bass from Wisconsin to Alabama and predicted reduced over-

winter survival for small fish in southern systems with warm winter temperatures and active 

predators.  The addition of my results to those reviewed by Garvey et al. (1998) suggested that 

size-selective overwinter mortality likely exhibits a parabolic pattern in North America, with 

highest overwinter mortality at intermediate latitudes of the largemouth bass’s distribution (i.e., 

Missouri - Alabama; see Garvey et al. 1998). 

The growth and survival differences from hatching through the first summer likely 

influenced the potential for hatching sub-cohorts to contribute to the year class.  Early-hatched 

sub-cohorts of the 2003 and 2004 year classes at south lakes exhibited high mortality, and thus, 

likely contributed less to the age-1 largemouth bass year classes than later-hatched sub-cohorts.  

I suspected that adult largemouth bass likely initiated spawning at a similar time at both south 

lakes in 2003, as seen in 2004, and that a mortality event prevented detection of some early-
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hatched fish at Lake Istokpoga in 2003.  Evidence includes the truncated hatching distribution at 

this system in 2003 (Figure 2-2) and an independent radio telemetry study at Lake Istokpoga 

during the 2003 spawning season that indicated movement of adult largemouth bass into 

spawning habitats during months when no hatching was detected (i.e., Dec – Jan) (unpublished 

data, J. Furse, Florida Fish and Wildlife Conservation Commission).  Low survival for early-

hatched fish also has been reported for other species, including American Shad Alosa 

sapidissima (Crecco and Savoy 1985), bloater Coregonus hoyi (Rice et al. 1987), striped bass 

Morone saxtilis (Rutherford and Houde 1995), and Korean sandeel Hypoptychus dybowskii 

(Narimatsu and Munehara 1999), owing to environmental limitations (e.g., storm events, 

temperature).  Reduced growth of early-hatched sub-cohorts at south lakes potentially prolonged 

the period of vulnerability to gape-limited predators and reduced predator avoidance abilities 

(e.g., swimming speed), and thus led to increased mortality (Houde 1987; Miller et al. 1988).  

Bestgen et al. (2006) reported more rapid growth yet higher mortality for early-hatched Colorado 

pikeminnows relative to later-hatched fish because of temporal patterns in predator abundances 

in juvenile habitats.  Survival and growth disadvantages for early-hatched sub-cohorts at north 

and central lakes were not as strong as disadvantages detected at south Florida lakes.  However, 

the potential contribution of early-hatched sub-cohorts to year-classes at all lakes in 2004 was 

likely decreased due to low survival through their first summer relative to later-hatched sub-

cohorts.     

I was surprised to find that growth rates appeared to be limited by low water temperatures 

at sub-tropical south Florida lakes.  However, adults began spawning in early December in my 

south region leaving nearly the entire “winter” for cold fronts to influence their progeny.  

Although early-hatched sub-cohorts at south Florida lakes suffered high mortality, early-hatched 
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fish that survived to July were larger than fish from the other hatching sub-cohorts.  Furthermore, 

early-hatched fish had more fish prey in diets than smaller, later hatched fish in July (Rogers and 

Allen 2005).  Thus, some of the proposed advantages to early hatching were still evident despite 

poor survival for early-hatched members of the year class.  Similar results were reported for age-

0 largemouth bass in Alabama ponds where early-hatched fish exhibited slower growth than 

later-hatched fish, but they were larger and expressed increased piscivory relative to smaller, 

later-hatched fish (Ludsin and DeVries 1997).  Other early-hatched centrarchids (i.e., bluegill 

Lepomis macrochirus and pumpkinseed Lepomis gibbosus) also have exhibited reduced growth 

rates owing to cool water temperatures after hatching that resulted in low survival relative to 

later-hatched fish born at warmer water temperatures (Garvey et al. 2002b).  

Strong size-selective overwinter mortality has been more commonly reported for 

southern systems (Boxrucker 1982; Miranda and Hubbard 1994; Ludsin and DeVries 1997, but 

see Jackson and Noble 2000 and Peer et al. 2006) than at northern and central latitudes (Kohler 

et al. 1993), however results have varied owing to study system-specific characteristics (e.g., 

predator presence; Garvey et al. 1998).  Starvation and predation are the common mechanisms 

attributed to size-selective over-winter mortality.  Small fish have lower lipid reserves and higher 

mass-specific metabolism relative to larger fish, thus starvation is typically higher for small 

juveniles when prey resources and low winter temperatures limit feeding (Oliver et al. 1979; 

Henderson et al. 1988; Miranda and Hubbard 1994; Ludsin and DeVries 1997, but see Wright et 

al. 1999).  Predation also has been suggested as a major mechanism resulting in overwinter 

mortality when winter water temperatures reduce activities of juvenile largemouth bass (i.e., < 

6°C; Garvey et al. 1998, Fullerton et al. 2000), but remain warm enough for predators to remain 

active and preferentially prey on small age-0 fish (Garvey et al. 1998).  Although winter water 
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temperatures were conducive to predation at all Florida study lakes in both years, they also 

remained above 6° C, and thus, age-0 fish activity was not likely limited.  In Florida lakes, size-

selective overwinter mortality may not have resulted in a survival bottleneck because most age-0 

largemouth bass surpassed 10 cm TL by fall and overwinter growth occurred at almost all lakes, 

whereas Ludsin and DeVries (1997) reported little overwinter growth in central Alabama ponds 

and reported significantly higher overwinter mortality for fish < 100 mm than for larger fish.  

Size-selective predation during winter could have been minimized in my study because lakes 

generally had highly vegetated littoral zones that potentially provided refuge and localized food 

resources as suggested by Miranda and Hubbard (1994) and Garvey et al. (1998).  Starvation was 

not apparent in my study because total lipid concentrations did not differ from fall to spring for 

any size class at my study lakes (Rogers and Allen 2005) and suggested that juvenile largemouth 

bass in Florida were not reliant on energy reserves for overwinter survival.  Similarly, Peer et al. 

(2006) reported over-winter growth and no evidence of size-selective over-winter mortality for 

age-0 largemouth bass in southern Alabama (i.e., similar latitudes to my north Florida lakes).  

Thus, conventional hypotheses that predict strong effects of size-selective over-winter mortality 

apparently do not apply to systems with available predator refuges and over-winter growth, as 

suggested by Garvey et al. (1998).     

The populations I studied were primarily Florida largemouth bass at south and central 

regions and naturally introgressed largemouth bass (crosses between Florida largemouth bass 

and northern largemouth bass M. s. salmoides) at my north region (Table 2-1; B. L. Barthel, 

unpublished data).  Genetic differences among my study populations could have influenced my 

results because these differing genetic strains have been reported to respond differentially to 

environmental conditions.  For example, Cichra et al. (1982) reported lower tolerances to cold 
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shock for Florida largemouth bass than northern largemouth bass and Isely et al. (1987) reported 

faster growth for northern and intergrade largemouth bass relative to Florida largemouth bass 

that were stocked in Illinois ponds.  Philipp et al. (1985) hypothesized that Florida and northern 

largemouth bass spawning seasonality have differentially evolved owing to environmental 

conditions during spawning seasons, and Rogers et al. (2006) reported that genetic composition 

contributed to adult largemouth bass spawning times in Florida.  Thus, genetic differences 

among my study populations could have influenced my results.  Interestingly, my results 

indicated that despite a shorter growing season at north lakes relative to other regions, maximum 

lengths at age-1 were similar across all lakes.  These results are suggestive of counter-gradient 

growth given known genetic differences among these populations; but, growth observations from 

field studies result from complex ecological interactions (Garvey et al. 2003) and carefully 

controlled (e.g., without latitudinal mortality influences as in this study) studies would be 

required to further clarify the potential effects of genetics to my results.  Kassler et al. (2002) 

suggested elevating the M. s. floridanus subspecies to the species level (i.e., Florida bass 

Micropterus floridanus) based on meristics and allozyme and mitochondrial DNA analyses, 

however the populations I studied currently remain recognized as varying genetic strains of the 

same species.  The influence of genetics to my results cannot be discerned from this study, but 

future research could reveal the importance of genetic variation to latitudinal hypotheses for 

largemouth bass recruitment as seen for other species (e.g., Conover 1990).   

My results suggested that current latitudinal hypotheses for largemouth bass do not 

always apply to populations at the southern extent of their natural distribution.  Hatching 

distributions appeared to reflect characteristics that would compensate for local environmental 

conditions when growing season length did not appear to constrain survival.  More protracted 
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distributions at south lakes, relative to north lakes, were likely maintained by effects of annual 

variability in environmental conditions (e.g., water temperature) following spawning that results 

in variable hatching-date dependent survival.  Winter water temperatures during my study were 

below the 10-yr average for the period of December to February (unpublished data, South 

Florida Water Management District, West Palm Beach, Florida).  Annual mean water 

temperature for the December to February time period ranged from 15.6°C to 19.6°C for 1996-

2005 with an overall mean of 17.9 °C.  The years for this study (2003 and 2004) averaged 16.8 °C 

and 15.6 °C (the 10-year low), respectively.  Thus, the years I sampled had relatively cool water 

temperatures, and early hatching may provide a survival advantage during years with warmer 

conditions.  At central and north region lakes, water temperatures prevented spawning until later 

in the year, which limited the duration that juveniles were vulnerable to influences of winter cold 

fronts relative to south lakes.  Garvey et al. (2002b) proposed that protracted spawning 

distributions acted to maximize mean fitness for bluegill and pumpkinseed sunfish at Lake 

Opinicon, Canada, where spring conditions can result in variable survival for early-hatched fish.  

Similarly, early spawning of largemouth bass in Florida, relative to other latitudes, likely 

provides foraging and predator avoidance advantages during favorable years, and protracted 

spawning should provide some progeny survival during unfavorable years.  Largemouth bass life 

history strategies in Florida’s mild climate appeared to differ from mid-temperate latitudes, 

where growing season length and winter conditions can create size-dependent survival 

bottlenecks.  Recruitment processes vary among latitudes (Garvey et al. 1998), systems at similar 

latitudes (Garvey et al. 1998), and sites within a system (Peer et al. 2006) because of complex 

ecological interactions (e.g., among physical, chemical, and biological factors).  Thus, our 
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understanding of recruitment and ability to refine recruitment hypotheses requires evaluations at 

multiple scales throughout a species’ distribution. 
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Table 2-1.  Physical and chemical characteristics of 6 Florida study lakes and genetic characteristics of their largemouth bass 
populations 

                      Average
Winter water Summer water Trophic TP TN Chl-a SD MD SA % FL

Region Lake Latitude temperature (°C) temperature (°C) statea (mg·
L-1) (mg·

L-1) (mg·
L-1) (m) (m) (m2) LMB alleles

North Seminoleb 30° 12.5 28.5 Eutrophic 35 590 9 1.9 4.5 13,158 59
Talquinb 30° 12.2 28.6 Eutrophic 54 670 29 3.3 3.0 3,560 64

Central Harrisc 28° 16.3 30.0 Eutrophic 28 1550 37 0.6 4.0 5,580 99
Monroed 28° 16.1 29.6 Eutrophic 100 2200 39 0.7 2.3 3,308 100

South Istokpogac 27° 18.4 29.7 Eutrophic 210 700 10 0.9 1.8 11,207 100
Okeechobeec 27° 18.6 29.8 Eutrophic 92 1480 30 0.5 2.7 173,000 100

 

winter = Dec - Feb, summer = Jun - Aug, TP = total phosphorus, TN = total nitrogen, Chl-a = chlorophyll a,  SD = secchi depth, MD = 
mean depth, SA = surface area, FL LMB = Florida largemouth bass Micropterus salmoides floridanus, a = estimated according to 
criteria of Forsberg and Ryding (1980).  bFlorida Lakewatch  (2000).  cBachmann et al. (1996).  dSeminole County Watershed Atlas 
(2001).  Genetics results are from diagnostic allozyme analyses conducted by the Illinois Natural History Survey (B. Barthel, personal 
communication). 
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Table 2-2.  Dates corresponding to sub-cohort hatching periods, median hatch dates, and water temperatures (°C) at corresponding 

median hatch dates for the 2003 and 2004 largemouth bass year classes at 6 Florida study lakes. 
Year Early sub-cohort Middle sub-cohort Late sub-cohort Median Water temperature

Class Region    Lake hatch range hatch range hatch range  hatch date at median hatch
2003 North Seminole 06 Mar. - 03 Apr. 04 Apr. - 23 Apr. 24 Apr. - 04 Jun. 17 Apr. 22.4

Talquin 05 Mar. - 14 Apr. 15 Apr. - 24 Apr. 25 Apr. - 02 Jun. 19 Apr. 20.7
Central Harris 17 Feb. - 06 Mar. 07 Mar. - 25 Mar. 26 Mar. - 18 Apr. 12 Mar. 24.1

Monroe 01 Mar. - 22 Mar. 23 Mar. - 17 Apr. 18 Apr. - 06 May 14 Apr. 23.0
South Istokpoga 06 Feb. - 03 Mar. 04 Mar. - 05 Apr. 06 Apr. - 05 May 23 Mar. 25.7

Okeechobee 07 Dec. - 24 Jan. 25 Jan. - 28 Feb. 29 Feb. - 24 Apr. 30 Jan. 19.9
2004 North Seminole 03 Mar. - 16 Mar. 17 Mar. - 20 Apr. 21 Apr. - 05 Jun. 31 Mar. 20.9

Talquin 09 Mar. - 23 Mar. 24 Mar. - 20 Apr. 21 Apr. - 25 May 02 Apr. 19.9
Central Harris 14 Feb. - 02 Mar. 03 Mar. - 23 Mar. 24 Mar. - 14 May 12 Mar. 19.6

Monroe 11 Jan. - 02 Mar. 03 Mar. - 23 Mar. 24 Mar. - 06 May 07 Mar. 21.5
South Istokpoga 15 Dec. - 10 Feb. 11 Feb. - 06 Apr. 07 Apr. - 23 May 01 Mar. 19.0

Okeechobee 13 Dec. - 13 Jan. 14 Jan. - 13 Apr. 14 Apr. - 07 May 02 Mar. 19.6  
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Table 2-3.  Mean daily growth rate (mm/d, Mean DGR), and standard deviation (SD) for age-0 
largemouth bass collected in block nets during spring and summer of each year.   

Year class Region Lake Hatching period Mean DGR SD
2003 North Seminole Early 0.68 0.11

Seminole Middle 0.72 0.14
Seminole Late 0.72 0.11
Talquin Early 0.76 0.12
Talquin Middle 0.78 0.12
Talquin Late 0.77 0.15

Central Harris Early 0.57 0.13
Harris Middle 0.55 0.11
Harris Late 0.61 0.14
Monroe Early 0.72 0.11
Monroe Middle 0.72 0.10
Monroe Late 0.73 0.09

South Istokpoga Early 0.69 0.08
Istokpoga Middle 0.60 0.13
Istokpoga Late 0.61 0.11
Okeechobee Early 0.43 0.07
Okeechobee Middle 0.57 0.10
Okeechobee Late 0.59 0.10

2004 North Seminole Early 0.59 0.13
Seminole Middle 0.62 0.17
Seminole Late 0.82 0.21
Talquin Early 0.73 0.16
Talquin Middle 0.64 0.12
Talquin Late 0.65 0.13

Central Harris Early 0.53 0.07
Harris Middle 0.53 0.09
Harris Late 0.56 0.07
Monroe Early 0.60 0.10
Monroe Middle 0.53 0.11
Monroe Late 0.69 0.06

South Istokpoga Early 0.43 0.11
Istokpoga Middle 0.52 0.09
Istokpoga Late 0.57 0.08
Okeechobee Early 0.40 0.09
Okeechobee Middle 0.51 0.09
Okeechobee Late 0.59 0.10  
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Table 2-4.  Analysis of variance results for survival comparisons among hatching periods and 
regions of Florida.   

