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ABSTRACT:

Hypoxia and anoxia have significant deleterious ecological effects on living
resources throughout many estuarine and marine ecosystems worldwide.
Brief periods of low oxygen facilitate transfer of benthic production to higher
trophic levels as many benthic infaunal species have shallower sediment
depth distributions during hypoxic events. A baited time-lapse camera
equipped with a water quality datalogger was used to document in situ
exploitation of oxygen-stressed benthic invertebrate prey organisms by mobile
fish and crustacean predators during alternating normoxia-hypoxia cycles in
the York River. Based on photographic and diver observations, this hypoxia-
induced benthic-pelagic transfer of production is more likely to occur when
environmental dissolved oxygen concentrations rise above an apparent
threshold between 1 and 2 ml/l. When oxygen concentrations decline below
2 ml/l, the functional response of the predator to increased prey availability is
interrupted. There is no energy gain by the predator until oxygen
concentrations rise above this critical level when predators return to affected
areas and resume feeding activity.

viii



EFFECTS OF PERIODIC ENVIRONMENTAL HYPOXIA ON PREDATOR
UTILIZATION OF MACROBENTHIC INFAUNA



INTRODUCTION

Hypoxia and anoxia (defined as environmental dissolved oxygen
concentrations less than 2 ml/1 and near 0 ml/l, respectively) (Tyson &
Pearson 1991) have significant deleterious ecological effects on living
resources in many ecosystems throughout the world (Diaz & Rosenberg 1995).
Oxygen deficiency in bottom waters is a common feature in fjords (Richards
1965, Rosenberg 1980), lakes (Wetzel 1983), near-coastal areas (Stachowitsch
1984, Swanson & Parker 1988, Weigelt 1991, Rabalis ef al. 1994), and estuaries
(Tenore 1972, May 1973, Rainer & Fitzhardinge 1981, Welsh & Eller 1991),
including Chesapeake Bay (Officer et al. 1984, Seliger et al. 1985), which is the
most studied of these systems in terms of oxygen dynamics (Diaz & Rosenberg
1995).

There is increasing evidence supporting the relationship between
eutrophication-induced organic enrichment and low dissolved oxygen
development in bottom waters (Stachowitsch 1984, Rosenberg & Loo 1988,
Baden et al. 1990). However, hypoxia can be a natural phenomenon
determined primarily by physical factors, such as water mass movements and
temperature and salinity stratification (Breitburg 1990, Tyson & Pearson 1991).
In many shallow marine systems, oxygen depletion occurs primarily during
the summer when high levels of primary production combine with density
stratification of the water column which isolates bottom waters from
reaeration (Kuo & Neilson 1987, Rabalis ef al. 1991). For example, deep water
in the mainstem of Chesapeake Bay may become hypoxic in the late spring

and remain hypoxic/anoxic until autumn winds initiate vertical mixing and



destratification of the water column (Taft ef al. 1980, Officer ef al. 1984, Seliger
et al. 1985).

Taft et al. (1980) stated three processes which lead to low dissolved
oxygen concentrations in the mainstem of Chesapeake Bay. First, the spring
freshet from snow melt and heavy spring rains establishes a vertical salinity
stratification. Buoyant freshwater flows over denser sea water and a
pycnocline between the two layers is formed. Depending on the degree of
stratification, which is influenced by the intensity of the freshet, bottom water
remains isolated from replenishment by atmospheric oxygen (Kuo & Neilson
1987). Second, oxygen deficiency occurs when the oxygen demand for the
metabolism of organic material exceeds the rate of oxygen supply (Jonas 1987,
Tyson & Pearson 1991). Increased water temperature in the spring leads to
increased water column and benthic metabolism which results in an
increased oxygen demand (Graf et al. 1983, Graf 1987, Smith 1987, Malone
1992). This increase in temperature also decreases dissolved oxygen solubility
(Colt 1984). Third, phytoplankton from the spring bloom and other organic
material settle to the bottom increasing oxygen demand. Aerobic
decomposition of this detritus in the water column and on the bottom
contributes to depletion of bottom water dissolved oxygen concentrations.
The degradation of excess primary production brought on by eutrophication
also increases the demand for oxygen and makes these areas more prone to
severe deoxygenation (Rosenberg & Loo 1988, Tyson & Pearson 1991).

