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Introduction

A key goal for Everglades restoration is to ‘get the water right’ with the expectation that
other components of the ecosystem will be restored as a result. An implication of ‘getting the
water right’ is that operations of the water distribution system lead to water-level fluctuation that
reflect historical patterns resulting from rainfall, and that linking surface-water dynamics to
rainfall will recapture historical patterns of hydroperiod, including frequency and periodicity of
marsh drying. Ecologists agree that frequency and periodicity of drying across the landscape,
along with oligotrophic water quality, are key elements to restoring ecosystem function in the
Everglades. Thus, assessing performance measures of Everglades management should include
rainfall-based targets that adjust expectations for seasonal and inter-annual patterns of regional
rainfall. In this assessment, we use a protocol that incorporates dynamic targets for performance
measures of aquatic consumers that are designed to remove variation resulting from rainfall and
focus evaluation on the residual variation resulting from water management choices.
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We have a relatively good understanding of the linkage of hydrological dynamics to
aquatic fauna, making target setting based on idealized and realized hydrological management
feasible. Exactly how regional patterns of aquatic fauna production is linked to nesting success
of our apex species (wading birds in this case) is not as well established, but is the target of
ongoing research. In this assessment, we ask if hydrological operations are producing the
expected spatial and temporal patterns of aquatic consumers given rainfall and desired
hydrological variation. Future assessments should identify targets for aquatic consumers tied to
wading bird productivity, which in turn will permit identification and resolution of discrepancies,
if they exist, between goals for hydrological management and restoration of animals that are
highly valued by society.

Aquatic Fauna Performance Measures

We have identified four patterns of population-level responses to marsh drying in wading
bird prey species of the Everglades. We believe that these responses represent different life-
history strategies for coping with drought stress (DeAngelis et al. 2005) and have selected
indicator species to represent groups of species with similar strategies. Three patterns are found
in fish and grass shrimp (Trexler et al. 2001; Ruetz et al. 2005; Trexler et al. 2005; DeAngelis et
al. 2005). These are: 1) slow recovery following marsh drying, possibly taking years to regain
pre-drought density (typical of bluefin killifish Lucania goodei, least killifish Heterandria
formosa, grass shrimp Palaemonetes paludosus); 2) maximum density attained soon after drying
events and lower densities a year or longer after drying (typical of flagfish Jordanella floridae
and marsh killifish Fundulus confluentus); and 3) a moderate relationship between density and
time since drying at a regional site, presumably because of medium-scale movement (10’s of
kms) from areas that are drying (unique in the Everglades to eastern mosquitofish Gambusia
holbrooki). A fourth relationship is seen in crayfish and probably differs from fish and grass
shrimp parameters because of their ability to burrow and tolerate moderate amounts of marsh
drying (Dorn and Trexler 2007). Everglades crayfish (Procambarus alleni) display little or no
relationship between local time since flooding and density, but regional drying and average water
depth over the past 6 months do explain moderate amounts of variability in their density (Dorn
and Trexler 2007). Everglades crayfish are more abundant when recent water depths have been
shallow or drying is frequent, and slough crayfish (Procambarus fallax) are more abundant in
deeper water and longer-hydroperiod sites (Dorn and Trexler 2007). We are not currently using
slough crayfish as a performance measure because no clear relationship has been identified
between their numbers and hydrological parameters; their density may be most strongly affected
by biotic interactions indirectly tied to hydrology (Dorn and Trexler, unpublished data). We
have selected bluefin killifish, flagfish, eastern mosquitofish, and Everglades crayfish to make
assessments because they represent the four life-history strategies and are frequent enough in our
samples to provide adequate statistical power to detect effects we believe are important. As a
fifth performance measure, we use the summed density of all fish species. This is an index of
fish productivity and is positively correlated with time since a site reflooded after the most recent
drying event; density is better correlated to hydrological parameters than biomass. A sixth
performance measure used is the percent of fish that are non-native. Though the direct impacts



of non-native fishes on Everglades ecosystem function are not well understood, their presence
conflicts with management criteria for Everglades National Park and there is ongoing concern
about their potential impacts on native taxa.

