= Stacks

Accepted by 2 of 3 reviewers

Conflicts of Interest

The author declares no conflicts
of interest.

Publishing History

Submitted February 19 2026
Accepted July 8 2026
Published August 17 2026

Corresponding Author
Cortney Cameron

cortney.cameron@gmail.com
|ﬁ Open Access
/' Peer-Reviewed

@ Creative Commons

Asymmetric hydrologic alteration
in depressional wetlands:
Groundwater pumping
disproportionately depresses low
water levels in cypress domes

Cortney R. Cameron'

Collaborators: 3 reviewers

' School of Life Sciences, University of Essex, Colchester, England

Conservation Groundwater Hydrogeology Hydrology

Wetlands

Abstract

Groundwater pumping can affect wetland hydrology, but
differential impacts across the water level distribution are rarely
quantified. Historical water level data from ecologically changed
and unchanged Florida cypress domes were reanalyzed to
characterize how pumping reshapes water level distributions.
Changed wetlands showed faster recession rates and greater
water level variability, and impacts were greatest at low water
levels. However, changed wetlands achieved seasonal highs
somewhat regularly, as high rainfall events fill shallow morphology.
Environmental levels established using only peak inundation
metrics could miss ecological degradation. This short paper aims to
highlight historical hydrologic data, document asymmetric
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pumping impacts, and encourage additional work on lentic
environmental flows.

Abstract photo. Inside a Florida cypress dome during dry
conditions, showing characteristic pondcypress trees (Taxodium
ascendens) and ground cover vegetation.

Keywords: depressional wetland, environmental flows, flow
duration curve, hydrogeology

Introduction

Groundwater use threatens freshwater ecosystems around the world
(Acreman and McCartney 2009, De Graaf et al., 2019, Condon and Maxwell
2019, De Graaf et al., 2024). Pumping can capture groundwater that would
flow to waterbodies or exacerbate leakage from waterbodies to
groundwater (Gilvear and Bradley 2009, Zhou et al., 2023). Impacts are not
uniform across the hydrograph, with low water conditions frequently more
affected (Cooper et al., 2015, Gleeson and Richter 2018, Lapides et al.,
2023).
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Florida's northern Tampa Bay area offers an excellent case study to
evaluate these effects. Intensive wellfield pumping historically depressed
hydrology at waterbodies throughout the region from the 1960s to 1990s
(Hancock and Anderson 1996, Bartholomew et al., 2020, Fouad and Lee
2021, Hancock and Leeper 2023, Metz 2011, Balerna et al., 2023, 2024).
Responding to these impacts, the Southwest Florida Water Management
District developed the Cypress Offset, a method to identify “significantly
harmed” cypress dome wetlands (SWFWMD 1999).

To develop its metric, SWFWMD (1999) assessed 36 cypress wetlands, 21
unchanged and 15 changed, selected largely based on water level data
availability (Figure 1). Unchanged wetlands occur in close proximity to
changed wetlands because of hydrogeologic heterogeneity (Metz 2011,
Cameron et al., 2023). Ecological change designations were based on
expert assessments of shrub stratum, vegetative succession, invasive
species, and soil subsidence. To identify a threshold between changed and
unchanged wetlands, SWFWMD used an equal error rate method on
multiyear water level (composite stage and well) data normalized to
“normal pool”, a field-derived seasonal high-water level (Figure 2). They
reliably detected impacts when median water levels fell more than 1.8 ft
(55 cm) below normal pool.

The Cypress Offset has been validated, peer reviewed twice, and used to
set “minimum levels” for numerous cypress domes (Bedient et al., 1999,
Campbell et al., 2020, Cameron et al., 2022, Emery et al., 2022). However,
the median water level is responsive to rainfall conditions, increasing
toward the normal pool elevation during wet conditions, particularly at
changed wetlands (Cameron et al., 2022). This means the 55 cm threshold
value, while a reasonable tool for predicting “significant harm” using water
level data, carries some uncertainty when applied to individual wetlands or
different time periods. This necessitates a “weight of the evidence”
approach for status assessments (Cameron et al., 2022, Emery et al., 2022).