In a stratified water column where the bottom region becomes
increasingly oxygen-deficient, mobile fish and crustaceans are believed to
avoid severely hypoxic areas by seasonal or daily migrations into oxygenated
regions (Suthers & Gee 1986, Pihl et al. 1991, Breitburg 1992). Breitburg (1992)

describes such behavior in the naked goby (Gobiosoma bosc), a benthic fish,



which survive intrusions of severely hypoxic water by temporarily migrating
inshore. The blue crab, Callinectes sapidus, responds to oxygen deficiency by
moving out of hypoxic deep areas to shallower, more normoxic regions
(Officer et al. 1984, Pihl et al. 1991). This may lead to crowding along the shore
and emergence onto land (Loesch 1960, May 1973). Increased fish mobility in
the SE Kattegat on the west coast of Sweden caused by avoidance of areas
affected by hypoxia may have influenced reported increased catches of
demersal fish species (Baden et al. 1990). In another survival strategy, many
fish species swim to the surface and irrigate their gills with more highly
oxygenated water in the surface film (Holeton 1979, Kramer & McClure 1982,
Kramer 1987). Karr and Freemark (1985) suggest that evolutionary selection
on mobile organisms leads to behaviors that enable these animals to move
within the environment in such a way as to reduce or avoid premature
mortality from a wide variety of disturbances, such as hypoxia.

The severity and consequences of hypoxic events on benthic systems
varies with the intensity, extent, and frequency of low dissolved oxygen
events and the relative ability of various species and groups to withstand
exposure to physiologically stressful or lethal dissolved oxygen concentrations
(Pearson & Rosenberg 1992, Llans6 1992). Many macrobenthic organisms
cannot tolerate prolonged exposure to hypoxic conditions and respond to
oxygen stress with increased mortality and/or reduced recruitment, diversity,
and productivity (Rainer & Fitzhardinge 1981, Gaston 1985, Holland 1985,
Breitburg 1992).

The majority of benthic fauna have limited mobility and migration out
of hypoxic regions is not possible (Breitburg 1992). Through a combination of
behavioral and physiological adaptations, fluctuating and short-term hypoxia

is survivable by these organisms (Diaz & Rosenberg 1995). Many species that



are unable to escape hypoxic conditions begin a series of sub-lethal responses
to oxygen stress. For example, as oxygen concentrations decline, many
infaunal organisms migrate to the sediment surface. Sea cucumbers swell to
increase their surface area:volume ratio to promote oxygen uptake through
the body surface and to store oxygen in the increased volume of coelomic
fluid (Astall & Jones 1991). Bivalves increase pumping rates, extend their
siphons above the bottom in search of oxygenated water, decrease burrowing
rates, increase exposure of parts or all of their bodies on the sediment surface,
and/or reduce activity levels (Tyson & Pearson 1991, Pihl ef al. 1992,
Jorgensen 1980). Worms emerge from their burrows and begin undulatory
body movements which draw water down from above in an attempt to
enhance surrounding oxygen levels (Llans6 1991). If dissolved oxygen
concentrations continue to fall, the worms' activity ceases and they lie
quiescent on the sediment surface until succumbing to death (Tyson &
Pearson 1991). However, if hypoxic episodes are brief (on the order of hours
or days) many species that become limp and motionless can recover from
oxygen depletion and reburrow as oxygen conditions improve (Diaz et al.
1992, Jorgensen 1980).

Some macrobenthic mortality and reduced biomass in oxygen-deticient
waters may be the result of increased predation resulting from these
behavioral modifications induced by low oxygen stress (Pihl et al. 1992,
Sandberg 1994). Because benthic invertebrates vary in their ability to tolerate
hypoxia and in their vulnerability to predators, periods of benthic hypoxia
could lead to selective predation on some taxa and be influential in
structuring benthic communities (Kolar & Rahel 1993).