Hydrological Goals used for this Assessment

We used the same hydrological goals for this assessment as employed in the IOP Project
Evaluation Report (SFNRC 2005). Those goals were to match the relationship between rainfall
and water-depth fluctuation observed in the period between 1993 and 1999. These years
included several with very high regional rainfall (1996, 1997), and some with relatively lower
levels (1993 and 1998). The high rainfall years may have provided high water levels similar to
those found historically and prior to implementation of water drainage programs in the
Everglades. Additional hydrological scenarios should be used to construct performance measure
targets in future assessments. The Natural System Model (NSM) is a natural choice for such a
scenario, as are hydrological models used for evaluation exercises and planning, for example the
D13R (USACOE 1999). Any applicable hydrological model can be used, as long as it is run
with rainfall data that includes the years being assessed. Some preliminary examination of NSM
output run through 2005 and provided on an experimental basis by staff of the South Florida
Water Management District indicates that it predicted higher water levels and less frequent
marsh drying than simulated in the 1993-1999 goals used in this report. Thus, impacts identified
in this report are probably conservative when compared to current thinking about hydrology of
the historical Everglades.

Assessment Methods

Overview of Modeling Strategy- We used the years 1993 through 1999 as a baseline to establish
phenomenological relationships between water depth measured at our study sites and rainfall
from gauges across three regions: Shark River Slough (SRS), Taylor Slough (TSL), and Water
Conservation Areas 3A and 3B (WCA3A and WCA3B). We then used these relationships and
the observed rainfall in years 2000 through 2006 to project water depths for those years. The
resulting projections simulate water depths expected if no change in water management occurred
following the baseline period. We used these hydrological projections to forecast performance
measures (PM) at each monitoring site. Finally, the PM forecasts were used as targets for
comparison to observed values for each PM in order to assess how implementation of new water
management operations may have affected aquatic-system function. The following sections give
a methodological overview of the modeling process, and present key findings. Our modeling
procedure is divided into three different sections to illustrate the steps that we went through to
determine our final impact assessments.

Modeling Methodology and Key Findings

Hydrological Models- We used daily rainfall data to derive a statistical relationship between
rainfall and surface-water depth at a given long-term monitoring plot in the goal period
(November 1,1993 — November 1, 1999). This period was modified from assessments requested



by personnel from the South Florida Natural Resources Center and corresponds to a range of
relatively dry and wet years based on rainfall records for the southern Everglades region (Fig. 2).
We generated several different rainfall parameters corresponding to the cumulative amount of
rainfall over a given period of time. To select parameters to predict field water depths we used
two criteria: 1) cross-validation predicted residual sums of squares (CVPRESS) and 2)
proportion of times we correctly classified observed marsh drying events (classification rate).
Marsh drying events are particularly important for this modeling effort because drying (defined
here as water depth less than 5 cm) represents a threshold for many aquatic fauna, especially fish.
Once our final hydrological model was selected, we used its parameters to predict surface-water
depth in the assessment period (January 1, 2000 through December 31, 2006). This simulates
surface water depths if water management operations of the ‘target setting period’ were
maintained during the ‘assessment period.’

Our models predicted wetter marshes and fewer drying events in many areas south of the
Tamiami Trail than were observed during the assessment period; results were mixed for Water
Conservation Areas 3A and 3B (Fig. 3). Additionally, we were able to predict the majority of
drying events in the goal period, but the same model using rainfall in the assessment period
predicted less than half of the drying events observed. These results indicate that water
management operations in the assessment period were responsible for the change in surface
water when compared to the target period, not differences in rainfall. In the following sections
of this report, our assessment of consumer performance measures illustrates the impact of this
difference on aquatic consumer density.
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Fig 2. Time series for the daily 5-year cumulative sum of rainfall (inches) from 1993 to 2006 extract from a time series of running cumulative
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Fig. 3. Hydrological model predictions in the target (black) and assessment (red) periods.
Observed depth is plotted on the y-axes and predicted depth is on the x-axes for three exemplary
monitoring plots (SRS50A is in Shark River Slough near Shark Valley; TS CPA is in Taylor
Slough at Craighead Pond; WCA 03B is in western WCA 3A, south of the L28 Interceptor
Canal). Below ground water depths are not well predicted, possibly because of inaccuracies in
the observed data.