                Least squares means
Year class Time period Comparison F statistic P value Hatching sub-cohort Survival

2003 Mar - May Hatch period 7.12 1,10 0.02 Early 0.06
Middle 0.38

May - Jul Region 0.45 2,45 0.85 North 0.19
Central 0.22
South 0.24

Hatch period 1.66 2,45 0.20 Early 0.16
Middle 0.29
Late 0.20

2004 Feb - Apr Hatch period 0.00 1,9 0.96 Early 0.14
Middle 0.11

May - Jun/Jul Region 4.41 2,48 0.02 North 0.32
Central 0.19
South 0.12

Hatch period 2.81 2,48 0.07 Early 0.12
Middle 0.25
Late 0.25  

Column two defines the period that survival was estimated for, column three gives variables 
tested in the model for that time period, column four gives the F value and test degrees of 
freedom, column five reports the signifance level for the variable, and columns six and seven 
give least squares means estimates for the individual groups within each factor.  March to May 
and February to April survival could only be estimated for our south region. 
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Figure 2-1. Selected north region (Lakes Seminole and Talquin), central region (Lakes Harris 

and Monroe), and south region (Lakes Istokpoga and Okeechobee) study lakes for 
comparing hatching distributions, growth, and mortality of age-0 largemouth bass 
across Florida’s latitudinal gradient.  
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Figure 2-2.  Relative frequency distributions (bars, y axes) of age-0 largemouth bass hatching at 

north lakes (top panels), central lakes (middle panels), and south lakes (bottom panels) 
in 2003.  Hatch dates (x axes) were determined using daily rings on otoliths 
(N=number of fish aged).  Temperature is indicated on the z axis and by the solid line. 
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Figure 2-3.  Relative frequency distributions (bars, y axes) of age-0 largemouth bass hatching at 

north lakes (top panels), central lakes (middle panels), and south lakes (bottom panels) 
in 2004.  Hatch dates (x axes) were determined using daily rings on otoliths 
(N=number of fish aged).  Temperature is indicated on the z axis and by the solid line. 
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Figure 2-4.  Relationship between mean daily growth rates and average temperatures from the 

40-day period following the median hatch date for early, middle, and sub-cohorts, 
from 6 Florida lakes during 2003 and 2004.  Data points (n = 3) closest to the origin 
result from slow-growing early-hatched sub-cohorts at Lake Okeechobee during 2003 
and 2004, and at Lake Istokpoga during 2004. 
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Figure 2-5.  Length frequency distributions for 2003 fall and spring (~age-1) samples of age-0 

largemouth bass collected by electrofishing at north (Lakes Seminole and Talquin), 
central (Lakes Harris and Monroe), and south (Lakes Istokpoga and Okeechobee) 
Florida lakes. 
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Figure 2-6.  Length frequency distributions for 2004 fall and spring (~age-1) samples of age-0 

largemouth bass collected by electrofishing at north (Lakes Seminole and Talquin), 
central (Lakes Harris and Monroe), and south (Lakes Istokpoga and Okeechobee) 
Florida lakes.   
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CHAPTER 3 
SEPARATING GENETIC AND ENVIRONMENTAL INFLUENCES ON TEMPORAL 

SPAWNING DISTRIBUTIONS OF LARGEMOUTH BASS (Micropterus salmoides) 
 

Genetic and environmental factors influence fish spawning periodicity (i.e., the 

distribution of spawning events during the breeding season), but their relative contributions are 

often difficult to discern.  Many studies (e.g., Ludsin and DeVries 1997; Garvey et al. 1998) 

have illustrated the importance of hatching date to growth and survival of age-0 fishes, but few 

have evaluated the factors influencing spawning periodicity (i.e., duration and frequency of 

spawning events through the season).  Spawning initiation (i.e., the onset of the breeding season) 

is regulated by environmental factors such as temperature and photoperiod (Kramer and Smith 

1960; Lam 1983), and thus, spawning seasons occur later in the year at high latitudes relative to 

low latitudes (Conover 1992).  Spawning season duration is often inversely related to latitude, in 

part, because adults cease spawning when offspring no longer have a chance for over-winter 

survival (Johannes 1978; Munro et al. 1990; Conover 1992).  Spawning periodicity has been 

related to multiple environmental factors such as water temperature (Conover 1992), photoperiod 

(Heidinger 1975), changes in water levels (Ozen and Noble 2002), and food availability during 

gonadal development (Koslowski 1992).  For example, Baltic cod (Gadus morhua) spawning 

was delayed during years of cooler spring water temperatures (Wieland et al. 2000).  Largemouth 

bass began spawning in a Puerto Rico reservoir, which was thermally stable (24-30 oC) through 

the year, when photoperiod began to increase during winter (Ozen and Noble 2005).  Spawning 

duration was also related to water level fluctuations in Puerto Rico reservoirs (Ozen and Noble 

2002).   

Genetic composition of a stock also influences spawning periodicity.  Reproductive 

processes in fish are regulated, in part, by endogenous hormone cues (Patiño 1997; Van Der 
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Kraak et al. 1998), which are regulated by genes (e.g., Denslow et al. 2001).  Genotypic effects 

have led to synchronous spawning of predators in relation to prey abundance, thus resulting in 

high availability of food resources for newly hatched larvae, assuming increased foraging 

opportunities at hatching leads to increased survival for offspring (Hjort 1914; Cushing 1975).  

Atlantic herring (Clupea harengus harengus) exhibit genotypic influences to spawning 

periodicity across their broad latitudinal range because hatching within specific larval retention 

areas is related to increased local food availability (i.e., plankton blooms) for larvae in that 

specific locale (Cushing 1975; Sinclair and Tremblay 1984).  Similarly, genetics can influence 

spawning periodicity because evolution of multiple spawning or a prolonged spawning season 

duration may prevent loss of an individual’s annual reproductive output due to environmental 

conditions (Conover 1992; Fox and Crivelli 1998).  However, the relative contributions of 

genetic and environmental influences are poorly understood, and variable spawning initiation 

and periodicity are often attributed to phenotypic plasticity (Baylis et al. 1993; Conover and 

Schultz 1997).  Contributions of genotypic variability to phenotypic patterns have largely been 

ignored (Conover and Schultz 1997). 

Largemouth bass provide an excellent species for evaluating genetic and environmental 

influences on spawning periodicity because they have a wide native geographic distribution with 

a natural genetic gradient, as indicated by latitudinal clines in allele frequencies at several loci 

(Philipp et al. 1983).  Ecologically, juvenile largemouth bass suffer from differing mortality 

factors across latitudes (Garvey et al. 1998), and spawning periodicity strongly influences 

juvenile largemouth bass survival and recruitment (Ludsin and DeVries 1997; Pine et al. 2000).  

Thus, differing selection pressures may exist along the latitudinal distribution of largemouth bass 

that would facilitate localized adaptations for spawning periodicity.  Comparisons between 
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genetically verified fish indicated that NLMB spawned earlier than FLMB and ILMB when 

stocked together in Illinois ponds and a Texas reservoir (Isely et al. 1987; Maceina et al. 1988), 

but those studies occurred outside the native range of FLMB.  No studies have separated 

environmental influences on spawning periodicity from genetic influences by comparing 

populations with known genetic contrasts while monitoring environmental conditions. 

Genetic differences across the distribution of largemouth bass have been recognized for 

decades.  Northern and Florida largemouth bass have been recognized as distinct subspecies for 

more than 50 years (Bailey and Hubbs 1949).  Northern largemouth bass are endemic to the 

northern United States, FLMB naturally occur in south Florida, and intergrades (ILMB) occur in 

north Florida, several southeastern states (e.g., Georgia, Alabama, Mississippi, South Carolina, 

North Carolina, Virginia and Maryland), and other areas where introductions have occurred.  

Kassler et al. (2002) recommended elevating the status of FLMB from a subspecies to species 

status (i.e., Florida bass, M. floridanus) based on discriminate function analysis of meristic 

characters, allozyme analysis, and mitochondrial DNA (mtDNA) data.  Physiological attributes 

(e.g., temperature tolerances) and relative survival differences have also been reported for 

translocated fish in several performance evaluations (e.g., Cichra et al. 1982, Philipp and Whitt 

1991).  However, phenotypic variability in morphometric and life history traits of broadly 

distributed species is not uncommon (Schultz et al. 1996).  At the time of my study, the 

taxonomic nomenclature accepted by the American Fisheries Society remains at the subspecies 

level. 

I compared temporal hatching distributions between a population of FLMB from Lake 

Okeechobee in south Florida and an ILMB population from Lake Seminole at the Florida-

Georgia border.  Lake Okeechobee represents a pure population of FLMB, and Lake Seminole is 
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an intergrade population (ILMB, Philipp et al. 1983).  I used estimated hatch dates, from sagittal 

otoliths as indices of spawning periodicity assuming that hatching occurred two days after 

fertilization.  Spawning periodicity was compared between brood sources for fish reared in 

environmentally similar experimental ponds at an intermediate latitude.  I also assessed whether 

the trends found in experimental ponds corresponded to the spawning periodicity for the two 

natural populations at their source lakes.  My study design allowed us to maintain similar 

environmental conditions during brood fish sexual maturation at the intermediate latitude and 

evaluate influences of genetic factors to spawning periodicity.  If genetic composition affected 

spawning periodicity, I expected spawning of translocated fish to reflect the periodicity of their 

source populations.  In contrast, I surmised that if environmental factors more strongly 

influenced spawning periodicity, then translocated fish that spawned in ponds would have 

similar distributions, and pond distributions would differ from both source lake populations. 

Methods 

Pond Methods 

Brood largemouth bass were captured by electrofishing at Lake Okeechobee, Florida 

(latitude: 27oN 7’) and Lake Seminole, Florida (latitude: 30oN 44 ’) during September 2003 

(Figure 3-1).  Using broodfish from Lakes Okeechobee and Seminole allowed us to nearly 

encompass the maximum latitudinal distance in Florida, and therefore, nearly the maximum 

environmental gradient (i.e., temperature and photoperiod) acting as selective pressures on 

spawning periodicity.  Philipp et al. (1983) observed clinal variation in allele frequencies at 

several loci in largemouth bass that had been collected from Lake Seminole in north Florida 

down to Lake Okeechobee.  Philipp et al. (1983) failed to detect NLMB alleles at Lake 

Okeechobee and estimated a subspecific NLMB:FLMB genomic presence of 49:51, respectively, 
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at Lake Seminole based on electrophoresis of two diagnostic enzyme loci.  Recent analyses at the 

same loci also detected no northern alleles at Lake Okeechobee, and indicated that largemouth 

bass at Lake Seminole were highly introgressed and had likely been introgressed for an extended 

time period (B.L. Barthel, Illinois Natural History Survey, 1816 South Oak Street, Champaign, 

Illinois, 61820, unpublished data).  Analyses of mtDNA and allozyme data have resulted in 

Lakes Seminole and Okeechobee being grouped into separate largemouth bass genetic 

conservation management units within Florida (B.L. Barthel, unpublished data).  

Broodstock from source populations were size selected within 300-430 mm total length 

(TL) so that fish were of a reproductively mature size (Chew 1974) and to avoid influences of 

brood fish size on spawning periodicity (Miranda and Muncy 1987; Goodgame and Miranda 

1993).  Adult fish were transported to Gainesville, Florida (latitude: 290N 43’) using an aerated 

2x3 meter fish transport tank within 24 h of capture (Figure 3-1).  

 I stocked six experimental ponds in Gainesville, Florida with brood fish.  Ponds 

approximately measured 25 m x 5 m with an average maximum depth of 1 m, and were parallel 

to each other with a 3 m levee separating each pond.  One week prior to stocking, the ponds were 

treated with rotenone (5% liquid rotenone; >3 mg•L-1), drained to ensure no fish remained, and 

then refilled.  Each pond was randomly assigned 10 - 11 brood stock from a single lake (N = 3 

replicates per brood source) assuming a similar sex ratio for each group (Chew 1974).  Brood 

fish were fed 90-110 mm (TL) golden shiners (Notemogonus chrysoleucas) at 3.5% of 

largemouth bass biomass per day (Miranda and Hubbard 1994) until spawning behavior was 

observed in spring.  Aquatic vegetation in ponds was maintained at a minimum using manual 

removal, but removals were ceased when largemouth bass spawning bed construction was first 

observed to prevent disturbance of spawning activity.  Pond water levels were maintained at 
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bank-full to avoid influences of water level on timing of bass spawning (Sammons et al. 1999; 

Ozen and Noble 2002).  Water temperature was measured four times daily in each pond, at 1 m 

depth, using remote temperature recorders (Onset Incorporated).   Age-0 fish were collected 

during April and May using dipnets and electrofishing.  Rotenone was also used during the May 

sample to maximize the likelihood that all sizes and ages of age-0 largemouth bass were 

collected from each pond.  The experiment was terminated in May 2004 to reduce potential 

effects of cannibalism and high water temperatures effects on age-0 largemouth bass, and to 

avoid increased maintenance due to rapid evaporation. 

Field Methods 

Hatching dates at source lakes were estimated using age-0 largemouth bass captured at 

Lake Okeechobee during February, April, and June, 2004 and at Lake Seminole during May and 

July, 2004.  The earlier trip at Lake Okeechobee was conducted because of the potential for early 

hatching at low latitudes (Gran 1995).  Age-0 largemouth bass were collected using 10 m x 10 m 

blocknets and applying rotenone at 3 mg•L-1.  Twelve block nets were set at each lake during 

each sampling event and fish were collected using dip nets by wading investigators.  

Laboratory Analyses  

A subsample of age-0 largemouth bass from experimental ponds and source lakes were 

size selected for age estimation so that the age sample mirrored the length-frequency of the fish 

collected at each waterbody (Pine et al. 2000).  Selected age-0 largemouth bass were measured 

(TL; mm) and weighed (wet weight; 0.001 g), and their sagittal otoliths were removed.  Sagittal 

otoliths were prepared using the methods of Miller and Storck (1982).  Each otolith was read by 

two independent readers and ages were averaged when they agreed within three days between 

readers.  If agreement was not met, the otolith was re-read by both readers and discarded if 
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agreement was not met (N = 0 for pond fish).  Some early hatched age-0 fish from source 

populations were too old (>150 days) for reliable age estimation in July, but I assumed their 

hatch dates were represented in samples collected earlier in the year (i.e., February or April-

May).  Median hatch date in ponds was compared between stocking sources using a non-

parametric median test (Zar 1999).  Mean hatch date, mean water temperature at first and median 

hatch date, and mean hatching duration in ponds were compared between broodstock sources 

using one-way analysis of variance (ANOVA).  Quantitative comparisons between pond and 

source lake spawning distributions were not performed due to differences in parental size 

distributions.  However, source lake spawning patterns were used to evaluate whether spawning 

periodicity observed in ponds was similar to source populations in their native environment.        

Results 

 Several largemouth bass nests (N > 3 per pond), with guarding males, were observed in 

each pond, and age-0 bass were captured in all six experimental ponds.  Female largemouth bass 

may use multiple nests and deposit multiple egg clutches during a spawning season (Heidenger 

1975), thus I assumed that bass progeny in my experimental ponds represented offspring from 

several families.  About twenty age-0 bass were selected for age estimation from each pond 

during each sample.  Age estimates were only made for 30 age-0 bass from pond a (Lake 

Okeechobee broodstock) because of a low sample size (N ≅ 25) and small total length 

distribution during April.  The low sample size in April was likely due to a high mortality event 

because all fish collected were less than 25 mm, except one individual was 32 days older and 

much larger than any other fish in that sample.   

In ponds, FLMB had initial hatching dates beginning as early as 26 January and as late as 

12 February (Table 3-1; Figure 3-2).  In contrast, the range of initial hatch dates was 22 February 
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to 7 March for ILMB (Table 3-1; Figure 3-2).  On average, median hatch date in ponds was 11 

days earlier for FLMB than ILMB (χ2 = 31.22, df = 1, P < 0.001), and mean hatch date in ponds 

was five days earlier for FLMB (F = 5.10, P = 0.025) (Table 3-1).  Florida largemouth bass 

began spawning at cooler water temperatures (12.3 – 15.1 oC) than ILMB (15.7– 20.6 oC) in 

experimental ponds (F = 7.82, df = 4, P = 0.049), but water temperatures at median hatch date 

did not differ between brood types (F = 0.010, df = 4, P = 0.771) (Table 3-1).  Hatching duration 

in experimental ponds ranged 24 -72 days for FLMB and 10-12 days for ILMB (Table 3-1).  

Florida largemouth bass hatching duration was marginally different than ILMB hatching 

duration (F = 5.40, df = 4, P = 0.08), but low statistical power (N = 3 per treatment) reduced my 

ability to detect a difference (Peterman 1990).  Florida largemouth bass hatching occurred as late 

as 7 April, whereas the last ILMB hatch occurred on 18 March in experimental ponds.  Florida 

largemouth bass began spawning earlier and also had a longer spawning season duration than 

ILMB in experimental ponds. 

 My experimental pond results were corroborated by data from Lakes Okeechobee and 

Seminole.  Age-0 bass at Lake Okeechobee began hatching as early as 12 December, whereas 

the earliest fish collected from Lake Seminole hatched on March 1 (Figure 3-3).  The median 

hatch date at Lake Okeechobee occurred 29 days earlier than the median hatch date at Lake 

Seminole.  Unlike my pond results, water temperatures at first hatch were similar between source 

lakes (Lake Okeechobee = 17.9 oC and Lake Seminole = 16.3 oC), and water temperatures at 

median hatch date were similar at Lake Okeechobee and Lake Seminole (19.6 oC and 20.9 oC, 

respectively), as seen in my pond study.  Hatching duration results also supported experimental 

pond results because Lake Okeechobee hatching duration (146 d) was substantially longer than 

the Lake Seminole hatching duration (97 d) (Figure3-3).  In summary, FLMB had earlier 
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spawning and longer spawning season duration than ILMB in both research ponds and at their 

respective source lakes. 

 My results indicated both environmental and genetic effects on spawning periodicity of 

largemouth bass.  Translocation illustrated environmental effects on hatching periodicity because 

rearing FLMB in research ponds at a higher latitude led to later hatching than at Lake 

Okeechobee.  Similarly, rearing ILMB in research ponds at a lower latitude led to earlier 

hatching in ponds than at Lake Seminole (Figure 3-4).  Genetic effects on hatching periodicity 

were also evident because translocated fish reflected characteristics of their brood source 

populations.  For example, FLMB hatched earlier and had longer hatching distributions than 

ILMB in both the pond experiment and at brood source lakes (Figure 3-4).  

 Relative differences in spawning times between brood sources in ponds were detected 

despite the low number of families and adult sizes represented by my pond brood fish relative to 

source lake populations.  Although my intent was to compare relative differences between brood 

sources in ponds, source lake hatching patterns mirrored my pond results providing further 

support for a genetic contribution to spawning periodicity.  This corroboration occurred even 

though my brood fish samples were not representative of the entire spawning population from 

the source lakes (i.e., lower range in brood fish size in ponds compared to lakes).     