Behavioral avoidance of unfavorable abiotic conditions may result in

migration to an area of increased predation (Kolar & Rahel 1993). For



example, during the summer in prairie ponds, brook stickleback (Culaea
inconstans) and juvenile yellow perch (Perca flavescens) move out of hypoxic
cattail beds into higher oxygen, open-water areas of greater predation risk
(Suthers & Gee 1986). Larval mayflies in ice-covered lakes experience
increased mortality due to fish predation during hypoxia (Rahel & Kolar
1990). As benthic oxygen levels decline, mayflies increase their activity levels,
leave their benthic refuge, and move up into the water column in search of
higher oxygen concentrations where they become more susceptible to
predation. Additionally, Diaz et al. (1992) report that many benthic infaunal
species have shallower sediment depth distributions during hypoxic events
than before or after the onset of hypoxia. Since burial in the sediment
provides refuge (Diaz et al. 1992, Pihl et al. 1992), these stressed organisms
may be more susceptible to predation. Prey species are faced with conflicting
demands whereby avoidance of one factor, such as low oxygen, may increase
the risk of mortality from another factor, such as predation (Rahel & Kolar
1990).

Predator species are reported to endure trade-offs between abiotic stress
and optimal foraging opportunities. For instance, nektonic squid
(Lolliguncula brevis) have been observed off Louisiana diving into hypoxic
bottom waters (0.5 ml -1y (Vecchione & Roper 1991). This behavior is
believed to allow the squid to prey upon oxygen-stressed benthic fauna
(benthic polychaetes have been found in stomach contents of this species) or
to avoid pelagic predators confined to normoxic water higher in the water
column (Vecchione 1991). Pavela et al. (1983) speculate that many pelagic
fishes (several species of sharks, jacks, and mackerels) observed swimming
near the surface in the Gulf of Mexico during a hypoxic event may have

avoided oxygen-depleted bottom waters while attracted to an unusual food



opportunity of vulnerable bottom fauna distressed by hypoxia. Rahel and
Nutzman (1994) report that mudminnows (Umbra limi) venture into
hypoxic bottom waters of stratified Wisconsin lakes to forage on insect larvae
using the hypoxic region as a refuge from predation.

Under hypoxic conditions, deep-burrowing species that migrate to the
sediment surface, such as infaunal polychaetes and the burrowing anemone
Edwardsia elegans, are consumed by epibenthic predators (Pihl et al. 1992).
The diet of Chesapeake Bay demersal fish changed immediately following
hypoxic events such that prey items normally found deep in the sediments
were consumed after low oxygen events (Pihl et al. 1992). To maximize
energy intake, these predators seem to forage optimally on weakened prey of
the largest size. Brief periods of hypoxia, which are typical during the
summer in the York River estuary and many other estuarine systems (Diaz &
Rosenberg 1995), may facilitate the transfer of benthic production to predator
(fisheries) species (Diaz & Schaffner 1990). Two possible explanations of this
transfer of prey to predators during hypoxic events have been suggested (Pihl
et al. 1991, Pihl et al. 1992, Pihl 1994). First, predators may migrate out of
hypoxic waters, returning for temporary feeding "excursions" during hypoxia
to exploit exposed infauna driven out of the sediment by the oxygen stress.
Second, predators may return just after the oxygen levels rise and feed on
easily-accessible infauna prey items that have not yet fully recovered from
stress.

The functional relationship between macrobenthic invertebrates and
demersal fishes is a significant component in estuarine ecosystems (Baird &
Ulanowicz 1989). One would expect, based on the background synthesis of
information, that predators would only subject themselves to abiotic stress if

it would lead to energetic benefits otherwise unavailable to them. If predators



endure such abiotic stress, energy rewards of locating food may outweigh the
physiological expense of foraging in low oxygen environments.

The objective of this study was to examine the effect of hypoxia on food
acquisition behavior of bottom-feeding predators through field observations
and specifically to address whether epibenthic predators, such as demersal
fishes and crustaceans, enter hypoxic water masses to feed on stressed
macrobenthic infauna driven out of the sediment by low oxygen

concentrations during or immediately after hypoxia.