Ecological Data and Models- Monitoring programs for aquatic consumers focus on small aquatic
animals (fish < 8-cm standard length; fish and macroinvertebrates routinely retained on 2-mm
mesh sieves) and are conducted in the Everglades by use of a 1-m” throw trap (Kushlan 1981;
Loftus and Eklund 1994). Several papers support use of this technique based on comparative
evaluations with alternative methods that examined bias and efficiency in sampling fishes (Chick
et al. 1992; Jordan et al. 1997) and macroinvertebrates (Turner and Trexler 1997; Dorn et al.
2005) in Everglades marshes. Wolski et al. (2004) found little impact of long-term visitation that
accompanies throw-trap sampling at fixed sites in the Everglades, further justifying the
technique’s use for monitoring. A history of PM development and fish monitoring in Everglades
National Park is provided in Trexler et al. (2003). Data used for this assessment were obtained
from long-term monitoring of the Modified Water Delivery Program (Fig. 4). Future



assessments will use data from the Monitoring and Assessment Program of CERP; a brief
discussion and assessment using those data for 2005 are given at the end of this report.

We modeled five different performance measures: total fish density (all species of fish
summed), eastern mosquitofish (Gambusia holbrooki), flagtish (Jordanella floridae), and bluefin
killifish (Lucania goodei), and Everglades crayfish (Procambarus alleni). Past work has
demonstrated that these fish are representative of the variety of life-history responses to drying
events (Trexler et al. 2005; DeAngelis et al. 2005). Flagfish and eastern mosquitofish typically
recover quickly from marsh drying, while bluefin killifish recover more slowly (DeAngelis et al.
2005). Additionally the Everglades crayfish has been shown to survive marsh drying conditions
and is typical of short-hydroperiod marshes in the southern Everglades (Hendrix and Loftus
2000; Dorn and Trexler, unpublished data). We analyzed these data using hydrological
parameters that estimate the time passed since
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flooding (Fig. 5). In contrast, flagfish and
eastern mosquitofish decreased with time
following marsh flooding at some sites, though
not at the same rate or to the same extent; eastern
mosquitofish are almost always much more abundant that flagfish (Fig. 5). Our models were
also consistent with published results indicating that Everglades crayfish tend to decrease in
density the longer a marsh is inundated. In fact, this species is extremely rare in WCA 3A and
3B, most likely because there are several areas that in those regions that rarely dry. Everglades
crayfish could not be assessed in these water conservation areas.

Figure 4. Map of long-term monitoring
sites used for this assessment.
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Fig. 5. These graphs are quadratic regressions illustrating our model fits for each fish species at
specific sampling sites. Starting in the upper left and preceding right the sites are as follows:
SRS 08A, TSL CPA, WCA 02B, WCA 05 B, and TSL MDD.

Water Depth and Ecological Synthesis Models- Using the predicted data from our hydrological
model and the parameter estimates from our ecological model, we projected fish densities into
the assessment period. This gives us an estimate of aquatic consumer densities if water
management were consistent with the goals and targets as defined for this assessment. We found
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many instances where there was substantial deviation of the observed fish density when
compared to predictions by the hydrological goals (Fig. 6). This suggests that the deviation in
the relationship between rainfall and water depth in the assessment period, translated to a change
in aquatic fauna densities that resulted from water management activities. In the next section we
describe how to interpret the results in Figure 4 and summarize the findings in regional
assessments.
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Fig. 6. lllustrations from selected sites of observed time series data and model predictions (left)
and the objective limits and targets (right) for five performance measures. There are 64 plots in
our database, so the results are aggregated for each performance measure to yield a robust
regional assessment using methods discussed in the next section. Upper and lower objective
limits are the 95% confidence limits from our ecological targets (this captures uncertainty in fit
of our assessment model); the target confidence intervals are derived from deviations for the
observed and target data on an annual basis (there are seven groups for the seven annual
assessments). The widths of those intervals (1.5, 2.0, and 3.0 standard errors) correspond to
different criteria for assessment discussed in the next section. Impacts are evaluated based on
overlap of intervals with the upper and lower bounds of uncertainty for fit of the model
generating assessment goals (i.e., if the black bars are outside the blue and red bars, we
judge that as a negative impact; if they overlap, we assess based on the amount of overlap).