Discussion 

Environmental and genetic factors influenced spawning timing and periodicity of 

translocated largemouth bass.  Environmental and genetic effects to breeding periodicity have 

rarely been investigated, but have been shown in some cases for terrestrial (e.g., Japanese 

macaques Macaca fuscata; Fooden and Aimi 2003) and aquatic species (e.g., Atlantic salmon, 

Salmo salar; Donaghy and Verspoor 1997).  For example, Atlantic salmon exhibited a reversal in 
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hatching order between two populations when reared in a hatchery versus their native rivers 

(Donaghy and Verspoor 1997).  Donaghy and Verspoor (1997) attributed the reversal in hatching 

order to a genotype-environmental interaction; although they could not explain the mechanism 

leading to the reversal they suggested that local genetic adaptations to water temperatures were 

responsible.   

Environmental influences were evident by a temporal shift in the onset of spawning for 

translocated broodfish.  In my research ponds, FLMB began spawning later than their source 

population did at Lake Okeechobee, which is located much further south.  In contrast, ILMB in 

research ponds began spawning before their source population at Lake Seminole, which is 

further north.  Water temperatures were the most plausible explanation for observed temporal 

shifts because temperatures at median hatch date were similar between FLMB and ILMB in 

experimental ponds and field collections, but similar patterns in ponds and source lakes 

suggested a genetic component to spawning periodicity.   

Genetic factors played a role in spawning timing because FLMB from Lake Okeechobee 

spawned earlier in the research ponds than ILMB from Lake Seminole, even though 

temperatures, photoperiod, and water levels were similar in all ponds during brood fish sexual 

maturation and spawning.  Adaptations for reproductive strategies that maximize individual 

fitness via offspring survival and reproductive success should occur within an environment given 

a heritable component and selection pressure on phenotypic variability (Endler 1986).  Einum 

and Fleming (2000) documented “critical episode of selection” following the emergence of 

Atlantic salmon fry, which resulted in a phenotypic shift towards earlier emergence.  A heritable 

component to breeding date has been established for some salmonids (Siitonen and Gall 1989; 

Gharrett and Smoker 1993), thus Einum and Fleming (2000) concluded that local adaptations for 
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breeding dates are possible and may explain the variability in breeding dates within and among 

Atlantic salmon populations.  The evidence of a genetic component to breeding times in my 

study and other studies is not surprising given that local populations of fishes, with restricted 

gene flow, have an underappreciated capacity to adapt to local selection (Conover and Schultz 

1997).     

In my study, FLMB exhibited protracted spawning periods in both ponds and lakes 

relative to ILMB.  Protracted spawning distributions increase the likelihood that individuals with 

differing hatching dates will experience differing environmental conditions (Narimatsu and 

Munehara 1999).  Mild winter water temperatures that typically occur in peninsular Florida 

likely prevent exposure of early-hatched fish (e.g., hatch in December) to very cold temperatures 

(<12 oC) that would limit survival as per Philipp et al. (1985).  Atypical winter cold fronts can 

reduce growth or survival of early-hatched largemouth bass at Lake Okeechobee, thus 

reproductive success may vary among years for early versus late hatched fish. Garvey et al. 

(2002) found a similar pattern for bluegill at Lake Opinicon, Ontario, and hypothesized that 

protracted spawning distributions maximized lifetime fitness in variable environments where 

temperature regulates juvenile survival.  Conversely, early spawning (e.g., December) of 

largemouth bass at Lake Seminole would likely result in very limited offspring survival.  Lake 

Seminole fish began spawning at suitable temperatures in March, and spawned over a relatively 

shorter period compared to Lake Okeechobee fish.  A contracted spawning distribution at Lake 

Seminole maximizes the growing season for most age-0 bass (e.g., Conover 1992) at the more 

northern latitude.  Contracted spawning seasons for ILMB at Lake Seminole could be the result 

of stabilizing selection, where progeny from both early and late hatching times are at a survival 

disadvantage, which ultimately led to individuals adapted to spawning within a shorter time 
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period (Schultz 1993).  Protracted spawning distributions of Lake Okeechobee fish and 

contracted spawning distributions of Lake Seminole fish appear better suited for the 

environments found at each source lake and inherent environmental influences on juvenile 

survival.   

Philipp et al. (1985) found a lower α-threshold temperature (i.e., the theoretical lower 

limit to embryonic development) for FLMB than ILMB.  Philipp et al. (1985) hypothesized that 

NLMB evolved strategies that delay spawning to prevent exposure of embryos to lethally cold 

temperatures, whereas FLMB evolved to allow spawning at lower and higher temperatures 

relative to NLMB.  My results support this hypothesis, and I concluded that largemouth bass 

spawning seasons are locally adapted to environmental conditions.   

Natural selection may also lead to spawning periodicity that is synchronized with prey 

species abundance to maximize food availability for progeny (Sinclair and Tremblay 1984).  The 

relationship between reproductive timing and food supply has been described by the 

“match/mismatch hypothesis,” which asserts that temperate fishes spawn at a fixed time 

corresponding to peaks in plankton production, and offspring success or survival depends on 

how well their production matches with food production (Cushing 1975, 1990).  At Lake 

Okeechobee, prey fish likely spawn earlier than at Lake Seminole because of earlier spring 

warming.  Earlier hatching of fish at Lake Okeechobee, relative to hatching times at more 

northern latitudes, may lead to increased survival due to a size advantage relative to prey fish, 

which is a prerequisite for piscivory (Mittelbach and Persson 1998).  Potential prey fish at low 

latitudes commonly have extended spawning seasons (Conover 1992) (e.g., mummichog, 

Fundulus heteroclitus; Conover 1990) relative to spawning seasons at more northern latitudes.   
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Thus, differences in spawning periodicity I observed may have resulted from selection for 

optimal environmental conditions, food availability, or a combination of these factors.  

Previous studies comparing spawning timing of largemouth bass indicated that northern 

and ILMB hatched earlier and at cooler water temperatures than FLMB (Isely et al. 1987; 

Maceina et al. 1988), which is contrary to my findings.  These previous comparisons were 

conducted in Illinois and Texas, respectively, which are outside the native range of FLMB and 

have much cooler winter water temperatures than FLMB experience in their native range.  My 

pond study was conducted in a transition zone where both pure FLMB and ILMB populations 

naturally occur (Philipp et al. 1983), so brood fish were reared in temperatures that did not vary 

as widely from local conditions compared to Isely et al. (1987) and Maceina et al. (1988).  Isely 

et al. (1987) and Maceina et al. (1988) also used sympatric populations of NLMB and FLMB 

potentially allowing for confounding effects of hormonal cues and/or reproductive behaviors, 

which may have influenced spawning times.  I used separate ponds for each genetic source to 

prevent interbreeding and behavioral influences among brood source types.  Broodstock lengths 

may have also contributed to differing results among studies because larger largemouth bass 

have been shown to spawn earlier than smaller individuals (Goodgame and Miranda 1993), and a 

large range in length distribution of spawning bass likely leads to extended spawning activities 

(Miranda and Muncy 1987).  In my study, I used similar-sized brood stock from both sources to 

minimize potential size effects on spawning in ponds.  Adult size distributions in ponds did not 

reflect adult size distributions at source lakes, thus I focused my comparisons of spawning 

distributions between ponds and used lake spawning periodicities to evaluate the relative 

differences.  Adult size structures did not drastically differ between source lakes (M.W. Rogers, 

unpublished data), thus fish size effects on spawning periodicity were probably similar for both 
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source populations.  I standardized brood fish size in ponds and spawning periodicity trends were 

similar to lake populations for each source, providing further evidence of a genetic component to 

spawning periodicity. 

Comparisons of spawning periodicity using otoliths only reveal data for survivors and not 

the true distribution if age or size-selective mortality occurs (Miller and Storck 1984; Isely et al. 

1987).  My analyses only allowed for comparisons of surviving offspring among brood sources, 

which is the main concern for management and conservation purposes, but fish that hatched and 

incurred high short-term mortality had lower detection probability in my study.  Sampling timing 

is important to my results because differing mortality among ponds could have biased spawning 

periodicity results, especially if sensitivities to mortality factors differed by source.  For example, 

FLMB are less tolerant of cold temperatures than ILMB (Williamson and Carmichael 1990; 

Philipp and Whitt 1991).   I found only one individual in one of the Lake Okeechobee 

broodstock experimental ponds that was hatched in January, suggesting a high mortality event.  

My median hatch date results for Lake Okeechobee experimental fish would not have differed 

without capturing the early-hatched individual, but the spawning duration for that pond would 

have been shorter.  My age-0 fish from both ponds and lakes were in the range of 13-73 days and 

18-136 days, respectively, which provided a valid assessment of relative spawning times 

between sources.  Interpretation of my results should consider potential biases of sampling 

timing on combined spawning distributions.  Fish hatched prior to April collections were 

potentially available for collection during both samples, which would shift median estimates to 

earlier in the year.  In contrast, early-hatched fish also endured mortality factors for a longer time 

period relative to later hatched fish, which could potentially shift my estimated spawning 

distributions towards later in the year.  Lastly, termination of my experiment in mid-May could 
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have led to an under-representation of fish that would have hatched later, however I detected no 

hatching during the 30-day period prior to ending the experiment suggesting that my data 

represent the entire spawning distributions.  In summary, comparisons of my results with future 

studies should consider the time of collection for age-0 fish and potential influences on the 

apparent spawning distributions. 

Environmental experiences of brood fish prior to relocation may persist and confound 

apparent genetic effects in common environment studies (Conover and Schultz 1997).  Earlier 

spawning of FLMB could be partially due to environmental influences prior to relocation if 

FLMB were further in their annual reproduction cycle and gamete development was more 

advanced than ILMB when they were translocated.  I stocked broodfish into experimental ponds 

in mid-September when such effects should have been minimized.  Gross et al. (2002) reported 

that plasma sex steroid concentrations were low for male and female FLMB in September for 

fish reared at Gainesville, Florida in their study.  Increased gonadosomatic index (GSI) of FLMB 

reared in Gainesville, Florida began in November and peaked in February-March, which was 

strongly correlated with gonadal maturation (Gross et al. 2002).  I translocated brood fish at least 

three months before spawning occurred at either lake.  A future study utilizing progeny of 

translocated fish would further reveal genetic influences on spawning periodicity.  Transplanting 

studies are useful for evaluating the genetic basis of phenotypic variation in spawning 

periodicity, but the genetic component I identified suggests further need to test and develop 

hypotheses to determine natural selection processes responsible for observed differences 

(Conover and Schultz 1997).   

An important consideration when interpreting my study results is that my fish were only 

from two lakes, thus I did not have a random sample of FLMB or ILMB genotypes.  Recent 
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genetic studies concluded that my source populations were from differing genetic conservation 

management units (B.L. Barthel, unpublished data), however I did not include brood fish from a 

range of lakes for each genetic conservation unit. 

My study has implications to management decisions regarding fish stocking programs.  

Outbreeding depression effects (e.g., lower recruitment, adult abundance, and fish size structure) 

of stocking FLMB with native LMB populations have not been reported throughout a widely 

distributed range of public water bodies stocked in the United States.  However, Gharett et al. 

(1999) reported outbreeding depression in the F2 generation of pink salmon (Oncorhynchus 

gorbuscha) that were hybrids of stocks with distinctly different breeding seasons, and warned 

that deleterious effects of outbreeding depression may take decades to detect.  In a series of 

common garden experiments, Philipp et al. (2002) concluded that hybridization of largemouth 

bass from widely separate geographic locations (e.g., Florida, Illinois, Texas, and Wisconsin) 

with native Illinois fish led to a more than a 50 percent reduction in reproductive fitness relative 

to the original, local stock.  My study did not address individual or population level effects of 

mixing ILMB and FLMB, but genetic factors played a role in spawning timing and periodicity of 

translocated largemouth bass.  Observed spawning periodicity appeared to be better suited for, 

and a local adaptation to, the environments found at each source lake.  Genetic variation among 

local populations is likely prevalent (Conover and Schultz 1997), therefore I recommended that 

agencies take a conservative approach in stocking programs to avoid potential outbreeding 

depression.  I also recommended that agencies develop long term studies that evaluate effects of 

mixing stocks with phenotypic differences in life history strategies. 
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Table 3-1.  Earliest, median, and latest hatch dates of Florida (Lake Okeechobee fish) and intergrade (Lake Seminole fish) largemouth 
bass (Micropterus salmoides) translocated to experimental ponds at Gainesville, Florida in 2004 and corresponding water 
temperatures  

Water temperature (oC)
Pond Source N Earliest Median Latest Hatch range (d) Earliest hatch Median hatch Latest hatch
pond a Okeechobee 30 26 Jan 02 Apr 07 Apr 72 12.4 18.2 18.6
pond b Okeechobee 40 01 Feb 29 Feb 09 Mar 37 12.3 12.3 18.4
pond c Okeechobee 41 12 Feb 21 Feb 07 Mar 24 15.1 15.4 22.6
pond d Seminole 40 07 Mar 12 Mar 18 Mar 11 17.7 14.2 17.7
pond e Seminole 40 22 Feb 27 Feb 05 Mar 12 15.7 14.0 19.6
pond f Seminole 40 06 Mar 11 Mar 16 Mar 10 20.6 16.0 19.4  
(N = number aged, Earliest = earliest estimated hatch date, Median = median estimated hatch date, Latest = last estimated hatch date, 
Earliest hatch water temperature = mean water temperature for earliest hatch date, Median hatch water temperature = mean water 
temperature for median hatch date, Latest hatch water temperature = mean water temperature for latest hatch date). 
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Figure 3-1.  Locations and latitudes for Lake Seminole, Lake Okeechobee and Gainesville, 
Florida, USA. 
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Figure  3-2.  Five-day cohort percent hatching distribution (y-axis) for age-0 largemouth bass 
hatched in research ponds at Gainesville, Florida across dates (x-axis) and 
corresponding mean water temperatures (z-axis).  Sampling occurred on 15 April and 
10 May, 2004.  Left column (a – c) brood source was Lake Okeechobee and right 
column (d – f) brood source was Lake Seminole. 
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Figure 3-3.  Five-day cohort percent hatching distribution (y-axis) for age-0 largemouth bass 

collected at (a ) Lakes Okeechobee (N = 159) and (b) Seminole (N = 121) across dates 
(x-axis) and corresponding mean water temperatures (z-axis).  Sampling occurred at 
Lake Okeechobee on 15 – 16 February, 22 April, and 21 – 22 June, 2004.  Sampling 
occurred at Lake Seminole on 12 – 13 May, and 13 – 14 July, 2004. 
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Figure 3-4.  Semi-monthly hatching distributions for age-0 largemouth bass reared in research ponds in Gainesville, Florida and in 

source populations at Lake Seminole and Lake Okeechobee in 2004.  Figure lines are weighted to represent percent 
frequency. 
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CHAPTER 4 
SIMULATED INFLUENCES OF HATCH-DATE SPECIFIC SURVIVAL ON 

RECRUITMENT OF LARGEMOUTH BASS 

Density-dependent processes can dampen or magnify juvenile mortality, but the resulting 

pattern is relatively stable average recruit abundances across a broad range of spawner 

abundances for many fish stocks (Walters and Korman 1999).  Density-dependent mortality is 

believed to result in compensatory juvenile survival at low egg production and regulation of 

juvenile survival at high egg production, thus causing the observed stability in stock-recruitment 

relationships for many species (Walters and Martell 2004).  Regulation can be influenced by 

multiple biotic (e.g., predation and starvation) and abiotic (e.g., temperature and water clarity) 

factors, which have greatest effects during early life stages (i.e., “crucial period,” Shepherd and 

Cushing 1990) and interact to affect survival.  Although density-dependent mortality in juvenile 

fishes has received much attention, few cases exist where mechanisms leading to regulatory 

processes have been identified (Shepherd and Cushing 1990) or how those mechanisms may act 

within year classes to influence recruitment.   

The relative effect of mechanisms influencing survival, and thus, resulting in 

compensation and regulation, have been shown to vary with hatching dates such that members of 

a year class born at different times may suffer from differing mortality forces.  For example, 

Bestgen et al. (2007) reported that early hatched Colorado pikeminnow Ptychocheilus lucius 

have higher mortality during early life than later hatched members of a year class due to 

temporal habitat overlap with their predators.  In contrast, early hatching may result in increased 

survival by enhanced foraging or reduced predation mortality to gape-limited predators (e.g., 

Ludsin and DeVries 1997).   Hatch-date dependent survival has often been identified for both 

marine and freshwater fishes, but effects of hatching-date dependent survival on total year class 
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abundance and composition (i.e., contributions of differing hatching sub-cohorts) are difficult to 

investigate.   

My field study (Chapter 2) showed that survival and growth of age-0 largemouth bass 

were hatch date specific.  Here, I explored the long term implications of observed sub-cohort-

specific growth and mortality on total recruitment to age-1 and adult biomass.  I also assessed 

how those metrics would change if mortality observations had persistently differed for a given 

sub-cohort or among sub-cohorts.  Thus, I evaluated the potential for compensation and 

regulation at varying levels of sub-cohort specific mortality relative to my field observations.  I 

used trophic-based ecosystem models to evaluate relationships between sub-cohort mortality and 

recruitment to the adult population.  Models were evaluated for largemouth bass and represented 

a south Florida population and a north Florida population to incorporate among system variation 

in juvenile largemouth bass population characteristics and community composition.   