Minimum levels determined by the Cypress Offset have served as part of a
much larger regional recovery effort. Substantial infrastructure investment,
including a desalination plant and off-stream reservoir, nearly halved
wellfield pumping (Basso et al., 2020, Hogg et al., 2020). Wellfield cutbacks
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were achieved in phases starting in the early 2000s. Widespread hydrologic
improvement occurred in ecosystems throughout the region, although
vegetation response can lag hydrologic changes by decades (Bartholomew
et al., 2020, Basso et al., 2020, Hogg et al., 2020, Cameron et al., 2022,
Thurman and Crisman 2023, Balerna et al., 2023, 2024).

Regional water managers understand that groundwater pumping generally
has greater impacts on low-end hydrology at lakes and wetlands
(SWFWMD 1999, Basso et al., 2020, Cameron et al., 2023, Qi et al., 2024).
This reflects, in part, that pumping tends to be greater during dry periods
(Figure 3). It also reflects that once wetland water levels drop below the
ground surface, the same volume water loss produces larger depth
declines, because surficial aquifer specific yields are lower than open water
specific yields (Nilsson et al., 2013). Furthermore, at cypress domes,
shallow (30-70 cm) morphology allows rapid filling during high rainfall
events common during summers, with runoff and surficial aquifer flows
from surrounding uplands contributing water (Lee et al., 2009, Nilsson et
al., 2013, Cameron et al., 2023). Additionally, outflows through “natural
saddles” or other surface outlets can cap maximum stages (Campbell et al.,
2020). This moderates pumping impacts on high water levels. However,
limited work has quantified differential pumping impacts across the entire
hydrograph.

This study reanalyzes SWFWMD (1999) data to characterize the hydrologic
impacts of groundwater pumping across the water level distribution and to
better understand what the Cypress Offset captures about wetland
response. The SWFWMD (1999) dataset is valuable in assessing wetland
condition from ecological evidence rather than inferred from hydrology,
and data predate regional recovery. This allows direct investigation of
hydrologic signatures associated with ecologic degradation, without
confounding influences of recovery.
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Figure 1. Map of cypress wetlands reanalyzed in this study.
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Figure 2. Derivation and validation of the Cypress Offset based on (a) equal error rates between 21 unchanged
and 15 changed cypress domes (SWFWMD 1999) using 1989-2002 water level data and (b) distribution for 41
unchanged cypress domes using 2013-2019 water level data (Cameron et al., 2020, 2022). Despite differing
rainfall conditions (mean 123.96 cm for 1989-2002 versus 139.21 cm for 2013-2019), very few unchanged
cypress domes’ median water level fell more than 55 cm below normal pool in either sample.
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Figure 3. The relationship between average annual pumping at Tampa Bay Water’s 11 Consolidated Water Use
Permit wellfields and total annual rainfall in SWFWMD's Central region for pre-cutback (1989-2002) and
post-cutback (2003-2019) years. Data from SWFWMD (2026) and Tampa Bay Water.
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Methods and Materials

As this is a simple case study reanalyzing existing data, descriptions of the
study area, data collection, and limitations are deferred to SWFWMD (1999)
and Cameron et al., (2020, 2022). Water level data were acquired from
those studies as compiled in Cameron et al., (2022) from modern SWFWMD
and Tampa Bay Water databases. These data consist of staff gage
(above-ground) data, supplemented with wetland well (below-ground) data
when the wetland was dry at the staff gage, creating a “composite” time
series. However, before approximately 2000, many wetland wells were
hand-dug and relatively shallow (SWFWMD 1999, 2022). All water level data
used in this study are monthly means reported relative to normal pool
elevations.

Comparing changed and unchanged wetlands

Water level data 1989-2002 (prior to wellfield cutbacks) were assessed for
SWFWMD's (1999) 36 cypress wetlands, including 21 unchanged wetlands
and 15 changed wetlands. Hydrologic metrics were compared between the
two groups (Figures 4-6; Table 1): nonexceedance percentiles, mean
recession rate (negative consecutive differences), mean recovery rate
(positive consecutive differences), time near normal pool (months per year
within 10 cm of normal pool), and water level variability (standard
deviation). Wilcoxon rank-sum and Fligner-Killeen (1976) tests were used to
compare distribution locations (central values) and scales (spreads),
respectively.