Assessing Impacts to Aquatic Consumers.- In order to assess if management is ‘getting the water
right’, we identified impacts based on deviation between our observed values for each
performance measure and goals for hydrological management. We identified two primary
sources of uncertainty in this process: uncertainty in the fit of our hydrological and ecological
models; and uncertainty in our comparison of sampling data to the targets. To account for
uncertainty in our modeling, including systematic (lack-of-fit) and random variability in the
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models, we estimated an objective interval (mean +/- 2 standard errors) for use as upper and
lower limits our targets (blue and red bars in Fig. 4). Assessing the magnitude in deviation
between our observed data and ecological targets requires defining an ‘impact’ based on the
magnitude of deviation. We did this by use of estimates of the standard error of deviations
between observed and target values calculated on an annual basis (black confidence intervals in
Fig. 4). Interpretation of these confidence intervals was based on criteria from Decision Theory
used to evaluate time series of data on industrial processes.

We defined two classes of impact: individual years with extreme deviations (type A);
and runs of consistent deviations from the ecological targets (types B and C). We followed
criteria from Allen et. al (1997) using Shewhart Control Chart Theory and define different
criteria for defining an impact:

Type A: one year at least three standard errors above the upper limit of the objective
interval, or three standard errors below the lower limit of the objective interval.

Type B: two out of three consecutive years at least two standard errors above the upper
limit of the objective interval, or two standard errors below the lower limit of the
objective interval.

Type C: four out of five consecutive years with at least 1.5 standard errors above the
upper limit of the objective interval, or 1.5 standard errors below the lower limit of the
objective interval.

This method ensures that we take into account any lack of fit of the original model to the data
when assigning an impact, yielding conservative estimates of impacts that are coded as red
stoplights (i.e., we have attempted to minimize misclassifying areas without impacts by setting a
high standard to assign red stoplights). In contrast, we assign yellow stoplights more liberally
because they are simply indicative of sites deserving additional attention (i.e., we have attempted
to minimize misclassifying impacted areas as meeting targets by assigning yellow lights with
less rigor; see criteria below).

We selected several monitoring sites to illustrate typical patterns of impact for each PM
(Fig. 6). In these time-series graphs (Fig. 6, left panels), we capture hydrological variation well
in the target setting (or baseline) period. Following 2000, it is clear that our predictions based on
the observed hydrology deviate dramatically from our predictions based on the projected
hydrology. The graphs on the right panels of Figure 6 illustrate the objective upper and lower
limits of the targets with the three confidence intervals representing our three criteria for
assessing impacts. These graphs show that, for the plots reported in this figure, we tended to
predict more total fish, eastern mosquitofish and bluefin killifish based on our projected
hydrology than were observed. At these sites the patterns were relatively consistent with the
mean typically falling outside the objective limits, and several instances where the 3 standard
error interval falls below the objective limits. These patterns are typical of Shark River Slough
and Taylor Slough. Results for Water Conservation Area 3A are more complex, with impacts
depending on the species assessed and location within the landscape. Note that we observed
more flagfish and Everglades crayfish than predicted, as expected with drier conditions.
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We use assigned stoplights at the regional level (Shark River Slough, Taylor Slough,
Water Conservation Area 3A, Water Conservation Area 3B) to communicate the state of aquatic
communities in each year beginning in 2000 and ending in 2006 (Table 1). Red stoplights
indicate that there is an impact and correspond to Type A, Type B, and Type C impacts. Yellow
lights indicate caution and correspond to years where our target is 1.5 standard errors above or
below our objective. Finally, green stoplights correspond to years where there is no impact, and
the target falls within 1.5 standard errors of the objective. To obtain a regional assessment for
each species, we ranked the stoplights: 1=Green, 2=Yellow, and 3=Red, and took the means of
the yearly ranks for sites within regions; we rounded to the nearest integer to get a stoplight
estimate for each region in each year. Impacts (red lights) were more common in assessments
after 2002 because we were able to apply time series criteria with three years of data, and had
three ways to detect impacts by 2004. Our ability to assign impacts with confidence increased as
more years of data were available, with threshold points after 3 and 5 years because of
cumulative information available to interpret findings.