Methods 

I used Ecopath with Ecosim (EWE; www.ecopath.org) ecological modeling software to 

evaluate influences of hatching sub-cohort-specific survival on year class structure and biomass.  

Two EWE models were developed to explore how results may vary among populations (i.e., 

between a north Florida system and south Florida system).  Models differed via observed 

differences in hatching distributions due to latitudinal (e.g., temperature) and source population 

(e.g., differing genetic composition) influences and community composition (e.g., prey fish 

abundance).  A mass-balance food web model was developed (Ecopath process) for each 

population and simulations were performed to predict effects of differential sub-cohort survival 

on age-1 biomass, adult biomass, and year class composition at equilibrium (Ecosim process).   
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Ecopath Models      

 An Ecopath model is a static mass-balance representation of production and losses among 

living components (i.e., functional groups) of an ecosystem.  Balance occurs when production is 

equal to predation mortality, non-predation mortality, and fishing harvests (i.e., in the absence of 

immigration or emigration) (Pauly et al. 2000) for each prey functional group (i) and predator 

functional group (j=1 to n predator groups) according to the Ecopath master equations: 
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where Bi and Bj are biomasses of i and j, (P/B)i is the production/biomass ratio for i and should 

be entered as the total instantaneous mortality rate (Zi) for vertebrate groups or turnover rate for 

invertebrates and primary producers, EEi is the fraction of (P/B)i specified in the model, (Q/B)j is 

the total food consumption per unit biomass of j, DCij is the proportion of prey group i to 

predator group j’s total diet, Yi is harvest of group i, Ri is respiration of group i, and Ui is the 

unassimilated portion of group i’s consumption according to the equations (Christensen et al. 

2005): 
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(Figure 4-1).  Input rates (e.g., P/B) are entered using annual estimates.  Components of my 

ecosystems consisted of functional groups with similar foraging life histories (Table 4-1).  

Linkages among functional groups were input by a diet composition matrix for each model that 

described the percent weight of each prey functional group to each predator functional group’s 

diet (i.e., DCij). 

Each of my models (i.e., one for north Florida and one for south Florida lakes) was 

comprised of over 20 functional groups, but at least 12 of these represented multiple (i.e., four to 

five) age stanzas for early, middle, and late-hatched largemouth bass hatching sub-cohorts 

(Tables 4-2, 4-3; see Chapter 2 for hatching dates corresponding to sub-cohorts).  The age 

stanzas for each sub-cohort were used to track fish through their ontogeny, so that different 

information (e.g., P/B, diet composition, etc.) could be specified for each life stage and sub-

cohort.  The stanza structure also allowed specification of sub-cohort-specific age at a given time 

period due to differences in hatching dates among sub-cohorts.  For example, the “summer to 

fall” age stanza would have relatively older fish for the early hatched sub-cohort compared to the 

late hatched sub-cohort in each model.  Ecopath required several inputs for each functional group 

that allowed the model to balance population additions and losses.  For each functional group, 

the model required three of the four following inputs: B (kg/ha), P/B (year-1), Q/B (year-1), and 

EE.  Ecopath creates a series of linear models (Equation 4-1) (i.e., one for each functional group) 

and simultaneously solves the equations for the parameter not input by the user (i.e., either B, 

P/B, Q/B, or EE) (Christensen et al. 2005).  Individual fisheries and functional-group specific 

exploitation rates were also model inputs as described below.   

 Input data for my Ecopath models were obtained from my field data and published 

literature (see Tables 4-2 and 4-3 for specific sources).  Field data were collected at two south 
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Florida lakes (i.e., Lakes Istokpoga and Okeechobee) and two north Florida lakes (i.e., Lakes 

Seminole and Talquin) during 2003 and 2004.  Biomass for each functional group was estimated 

from average summer (i.e., June/July) block-net catches for each region (see Chapter 2 for block-

netting methods).  Production/biomass for juvenile largemouth bass stanzas were estimated from 

hatching sub-cohort specific survival rates in consecutive block-netting samples.  Other 

functional group P/B and all Q/B estimates were derived from www.fishbase.org and published 

literature (Tables 4-2 and 4-3).  A weighted average (weighted by species abundance) was used 

for each non-largemouth bass fish functional group’s B, P/B, and Q/B inputs.  Juvenile 

largemouth bass diet matrices were obtained from field data (see Chapter 2), whereas other 

functional group diet matrices were derived from www.fishbase.org and published literature (see 

Appendices 1 and 2).  Diet contents were specified for each sub-cohort through their first 

summer.  I could not estimate ages (i.e., specify sub-cohorts) for age-0 largemouth bass after 

summer, and thus, I assumed that all sub-cohort diet matrices and survival were the same for a 

given age following their first summer through their adult stages (see Appendices 1 and 2).  

For fishes exhibiting negative exponential mortality through time and length at age 

following the von Bertalanffy growth function, P/B ratios are equivalent to total instantaneous 

mortality (Z) (Allen 1971) such that: 

P/B = Z = F + M2 +  M0              (4-7) 

(Christensen et al. 2005).  Four fisheries were established in each of my Ecopath models.  A 

recreational fishery exploited each adult largemouth bass functional group at 20%, assuming that 

fishing mortality in these ecosystems was similar to fishing rates from other Florida and 

southeast black bass fisheries (Renfro et al. 1999; O’Bara et al. 2001; Allen et al. In Press).  An 

individual fishery was created to target each largemouth bass hatching sub-cohort soon after 
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hatching, which allowed me to vary mortality in simulations.  Thus, I used the fishing mortality 

function to modify total mortality of each juvenile largemouth bass hatching sub-cohort in 

Ecosim (see below).   

Ecosim Simulations 

   Ecosim provides temporally dynamic simulations of functional group biomass changes 

via system perturbations relative to Ecopath’s baseline (balanced) conditions.  Ecosim is flexible 

in how system perturbations can be modeled, but most common applications involve simulations 

by varying fishing mortality rates relative to baseline conditions.  Ecosim estimates biomass 

changes for functional groups using differential equations similar to those in Ecopath.  

Abundance changes for age-specified multi-stanzas are modeled using Deriso-Schnute delay-

difference models (Deriso 1980; Schnute 1987; Walters et al. 2000).  Following a simulated 

system perturbation in Ecosim, functional group consumption rates and predation rates on those 

functional groups are moderated by prey behaviors that limit predation exposure (Walters et al. 

1997; Christensen et al. 2005).  Ecosim models have been described as “hungry predator 

models” (Plaganyi and Butterworth 2004) where predators compete for vulnerable prey and 

predator-prey interactions are estimated with foraging arena assumptions (Walters et al. 2000).  

Vulnerable (Vij) and non-vulnerable (Bi-Vij) prey biomasses are modeled with differential 

equations as:  

( ) jijijijijijiij
ij BVaVvVBv

dt
dV

−−−= '            (4-8) 

( ) ( ) ijijijiij
iji VvVBv

dt
VBd '+−−=

−
           (4-9) 

where vij is a flow rate for prey i from invulnerable to vulnerable, v’ij is a flow rate for prey i 

from vulnerable to invulnerable, aijVijBj is total consumption rate Qij of prey i by predator j, Bj is 
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abundance of predator functional group j, and aij is an effective search rate for prey i by predator 

j (Figure 4-2).  Solving the vulnerability equations (Equations 4-8 and 4-9) when changes to vij 

are zero (i.e., assuming that the distribution of prey i between vulnerable and invulnerable states 

reaches equilibrium faster than changes in total biomass; Walters and Martell 2004) and 

substitution results in the equation used by Ecosim to describe trophic flows of prey group i to 

predator j: 

( )jijijijjiijijij BavvBBvaQ ++= '/           (4-10) 

(Christensen et al. 2005).  Equation 4-10 results in ratio dependent predation (Walters and 

Martell 2004) and has been extended in recent EWE software to incorporate other components of 

predator foraging such as: prey and predator feeding times, handling times, mediation forcing 

effects, and long-term or seasonal forcing effects (see Christensen et al. 2005).  Thus, 

consumption of predator j on prey i is a function of search and predator and prey biomasses, but 

is constrained by vulnerabilities following foraging arena theory (Walters and Martell 2004).  

Modeling functional groups without foraging time adjustments or switching power results in 

changes to predator diets according to foraging arena theory relative to encounter rates (see 

Walters and Martell 2004).  Thus, predator diet compositions change proportionally with 

changes in prey functional group abundances following the assumption that a reduction in a prey 

biomass reduces intraspecific competition among remaining prey and reduces prey risk to 

predator functional groups (i.e., lowering encounter rates), but this relationship is mediated by 

vulnerabilities.   

Vulnerabilities are required inputs of Ecosim and represent the maximum predation 

mortality a predator can exert on a prey functional group relative to baseline (i.e., Ecopath) 

predation mortality due to mediation via vulnerability flow rates.  Low vulnerabilities (e.g., one) 
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for a prey functional group represent slow flows from the invulnerable to the vulnerable state and 

make prey availability to predators largely independent of predator biomasses.  High 

vulnerabilities (e.g., 100) represent fast flows from the invulnerable to vulnerable state and result 

in large changes to predation mortality for a prey functional group following predator biomass 

increases (Christensen et al. 2005).  Vulnerabilities for the earliest age-stanzas of all largemouth 

bass sub-cohorts were low (i.e., close to one) to emulate factors resulting in very low 

vulnerability to predators shortly after hatching (e.g., a spatial refuge, schooling, or parental nest 

guarding) and were allowed to exhibit risk-sensitive foraging behaviors (i.e., allowed to vary 

foraging times), thus resulting in Beverton-Holt shaped stock-recruitment relationships 

(Christensen et al. 2005).  For the other age stanzas, I allowed Ecosim to estimate the 

vulnerability for the most abundant LMB hatching sub-cohort from each age stanza (i.e., time 

period) and used a scaling factor to estimate vulnerabilities for other LMB hatching sub-cohorts 

within that age/time stanza.  Sub-cohort vulnerabilities for each stanza were scaled such that the 

vulnerability value for a sub-cohort times their base biomass was equal across all sub-cohorts, 

thus resulting in increased vulnerabilities for sub-cohorts with lower biomass (as suggested by 

Carl Walters, personal communication).  Scaling vulnerabilities relative to baseline biomasses 

allowed for increased predator consumption as biomasses increased for initially less abundant 

largemouth bass sub-cohorts.   In general, all functional group vulnerabilities were entered such 

that 1< v < 6.  Estimated subchort vulnerabilities were higher for older age stanzas than at their 

initial life stages.  These groups were not allowed to change foraging times relative to baseline 

conditions.  The result of these specifications was compensatory growth with biomass changes as 

predicted by foraging arena theory (Walters and Martell 2004).     
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Simulations increased and decreased hatching sub-cohort specific mortality by ± 50% 

relative to baseline conditions.  Simulated mortality changes were incorporated by changing sub-

cohort specific fishing mortality (F in Equation 4-7), which resulted in changes to Z for a sub-

cohort.  Mortality was applied until the system re-equilibrated.  Changes to mortality were 

applied to the first age stanza for each sub-cohort to represent an early-life mortality source, 

where that early mortality could have represented multiple factors commonly reported to result 

in early juvenile mortality (e.g., predation, Bestgen et al. 2006; or environmental factors, 

Steinhart et al. 2005).  Importantly, the simulated changes in mortality were applied to juvenile 

biomasses estimated from block-net samples (all > 15 mm total length, TL), and thus, the 50% 

mortality was additional to mortality acting on these hatching sub-cohorts from their hatching 

date to 15 mm TL.  I used hatching sub-cohort specific biomass estimates at age-1 and adult 

stages as evaluation metrics for the relative effects of hatching-date dependent mortality on year 

class abundance and composition. 

Results 

Ecopath Results 

 Ecopath models did not initially balance because EE estimates exceeded one for some 

functional groups, thus indicating that losses were greater for those groups than production using 

my initial inputs.  Model balances were achieved following suggestions by Christensen et al. 

(2005) and Guénette et al. (2001), rather than using the automated mass-balance routine 

(Kavanaugh et al. 2004).  In general, I modified input values (i.e., B, P/B, Q/B, or DCij) for fish 

functional groups using diagnostics (e.g, P/Q and M2) recommended by Christensen et al. 

(2005), C. Walters (personal communication), and personal knowledge of field data.  I used 

Ecopath’s sensitivity analyses routine to evaluate how changes to my input parameter values for 
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the balanced models would affect basic parameters estimated by Ecopath.  Ecopath’s sensitivity 

routine varies each input parameter from -50% to +50%, in 10% steps, and reports a percent 

change in estimated parameters relative to estimates using the original parameter value 

(Christensen et al. 2005).  In general, biomass and production inputs had greater effects than 

consumption inputs on estimates of EE, such that a + 30% change in input values could result in 

up to a 43% change in EE estimates for that functional group (see Appendices 3 and 4).  

Underestimating B and P/B input values resulted in stronger effects on Ecopath estimates for that 

functional group than overestimating those values within the range of variation I evaluated.  

Varying Q/B values only had strong effects (i.e., 20-30% change) for EE estimates of other 

predators, sunfish, and insect prey functional groups.  Sensitivity of Ecopath estimates to other 

fish functional group inputs including adult largemouth bass, when varied + 30%, were less than 

10%.  Sensitivity analyses suggested that inputs for my lowest trophic levels could have large 

effects on Ecopath’s estimates for those trophic levels, but those inputs had very little effect on 

estimates of upper trophic level biomasses (generally less than 0.02 kg/ha) with large changes in 

lower trophic level inputs (i.e., + 100%).  Thus, input values of a functional group had more 

effect on Ecopath’s estimates for that functional group than estimates for other functional groups, 

and input values for top predators had more influence on Ecopath estimates than input values for 

lower trophic levels.   

 Ecopath uses a modification of Pianka’s (1973) niche overlap index to describe 

similarities in prey use between predator functional groups (Christensen et al. 2005) via the diet 

matrix input from field data.  Ecopath estimates of prey niche overlap indicated high similarities 

in prey types among LMB hatching sub-cohorts in spring and summer, but niche overlap values 

were not always intuitive based on hatching sequence.  For example, prey niche overlap 
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estimates for the north lakes model indicated that the early hatched sub-cohort had lower prey 

niche overlap with the middle hatched sub-cohort in July (estimate = 0.57) than with the late 

hatched sub-cohort (estimate = 0.84, Table 4-4).  At south lakes, early and middle hatched sub-

cohorts had high prey niche overlap in May (estimate = 0.82, Table 4-4).  There were no 

estimates for the late-hatched sub-cohort’s diet overlap with other hatching sub-cohorts in May 

because these fish were just beginning to enter the population at this time.  In July, the early 

hatched sub-cohort had similar diet overlap with both late and middle-hatched sub-cohorts 

(estimates = 0.78 and 0.79, respectively) and middle and late-hatched sub-cohorts had very high 

prey niche overlap (estimate = 0.97, Table 4-4).  Thus, prey niche overlap was not always 

consistent with my expectations of finding highest diet similarities between closest age sub-

cohorts. 

 Ecosim Results   

 Hatching-date specific mortality influenced contributions of hatching sub-cohorts to the 

year class, but the strength of influence varied among simulations.  At north lakes, increased 

survival of the early-hatched sub-cohort resulted in similar biomass changes in age-1 abundance 

of both middle and late-hatched sub-cohorts (< 1% difference between them).  However, 

decreased survival of the early-hatched sub-cohort resulted in stronger age-1 biomass changes 

for the middle-hatched than the late-hatched sub-cohort relative to baseline conditions (25% 

increase versus 17% increase, respectively) (Figure 4-3).  Variable survival of the middle-

hatched sub-cohort, which had the highest baseline biomass at age-1, had similar influences on 

age-1 biomass of early and late hatched sub-cohorts (< 3% difference between early and late-

hatched sub-cohorts) (Figure 4-3).  Similarly, variable survival of the late-hatched sub-cohort 

had similar influences on early and middle-hatched sub-cohort biomasses at age-1 (< 3% 
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difference between early and middle-hatched sub-cohorts) (Figure 4-3).  Patterns between 

hatching date-specific sub-cohort survival and biomass were similar for age-1 and adult 

abundance at north lakes (left versus right panels on Figure 4-3), except increased early-hatched 

sub-cohort survival had similar effects on middle and late-hatched sub-cohort adult biomass.  At 

south lakes, variable mortality applied to individual hatching sub-cohorts resulted in < 15% 

changes in age-1 biomass for other sub-cohorts (Figure 4-4).  The late-hatched sub-cohorts 

revealed the most sensitivity to mortality of other hatching sub-cohorts, because their age-1 

biomass changed the most (up to 14 %) as result of changes in the early-hatched sub-cohort’s 

survival, whereas the middle-hatched and early hatched sub-cohorts age-1 biomasses never 

changed more than 11% (Figure 4-4).  Effects of hatch date specific sub-cohort mortality at south 

lakes were more pronounced for adult biomasses than for age-1 biomasses (Figure 4-4).  Thus, 

hatching date specific sub-cohort mortality influenced contributions of other sub-cohorts to the 

year class, and those influences varied in magnitude among simulations.   