STUDY AREA

The York River estuary, a sub-estuary of Chesapeake Bay, is located in
southeastern Virginia. Study sites were located in the York off Gloucester
Point (37° 15" N, 76° 30" W) near the Virginia Institute of Marine Science in
approximately 17 and 21 m of water (Figure 1). This system was selected
because of its predictable periodic summer hypoxic events. Deep areas of the
lower reaches of the York experience periodic hypoxic events (defined as short
term or intermittent hypoxia occurring at irregular times of the year) that can
last from days to weeks (Haas 1977, Kuo & Neilson 1987, Diaz et al. 1992). The
forcing mechanism driving the fortnightly cycle of establishment and
breakdown of hypoxic conditions in the York is the lunar neap-spring tidal
cycle (Haas 1977). Decreased turbulent mixing during a neap tide leads to a
stratified water column and consequently, hypoxic conditions in the isolated
bottom water layer. Increased mixing associated with increased tidal currents
during spring tides leads to a shift from a stratified, hypoxic water column to a
more homogeneous, normoxic water column (Haas 1977). Superimposed on
the neap-spring hypoxia cycle is a semi-diurnal tidal cycle of the hypoxic water
mass (Diaz et al. 1992). Low-oxygen, high-salinity bottom water from the
mainstem of the Bay moves upriver on a flood tide and down river on an ebb
tide. Therefore, lower bottom water dissolved oxygen concentrations are
associated with a rising tide and higher dissolved oxygen concentrations are
typically associated with a falling tide (Diaz et al. 1992, Kuo & Park 1993). The
regular periodicity of these cycles allows an opportunity to anticipate
normoxic and hypoxic conditions in the bottom waters of deep areas of the

river.



FIGURE 1: The lower York River showing study site. Site of Deployment 1
is indicated by a filled circle (@). Site of Deployment 2 is

indicated by a filled square ().
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METHODS

Observational field experiments were conducted over two hypoxic
events. Prey organisms (Polychaeta:Glycera americana) were attached to an
aluminum camera frame (Figure 2) and placed in an area of the York River
known to undergo hypoxia during the summer (>15 m depth) (Diaz et al.
1992, Kuo & Neilson 1987). G. americana was chosen as the prey organism
because it is large enough to be easily seen in the photographs, is
commercially available as fish bait (bloodworms), and was found in the gut
contents of demersal fishes from the York River (Pihl et al. 1992). Predator
activity was monitored using a time lapse underwater still camera (Benthos
model 372A) mounted directly above the prey.

A self-contained water quality datalogger (Hydrolabs Datasonde 3) was
mounted on the camera frame 20 cm above the sediment surface and used to
record near-bottom water column conditions (i.e. dissolved oxygen, salinity,
temperature, pH). The Datasonde was calibrated prior to each deployment.
Winkler oxygen titrations of bottom water samples from the study site were
performed each occasion the prey were replaced to verify the calibration of the
Datasonde oxygen sensor. Results of the Winkler titration were compared
with the sensor data for the time the water sample was collected. It was
determined that the sensor performed well throughout the study period.

During the first deployment (26 August - 9 September 1994), a water
quality reading was taken every 5 minutes and one photograph was taken
every 15 minutes. Unfortunately, the power system for the camera strobes
was unreliable which resulted in gaps in the photographic record. In an effort

to prolong battery life during the second deployment (16 - 22 September 1994)



FIGURE 2: Diagram of camera frame apparatus deployed in the lower York
River.
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exposure frequency was changed to once per hour. Each photograph frame
was inscribed with the date and time the image was taken. This labeling
facilitates matching photographs with Datasonde readings during data
analysis.

Using monofilament, ten G. americana were tethered across the short
axis of the frame under the camera within the 15 cm x 30 c¢m field of view.
Small lead sinkers were placed on the monofilament to keep the worms on
the sediment surface and within the camera's focus range. Bait was replaced
daily (weather permitting) by divers at slack tide. Any remaining worms
were removed before fresh bait was attached to the frame. Tethered worms
placed on the sediment surface were intended to mimic the natural infaunal
emergence response to hypoxic conditions (Tyson & Pearson 1991). Although
the presence of infaunal organisms exposed on the sediment surface is not
normal under normoxic conditions, predation pressures can be compared by
exposing tethered prey during both hypoxia and normoxia.

