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Abstract Many aquatic systemsworldwide have experienced
significant changes in littoral macrophyte communities from
altered hydrology in the form of water controls structures (e.g.,
dams). Water level stabilization for flood control can cause
persistent occurrence of dense stands of emergent macro-
phytes, which can affect the physicochemical environment for
fishes. We evaluated dissolved oxygen (DO) concentrations in
five emergent macrophyte species (cattail Typha spp.,
pickerelweed Pontedaria cordata, smartweed Polygonum
spp., torpedograss Panicum repens, and water primrose
Ludwigia spp.) at three levels of macrophyte coverage (i.e.,
50–64, 65–79, and 80–95%) at Lake Istokpoga, Florida
during July–August (summer) and October–November (fall)
2007. Dissolved oxygen exhibited substantial spatial and
temporal variability at small scales (i.e., meters and hours),
with the lowest DO and highest probability of hypoxia
occurring in smartweed and water primrose habitats relative
to other macrophyte types. The probability of hypoxia

increased with macrophyte coverage for all macrophyte
species tested. Dissolved oxygen was influenced by the
structural differences (e.g., stem density and size) and spatial
orientation (e.g., proximity to open water) associated with the
individual macrophyte habitats. Restoration efforts that create
open water pathways and maximize edge areas might
improve DO concentrations and habitat quality and quantity
for freshwater fishes.
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Introduction

Dense emergent macrophytes can strongly influence the
dissolved oxygen (DO) and substrate characteristics of
aquatic habitats (Rose and Crumpton 2006). These habitats
can reduce DO concentrations in the water column by
limiting water circulation and increasing the biological
oxygen demand owing to increased production and decom-
position of organic matter (Webster and Benfield 1986;
Hamilton et al. 1995; Caraco et al. 2006). The expansion of
such conditions can reduce habitat quality for many
recreationally important fishes in southern USA lakes (e.g.,
black crappie Pomoxis nigromaculatus, bluegill Lepomis
macrochirus, largemouth bass Micropterus salmoides, and
redear L. microlophus; Allen and Tugend 2002), but may
increase habitat for those fish species tolerant of low DO
(Bunch 2008).

Aquatic macrophytes along the littoral zone of lakes are
affected by seasonal and among-year variation in water-
levels (Keddy and Fraser 2000). Water-level fluctuation is
important for maintaining high aquatic macrophyte diversity
and abundance in lakes (Keddy and Reznicek 1986;
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Fernandez et al. 1999; Riis and Hawes 2002), rivers
(Hudon 1997; Ferreira and Stohlgren 1999; Leyer 2005),
and their associated wetlands. Conversely, water-level
stabilization can decrease macrophyte diversity leading to
macrophyte communities dominated by invasive species
(Keddy and Fraser 2000). Dense emergent macrophyte
stands occur naturally, but are exacerbated by stabilized
lake levels (Azza et al. 2006).

Large lakes within the Everglades drainage basin (i.e.,
Tohopekaliga, Kissimmee, Istokpoga, and Okeechobee) are
stabilized for flood control and water supply through the
use of water control structures and standardized regulation
schedules (Goodrick and Milleson 1974; Toth et al. 1998).
Extensive channelization of the Kissimmee River and
stabilization of nearby lakes occurred from 1962–1971
(Toth et al. 1998). Floods of various severity and duration
historically inundated littoral zones and floodplains creating
a sheet-flow of water, which flowed south towards the
Everglades, and much of the drainage basin remained
inundated for long periods of time (Toth et al. 2002).
Organic material was distributed to surrounding areas
during floods, which allowed nutrient assimilation across
broad spatial scales (Steinman and Rosen 2000). Macro-
phyte communities fluctuated substantially in abundance
and composition in response to fluctuating water-levels
(Goodrick and Milleson 1974). Water-level stabilization
from flood control efforts has caused persistent high
coverages of invasive macrophytes, resulting in a higher
accumulation of organic materials that can depress DO
concentrations (Allen and Tugend 2002).