Among-lake differences appeared to influence effects of variable sub-cohort specific 

mortality simulations.  In almost all cases, effects of simulated mortality of a given hatching sub-

cohort had greater influences on other hatching sub-cohorts for the north Florida model 

compared to the south Florida model, and these results applied to biomass estimates at both age-

1 and adult stages.  Exceptions occurred when the early-hatched sub-cohort mortality was 

reduced which resulted in similar changes in age-1 biomass (14 %) for late-hatched sub-cohorts 

in both regions and slightly higher late-hatched sub-cohort adult biomass for the south Florida 

model (21% versus 17% change; Figures 4-3, 4-4).  Thus, models predicted that hatching sub-

cohort specific survival influenced year class biomass and composition, but patterns should be 

expected to vary among systems.   
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Discussion 

Ecosystem models predicted that persistent changes in mortality of hatching sub-cohorts 

could affect equilibrium year class composition and revealed high compensation in juvenile 

survival under differing mortality treatments.  The models also showed strong regulation effects 

on total age-1 biomass with changes in sub-cohort mortality, via predation and cannibalism.  

Model predictions indicated that effects of sub-cohort survival will likely vary among systems 

due to differences in population and community characteristics.  Results of my models were 

somewhat expected based on ecological theory, but suggested that these types of models can be 

useful for exploring population dynamics and recruitment questions within a large ecosystem 

context. 

Processes that regulate juvenile fish survival have received much attention, and it is now 

recognized that survival to age-1 results from a series of interdependent events during larval and 

juvenile stages (Ludsin and Devries 1997).  The severity of mortality along this series of life-

stages can vary among hatching sub-cohorts and result in disproportionate contributions of 

specific hatching sub-cohorts to the year class relative to their proportion of total fry production 

(Cargnelli and Gross 1996).  Given the identification of hatching date specific mortality, 

remarkably little work has addressed how hatching date-dependent mortality may influence 

dynamics within cohorts.  My simulations showed weak effects of sub-cohort mortality on 

overall biomass at age 1 and adult biomass, because 50% changes in survival of a specific sub-

cohort did not lead to large overall changes in other sub-cohort biomasses.  However, biomasses 

of other sub-cohorts did exhibit compensation where total age-1 and adult biomass did not 

decline substantially as a result of higher mortality of a specific sub-cohort.  My simulations 

suggested weaker linkages among sub-cohorts than expected based on hatching-date sequence.  
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For example, early and middle-hatched sub-cohorts responded similarly to simulated changes in 

late-hatched sub-cohort survival, whereas I expected sub-cohorts hatched consecutively to 

interact more strongly.   

The level of diet niche overlap among predators does not provide a reliable index of 

competition (e.g., Olson et al. 1995), however it does provide information on use of resource 

types among consumers (Abrams 1980).  Ecopath estimated high prey niche overlap for all 

juvenile largemouth bass sub-cohorts in spring and summer except for middle versus early-

hatched sub-cohorts from the north region.  Prey resource use for gape-limited juvenile fishes is 

often limited by body size, because larger offspring that were hatched earlier and/or had faster 

growth can use a larger range of prey species than smaller offspring that were later-hatched 

and/or slower growing (Mittelbach and Persson 1998).  In my models, the large overlap in prey 

resource use was potentially due to the high similarity in TL among sub-cohorts and large TL 

ranges for each sub-cohort.  For example, the early-hatched sub-cohort at north lakes in July 

were 46-128mm TL (median TL = 92 mm), whereas the late-hatched sub-cohort were 28-100 

mm TL (median TL = 58 mm).  Thus, high prey overlap would be expected based on gape 

limitation considerations, but length similarity did not explain the lower diet overlap estimated 

for middle and early-hatched sub-cohorts at north lakes in July.  Differences in growth rates 

among hatching sub-cohorts (see Chapter 2) likely led to similar length ranges and high diet 

overlap among hatching sub-cohorts.  Although individual variability in the timing of 

ontogenetic diet shifts of similar sized/age fish influences the relationship between largemouth 

bass size/age and prey use (Post 2003; Olson 1996), within functional group diet variability was 

incorporated into the diet matrices of my Ecopath models based on observed sub-cohort specific 

diet compositions.  My inability to assign age-specific diet components for sub-cohorts in fall 
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and spring precluded diet overlap estimates for these stanzas, but the similarities in TL among 

the sub-cohorts during this period suggested that all sub-cohorts could have potentially used 

similar prey resources (i.e., similar gape limitations across all sub-cohorts).  Diet overlap 

estimates indicated that largemouth bass hatching sub-cohorts used many of the same prey 

resources through summer, suggesting that variable survival of individual hatching sub-cohorts 

could have strong effects on recruitment if prey abundances limited survival during early life.  

However, high diet overlap did not strongly influence predicted biomass at age-1 and adult 

populations in my Ecosim simulations, indicating that prey densities from my field data did not 

infer strong prey limitations. 

Complex interactions among predators and juvenile largemouth bass functional groups 

largely regulated proportional contributions of hatching sub-cohorts to the year class.  Predicted 

increases in sub-cohort biomasses via lower mortality resulted in increased numbers of adult bass 

acting as predators in the system, and thus, biomass reductions for other hatching sub-cohorts.  

Importantly, functional groups were modeled such that foraging times did not vary with prey or 

predator abundances, except for the youngest largemouth bass age stanzas which were assumed 

to restrict feeding times rather than maximize growth when food was abundant as has been 

shown for Atlantic salmon Salmo salar (Orpwood et al. 2006).  Increased mortality for 

individual hatching sub-cohorts decreased biomasses at all life stages for that sub-cohort, 

increased prey fish functional group biomasses, and therefore increased biomasses of other 

hatching sub-cohorts.  Following induced mortality for a given sub-cohort, biomass increases for 

other hatching sub-cohorts were regulated by predators and suggested a “competitive juvenile 

bottleneck” (Werner and Hall 1979; Byström et al. 1998) between “other predators” and 

largemouth bass functional groups.  Decreased survival of a given hatching sub-cohort resulted 
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in decreased predation on “other predators” because there were fewer largemouth bass adults 

acting as predators at equilibrium, and thus, increased biomass for “other predators” and 

increased predation on other LMB hatching sub-cohorts.  In contrast, the opposite phenomenon 

occurred under simulated increased survival of juvenile largemouth bass hatching sub-cohorts.  

Thus, the model suggested cultivation of largemouth bass juveniles through adult influences on 

“other predators”, however the model did not exhibit depensation because largemouth bass 

hatching sub-cohort biomasses always rebounded to baseline levels if induced mortality was 

returned to base Ecopath levels.  Depensation may not have been evident in my models because 

enough predators always existed in the systems to maintain restricted habitat use/foraging 

activities of competitors (see Walters and Kitchell 2001).  Evaluation of the hypothesized 

“competitive juvenile bottleneck” between juvenile largemouth bass functional groups and 

“other predators” would require further data that allowed more complex stage-structuring in the 

model, however this type of relationship has commonly been found in freshwater ecosystems 

(e.g., between bluegill and largemouth bass; Olson 1996, Aday et al. 2005).   

My simulation results are dependent on Ecopath and Ecosim assumptions (e.g., foraging 

arena theory), model constraints, and data from regions with differing largemouth bass genetics 

(see Chapter 3).  Ecopath and Ecosim have many years (> 20 and > 10, respectively) of 

modification, improvement, and review; however model estimates, their errors, and their 

application require scrutiny (see Plagányi and Butterworth 2004).  Essington (2007) used 

simulations to show that the precision of Ecopath estimates for B and EE were equivalent to the 

precision of the input data and he concluded that “bad data led to bad predictions.”  I collected 

all the fish functional group biomass data for my models and attempted to obtain other inputs 

from the same or similar systems, but inputs derived from other models and published literature 
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certainly contributed to Ecopath estimates in ways that may not mirror the populations I 

simulated.  Essington (2007) also reported that Ecopath inputs were more sensitive to B and P/B 

inputs than to diet composition data.  Uncertainties regarding EWE parameter inputs and 

estimates are similar to those reported for other commonly used ecosystem and bioenergetics-

based models (e.g., Ney 1990, Plagányi 2007).  Model estimates were also dependent on 

specified stock-recruitment relationships that were assumed to be the same for all largemouth 

bass sub-cohorts.  Identifying stock and recruitment relationships is one of the most difficult 

problems in biological assessment (Hilborn and Walters 1992), thus there is undetermined 

uncertainty in these in my models despite the tremendous body of largemouth bass literature.  

However, my stock-recruitment relationships did conform to Beverton-Holt functions, which are 

common across a wide range of fish species and populations (Walters and Martell 2004).   

Furthermore, I could not account for parental effects on juveniles (e.g., parental size and juvenile 

performance; Miranda and Muncy 1987; Baylis et al. 1993; Wright and Gibb 2005; and 

Jorgensen et al. 2005).  Thus, outcomes of these types of models should be treated as hypotheses 

that direct future research and data collection.    

One of the most fundamental bases for Ecosim involves assumptions for how prey fishes 

compete and adjust their behaviors with changes in opportunities (i.e., prey supply) and risks 

(i.e., predation).  The vulnerabilities schedule for functional groups as predators on their prey is 

one of the most important parameters in Ecosim and one of the hardest to know with reliability 

(Plagányi 2004).  In my models, increasing vulnerability values changed the magnitude of 

biomass responses, however the overall trends of my results remained the same.  Default 

vulnerability values in Ecosim (i.e., v = 2) represent mixed bottom-up and top-down trophic 

flows, however using this default value can cause misleading results (Shannon et al. 2000).  
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Although it is imperative to increase vulnerability values for functional groups that were likely 

sampled at levels much lower than Bmax (e.g., highly exploited marine stocks; Pauly 1995), there 

is no reason to suspect that these values should have been largely changed for functional groups 

in my models.  Recent trends indicated relatively low fishing mortality rates for largemouth bass 

(Quinn 1996; Allen et al. In Press), and thus, the low vulnerabilities in my models infer that large 

increases in largemouth bass abundance are not expected.  Vulnerabilities I used resulted in 

similar fish functional group biomasses to those reported for southeastern reservoirs (e.g., 

Jenkins 1975). 

Implications  

Much research has indicated that juvenile fish survival is strongly density-dependent as a 

result of regulating processes such as predation, starvation, and cannibalism (Shepherd and 

Cushing 1990).  Several authors have shown that the importance of the processes resulting in 

strong density dependence is rarely specified (Walters and Juanes 1993 and references therein), 

and Shepherd and Cushing (1990) suggested that a weak regulatory process could result in 

regulation at high stock sizes and when fishing mortality is low (as is likely for largemouth bass).  

My simulations suggested that hatching specific sub-cohort mortality could have large influences 

on relative contributions of individual hatching sub-cohorts to a year class, however total age-1 

biomass was relatively stable across all simulations.  Simulations that induced and reduced 

mortality of individual largemouth bass hatching sub-cohorts had small effects on age-1 total 

biomass (maximum biomass increase = 5.5% and maximum biomass decrease = 7.0%) relative 

to Ecopath baseline estimates, thus suggesting high compensation following increased sub-

cohort mortality and strong regulation following decreased sub-cohort mortality.  Predation was 

the most important regulating process acting on recruitment.  Although responses to variable 
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hatching sub-cohort mortality were stronger for the north Florida population than for the south 

Florida population, predation still regulated total recruitment to age-1 for both spawning 

strategies.  Walters and Juanes (1993) proposed that mortality should result in selection for a 

balance between growth and survival of juvenile fishes due to shorter foraging times and smaller 

foraging volumes in the presence of high predator abundance, and thus, increased competition 

and exaggerated density-dependent effects on growth rates.  Sub-cohort-specific survival could 

largely influence predation risks and feeding activities to result in strong competition, which has 

implications for energy allocations that could affect life-history metrics such as age at maturity, 

overwinter condition, and lifetime fitness.   

My results also have implications for fisheries management.  Other authors have 

proposed that fishing regulations should consider the influence of removing spawning adults 

during periods of assumed high juvenile survival (e.g., Trebitz 1991) or when progeny from any 

spawning period may have survival advantages depending on inter-annual environmental 

variability (e.g.,. Garvey et al. 2002).  Similarly, previous studies have suggested the potential 

for reduced progeny survival following the removal of nest guarding adults for black bass 

Micropterus spp. (e.g., Philipp et al. 1997, Suski et al. 2003).  My results suggested that indirect 

effects of fishing on juvenile survival would not likely have overwhelming effects on year-class 

strength because ecological interactions were predicted to regulate total biomass and that 

survival of other sub-cohorts would be expected to compensate if fishing greatly reduced 

survival of one portion of a year class.  My results also indicated only small increases in total 

largemouth bass biomasses with large increases in hatching sub-cohort survival, which may 

extend to stocking practices assuming that stocking induces similar dynamics as increased sub-

cohort survival in my simulations.  Walters and Juanes (1993) presented similar reasoning for 
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failures in northwest Pacific salmonid stockings.  Potential trade-offs between parental spawning 

times and inter-sub-cohort interactions affecting juvenile survival necessitate further 

investigation for understanding recruitment regulation, population level characteristics, and 

fisheries management. 
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Table 4-1.  Species composition of non-largemouth bass fish groups. 
Functional Group Name Species common name Species taxonomic name south model north model
other predators Atlantic needlefish Strongylura marina x x

Black acara Cichlasoma bimaculatum x
Black crappie (> 200 mm TL) Pomoxis nigromaculatus x x
Bowfin Amia calva x x
Chain pickerel Esox niger x x
Florida gar Lepisosteus platyrhincus x x
Longnose gar Lepisosteus osseus x
White catfish (> 250 mm TL) Ameiurus catus x x
Yellow bullhead (>250 mm TL) Ameiurus natalis x

killifish-topminnows Bluefin killifish Lucania goodei x x
Eastern starhead topminnow Fundulus escambiae x
Golden topminnow Fundulus chrysotus x x
Least killifish Heterandria formosa x x
Lined topminnow Fundulus lineolatus x
Mosquitofish Gambusia holbrooki x x
Sailfin molly Poecilia latipinna x
Seminole killifish Fundulus seminolis x x

sunfish Banded pygmy sunfish Elassoma zonatum x
Black crappie Pomoxis nigromaculatus x x
Bluegill Lepomis macrochirus x x
Bluespotted sunfish Enneacanthus gloriosus x x
Dollar sunfish Lepomis marginatus x x
Everglades pygmy sunfish Elassoma evergladei x
Okefenokee pygmy sunfish Elassoma okefenokee x
Redbreast sunfish Lepomis auritus x
Redear sunfish Lepomis microlophus x x
Spotted sunfish Lepomis punctatus x x
Warmouth Lepomis gulosus x x

generalists/minnows Brook silverside Labidesthes sicculus x x
Coastal shiner Notropis petersoni x
Flagfish Jordanella floridae x
Golden shiner Notemigonus crysoleucas x x
Inland silverside Menidia beryllina x x
Pugnose minnow Opsopoeodus emiliae x x
Taillight shiner Notropis maculatus x x

benthic fish Blue tilapia Tilapia aurea x
Brown bullhead Ameiurus nebulosus x x
Channel catfish Ictalurus punctatus x x
Clown goby Microgobius gulosus x
Gizzard shad Dorosoma cepedianum x x
Lake chubsucker Erimyzon sucetta x x
Pirate perch Aphredoderus sayanus x
Plated catfish Hoplosternum littorale x
Suckermouth catfish Hypostomus plecostomus x
Swamp darter Etheostoma fusiforme x x
Tadpole madtom Noturus gyrinus x x
Threadfin shad Dorosoma petenense x x
White catfish Ameiurus catus x x
Yellow bullhead Ameiurus natalis x  

mm TL = total length in millimeters, x indicates that species was collected in that region and is 
represented in the model 
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Table 4-2.  Ecopath inputs for a north Florida eutrophic lake based on data from Lakes Seminole 
and Talquin collected in 2003 and 2004. 

Group Biomass P/B Q/B
number Functional group (age) (kg/ha) (yr-1) (yr-1) EE

1 Other predators 2.56a 0.40c 3.20c

2 LMB late-hatched (to summer) 0.19b 8.51a 41.04b

3 LMB late-hatched (to fall) 1.46a 4.16a 13.70b

4 LMB late-hatched (age-1) 1.78b 2.00j 6.51b

5 LMB late-hatched (adult) 5.29b 0.71e 3.34c

6 LMB middle-hatched (to summer) 0.19b 8.77a 41.26b

7 LMB middle-hatched (to fall) 1.37a 4.16d 13.70b

8 LMB middle-hatched (age-1) 1.67b 2.00j 6.51b

9 LMB middle-hatched (adult) 4.96b 0.71e 3.34c

10 LMB early-hatched (to summer) 0.15b 7.48a 40.18b

11 LMB early-hatched (to fall) 1.29a 4.16d 13.70b

12 LMB early-hatched (age-1) 1.58b 2.00j 6.51b

13 LMB early-hatched (adult) 4.67b 0.71e 3.34c

14 killifish / topminnows 3.49a 2.82c 44.00c

15 sunfish 53.50a 1.30c 19.38c

16 generalists/minnows 9.25a 1.60c 27.80c

17 benthic fish 37.00a 1.39c 18.68c

18 crustaceans 26.00b* 13.90b* 22.00i

19 insects 30.20f 38.00h 0.70h

20 zooplankton 15.00i 35.00i 0.80i

21 macrophytes 61824.00a 2.60g -
22 phytoplankton 35.00i - 0.75i

23 detritus 100.00i - - -  
P = production, B = biomass, Q = consumption, EE = ecotrophic efficiency.   ameasured in this 
study.  bestimated by Ecopath.  b*estimated by Ecopath based on inputs from Schramm et al. 
(1983) and Bull et al. (1991).  cderived from www.fishbase.org.  dderived from Wicker and 
Johnson (1987).  eAllen et al. (2002).  fLobinske et al. (2002).  gwithin range reported in 
Westlake (1982).  hPoepperl (2003).  iwithin range reported from published Ecopath models.  
jDeAngelis et al. (1993) 
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Table 4-3.  Ecopath inputs for a north Florida eutrophic lake based on data from Lakes Istokpoga 
and Okeechobee collected in 2003 and 2004. 