As a control for structure effects (i.e. attraction of predators to the
frame), a baited line was extended 2 m away from the frame and anchored in
place with a cement brick. Prey were attached to this line 0.25 m from the
brick with monofilament and fishing hooks. Presence or disappearance of

bait attached to this line was monitored daily by divers.
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RESULTS

I. Environmental Conditions:

Two hypoxic events (encompassing approximately 28 August - 4
September 1994 and 16 - 19 September 1994) were observed during my study
(Figures 3 and 4). Temporal patterns of near-bottom dissolved oxygen
concentrations coincided with the neap/spring tidal cycle as predicted by Haas
(1977). Oxygen concentrations also displayed a semi-diurnal signal that
coincided with the flood and ebb tidal currents (Figures 5 and 6) (National
Ocean Survey 1993). During normoxic periods (typically associated with the
spring tide portion of the deployments) oxygen concentrations typically
varied 2 to 3 ml/] during a tidal cycle 20 cm above the sediment surface.
Conversely, during hypoxic periods, dissolved oxygen concentrations
remained in a narrower range of £ 1 ml/1 per tidal cycle.

The camera frame apparatus was deployed on 25 August 1994 in 21 m
water depth (37°14'39" N 76°30'33" W) at the onset of a neap tide cycle.
Approximately 2 days following deployment, divers discovered that the
frame was sinking into the soft mud sediment. The entire apparatus was
immediately retrieved, thus creating a gap in the water quality time series
data, and modified (rectangular fiberglass extensions were added along the
long axis of the frame to help dissipate the weight) so as to keep the frame on
the sediment surface. The frame was re-deployed to the same site on 30
August 1994. By the time of re-deployment, the near-bottom dissolved
oxygen concentration was nearly anoxic and remained well below 2 ml/1 for

the following four days. Minimum dissolved oxygen values below 2 ml/1



FIGURE 3:

Tidal height, dissolved oxygen, temperature, and salinity
measurements for Deployment 1 (28 August 1994 - 8 September
1994). Labels along the horizontal axis represent midnight of the
day indicated. No water quality measurements were recorded
for the periods of 28 - 30 August and 2 - 3 September due to
equipment recovery for modification and service.

17
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FIGURE 4: Tidal height, dissolved oxygen, temperature, and salinity
measurements for Deployment 2 (16 - 22 September 1994). Labels
along the horizontal axis represent midnight of the day
indicated.
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FIGURE 5:

Temporal and tidal current variability in near-bottom dissolved
oxygen concentrations. Means and maximum/minimum
ranges for near-bottom dissolved oxygen (at 21 m depth) in York
River are plotted for each flood and ebb current during 28
August - 4 September 1994. Means are based on 5 minute
interval data collected 20 cm above the sediment surface. Dates
and times along the horizontal axis represent time of maximum
flood or ebb current. Filled squares (M) indicate flood means.
Open circles (O) indicate ebb means. Maximum/minimum
ranges and means were calculated from the time of slack water
to the time of the next slack water to include the tidal current
extreme.
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FIGURE 6:

Temporal and tidal current variability in near-bottom dissolved
oxygen concentrations. Means and maximum/minimum
ranges for near-bottom dissolved oxygen (at 17 m depth) in York
River are plotted for each flood and ebb current during 16 - 22
September 1994. Means are based on 5 minute interval data
collected by a self-contained water quality data logger positioned
20 cm above the sediment surface. Dates and times along the
horizontal axis represent time of maximum flood or ebb current.
Filled squares (W) indicate flood means. Open circles (O)
indicate ebb means. Maximum/minimum ranges and means
were calculated from the time of slack water to the time of the
next slack water to include the tidal current extreme.
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were recorded until 8 September. Tidally-averaged dissolved oxygen
measurements from the Datasonde mounted on the camera frame are shown
in Figure 5. The salinity ranged from 19.7 to 28.0 psu over the course of the
first deployment and the bottom water temperature ranged from 22.8 to 25.4
°C (Figure 3).