Regional representativeness of unchanged wetlands

Water level data from 2013-2019 were assessed for 41 cypress domes
considered to have minimal anthropogenic influences (Cameron et al.,
2020). Wilcoxon rank-sum and Fligner-Killeen (1976) tests were used to
compare the hydrologic metrics between these 41 cypress domes and the
unchanged wetlands from SWFWMD's (1999) sample (Table 1).
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Areas and depths

Ground elevations at measuring devices were obtained from SWFWMD
and Tampa Bay Water. Wetland depth was calculated as normal pool less
ground elevation for each wetland (Figure 7). Wetland areas were
calculated from a geospatial layer of wetlands obtained from SWFWMD.
Wilcoxon rank-sum and Fligner-Killeen (1976) tests were used for
comparisons between wetland groups (Table 1).

Rainfall

Rainfall data were acquired from SWFWMD (2026) for the “Central” region
covering the study area (Figure 3).

Results

Differences in hydrologic metrics between changed and unchanged
wetlands were smallest at highest water levels and greatest at lowest
water levels (Figures 4-5).

Changed wetlands showed significantly (p < 0.05) faster recovery rates,
faster recession rates, lower time near normal pool, and higher variability
for location (central value) (Figure 6; Table 1). Scale (spread) was only
significantly different for recovery rates and variability. Wetland areas and
depths were not significantly different between groups (Figure 7; Table 1).

The two unchanged wetland samples were not significantly different for
any metric (Figures 6-7; Table 1).

Annual average rainfall was 123.96 cm for the 1989-2002 study period and
139.21 cm for the 2013-2019 study period (Figure 3). Annual rainfall did
not differ significantly between the two periods for either location (p =
0.056) or scale (p = 0.075).
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Table 1. Results of Wilcoxon rank-sum (WRS) and Fligner-Killeen (FK) tests comparing metrics between

SWFWMD (1999) unchanged (n = 21) and changed (n = 15) wetlands and between unchanged wetlands from
SWFWMD (1999) and Cameron et al., (2020; n = 41).

SWEWMD (1999) Unchanged vs. Changed Unchanged, SWFWMD (1999) vs. Cameron et al.,
(2020)

Hydrologic metric Median difference WRS p-value FK p-value  Median difference WRS p-value FK p-value
Recession rate (cm/mo) -5.38 0.004 0.101 -1.87 0.177 0.909
Recovery rate (cm/mo) -7.60 0.007 0.045 0.35 0.478 0.975
Time near normal pool 1.14 0.024 0.088 -0.41 0.091 0.362

(mo/yr)
Monthly water level -24.42 0.0006 0.003 -1.71 0.134 0.387

standard deviation (cm)

Morphologic metric

Median difference WRS p-value FK p-value  Median difference WRS p-value FK p-value

Depth (cm)
Area (ha)

-2.32 0.522 0.298 -2.01 0.319 0.900
-1.13 0.116 0.308 -1.46 0.186 0.681
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a. Changed wetlands from SWFWMD (1999)
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c. Unchanged wetlands from Cameron et al. (2020)
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Figure 4. Water level duration curves for wetlands classified as (a) changed in SWFWMD (1999; n =
unchanged in SWFWMD (1999; n = 21) and (c) unchanged in Cameron et al., (2020; n = 41).
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Figure 5. (a) Means of water level duration curves for wetlands classified as changed in SWFWMD (1999, n =
15), unchanged in SWFWMD (1999; n = 21), and unchanged in Cameron et al., (2020; n = 41). (b) The difference
between the curves for the unchanged and changed wetlands from SWFWMD (1999).
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Figure 6. Box plots comparing hydrological characteristics of changed and unchanged wetlands: (a) recession
rates, (b) recovery rates, (c) water level variability, and (d) time near normal pool for changed wetlands from
SWFWMD (1999; Chg. SWF; n = 15), unchanged wetlands from SWFWMD (1999; Unchg. SWF; n = 21), and
unchanged wetlands from Cameron et al., (2020; Unchg. Cam.; n = 41).
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Figure 7. Box plots comparing hydrological characteristics of changed and unchanged wetlands: (a) wetland
areas and (b) wetland depths for changed wetlands from SWFWMD (1999; Chg. SWF; n = 15), unchanged
wetlands from SWFWMD (1999, Unchg. SWF; n = 21), and unchanged wetlands from Cameron et al., (2020;
Unchg. Cam.; n =41).

Discussion

Groundwater pumping disproportionately depresses low water levels at
vulnerable cypress domes. Impacts increase along the distribution (Figures
4-5). At changed wetlands, lower median water levels and higher variability
produce an extended lower tail, while basin morphology truncates the
upper tail of water levels. Overall, nonexceedance curves are more similar
between changed and unchanged wetlands at high water levels, making
peak stages less useful for distinguishing states. Differences become more
apparent at lower levels, such as the median where the Cypress Offset
operates.