Group Biomass P/B Q/B
number Functional group (age) (kg/ha) (yr-1) (yr-1) EE

1 Other predators 8.27a 0.22c 3.50c

2 LMB late-hatched (to spring) 0.03b 0.00a 48.99b

3 LMB late-hatched (to summer) 0.45b 6.31a 20.73b

4 LMB late-hatched (to fall) 0.54a 4.16d 11.00b

5 LMB late-hatched (age-1) 0.98b 2.00j 6.35b

6 LMB late-hatched (adult) 2.90b 0.71e 3.26c

7 LMB middle (to spring) 0.11b 5.82a 50.07b

8 LMB middle-hatched (to summer) 0.75b 5.94a 22.01b

9 LMB middle-hatched (to fall) 2.12a 4.16d 11.00b

10 LMB middle-hatched (age-1) 2.17b 2.00j 5.99b

11 LMB middle-hatched (adult) 7.04b 0.71e 3.17c

12 LMB early-hatched (to spring) .16b 12.72a 52.35b

13 LMB early-hatched (to summer) 0.48b 6.72a 21.48b

14 LMB early-hatched (to fall) 1.06a 4.16d 11.00b

15 LMB early-hatched (age-1) 1.61b 2.00j 5.96b

16 LMB early-hatched (adult) 4.77b 0.71e 3.06c

17 killifish / topminnows 10.40a 2.32c 44.00c

18 sunfish 73.15a 0.85c 17.17c

19 generalists/minnows 11.30a 2.00c 39.00c

20 benthic fish 12.00a 1.15c 22.30c

21 crustaceans 31.00b* 11.00b* 22.00i

22 insects 30.20f 38.00h 0.70h

23 zooplankton 15.00i 35.00i 0.80i

24 macrophytes 91232.00a 2.60g -
25 phytoplankton 35.00i - 0.75i

26 detritus 100.00i - - -  
P = production, B = biomass, Q = consumption, EE = ecotrophic efficiency.   ameasured in this 
study.  bestimated by Ecopath.  b*estimated by Ecopath based on inputs from Schramm et al. 
(1983) and Bull et al. (1991).  cderived from www.fishbase.org.  dderived from Wicker and 
Johnson (1987).  eAllen et al. (2002).  fLobinske et al. (2002).  gwithin range reported in 
Westlake (1982).  hPoepperl (2003).  iwithin range reported from published Ecopath models.  
jDeAngelis et al. (1993) 
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Table 4-4.  Ecopath estimates of diet niche overlap among age-0 largemouth bass hatching sub-
cohorts 

Model Age Late Middle
North In July Late 1.000

Middle 0.734 1.000
Early 0.838 0.574

South In May Late 1.000
Middle - 1.000
Early - 0.823

In July Late 1.000
Middle 0.965 1.000
Early 0.783 0.793  
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Figure 4-1.  Representation of ecosystem flows for components of an Ecopath model consisting 

of three consumer groups and a detritus group such that predation on a group results in 
production for their predators 

 
Figure 4.2.  Representation of vulnerable and invulnerable states of prey functional group 

biomass and predator consumption.   
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Figure 4-3.  Percent biomass change at equilibrium relative to baseline Ecopath values for 

simulations of variable hatch-date specific mortality for a north Florida lake.  Left 
column panels (a-c) represent changes in total biomass at age-1 for varying mortality for 
early-hatched (a), middle-hatched (panel b), and late-hatched (panel c) largemouth bass.  
Right column panels (d-f) represent estimated changes in total adult biomass for varying 
mortality for early hatched (d), middle-hatched (panel e), and late-hatched (panel f) 
largemouth bass.   
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Figure 4-4.  Percent biomass change at equilibrium relative to baseline Ecopath values for 

simulations of variable hatch-date specific mortality for a south Florida lake.  Left 
column panels (a-c) represent changes in total biomass at age-1 for varying mortality for 
early-hatched (a), middle-hatched (panel b), and late-hatched (panel c) largemouth bass.  
Right column panels (d-f) represent estimated changes in total adult biomass for varying 
mortality for early hatched (d), middle-hatched (panel e), and late-hatched (panel f) 
largemouth bass.   
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CHAPTER 5 
SYNTHESIS AND FUTURE RESEARCH 

 
Age-0 Largemouth Bass Recruitment 

 
The results presented in this study suggested that hatching date-specific sub-cohort 

characteristics had large implications to the composition of recruits to age-1 for juvenile 

largemouth bass in Florida lakes.  Hatching date was important to growth and survival of age-0 

largemouth bass, but the strength of importance differed among latitudes.  I identified slower 

growth for the early-hatched largemouth bass sub-cohorts at south Florida lakes relative to early-

hatched sub-cohorts at north Florida lakes.  I also found no evidence of survival advantages for 

early-hatched sub-cohorts relative to later-hatched sub-cohorts through the end of summer.  

These findings contrasted a popular recruitment hypothesis for largemouth bass (i.e., that early-

hatching is always advantageous), but suggested support for Garvey et al.’s (2002) hypothesis 

that protracted spawning may be advantageous to adult fitness where environments may be quite 

variable over the spawning season.  My findings also contrasted the hypothesis that size-selective 

overwinter mortality would largely affect survival to age-1 at southern latitudes.  A lack of 

strong size-selective overwinter mortality was likely due to winter water temperatures that did 

not limit age-0 largemouth bass activities, and thus, facilitated foraging and predator avoidance 

relative to winter water temperatures at more northerly latitudes.  My research was conducted at 

a lower latitude than other largemouth bass recruitment work that has contributed to recruitment 

hypotheses for this species and provided evidence that limited the application of those 

hypotheses at the extreme southern range of largemouth bass distributions. 

 My results also provided insight and potential hypotheses regarding the evolution of 

parental spawning strategies across Florida’s latitudinal gradient.  Experimental results presented 

in this dissertation showed that both environmental and genetic factors contributed to parental 
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spawning times.  Environmental conditions were conducive to spawning from December to May 

at south Florida lakes, whereas spawning at north Florida lakes was restrained to beginning in 

March due to water temperatures.  Spawning distributions differed between adult fish from north 

and south Florida when they were translocated and spawned in similar environments, however 

translocated spawning distributions exhibited temporal shifts relative to in-situ populations.  

Thus, I concluded that both genetic and environmental factors contributed to population 

spawning periodicity.  Having found little evidence for size-selective overwinter mortality in 

Florida, I sought other explanations for this observation.  Simulation modeling in this 

dissertation suggested that parental spawning strategies could affect interactions among hatching 

sub-cohorts such that variable mortality of hatching sub-cohorts could differentially influence 

other hatching sub-cohorts and that strength of interactions depended on hatching distributions.  

Thus, simulations provided hypotheses regarding mechanisms that regulate juvenile survival and 

may impose selection for adult spawning times across Florida’s latitudinal gradient. 

Fisheries Management 

 Fisheries managers are most interested in age-0 survivors and management activities that 

may increase the number of juveniles surviving to enter a fishery.  My study identified 

differences in hatch-date specific survival among Florida latitudes during the period from 

hatching through the first summer.  These results appeared to be due to environmental 

influences, and thus, suggested that annual conditions during spring may provide insight to 

fisheries managers relative to the strength of the year class.  My results also had implications for 

stocking strategies in Florida lakes.  I identified largemouth bass spawning seasons and size-

distributions across Florida’s latitudes, and this information can be used by state resource 

managers to identify preferable timing and sizes at stocking.  Fish stocking strategies such as 
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“matching the hatch” (i.e., stocking fish at similar sizes to naturally spawned fish) or stocking 

fish at lengths corresponding to the right tail of the length-frequency of natural fish, which has 

been successful at Lake Talquin, Florida (C. Mesing, FWC, personal communication), both 

require expected spawning dates for hatchery planning.  Experimental results provided further 

evidence that genetic stocks should not be translocated throughout Florida because of the 

contribution of genetics to parental spawning times.  Lastly, my simulations suggested that 

variable mortality among individual hatching sub-cohorts should not have strong effects on total 

age-1 biomass, however year class structure (i.e., percent contributions of individual hatching 

sub-cohorts) could be strongly affected by variable hatching sub-cohort-specific mortality.        

Future Research 

Genetic Contributions 

 Largemouth bass populations used for this study encompassed a natural gradient of 

genetic stocks.  North Florida lake populations were intergrade largemouth, whereas central and 

south Florida lake populations were dominantly Florida largemouth bass (Brandon Barthel, 

personal communication).  Thus, genetic differences may have influenced the growth and 

survival results I found.  Experimental work could discern the contribution of genetics to growth 

and survival, which would help further identify factors that contribute to age-0 largemouth bass 

recruitment processes across Florida’s latitudinal gradient.  Further research could also 

potentially identify physiological differences among genotypes that would facilitate energetic 

analyses for these populations and life history theory.   

Evolution of Spawning Strategies 

Hatching-date dependent survival and influences on adult fitness have largely depended 

on short-term studies that typically have only followed one or two year classes.  Technological 
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advances in genetics techniques provide opportunities for long-term research evaluating 

relationships between parental spawning, offspring survival, and fitness.  For example, 

microsatellite analyses could allow researchers to relate offspring characteristics and survival to 

parental characteristics (e.g., parent’s age or size, and parental spawning time) and parental 

fitness.   DeWoody et al. (1998) used microsatellites to identify paternity and maternity of 

redbreast sunfish Lepomis auritus progeny and found differing levels of progeny success for 

males with differing reproductive strategies.  Genetic markers could also allow the evaluation of 

offspring production by first-time versus repeat spawners for iteroparous species.  Information 

that could arise from genetics research may have important implications for evolutionary theory 

and fisheries management (e.g., fishing regulations and stock assessments for commercially 

fished species).   

Latitudinal Patterns in Life History 

Conducting work at the geographic extent of the largemouth bass’s range suggested that 

conclusions regarding recruitment processes from more northerly latitudes were not always 

applicable.  Thus, there appears to be a need for further research of populations at the extremes 

of their species range for understanding latitudinal patterns in factors affecting juvenile life 

histories and evolution of adult spawning strategies.  Evidence that late-hatched progeny likely 

come from smaller adults (Miranda and Muncy 1988; Baylis et al. 1993) in black bass 

populations has resulted in hypotheses that propose fitness costs to small parents that spawn late 

at latitudes with severe size-selective overwinter mortality.  However, the apparent lack of size-

selective overwinter mortality in Florida lakes suggests that fitness trade-offs associated with 

spawning at small sizes may not be as large in Florida relative to more northerly latitudes.  

However, high fitness costs could still be associated with spawning at small sizes in Florida if 
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progeny survival was low due to increased predation or intra-year class cannibalism relative to 

survival for earlier-hatched fish.  Future research in Florida, and at other latitudes, that can 

investigate mechanisms regulating juvenile survival from specific parents across several 

generations would greatly facilitate our understanding of latitudinal patterns in juvenile life 

history and the evolution of parental spawning strategies.   
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APPENDIX A 
DIET COMPOSITION MATRICES FOR ECOPATH MODELS 
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Table A-1.  Diet composition inputs for north region Ecopath model 
Group
number Group name 1b 2a 3a 4a 5c 6a 7a 8a 9c 10a 11a

1 Other predators 0.02 0.02
2 LMB late-hatched (to summer) < 0.01
3 LMB late-hatched (to fall) 0.05 < 0.01 < 0.01
4 LMB late-hatched (age-1) 0.02
5 LMB late-hatched (adult)
6 LMB middle-hatched (to summer) < 0.01
7 LMB middle-hatched (to fall) 0.05 < 0.01
8 LMB middle-hatched (age-1) 0.02 < .01
9 LMB middle-hatched (adult)
10 LMB early-hatched (to summer) < 0.01
11 LMB early-hatched (to fall) 0.04 < 0.01 < 0.01
12 LMB early-hatched (age-1) 0.02
13 LMB early-hatched (adult)
14 killifish / topminnows 0.09 0.10 < 0.01 0.06 0.01 0.20 < 0.01 0.06 0.01 0.19 < 0.01
15 sunfish 0.26 0.20 0.37 0.10 0.68 0.46 0.37 0.10 0.68 0.19 0.37
16 generalists/minnows 0.08 0.05 0.12 0.06 0.06 0.13 0.06 0.06 0.04 0.13
17 benthic fish 0.04 0.20 0.27 0.64 0.03 0.27 0.64 0.03 0.38 0.27
18 crustaceans 0.13 0.21 0.21 0.07 0.18 0.23 0.21 0.07 0.18 0.10 0.21
19 insects 0.14 0.20 0.01 0.05 < 0.01 0.11 0.01 0.05 < 0.01 0.10 0.01
20 zooplankton 0.05 0.05 < 0.01 0.01 < 0.01 < 0.01 0.01 < 0.01 < 0.01
21 macrophytes
22 phytoplankton
23 detritus < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
24 import  

athis study.  bderived from data at www.fishbase.org.  cSammons and Maceina (2006).  dDurant et al. (1979).  ederived from literature 
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Table A-1.  Continued 
Group
number Group name 12a 13c 14d 15b 16b 17b 18e 19e 20e

1 Other predators 0.02
2 LMB late-hatched (to summer)
3 LMB late-hatched (to fall) < 0.01
4 LMB late-hatched (age-1)
5 LMB late-hatched (adult)
6 LMB middle-hatched (to summer)
7 LMB middle-hatched (to fall)
8 LMB middle-hatched (age-1) < 0.01
9 LMB middle-hatched (adult)

10 LMB early-hatched (to summer)
11 LMB early-hatched (to fall) < 0.01
12 LMB early-hatched (age-1)
13 LMB early-hatched (adult)
14 killifish / topminnows 0.06 0.01
15 sunfish 0.10 0.68
16 generalists/minnows 0.06 0.06
17 benthic fish 0.64 0.03
18 crustaceans 0.07 0.18 0.05 0.20
19 insects 0.05 < 0.01 0.70 0.60 0.30 0.60 0.20
20 zooplankton 0.01 0.25 0.20 0.60 0.20 0.20 0.30 0.10
21 macrophytes 0.40 0.90
22 phytoplankton 0.10 0.10
23 detritus < 0.01 0.10 0.20 0.70
24 import  

athis study.  bderived from data at www.fishbase.org.  cSammons and Maceina (2006).  dDurant et al. (1979).  ederived from literature 
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Table A-2.  Diet composition inputs for south region Ecopath model 
Group
number Group name 1b 2a 3a 4a 5a 6c 7a 8a 9a 10a 11c

1 Other predators 0.02 0.02
2 LMB late-hatched (to spring)
3 LMB late-hatched (to summer) 0.02
4 LMB late-hatched (to fall) 0.02 < 0.01 < 0.01
5 LMB late-hatched (age-1) 0.01
6 LMB late-hatched (adult)
7 LMB middle (to spring) 0.01
8 LMB middle-hatched (to summer) 0.02
9 LMB middle-hatched (to fall) 0.02 < 0.01

10 LMB middle-hatched (age-1) 0.01 < 0.01
11 LMB middle-hatched (adult)
12 LMB early-hatched (to spring) 0.01
13 LMB early-hatched (to summer) 0.02
14 LMB early-hatched (to fall) 0.02 < 0.01 < 0.01
15 LMB early-hatched (age-1) 0.01
16 LMB early-hatched (adult)
17 killifish / topminnows 0.10 0.10 0.10 0.15 0.01 0.02 0.10 0.17 0.15 0.01
18 sunfish 0.20 0.20 0.40 0.68 0.19 0.40 0.68
19 generalists 0.15 0.15 0.06 0.03 0.09 0.15 0.06
20 benthic fish 0.09 0.20 0.03 0.03 0.05 0.20 0.03
21 crustaceans 0.16 0.20 0.30 0.10 0.18 0.43 0.30 0.24 0.10 0.18
22 insects 0.10 0.50 0.40 < 0.01 0.52 0.40 0.19 < 0.01
23 zooplankton 0.05 0.20 0.17 0.07
24 macrophytes
25 phytoplankton
26 detritus
27 import 1.00  

athis study.  bderived from data at www.fishbase.org.  cSammons and Maceina (2006).  dDurant et al. (1979).  ederived from literature 
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Table A-2.  Continued 
Group
number Group name 12a 13a 14a 15a 16c 17d 18b 19b 20b 21e 22e 23e

1 Other predators 0.02
2 LMB late-hatched (to spring)
3 LMB late-hatched (to summer)
4 LMB late-hatched (to fall) < 0.01
5 LMB late-hatched (age-1)
6 LMB late-hatched (adult)
7 LMB middle (to spring)
8 LMB middle-hatched (to summer)
9 LMB middle-hatched (to fall)