The camera frame was re-deployed on 16 September 1994 in 17 m water
depth (37°14'43" N 76°30'30" W) during the peak of a neap tide cycle (Figure
4). Near-bottom dissolved oxygen concentrations remained below 2 ml/I1
until 19 September, the onset of a spring tide cycle. Minimum dissolved
oxygen values below 2 ml/1 were recorded until 21 September. Dissolved
oxygen measurements averaged over each semi-tidal cycle are shown in
Figure 6. Near-bottom water salinities ranged from 20.6 to 25.9 psu and

temperatures ranged from 21.8 to 24.1 °C during this deployment (Figure 4).



II. Predation

Prey were made available on ten occasions during the first camera
deployment and five during the second. During the first camera deployment,
the first prey deployment was made prior to the onset of a periodic hypoxic
cycle. The first measurement of hypoxia occurred during the third prey
deployment and the environment remained hypoxic through the seventh
prey deployment five days later. During the second camera deployment, prey
were set after the onset of a hypoxic cycle.

Although the photographic record is often incomplete due to camera
malfunction and severe turbidity that made many photographs dark or
unclear, I have been able to narrow down the time predation events occurred
into "predation windows" based on clear photographs and diver
observations. Predation occurred on seven occasions during camera
deployment 1 and on four occasions during camera deployment 2.

Predation of worms on the remote baited line occurred only when
predation occurred on the camera frame. Predation of the remote prey did
not occur without concurrent predation of the worms positioned under the

camera.
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III. Detailed descriptions of prey deployments:

(1) Prey were set at 1710 on 25 August 1994 when hypoxia was not present in
the York (Figure 7). The first clear photograph at 1935 indicated no prey were
present on the monofilament. Predation occurred within 2 hours, 25
minutes of prey introduction. During this time period, the near-bottom

dissolved oxygen concentration ranged from 3.0 ml/1 to 3.3 ml/L

(2) Prey were set at 1555 on 26 August 1994 when the dissolved oxygen
concentration was declining toward hypoxia but not yet hypoxic. At 1630, a
blue crab (Callinectes sapidus) was photographed apparently preying on the
Glycera. In the next photograph taken 15 minutes later, all prey items had
been removed from the monofilament. Near-bottom dissolved oxygen
concentrations ranged from 2.2 to 2.8 ml/1 during this 50 minute time period

(Figure 8).

(3) Prey were set at 1840 on 30 August 1994 after the onset of the hypoxic
event and removed by divers at 1700 on 31 August 1994. Predation did not
occur during this prey deployment. Near-bottom dissolved oxygen
concentrations ranged from 0.0 to 0.8 ml/1 during this 22 hour, 20 minute

time period (Figure 9).
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FIGURE 7: Near bottom dissolved oxygen levels for prey deployment 1
(beginning 25 August 1994) based on 5 minute interval data.
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FIGURE 8: Near bottom dissolved oxygen levels for prey deployment 2
(beginning 26 August 1994) based on 5 minute interval data.
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FIGURE 9: Near bottom dissolved oxygen levels for prey deployment 3
(beginning 30 August 1994) based on 5 minute interval data.

32



NO PREDATION EVENT

1
it
i

I §
i n

(/lw) NFDAXO @3ATOSSIa

009L°v61LES

00vL'v61ES

002T¥61¢E8

000T'¥61E8

0080°v61¢c8

0090°v61€8

0070'v61E8

00207618

0000°¥61E8

00TT¥60E8

000T°¥60€8

0081°760€8

A
PREY SET



34

(4) Fresh prey items were set at 1715 on 31 August 1994 during the hypoxic
event. There was no evidence of predation when the prey were removed by
divers at 1830 on 1 September 1994. Near-bottom dissolved oxygen
concentrations remained near O for most of this prey deployment and ranged
from 0.0 to 0.3 ml/1 (Figure 10). At the time of prey removal, divers observed
hundreds of burrowing anemones (Edwardsia elegans) and swollen infaunal
sea cucumbers (Sclerodactyla briareus) rolling across the sediment surface

with the current.

(5) Fresh prey items were set at 1830 on 1 September 1994 during the hypoxic
event. There was no evidence of predation when prey items were removed
by divers at 0800 on 2 September 1994. The near-bottom dissolved oxygen

concentrations never rose above 0.3 ml/I during this period, remaining at or

near 0.0 ml/1 (Figure 11).