Hypoxia, generally described as DO concentrations
<2 mg/L, affects the spatial distribution of fishes in aquatic
environments. Hypoxia is a natural phenomenon for which
some fish species have adapted (Moss and Scott 1961;
Lewis 1970; Kramer 1987; Smale and Rathbuni 1995;
Graham 1997; Burleson et al. 2001), but it has become
more severe from anthropogenic eutrophication and poses
concerns for resource managers (Breitberg et al. 1997; Diaz
2001; Wu 2002). Hypoxic conditions can occur within
macrophyte stands and in adjacent areas due to water
transport from low DO areas (Caraco et al. 2006). Hypoxic
conditions can affect fish survival, growth, and reproduc-
tion, which can lead to changes in abundance and shifts in
community composition (Killgore and Hoover 2001; Eby et
al. 2005). Few previous studies have measured DO patterns
at the fine spatial and temporal scales that are likely
relevant to fish behavior and survival. The objectives of this
study were to evaluate the spatial and temporal patterns in
hypoxia (DO <2 mg/L) for several common invasive
macrophyte species found at high coverages. Understanding
the DO patterns in these high-coverage macrophyte habitats
will identify the suitability of various macrophyte species
and coverage levels for littoral fishes.

Methods

Study Area

Lake Istokpoga (27.22° N, 81.17° W) is among the largest
lakes in Florida at 12,187 ha, with a mean depth of 1.5 m
(Brenner et al. 1990; Florida LAKEWATCH 2005). The
lake supports popular fisheries and a wide range of
macrophyte habitats. It is a naturally eutrophic floodplain
system that has a large shallow littoral zone with a complex
mosaic of macrophyte habitats, and thus highly dynamic
DO concentrations across spatial and temporal scales. The
lake has been impacted by water-level stabilization due to
channelization for flood control, which has caused exten-
sive formation of dense macrophyte stands in the littoral
zone of the lake. To partially restore littoral habitat due to
water-level stabilization, Lake Istokpoga underwent a large-
scale drawdown and muck removal project in 2001. The
project removed dense macrophyte and organic material
from approximately 50% of the littoral marsh zone (Steve
Gornak, personal communication).

Spatial and Temporal Dissolved Oxygen Sampling

Spatial and temporal DO dynamics in high coverage
emergent macrophyte stands were quantified using two
approaches: 1) fine-scale temporal measures at fixed
locations, and 2) detailed spatial measurements within
sampling grids. The first approach was used to measure
detailed temporal variation in DO for five emergent
macrophytes (cattail Typha spp., pickerelweed Pontedaria
cordata, smartweed Polygonum spp., torpedograss Panicum
repens, and water primrose Ludwigia spp.), at three areal
coverage levels (50–64, 65–79, and 80–95%) during
summer (July–August) and fall (October–November)
2007. Smartweed and water primrose generally occurred
only in dense, floating mats, whereas cattail, pickerelweed,
and torpedograss habitats were rooted and exhibited a range
in coverages. We placed three continuously monitoring
optical DO probes (Yellow Springs Instruments, Model 600
OMS®) in macrophyte stands of the same macrophyte
species and coverage level. We relocated them to a different
stand 5–10 times for each treatment combination each
season. The DO measurements (mg/L) were recorded every
15 min for a minimum of 48 h, and the probes were
recalibrated prior to each deployment. Each probe was
protected inside a 5.1 cm diameter PVC sleeve with holes
allowing water access to the probe. The PVC sleeve was
attached to a metal stake, which was pressed firmly into the
substrate. The units were oriented so that they sampled the
mid-water column at all sites.

We assessed differences in DO across macrophyte
coverage levels only for those macrophytes with all levels
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of coverage (cattail, pickerelweed, and torpedograss).
Occurrence of hypoxia (<2 mg/L DO, yes or no) was
assessed with logistic regression assuming a binomial error
structure to investigate how macrophyte species, coverage
level, and season influenced the occurrence of hypoxia as
these levels are stressful for many freshwater fishes (Moss
and Scott 1961; Lewis 1970; Smale and Rathbuni 1995;
Burleson et al. 2001). Macrophyte species, coverage level,
and season were evaluated as independent variables in the
logistic regression model. All possible models considering
these main effects were fit to the data. The Akaike
Information Criterion (AIC) was evaluated to determine
the most parsimonious model (Akaike 1974).