Shark River Slough and Taylor Slough yielded the most striking examples of failure to
meet our a priori targets (Table 1), with fewer fish and more Everglades crayfish than expected
(Table 2). These patterns were most apparent for total fish and bluefin killifish, while eastern
mosquitofish tended to yield weaker responses. The only two impacts for flagfish in Shark River
Slough indicated that we observed more fish than predicted by our model. In Taylor Slough, our
hydrological models described flagfish population dynamics poorly at most study plots, though
they were collected, so we were unable to make an assessment. All impacts for Everglades
crayfish resulted from observing more specimens than were predicted for the targets (Tables 1
and 2). This suggests that when marshes are drier overall, Everglades crayfish increase their
range and abundance. Overall, patterns of impact for bluefin killifish and total fish in WCA 3A
were more complex. There were fewer impacts in WCA 3A than in Everglades National Park,
and the yearly regional assessments were generally all green (total fish), or a mixture of green,
yellow and red, with the current status of bluefin killifish either yellow (WCA 3A) or green
(WCA 3B). For flagfish and eastern mosquitofish, most of the impacts resulted because we
observed higher density than expected. We believe this resulted from movement of fish from
western areas of WCA 3A that dried, and concentrated at sites in the southeast. The current
status for either of these species does not indicate an impact. Everglades crayfish is extremely
rare in these water conservation areas, so we were unable to make an assessment. Water
Conservation Area 3B revealed few deviations from expectations, consistent with its status of
isolation from other parts of the ecosystem and limited capacity for impacts from operations
(though ground water seepage is a potential mechanism to transfer management impacts to this
region from upstream).
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Table 1. Regional stoplight summary of all PMs. Current status refers to 2006.

Performance Measure| 2000 | 2001 | 2002 | 2003 | 2004 | 2005 | Current
status
Shark River Slough
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Non-native fishes

15




Table 2. Summary of the number of site-level impacts (red stoplights) in a given region as a
result of observing fewer animals than expected, more animals than expected, or a mixture of the
two. Counts of the number of red stoplights between 2000 and 2006 are listed, reported by the
direction of deviations.

More than Fewer than
Region  Species Mixture
Expected Expected
SRS Everglades crayfish 16 0 0
SRS eastern mosquitofish 0 7 0
SRS flagfish 2 0 0
SRS bluefin killifish 0 20 1
SRS total fish 0 24 0
TSL Everglades crayfish 13 0 0
TSL eastern mosquitofish 0 10 0
TSL flagfish 0 0 0
TSL bluefin killifish 0 22 0
TSL total fish 0 17 0
WCA3A eastern mosquitofish 7 0 0
WCA3A flagfish 3 5 0
WCA3A  bluefin killifish 0 10 0
WCA3A  total fish 0 2 0
WCA3B  eastern mosquitofish 9 0 0
WCA3B flagfish 6 0 0
WCA3B  bluefin killifish 0 4 0
WCA3B total fish 0 0 0
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Non-native Fishes. In the absence of any ecological data on threshold densities for biological
impacts of non-native fishes on aquatic ecosystem function of the Everglades, we used a
criterion of relative abundance to assign annual impacts. If non-native taxa comprised at least
2% of all fishes collected in a year at a monitoring site, we assigned a value of caution (yellow)
to the site for that year. We also considered evidence of a trend of increasing absolute
abundance as a source of concern. Based on unpublished data on Mayan cichlid (Cichlassoma
uropthalmus) density in the Southern Everglades, we assigned a value of exceeds targets (red) if
the summed density of non-native fishes (including Mayan cichlids) exceeded 10%. We also
assigned ‘exceeds target’ if the relative abundance of non-native species exceeded 5% for three
Or more years in a row.

These targets are arbitrary in the absence of much-needed experimental studies of biotic
interactions of these taxa indicating detrimental effects on native taxa or other measures of
ecosystem function. At present, one or more non-native fish species can be considered present in
all areas of the Everglades, and eradication is not currently possible. For this reason, we set a
lower boundary greater than zero, though management criteria for the Everglades National Park
would require this. Assessing non-native species requires careful consideration because of
known gear bias in fish collections, and impacts of sample size in estimating population
parameters (sample size refers to both the number of samples AND the total number of animals
collected). Assessments must be made with consistent methods for comparisons, either across
space or through time, and emphasize relative differences. For example, minnow-trap sampling
in Everglades marshes by placement of traps on the substrate typically yields a higher relative
abundance of non-native taxa than throw-trap sampling. Minnow traps are preferable to throw
traps to determine ifspecies of non-native fishes are present in an area, but throw traps are
preferable to obtain a quantitative measure of their relative abundance in the community at a
location (assuming that other conditions are appropriate for throw-trap sampling, such as
vegetation cover and water depth). We anticipate much interest in refining this target for future
assessments.