10 LMB middle-hatched (age-1) < 0.01
11 LMB middle-hatched (adult)
12 LMB early-hatched (to spring)
13 LMB early-hatched (to summer)
14 LMB early-hatched (to fall) < 0.01
15 LMB early-hatched (age-1)  
16 LMB early-hatched (adult)
17 killifish / topminnows 0.05 0.20 0.30 0.15 0.01
18 sunfish 0.20 0.25 0.40 0.68
19 generalists 0.02 0.10 0.10 0.15 0.06
20 benthic fish 0.05 0.20 0.03
21 crustaceans 0.03 0.15 0.15 0.10 0.18 0.05 0.20
22 insects 0.70 0.35 0.10 < 0.01 0.70 0.60 0.30 0.60 0.20
23 zooplankton 0.20 0.06 0.25 0.2 0.60 0.20 0.20 0.30 0.10
24 macrophytes 0.40 0.90
25 phytoplankton 0.10 0.10
26 detritus 0.1 0.2 0.70
27 import  

athis study.  bderived from data at www.fishbase.org.  cSammons and Maceina (2006).  dDurant et al. (1979).  ederived from literature 
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APPENDIX B 

SENSITIVITY ANALYSIS RESULTS FOR ECOPATH MODELS 
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Table B-1.  Sensitivity analysis for north region Ecopath model 
Input Group Estimated Input parameter variation

Group parameter affected parameter -50 -40 -30 -20 -10 0 10 20 30 40 50
1 Biom 1 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
1 Biom 3 EE -0.30 -0.24 -0.18 -0.12 -0.06 0.00 0.06 0.12 0.18 0.24 0.30
1 Biom 4 EE -0.50 -0.40 -0.30 -0.20 -0.10 0.00 0.10 0.20 0.30 0.40 0.50
1 Biom 7 EE -0.30 -0.24 -0.18 -0.12 -0.06 0.00 0.06 0.12 0.18 0.24 0.30
1 Biom 8 EE -0.50 -0.40 -0.30 -0.20 -0.10 0.00 0.10 0.20 0.30 0.40 0.50
1 Biom 11 EE -0.29 -0.23 -0.17 -0.11 -0.06 0.00 0.06 0.11 0.17 0.23 0.29
1 Biom 12 EE -0.50 -0.40 -0.30 -0.20 -0.10 0.00 0.10 0.20 0.30 0.40 0.50
1 Biom 14 EE -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
1 Prod/biom 1 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
1 Cons/biom 3 EE -0.30 -0.24 -0.18 -0.12 -0.06 0.00 0.06 0.12 0.18 0.24 0.30
1 Cons/biom 4 EE -0.50 -0.40 -0.30 -0.20 -0.10 0.00 0.10 0.20 0.30 0.40 0.50
1 Cons/biom 7 EE -0.30 -0.24 -0.18 -0.12 -0.06 0.00 0.06 0.12 0.18 0.24 0.30
1 Cons/biom 8 EE -0.50 -0.40 -0.30 -0.20 -0.10 0.00 0.10 0.20 0.30 0.40 0.50
1 Cons/biom 11 EE -0.29 -0.23 -0.17 -0.11 -0.06 0.00 0.06 0.11 0.17 0.23 0.29
1 Cons/biom 12 EE -0.50 -0.40 -0.30 -0.20 -0.10 0.00 0.10 0.20 0.30 0.40 0.50
1 Cons/biom 14 EE -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
2 Biom 2 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
2 Biom 14 EE -0.06 -0.05 -0.04 -0.02 -0.01 0.00 0.01 0.02 0.04 0.05 0.06
2 Prod/biom 2 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
2 Cons/biom 14 EE -0.06 -0.05 -0.04 -0.02 -0.01 0.00 0.01 0.02 0.04 0.05 0.06
3 Biom 3 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
3 Biom 15 EE -0.06 -0.05 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.05 0.06
3 Biom 16 EE -0.09 -0.07 -0.06 -0.04 -0.02 0.00 0.02 0.04 0.06 0.07 0.09
3 Biom 17 EE -0.06 -0.05 -0.04 -0.03 -0.01 0.00 0.01 0.03 0.04 0.05 0.06
3 Prod/biom 3 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
3 Cons/biom 15 EE -0.06 -0.05 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.05 0.06
3 Cons/biom 16 EE -0.09 -0.07 -0.06 -0.04 -0.02 0.00 0.02 0.04 0.06 0.07 0.09
3 Cons/biom 17 EE -0.06 -0.05 -0.04 -0.03 -0.01 0.00 0.01 0.03 0.04 0.05 0.06
4 Biom 4 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
4 Biom 14 EE -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
4 Biom 17 EE -0.09 -0.07 -0.05 -0.04 -0.02 0.00 0.02 0.04 0.05 0.07 0.09
4 Prod/biom 4 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
4 Cons/biom 14 EE -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
4 Cons/biom 17 EE -0.09 -0.07 -0.05 -0.04 -0.02 0.00 0.02 0.04 0.05 0.07 0.09
5 Biom 1 EE -0.18 -0.14 -0.11 -0.07 -0.04 0.00 0.04 0.07 0.11 0.14 0.18
5 Biom 3 EE -0.07 -0.06 -0.04 -0.03 -0.01 0.00 0.01 0.03 0.04 0.06 0.07
5 Biom 5 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
5 Biom 7 EE -0.07 -0.06 -0.04 -0.03 -0.01 0.00 0.01 0.03 0.04 0.06 0.07
5 Biom 11 EE -0.08 -0.06 -0.05 -0.03 -0.02 0.00 0.02 0.03 0.05 0.06 0.08
5 Biom 15 EE -0.09 -0.07 -0.05 -0.04 -0.02 0.00 0.02 0.04 0.05 0.07 0.09
5 Biom 16 EE -0.04 -0.03 -0.02 -0.02 -0.01 0.00 0.01 0.02 0.02 0.03 0.04  
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Table B-1.  Continued 
Input Group Estimated Input parameter variation

Group parameter affected parameter -50 -40 -30 -20 -10 0 10 20 30 40 50
5 Prod/biom 5 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
5 Cons/biom 1 EE -0.18 -0.14 -0.11 -0.07 -0.04 0.00 0.04 0.07 0.11 0.14 0.18
5 Cons/biom 3 EE -0.07 -0.06 -0.04 -0.03 -0.01 0.00 0.01 0.03 0.04 0.06 0.07
5 Cons/biom 7 EE -0.07 -0.06 -0.04 -0.03 -0.01 0.00 0.01 0.03 0.04 0.06 0.07
5 Cons/biom 11 EE -0.08 -0.06 -0.05 -0.03 -0.02 0.00 0.02 0.03 0.05 0.06 0.08
5 Cons/biom 15 EE -0.09 -0.07 -0.05 -0.04 -0.02 0.00 0.02 0.04 0.05 0.07 0.09
5 Cons/biom 16 EE -0.04 -0.03 -0.02 -0.02 -0.01 0.00 0.01 0.02 0.02 0.03 0.04
6 Biom 6 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
6 Biom 14 EE -0.12 -0.09 -0.07 -0.05 -0.02 0.00 0.02 0.05 0.07 0.09 0.12
6 Prod/biom 6 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
6 Cons/biom 14 EE -0.12 -0.09 -0.07 -0.05 -0.02 0.00 0.02 0.05 0.07 0.09 0.12
7 Biom 7 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
7 Biom 15 EE -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
7 Biom 16 EE -0.09 -0.07 -0.05 -0.04 -0.02 0.00 0.02 0.04 0.05 0.07 0.09
7 Biom 17 EE -0.06 -0.05 -0.04 -0.02 -0.01 0.00 0.01 0.02 0.04 0.05 0.06
7 Prod/biom 7 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
7 Cons/biom 15 EE -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
7 Cons/biom 16 EE -0.09 -0.07 -0.05 -0.04 -0.02 0.00 0.02 0.04 0.05 0.07 0.09
7 Cons/biom 17 EE -0.06 -0.05 -0.04 -0.02 -0.01 0.00 0.01 0.02 0.04 0.05 0.06
8 Biom 8 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
8 Biom 14 EE -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
8 Biom 17 EE -0.08 -0.07 -0.05 -0.03 -0.02 0.00 0.02 0.03 0.05 0.07 0.08
8 Prod/biom 8 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
8 Cons/biom 14 EE -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
8 Cons/biom 17 EE -0.08 -0.07 -0.05 -0.03 -0.02 0.00 0.02 0.03 0.05 0.07 0.08
9 Biom 1 EE -0.17 -0.13 -0.10 -0.07 -0.03 0.00 0.03 0.07 0.10 0.13 0.17
9 Biom 3 EE -0.07 -0.05 -0.04 -0.03 -0.01 0.00 0.01 0.03 0.04 0.05 0.07
9 Biom 7 EE -0.07 -0.05 -0.04 -0.03 -0.01 0.00 0.01 0.03 0.04 0.05 0.07
9 Biom 9 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
9 Biom 11 EE -0.07 -0.06 -0.04 -0.03 -0.01 0.00 0.01 0.03 0.04 0.06 0.07
9 Biom 15 EE -0.08 -0.07 -0.05 -0.03 -0.02 0.00 0.02 0.03 0.05 0.07 0.08
9 Biom 16 EE -0.04 -0.03 -0.02 -0.02 -0.01 0.00 0.01 0.02 0.02 0.03 0.04
9 Prod/biom 9 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
9 Cons/biom 1 EE -0.17 -0.13 -0.10 -0.07 -0.03 0.00 0.03 0.07 0.10 0.13 0.17
9 Cons/biom 3 EE -0.07 -0.05 -0.04 -0.03 -0.01 0.00 0.01 0.03 0.04 0.05 0.07
9 Cons/biom 7 EE -0.07 -0.05 -0.04 -0.03 -0.01 0.00 0.01 0.03 0.04 0.05 0.07
9 Cons/biom 11 EE -0.07 -0.06 -0.04 -0.03 -0.01 0.00 0.01 0.03 0.04 0.06 0.07
9 Cons/biom 15 EE -0.08 -0.07 -0.05 -0.03 -0.02 0.00 0.02 0.03 0.05 0.07 0.08
9 Cons/biom 16 EE -0.04 -0.03 -0.02 -0.02 -0.01 0.00 0.01 0.02 0.02 0.03 0.04

10 Biom 10 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
10 Biom 14 EE -0.08 -0.07 -0.05 -0.03 -0.02 0.00 0.02 0.03 0.05 0.07 0.08
10 Prod/biom 10 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
10 Cons/biom 14 EE -0.08 -0.07 -0.05 -0.03 -0.02 0.00 0.02 0.03 0.05 0.07 0.08  
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Table B-1.  Continued 
Input Group Estimated Input parameter variation

Group parameter affected parameter -50 -40 -30 -20 -10 0 10 20 30 40 50
11 Biom 11 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
11 Biom 15 EE -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
11 Biom 16 EE -0.08 -0.07 -0.05 -0.03 -0.02 0.00 0.02 0.03 0.05 0.07 0.08
11 Biom 17 EE -0.06 -0.05 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.05 0.06
11 Prod/biom 11 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
11 Cons/biom 15 EE -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
11 Cons/biom 16 EE -0.08 -0.07 -0.05 -0.03 -0.02 0.00 0.02 0.03 0.05 0.07 0.08
11 Cons/biom 17 EE -0.06 -0.05 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.05 0.06
12 Biom 12 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
12 Biom 14 EE -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
12 Biom 17 EE -0.08 -0.06 -0.05 -0.03 -0.02 0.00 0.02 0.03 0.05 0.06 0.08
12 Prod/biom 12 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
12 Cons/biom 14 EE -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
12 Cons/biom 17 EE -0.08 -0.06 -0.05 -0.03 -0.02 0.00 0.02 0.03 0.05 0.06 0.08
13 Biom 1 EE -0.16 -0.13 -0.09 -0.06 -0.03 0.00 0.03 0.06 0.09 0.13 0.16
13 Biom 3 EE -0.06 -0.05 -0.04 -0.03 -0.01 0.00 0.01 0.03 0.04 0.05 0.06
13 Biom 7 EE -0.06 -0.05 -0.04 -0.03 -0.01 0.00 0.01 0.03 0.04 0.05 0.06
13 Biom 11 EE -0.07 -0.05 -0.04 -0.03 -0.01 0.00 0.01 0.03 0.04 0.05 0.07
13 Biom 13 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
13 Biom 15 EE -0.08 -0.06 -0.05 -0.03 -0.02 0.00 0.02 0.03 0.05 0.06 0.08
13 Biom 16 EE -0.04 -0.03 -0.02 -0.01 -0.01 0.00 0.01 0.01 0.02 0.03 0.04
13 Prod/biom 13 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
13 Cons/biom 1 EE -0.16 -0.13 -0.09 -0.06 -0.03 0.00 0.03 0.06 0.09 0.13 0.16
13 Cons/biom 3 EE -0.06 -0.05 -0.04 -0.03 -0.01 0.00 0.01 0.03 0.04 0.05 0.06
13 Cons/biom 7 EE -0.06 -0.05 -0.04 -0.03 -0.01 0.00 0.01 0.03 0.04 0.05 0.06
13 Cons/biom 11 EE -0.07 -0.05 -0.04 -0.03 -0.01 0.00 0.01 0.03 0.04 0.05 0.07
13 Cons/biom 15 EE -0.08 -0.06 -0.05 -0.03 -0.02 0.00 0.02 0.03 0.05 0.06 0.08
13 Cons/biom 16 EE -0.04 -0.03 -0.02 -0.01 -0.01 0.00 0.01 0.01 0.02 0.03 0.04
14 Biom 14 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
14 Biom 19 Biom -0.04 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.04
14 Biom 20 Biom -0.04 -0.03 -0.02 -0.02 -0.01 0.00 0.01 0.02 0.02 0.03 0.04
14 Biom 21 Cons/biom -0.04 -0.03 -0.02 -0.02 -0.01 0.00 0.01 0.02 0.02 0.03 0.04
14 Prod/biom 14 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
14 Cons/biom 19 Biom -0.04 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.04
14 Cons/biom 20 Biom -0.04 -0.03 -0.02 -0.02 -0.01 0.00 0.01 0.02 0.02 0.03 0.04
14 Cons/biom 21 Cons/biom -0.04 -0.03 -0.02 -0.02 -0.01 0.00 0.01 0.02 0.02 0.03 0.04
15 Biom 15 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
15 Biom 18 EE -0.43 -0.34 -0.26 -0.17 -0.09 0.00 0.09 0.17 0.26 0.34 0.43
15 Biom 19 Biom -0.25 -0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20 0.25
15 Biom 20 Biom -0.22 -0.18 -0.13 -0.09 -0.04 0.00 0.04 0.09 0.13 0.18 0.22
15 Biom 21 Cons/biom -0.22 -0.17 -0.13 -0.09 -0.04 0.00 0.04 0.09 0.13 0.17 0.22
15 Prod/biom 15 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
15 Cons/biom 18 EE -0.43 -0.34 -0.26 -0.17 -0.09 0.00 0.09 0.17 0.26 0.34 0.43  
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Table B-1.  Continued 
Input Group Estimated Input parameter variation

Group parameter affected parameter -50 -40 -30 -20 -10 0 10 20 30 40 50
15 Cons/biom 19 Biom -0.25 -0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20 0.25
15 Cons/biom 20 Biom -0.22 -0.18 -0.13 -0.09 -0.04 0.00 0.04 0.09 0.13 0.18 0.22
15 Cons/biom 21 Cons/biom -0.22 -0.17 -0.13 -0.09 -0.04 0.00 0.04 0.09 0.13 0.17 0.22
16 Biom 16 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
16 Biom 20 Biom -0.09 -0.07 -0.06 -0.04 -0.02 0.00 0.02 0.04 0.06 0.07 0.09
16 Prod/biom 16 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
16 Cons/biom 20 Biom -0.09 -0.07 -0.06 -0.04 -0.02 0.00 0.02 0.04 0.06 0.07 0.09
17 Biom 17 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
17 Biom 19 Biom -0.17 -0.14 -0.10 -0.07 -0.03 0.00 0.03 0.07 0.10 0.14 0.17
17 Biom 20 Biom -0.15 -0.12 -0.09 -0.06 -0.03 0.00 0.03 0.06 0.09 0.12 0.15
17 Biom 21 Cons/biom -0.14 -0.12 -0.09 -0.06 -0.03 0.00 0.03 0.06 0.09 0.12 0.14
17 Prod/biom 17 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
17 Cons/biom 19 Biom -0.17 -0.14 -0.10 -0.07 -0.03 0.00 0.03 0.07 0.10 0.14 0.17
17 Cons/biom 20 Biom -0.15 -0.12 -0.09 -0.06 -0.03 0.00 0.03 0.06 0.09 0.12 0.15
17 Cons/biom 21 Cons/biom -0.14 -0.12 -0.09 -0.06 -0.03 0.00 0.03 0.06 0.09 0.12 0.14
18 Biom 18 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
18 Biom 21 Cons/biom -0.07 -0.06 -0.04 -0.03 -0.02 0.00 0.02 0.03 0.04 0.06 0.07
18 Prod/biom 18 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
18 Cons/biom 21 Cons/biom -0.07 -0.06 -0.04 -0.03 -0.02 0.00 0.02 0.03 0.04 0.06 0.07
19 Prod/biom 19 Biom 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
19 Prod/biom 20 Biom 0.45 0.30 0.19 0.11 0.05 0.00 -0.04 -0.08 -0.10 -0.13 -0.15
19 Prod/biom 21 Cons/biom 0.85 0.57 0.37 0.21 0.10 0.00 -0.08 -0.14 -0.20 -0.24 -0.28
19 Cons/biom 20 Biom -0.23 -0.18 -0.14 -0.09 -0.05 0.00 0.05 0.09 0.14 0.18 0.23
19 Cons/biom 21 Cons/biom -0.43 -0.34 -0.26 -0.17 -0.09 0.00 0.09 0.17 0.26 0.34 0.43
19 EE 19 Biom 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
19 EE 20 Biom 0.45 0.30 0.19 0.11 0.05 0.00 -0.04 -0.08 -0.10 -0.13 -0.15
19 EE 21 Cons/biom 0.85 0.57 0.37 0.21 0.10 0.00 -0.08 -0.14 -0.20 -0.24 -0.28
20 Prod/biom 20 Biom 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
20 EE 20 Biom 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
21 Biom 21 Cons/biom 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
21 Prod/biom 21 Cons/biom 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33  
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Table B-2.  Sensitivity analysis for south region Ecopath model 
Input Group Estimated Input parameter variation