For the second approach, we assessed small-scale spatial
variability in DO at vertical and horizontal scales to
investigate the relationship among DO concentrations,
macrophyte type, and vertical depth. We sampled 25 m2

grids in several macrophyte species. Each grid was oriented
so that the edge of the grid was close (0–2 m) to an open-
water portion of the littoral zone. Grids were sampled
during the summer and again in the fall, with one grid each
in cattail, pickerelweed, and torpedograss, at water column
depths of 70 cm, 70 cm, and 50 cm, respectively. All grids
had a gradient in macrophyte coverage (0–100%). Measure-
ments were recorded at 08:00–10:00 and 14:00–16:00 h to
account for diel fluctuations in DO. Dissolved oxygen was

Fig. 1 Hourly diel profiles of
dissolved oxygen separated by
season, macrophyte species, and
coverage level. Symbols
represent different macrophyte
coverage levels
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measured both systematically (5-m intervals, 36 locations),
and randomly (25 locations) within the grid. Each location
was sampled at three depths in the water column: surface,
mid-water, and bottom in each time period. Percent area
covered with macrophytes (PAC) was measured at each
location. Kriging estimation was used to plot spatial
variability of DO in each macrophyte type, depth, and
season (Rose and Crumpton 2006).

Results

Diel patterns in DO concentrations varied among macro-
phyte species and coverage levels (Fig. 1). Mean DO was
lowest in smartweed and highest in cattail, and mean DO
decreased as macrophyte coverage increased in cattail and
torpedograss, with the lowest DO concentrations occurring
at 80–95% coverage (Figs. 1 and 2). Dissolved oxygen
concentrations in cattail were higher overall in October–
November than July–August at all coverage levels (Fig. 1).
Mean DO was usually lower in the morning than the
afternoon (Fig. 1).

The logistic regression model indicated significant
effects of macrophyte species (P<0.001) and coverage
level (P=0.007) on occurrence of hypoxia, whereas season
was not significant (P=0.105). The probability of hypoxia
was lowest for cattail and highest in smartweed, and
hypoxia increased with coverage level for those macrophyte
species where coverage levels varied (Fig. 3). Using cattail
as a reference (lowest probability of hypoxia), we found
that hypoxia was 3.8 times more likely in pickerelweed, 9.3
times more likely in torpedograss, and 48.6 times more
likely in water primrose. The probability of hypoxia was
extremely high in smartweed (>100,000,000 times more
likely than cattail) as DO was never >2 mg/L. Using the
lowest coverage level as a reference, we found that the
likelihood of hypoxia over all macrophytes was 1.9 times
greater for 65–79% coverage, and 2.9 times greater for 80–
95% coverage.

Results from the fine spatial-scale DO analysis using
25 m2 grids indicated substantial horizontal and vertical
variation with time of day, macrophyte type, and depth. For
example, pickerelweed remained hypoxic in the morning at

Fig. 2 Mean dissolved oxygen and standard error separated by
season, macrophyte species, and coverage level. Error bars = 1 SE.
Abbreviations for macrophyte species are: Cat—Cattail, Pick—
Pickerelweed, Torp—Torpedograss, Prim—Water primrose, and
Smart—Smartweed. Shaded bars represent different macrophyte
coverage levels

Fig. 3 Box plots showing the probability of hypoxia for each
macrophyte species (top panel) and coverage level (bottom panel).
Seasonal dissolved oxygen measurements were combined based on
model results. Error bars = 1 SE. Abbreviations for macrophyte
species are: Cat—Cattail, Pick—Pickerelweed, Torp—Torpedograss,
Prim—Water primrose, and Smart—Smartweed
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Fig. 4 Spatial variability of dis-
solved oxygen in pickerelweed
at Lake Istokpoga during July
and October 2007. Morning and
afternoon samples are split into
three sampling locations: surface
(top panels), mid-water column
(middle panels), and bottom
(lower panels). The scale ranges
from 0–10 mg/L with gray
indicating low dissolved oxygen
and white indicating high
dissolved oxygen. Dark gray
areas indicate hypoxic
conditions. Grids were oriented
such that the furthest left side of
each grid is close (0–2 m) to an
open portion (0% macrophyte
coverage) of the littoral zone