We found that non-native fishes were typically between 2 and 4% of the fishes collected
by throw trap at all of our monitoring sites over the 7 years of this assessment (Fig. 7). In Shark
River Slough, one site produced more than 10% non-native fishes in 2003, and slightly less in
2004. This monitoring site is adjacent to the Shark Valley tram road and near a borrow pit which
appears to serve as a reservoir of non-native taxa. However, these two years were also relatively
dry at this site and few fish of any species were collected. In fact, the most non-native specimens
by far are collected at Rookery Branch, a site near the mangrove zone and close to the headwater
creeks of the Shark River. However, this site is generally productive for fishes, so the high
numbers of non-native taxa (mostly Mayan cichlids) remains a relatively small proportion of the
community. A similar pattern is seen in Taylor Slough, where a short-hydroperiod site on the
edge of the main slough harbored the highest frequency of non-native fishes, but the most
specimens were collected at the southern end of the slough in Craighead Pond, and at a site near
the Madeira Ditch, an artificial permanent water refuge. There were no trends of increasing (or
decreasing) frequency or density of non-native taxa at these monitoring sites. We assigned
yellow stoplights throughout for non-native taxa because of their persistent low frequency and
uncertainty about their impacts.
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Figure 7. Proportion of non-native fishes collected at each study site in each
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were derived by GLM with logit linking function. High values in Shark
River Slough and Taylor Slough correspond to site/year combinations when
relatively few fish were collected.
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Future Assessments and Lessons

Future assessments should be made system-wide using data collected for CERP-MAP.
At present, three system-wide surveys have been completed through wet-season sampling
(September through November). Assessments reported here indicate that at least three years of
data are needed to implement a robust analysis accounting for trends, and five years is best. An
impediment to applying dynamic targets in assessment with the CERP-MAP data is in the lack of
landscape-scale hydrological targets for evaluating the monitoring data. Evaluating impacts of
hydrological operations requires assessments that account for rainfall patterns, particularly for
fishes.

We created a preliminary assessment for 2005 using CERP-MAP data and the
performance measure total fish (density of all fish summed). To accomplish this, we used a trial
version of the Natural System Model that has been run using rainfall data through the end of
2005. This permitted calculation of the days since last re-flooding parameter for modeling total
fish density, in a similar manner used elsewhere in this report. Note: Use of NSM in this case is
on a trial basis only as this version has not undergone full QA/QC. We assigned red stoplights
by observed fish density at least three standard errors beyond the target and yellow when
observations were between 2 and 3 standard errors from expected. For these data, we used the
relationship between fish density and days since the marsh last re-flooded estimate from Shark
River Slough as our target. The observed relationship deviates significantly between Shark
River Slough, Taylor Slough, and Water Conservation 3A, probably because of different
histories of drying and access to permanently inundated refuges (both of which affect patterns of
predation, in addition to direct effects of mortality). We opted to use the Shark River Slough
relationship as an ecosystem-wide target because it area has less impact of artificial deep-water
refuges compared to Water Conservation Area 3A, but has not experienced repeated slough-wide
drying as in Taylor Slough.

Most of our collections deviated markedly from NSM-derived expectations and garnered
a red stoplight (Fig. 8). The direction of deviations is of interest, with fewer fish than expected
in the south (Shark River Slough and Taylor Slough) and more in the north (WCA-2A and
Loxahatchee National Wildlife Refuge); there is a mixture of directions in Water Conservation
Area 3A. Some of the results are odd, such as in WCA 3A, where we generally caught more fish
than were expected at four out of six sampling points. We will not expend more space
evaluating this graph because of the tentative nature of the hydrological model results. However,
this illustrates that assessments of aquatic consumers with application of dynamics targets is
feasible at the ecosystem scale once appropriate hydrological models are made available.

Additional ecological studies are needed on impacts of non-native fish species to develop
targets better linked to ecological impacts, if impacts are documented. Experimental studies are
of special importance because impacts cannot be effectively assessed by abundance alone;
abundant non-native species could be benign and rare species could act through indirect routes to
alter feeding opportunities for wading birds or alligators.
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