As a potential complementary metric to the Cypress Offset, water level
variability showed relatively small overlap between changed and
unchanged groups, making variability-based metrics candidates for
threshold development. At wetlands with long histories of hydrologic
impacts, field-derived normal pool elevations can be unreliable (Cameron
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and Venning 2025). Variability and other metrics that do not require a
reference elevation represent a promising research avenue. Percent time
inundated may also be useful to distinguish condition but would benefit
from bathymetry data rather than point-based gage land surface
elevations.

Critically, specific yield differences between above- and below-ground
conditions contribute to asymmetric impacts and to greater variability at
changed wetlands. Hydrologically stressed wetlands spend more time with
water levels in the subsurface, where the same volume of water change
produces a larger depth change than it would in open water. Differences in
soil specific yields between changed and unchanged wetlands could thus
contribute to differences in hydrologic metrics independently of pumping
impacts. However, these two pathways are difficult to disentangle, as
hydrogeology shapes sensitivity to pumping (Metz 2011), while pumping
drives water levels into ranges where specific yield differences exert
greatest influence. Maximum depth did not significantly differ between
groups (Table 1; Figure 7), so morphology does not explain why changed
wetlands show greater variability than unchanged wetlands (water levels in
shallow domes may naturally spend more time in the subsurface; Cameron
et al., 2020). More investigation and wetland-specific soils data are needed
to better understand how specific yield and composite data influence
results.

Furthermore, all of these hydrologic metrics are influenced by the rainfall
and pumping that occurred during the period of assessment. Higher
rainfall can somewhat improve the hydrology of wetlands depressed by
pumping (Cameron et al., 2022) and is consistent with the longer time
(though not significantly) near normal pool experienced in the more recent
sample (Table 1; Figure 6d). Thus, differences between changed and
unchanged wetlands could shrink or expand during another period with
differing rainfall or pumping conditions. Any simple binary threshold must
make assumptions about the representativeness of relevant forcings and
the transferability of sample-derived values to individual wetlands
(Cameron et al., 2022). Future work could more formally test how
differences between ecologically changed and unchanged wetlands vary
with rainfall and pumping, building upon Balerna et al.'s (2023) methods.
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In support of future work, water level and vegetation data are available via
Tampa Bay Water and SWFWMD for considerably more wetlands than in
SWFWMD (1999). Newer data are also of higher quality, with better
elevation benchmarks and deeper, professionally installed wells (SWFWMD
2022). Although the vast majority of wetlands in the Tampa Bay area have
recovered, a notable minority remain impacted (Hogg et al., 2020, Balerna
et al., 2024). Future studies may be able to leverage these datasets to
develop classifiers using larger sample sizes and additional hydrologic
metrics while better accounting for covariates.

Such investigations could also help clarify why the 55 cm Cypress Offset
threshold, robust across samples (Cameron et al., 2022), appears to
effectively distinguish unchanged condition (Figure 2). Based on typical
cypress dome depth morphology, the Cypress Offset requires median
water levels to be near or above land surface, functionally serving as a
proxy for at least some inundation (as measured at the gage) half the time
over the long-term. The breakpoint may then simply detect when water
levels spend too much time in the subsurface, a transition made
statistically visible by open water and subsurface specific yield differences.
Mechanistically, since changed cypress domes can still achieve peak
inundation (Figures 4-5), and the hydrologic “breakpoint” occurs near land
surface, this suggests that appropriate soil moisture is a key factor in
cypress dome health. Soil moisture helps to prevent soil oxidation and
subsidence and supports specific growth stages of cypress and other
wetland species, although periodic wetland drying is also required for
cypress seedling establishment (Casey and Ewel, 2006, Moore Powell et al.,
2019, Thurman and Crisman, 2023).

Conclusion

Pumping impacts are not uniform across the water level distribution at
cypress domes, with lowest water levels most affected. This is consistent
with rainfall-pumping anticorrelation, larger fluctuations when wetland
water levels enter the subsurface, and wetland morphology. At wetlands
with these pumping impact patterns, environmental levels focusing only
on peak inundation metrics could miss ecological degradation. The author
hopes that this short case study will spur interest in future work on
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approaches for lentic environmental flows, which are understudied relative
to lotic systems (Arthington et al., 2024).
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