(6) Fresh prey items were set at 0800 on 2 Septembef 1994 by divers during the
hypoxic event. No predation occurred between the time prey was made
available and 1400 on the same day. Oxygen concentrations hovered at or
near 0 ml/] for the duration of this 6 hour prey deployment and ranged from
0 to 0.3 ml/1 (Figure 12). The equipment was recovered at 1400 for camera

maintenance and redeployed the following day at 0920.



FIGURE 10: Near bottom dissolved oxygen levels for prey deployment 4
(beginning 31 August 1994) based on 5 minute interval data.
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FIGURE 11: Near bottom dissolved oxygen levels for prey deployment 5
(beginning 1 September 1994) based on 5 minute interval data.
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FIGURE 12: Near bottom dissolved oxygen levels for prey deployment 6
(beginning 2 September 1994) based on 5 minute interval data.
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(7) Prey were set at 0920 on 3 September 1994 near the end of the hypoxic
event. At 2150 (DO = 0.1 ml/1) an infaunal, burrowing anemone (Edwardsia
elegans) was photographed as it rolled through the camera's field of view on
the surface of the sediment. Near-bottom dissolved oxygen concentrations
remained hypoxic until 0045 on 4 September 1994 when oxygen remained
above 2 ml/I for a 2 hour window. Predation did not occur during this short
normoxic period. Near-bottom dissolved oxygen concentrations then
hovered around 1 ml/1 until 0720. Prey remained undisturbed until the last
clear photograph at 0650 (DO = 1.4 ml/1). In the next clear photograph, about 3
hours later, the prey were gone. Predation occurred sometime between 0650
and 0945. In the 0945 photograph, a sediment disturbance (resembling a
feeding pit characteristic of those made by demersal fishes) was clearly
evident. Within this time period, near-bottom dissolved oxygen
concentrations ranged from 0.4 to 3.0 ml/1 but continuously remained above

2 ml/1 for 1 hour 55 minutes (Figure 13).

(8) Fresh prey items were set by divers during near-hypoxic conditions at 1830
(DO = 2.3 ml/1) on 5 September 1994. Oxygen concentrations ranged from 1.9
to 2.6 until 2015 when a rapid decline in oxygen occurred over a 30 minute
period. Due to camera malfunction, a photograph was not taken until 2240.
At this time, it became apparent that four worms had been removed from the
monofilament sometime since deployment at 1830. Based on photographic
evidence, the six remaining worms were preyed upon sometime between
0040 and 0505 on 6 September 1994. During this 4 hour, 25 minute time
window, near-bottom dissolved oxygen concentrations remained hypoxic

until 0140 and then rose to 4.0 ml/1 at 0430 (Figure 14).

41



FIGURE 13: Near bottom dissolved oxygen levels for prey deployment 7
(beginning 3 September 1994) based on 5 minute interval data.
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FIGURE 14: Near bottom dissolved oxygen levels for prey deployment 8
(beginning 5 September 1994) based on 5 minute interval data.
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(9) Prey were set at 1730 on 7 September 1994 when hypoxia was not present
in the York and the dissolved oxygen level had remained normoxic since
1350. The first clear photograph taken at 1915 indicated no prey were present
on the monofilament. Predation occurred within 1 hour 15 minutes of prey
introduction. During this period, near-bottom dissolved oxygen

concentrations ranged from 2.5 to 3.5 ml/1 (Figure 15).

(10) Due to camera malfunction, there is no photographic record for this prey
deployment. Predation evidence is based on diver observations. The near-
bottom dissolved oxygen concentration had been above 2 ml/1 for 1.5 hours
when new prey were set at 1530 on 8 September 1994 (DO = 4.0 ml/1).
Predation occurred sometime between this moment and 1450 on 9 September
1994 (recovery of the camera apparatus). Near-bottom dissolved oxygen
concentrations during this prey deployment remained normoxic until 1255
on 9 September when dissolved oxygen concentrations fell below 2 ml/I for 1

hour 40 minutes (Figure 16).