Group parameter affected parameter -50 -40 -30 -20 -10 0 10 20 30 40 50
1 Biom 3 EE -0.09 -0.07 -0.05 -0.03 -0.02 0.00 0.02 0.03 0.05 0.07 0.09
1 Biom 4 EE -0.36 -0.28 -0.21 -0.14 -0.07 0.00 0.07 0.14 0.21 0.28 0.36
1 Biom 5 EE -0.50 -0.40 -0.30 -0.20 -0.10 0.00 0.10 0.20 0.30 0.40 0.50
1 Biom 7 EE -0.24 -0.19 -0.14 -0.10 -0.05 0.00 0.05 0.10 0.14 0.19 0.24
1 Biom 8 EE -0.50 -0.40 -0.30 -0.20 -0.10 0.00 0.10 0.20 0.30 0.40 0.50
1 Biom 9 EE -0.36 -0.28 -0.21 -0.14 -0.07 0.00 0.07 0.14 0.21 0.28 0.36
1 Biom 10 EE -0.50 -0.40 -0.30 -0.20 -0.10 0.00 0.10 0.20 0.30 0.40 0.50
1 Biom 12 EE -0.08 -0.06 -0.05 -0.03 -0.02 0.00 0.02 0.03 0.05 0.06 0.08
1 Biom 13 EE -0.50 -0.40 -0.30 -0.20 -0.10 0.00 0.10 0.20 0.30 0.40 0.50
1 Biom 14 EE -0.36 -0.28 -0.21 -0.14 -0.07 0.00 0.07 0.14 0.21 0.28 0.36
1 Biom 15 EE -0.50 -0.40 -0.30 -0.20 -0.10 0.00 0.10 0.20 0.30 0.40 0.50
1 Biom 17 EE -0.07 -0.06 -0.04 -0.03 -0.01 0.00 0.01 0.03 0.04 0.06 0.07
1 Biom 18 EE -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
1 Biom 19 EE -0.13 -0.11 -0.08 -0.05 -0.03 0.00 0.03 0.05 0.08 0.11 0.13
1 Biom 20 EE -0.11 -0.09 -0.07 -0.05 -0.02 0.00 0.02 0.05 0.07 0.09 0.11
1 Prod/biom 1 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
1 Cons/biom 3 EE -0.09 -0.07 -0.05 -0.03 -0.02 0.00 0.02 0.03 0.05 0.07 0.09
1 Cons/biom 4 EE -0.36 -0.28 -0.21 -0.14 -0.07 0.00 0.07 0.14 0.21 0.28 0.36
1 Cons/biom 5 EE -0.50 -0.40 -0.30 -0.20 -0.10 0.00 0.10 0.20 0.30 0.40 0.50
1 Cons/biom 7 EE -0.24 -0.19 -0.14 -0.10 -0.05 0.00 0.05 0.10 0.14 0.19 0.24
1 Cons/biom 8 EE -0.50 -0.40 -0.30 -0.20 -0.10 0.00 0.10 0.20 0.30 0.40 0.50
1 Cons/biom 9 EE -0.36 -0.28 -0.21 -0.14 -0.07 0.00 0.07 0.14 0.21 0.28 0.36
1 Cons/biom 10 EE -0.50 -0.40 -0.30 -0.20 -0.10 0.00 0.10 0.20 0.30 0.40 0.50
1 Cons/biom 12 EE -0.08 -0.06 -0.05 -0.03 -0.02 0.00 0.02 0.03 0.05 0.06 0.08
1 Cons/biom 13 EE -0.50 -0.40 -0.30 -0.20 -0.10 0.00 0.10 0.20 0.30 0.40 0.50
1 Cons/biom 14 EE -0.36 -0.28 -0.21 -0.14 -0.07 0.00 0.07 0.14 0.21 0.28 0.36
1 Cons/biom 15 EE -0.50 -0.40 -0.30 -0.20 -0.10 0.00 0.10 0.20 0.30 0.40 0.50
1 Cons/biom 17 EE -0.07 -0.06 -0.04 -0.03 -0.01 0.00 0.01 0.03 0.04 0.06 0.07
1 Cons/biom 18 EE -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
1 Cons/biom 19 EE -0.13 -0.11 -0.08 -0.05 -0.03 0.00 0.03 0.05 0.08 0.11 0.13
1 Cons/biom 20 EE -0.11 -0.09 -0.07 -0.05 -0.02 0.00 0.02 0.05 0.07 0.09 0.11
3 Biom 3 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
3 Prod/biom 3 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
4 Biom 4 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
4 Prod/biom 4 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
5 Biom 5 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
5 Biom 20 EE -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
5 Prod/biom 5 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
5 Cons/biom 20 EE -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05  
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Table B-2.  Continued 
Input Group Estimated Input parameter variation

Group parameter affected parameter -50 -40 -30 -20 -10 0 10 20 30 40 50
6 Biom 18 EE -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
6 Prod/biom 6 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
6 Cons/biom 1 EE -0.10 -0.08 -0.06 -0.04 -0.02 0.00 0.02 0.04 0.06 0.08 0.10
6 Cons/biom 18 EE -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
7 Biom 7 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
7 Prod/biom 7 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
8 Biom 8 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
8 Biom 17 EE -0.04 -0.03 -0.02 -0.02 -0.01 0.00 0.01 0.02 0.02 0.03 0.04
8 Prod/biom 8 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
8 Cons/biom 17 EE -0.04 -0.03 -0.02 -0.02 -0.01 0.00 0.01 0.02 0.02 0.03 0.04
9 Biom 9 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
9 Biom 17 EE -0.10 -0.08 -0.06 -0.04 -0.02 0.00 0.02 0.04 0.06 0.08 0.10
9 Biom 18 EE -0.04 -0.03 -0.02 -0.02 -0.01 0.00 0.01 0.02 0.02 0.03 0.04
9 Biom 19 EE -0.07 -0.05 -0.04 -0.03 -0.01 0.00 0.01 0.03 0.04 0.05 0.07
9 Biom 20 EE -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
9 Prod/biom 9 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
9 Cons/biom 17 EE -0.10 -0.08 -0.06 -0.04 -0.02 0.00 0.02 0.04 0.06 0.08 0.10
9 Cons/biom 18 EE -0.04 -0.03 -0.02 -0.02 -0.01 0.00 0.01 0.02 0.02 0.03 0.04
9 Cons/biom 19 EE -0.07 -0.05 -0.04 -0.03 -0.01 0.00 0.01 0.03 0.04 0.05 0.07
9 Cons/biom 20 EE -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05

10 Biom 10 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
10 Biom 17 EE -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
10 Biom 18 EE -0.04 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.04
10 Biom 19 EE -0.06 -0.05 -0.04 -0.02 -0.01 0.00 0.01 0.02 0.04 0.05 0.06
10 Biom 20 EE -0.11 -0.09 -0.07 -0.05 -0.02 0.00 0.02 0.05 0.07 0.09 0.11
10 Prod/biom 10 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
10 Cons/biom 17 EE -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
10 Cons/biom 18 EE -0.04 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.04
10 Cons/biom 19 EE -0.06 -0.05 -0.04 -0.02 -0.01 0.00 0.01 0.02 0.04 0.05 0.06
10 Cons/biom 20 EE -0.11 -0.09 -0.07 -0.05 -0.02 0.00 0.02 0.05 0.07 0.09 0.11
11 Biom 1 EE -0.24 -0.19 -0.14 -0.10 -0.05 0.00 0.05 0.10 0.14 0.19 0.24
11 Biom 4 EE -0.07 -0.06 -0.04 -0.03 -0.01 0.00 0.01 0.03 0.04 0.06 0.07  
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Table B-2.  Continued 
Input Group Estimated Input parameter variation

Group parameter affected parameter -50 -40 -30 -20 -10 0 10 20 30 40 50
11 Biom 14 EE -0.07 -0.06 -0.04 -0.03 -0.01 0.00 0.01 0.03 0.04 0.06 0.07
11 Biom 18 EE -0.13 -0.10 -0.08 -0.05 -0.03 0.00 0.03 0.05 0.08 0.10 0.13
11 Biom 19 EE -0.04 -0.03 -0.02 -0.02 -0.01 0.00 0.01 0.02 0.02 0.03 0.04
11 Prod/biom 11 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
11 Cons/biom 1 EE -0.24 -0.19 -0.14 -0.10 -0.05 0.00 0.05 0.10 0.14 0.19 0.24
11 Cons/biom 4 EE -0.07 -0.06 -0.04 -0.03 -0.01 0.00 0.01 0.03 0.04 0.06 0.07
11 Cons/biom 9 EE -0.07 -0.06 -0.04 -0.03 -0.01 0.00 0.01 0.03 0.04 0.06 0.07
11 Cons/biom 14 EE -0.07 -0.06 -0.04 -0.03 -0.01 0.00 0.01 0.03 0.04 0.06 0.07
11 Cons/biom 18 EE -0.13 -0.10 -0.08 -0.05 -0.03 0.00 0.03 0.05 0.08 0.10 0.13
11 Cons/biom 19 EE -0.04 -0.03 -0.02 -0.02 -0.01 0.00 0.01 0.02 0.02 0.03 0.04
12 Biom 12 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
12 Prod/biom 12 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
13 Biom 13 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
13 Biom 17 EE -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
13 Prod/biom 13 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
13 Cons/biom 17 EE -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
14 Biom 14 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
14 Biom 17 EE -0.08 -0.07 -0.05 -0.03 -0.02 0.00 0.02 0.03 0.05 0.07 0.08
14 Biom 19 EE -0.04 -0.03 -0.02 -0.01 -0.01 0.00 0.01 0.01 0.02 0.03 0.04
14 Prod/biom 14 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
14 Cons/biom 17 EE -0.08 -0.07 -0.05 -0.03 -0.02 0.00 0.02 0.03 0.05 0.07 0.08
14 Cons/biom 19 EE -0.04 -0.03 -0.02 -0.01 -0.01 0.00 0.01 0.01 0.02 0.03 0.04
15 Biom 15 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
15 Biom 17 EE -0.03 -0.03 -0.02 -0.01 -0.01 0.00 0.01 0.01 0.02 0.03 0.03
15 Biom 19 EE -0.04 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.04
15 Biom 20 EE -0.08 -0.07 -0.05 -0.03 -0.02 0.00 0.02 0.03 0.05 0.07 0.08
15 Prod/biom 15 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
15 Cons/biom 17 EE -0.03 -0.03 -0.02 -0.01 -0.01 0.00 0.01 0.01 0.02 0.03 0.03
15 Cons/biom 19 EE -0.04 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.04
15 Cons/biom 20 EE -0.08 -0.07 -0.05 -0.03 -0.02 0.00 0.02 0.03 0.05 0.07 0.08
16 Biom 1 EE -0.16 -0.13 -0.09 -0.06 -0.03 0.00 0.03 0.06 0.09 0.13 0.16
16 Biom 4 EE -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
16 Biom 9 EE -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
16 Biom 14 EE -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
16 Biom 16 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
16 Biom 18 EE -0.08 -0.07 -0.05 -0.03 -0.02 0.00 0.02 0.03 0.05 0.07 0.08
16 Prod/biom 16 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
16 Cons/biom 1 EE -0.16 -0.13 -0.09 -0.06 -0.03 0.00 0.03 0.06 0.09 0.13 0.16
16 Cons/biom 4 EE -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
16 Cons/biom 9 EE -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
16 Cons/biom 14 EE -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
16 Cons/biom 18 EE -0.08 -0.07 -0.05 -0.03 -0.02 0.00 0.02 0.03 0.05 0.07 0.08  
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Table B-2.  Continued 
Input Group Estimated Input parameter variation

Group parameter affected parameter -50 -40 -30 -20 -10 0 10 20 30 40 50
17 Biom 22 Biom -0.11 -0.09 -0.07 -0.05 -0.02 0.00 0.02 0.05 0.07 0.09 0.11
17 Biom 23 Biom -0.10 -0.08 -0.06 -0.04 -0.02 0.00 0.02 0.04 0.06 0.08 0.10
17 Biom 24 Cons/biom -0.10 -0.08 -0.06 -0.04 -0.02 0.00 0.02 0.04 0.06 0.08 0.10
17 Prod/biom 17 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
17 Cons/biom 23 Biom -0.10 -0.08 -0.06 -0.04 -0.02 0.00 0.02 0.04 0.06 0.08 0.10
17 Cons/biom 24 Cons/biom -0.10 -0.08 -0.06 -0.04 -0.02 0.00 0.02 0.04 0.06 0.08 0.10
18 Biom 18 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
18 Biom 21 EE -0.41 -0.33 -0.25 -0.16 -0.08 0.00 0.08 0.16 0.25 0.33 0.41
18 Biom 22 Biom -0.27 -0.22 -0.16 -0.11 -0.05 0.00 0.05 0.11 0.16 0.22 0.27
18 Biom 23 Biom -0.22 -0.17 -0.13 -0.09 -0.04 0.00 0.04 0.09 0.13 0.17 0.22
18 Biom 24 Cons/biom -0.23 -0.18 -0.14 -0.09 -0.05 0.00 0.05 0.09 0.14 0.18 0.23
18 Prod/biom 18 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
18 Cons/biom 21 EE -0.41 -0.33 -0.25 -0.16 -0.08 0.00 0.08 0.16 0.25 0.33 0.41
18 Cons/biom 22 Biom -0.27 -0.22 -0.16 -0.11 -0.05 0.00 0.05 0.11 0.16 0.22 0.27
18 Cons/biom 23 Biom -0.22 -0.17 -0.13 -0.09 -0.04 0.00 0.04 0.09 0.13 0.17 0.22
18 Cons/biom 24 Cons/biom -0.23 -0.18 -0.14 -0.09 -0.05 0.00 0.05 0.09 0.14 0.18 0.23
19 Biom 19 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
19 Biom 22 Biom -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
19 Biom 23 Biom -0.13 -0.10 -0.08 -0.05 -0.03 0.00 0.03 0.05 0.08 0.10 0.13
19 Biom 24 Cons/biom -0.04 -0.03 -0.02 -0.02 -0.01 0.00 0.01 0.02 0.02 0.03 0.04
19 Prod/biom 19 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
19 Cons/biom 22 Biom -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
19 Cons/biom 23 Biom -0.13 -0.10 -0.08 -0.05 -0.03 0.00 0.03 0.05 0.08 0.10 0.13
19 Cons/biom 24 Cons/biom -0.04 -0.03 -0.02 -0.02 -0.01 0.00 0.01 0.02 0.02 0.03 0.04
20 Biom 20 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
20 Biom 22 Biom -0.06 -0.05 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.05 0.06
20 Biom 23 Biom -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
20 Biom 24 Cons/biom -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
20 Prod/biom 20 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
20 Cons/biom 22 Biom -0.06 -0.05 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.05 0.06
20 Cons/biom 23 Biom -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
20 Cons/biom 24 Cons/biom -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
21 Biom 21 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
21 Biom 24 Cons/biom -0.08 -0.06 -0.05 -0.03 -0.02 0.00 0.02 0.03 0.05 0.06 0.08
21 Prod/biom 21 EE 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
21 Cons/biom 24 Cons/biom -0.08 -0.06 -0.05 -0.03 -0.02 0.00 0.02 0.03 0.05 0.06 0.08  
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Table B-2.  Continued 
Input Group Estimated Input parameter variation

Group parameter affected parameter -50 -40 -30 -20 -10 0 10 20 30 40 50
22 Prod/biom 22 Biom 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
22 Prod/biom 23 Biom 0.42 0.28 0.18 0.11 0.05 0.00 -0.04 -0.07 -0.10 -0.12 -0.14
22 Prod/biom 24 Cons/biom 0.85 0.57 0.36 0.21 0.09 0.00 -0.08 -0.14 -0.20 -0.24 -0.28
22 Cons/biom 23 Biom -0.21 -0.17 -0.13 -0.08 -0.04 0.00 0.04 0.08 0.13 0.17 0.21
22 Cons/biom 24 Cons/biom -0.42 -0.34 -0.25 -0.17 -0.09 0.00 0.09 0.17 0.25 0.34 0.42
22 EE 22 Biom 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
22 EE 23 Biom 0.42 0.28 0.18 0.11 0.05 0.00 -0.04 -0.07 -0.10 -0.12 -0.14
22 EE 24 Cons/biom 0.85 0.57 0.36 0.21 0.09 0.00 -0.08 -0.14 -0.20 -0.24 -0.28
23 Prod/biom 23 Biom 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
23 EE 23 Biom 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
24 Biom 24 Cons/biom 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33
24 Prod/biom 24 Cons/biom 1.00 0.67 0.43 0.25 0.11 0.00 -0.09 -0.17 -0.23 -0.29 -0.33  
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