Fig. 5 Box plots representing
dissolved oxygen systematically
and randomly sampled over a
range (0–100%) of area cover-
age in cattail, pickerelweed, and
torpedograss 25-m2 area sam-
pling grids, in July (left panels)
and October (right panels), and
morning (8:00–10:00) and after-
noon (14:00–16:00). Fill shades
represent sample depth
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all depths, but contained pockets of oxygen exceeding
8 mg/L at the surface in the afternoon (Fig. 4). The DO was
higher near open-water and became lower further into the
dense macrophyte stand (Fig. 4). However, across all
macrophyte types, DO concentrations decreased with depth
and were lower in the morning (08:00–10:00) than
afternoon (14:00–16:00) (Fig. 5).

Discussion

Dissolved oxygen exhibited substantial spatial and temporal
variability at small scales (meters and hours), indicating that
small areas of refugia from hypoxia were common within
areas generally hypoxic. However, there were macrophyte-
specific differences in the oxygen environment. For
example, smartweed and water primrose had consistently
low DO concentrations, and were likely uninhabitable for
hypoxia-intolerant fish. These macrophytes were common
in areas with low hydrologic exchange and high accumu-
lations of organic sediments (Bunch 2008). The dense
floating mats of these macrophytes permitted only low light
penetration. Thus, oxygen consumption in these habitats
was probably especially high because of low rates of
oxygen-generating photosynthesis in the water column and
high sediment oxygen demand. Bunch (2008) found low
fish species richness and high densities of stress-tolerant
fish in smartweed and water primrose habitats.

Morphological attributes of the macrophyte species
probably affect DO (Caraco et al. 2006). For example,
the lower stem density and larger stems of cattail may
less inhibit flow through macrophyte stands in compar-
ison to other macrophyte with smaller diameter stems
and higher stem densities (Nepf 1999; Lightbody and
Nepf 2006). More flow may enhance DO dispersal into
macrophyte stands as water is exchanged with open-water
areas and increase water turbulence near the open-water-
and-macrophyte interface (Rose and Crumpton 2006). On
average, torpedograss and pickerelweed habitats remained
hypoxic over a longer period. With few strategies to
manage non-native torpedograss, this macrophyte species
may pose problems for managers if a large portion of the
littoral zone is covered (Smith et al. 2004).

Photosynthetic activities of the macrophytes themselves
probably did not strongly influence DO dynamics. Unlike
submersed macrophytes, emergent macrophytes primarily
exchange oxygen with the atmosphere rather the water
column directly (Lassen et al. 1997; Caraco et al. 2006).
However, periphytic algae that use emergent and submersed
macrophytes as substrate photosynthesize and produce DO
in water (Lassen et al. 1997). Therefore, the surface area
that macrophytes provide for periphyton probably affect
DO production and consumption.

Nepf (1999) predicted that turbulence was negatively
associated with vegetation density, resulting in higher DO
levels occurring in areas with low macrophyte abundance
and high turbulence (Boettcher et al. 2000). We found
similar results in our fine-scale spatial sampling where
pockets of high DO occurred most frequently adjacent to
open-water areas; these locations may provide refugia for
fish with low tolerance to hypoxia (Miranda et al. 2000).
Perhaps macrophyte management that provides pathways
for water movement inside high density macrophyte stands
could provide higher DO concentrations within the stand,
and refuge habitat for fish. This could be accomplished by
increasing connectivity between open-water and near-shore
vegetated areas by creating strategically placed openings in
the macrophyte stands within the littoral zone. Increasing
heterogeneity in dense macrophyte stands through sediment
and macrophyte removal might expand habitat for some
fishes, and increase overall fish diversity (Bunch 2008).
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