(11) Prey were set at 1645 on 16 September 1994 after the onset of hypoxia (DO
= 1.8 ml/1). Prey were removed by divers at 1000 on 17 September 1994. The
near-bottom dissolved oxygen concentration ranged from 0.9 to 2.3 ml/1
during this prey deployment and predation did not occur. Oxygen remained
below 2 ml/1 for the majority of this prey deployment except for a 3 hour
window following a low tide in which dissolved oxygen concentration

fluctuated between 1.9 and 2.2 ml/1 (Figure 17).
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FIGURE 15: Near bottom dissolved oxygen levels for prey deployment 9
(beginning 7 September 1994) based on 5 minute interval data.
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FIGURE 16: Near bottom dissolved oxygen levels for prey deployment 10
(beginning 8 September 1994) based on 5 minute interval data.
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FIGURE 17: Near bottom dissolved oxygen levels for prey deployment 11
(beginning 16 September 1994) based on 5 minute interval data.
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(12) Prey were set at 1000 on 17 September 1994 during the hypoxic event (DO
= 1.4 ml/1). Prey were removed by divers at 1130 on 18 September 1994. The
near-bottom dissolved oxygen concentration ranged from 1.1 to 2.4 ml/1
during this prey deployment and predation did not occur. Oxygen remained
below 2 ml/I1 for the majority of this prey deployment except for a 20 minute
period in which dissolved oxygen concentration briefly peaked to 2.4 ml/1

(Figure 18).

(13) Prey were set at 1130 on 18 September 1994 during the hypoxic event.
Near-bottom dissolved oxygen concentrations remained hypoxic until 1210
on 19 September 19.94. At this time, oxygen concentrations rose above 2 ml/1
for 1 hour, 35 minutes and then dropped below 2 ml/I until termination of
this prey deployment. Prey remained undisturbed until the last clear
photograph was taken at 0555 on 19 September. Predation of 6 worms
occurred sometime between 0555 and the recovery of the camera apparatus at
1515 on the same day. At this time, four undisturbed Glycera remained on
the monofilament line. During this predation window, near-bottom
dissolved oxygen ranged from 1.2 to 2.8 ml/1 and remained above 2 ml/1 for

1.5 hours (Figure 19).
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FIGURE 18: Near bottom dissolved oxygen levels for prey deployment 12
(beginning 17 September 1994) based on 5 minute interval data.
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FIGURE 19: Near bottom dissolved oxygen levels for prey deployment 3
(beginning 18 September 1994) based on 5 minute interval data.
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(14) Due to camera malfunction, there is no photographic record for this prey
deployment. Predation evidence is based on diver observations. Fresh prey
were set at 1655 (DO = 1.9 ml/1) on 19 September 1994 near the end of the
hypoxic event. Predation occurred sometime between this moment and 1245
on 21 September 1994. Near-bottom dissolved oxygen concentrations during
this prey deployment ranged from 0.9 to 3.8 ml/l and followed a semi-diurnal
tidal cycle with high (nofmoxic) oxygen concentrations coinciding with the
falling tide and low (hypoxic) oxygen concentrations coinciding with the

rising tide (Figure 20).

(15) Prey were set at 1245 on 21 September 1994. Near-bottom dissolved
oxygen concentrations ranged from 2.2 to 3.7 ml/1 and remained normoxic for
the duration of this prey deployment. The first clear photograph, taken at
2050 (DO = 3.4 ml/1), depicfs undisturbed prey items on the monofilament
line. At 2120, a blue crab was photographed preying upon tethered Glycera.
In the next photograph, taken 30 minutes later at 2150, the crab was gone and
five worms were removed from the monofilament line. The oxygen
concentration during this "predation window" ranged from 3.3 to 3.8 ml/l.
The remaining five worms remained undisturbed until sometime between
2250 (last clear photograph before gap in photographic record) and 0815 on 22
September 1994 (first photograph of empty monofilament line). During this

predation window, oxygen ranged from 2.4 to 3.7 ml/1 (Figure 21).



FIGURE 20: Near bottom dissolved oxygen levels for prey deployment 14
(beginning 19 September 1994) based on 5 minute interval data.
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FIGURE 21: Near bottom dissolved oxygen levels for prey deployment 15
(beginning 21 September 1994) based on 5 minute interval data.
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STATISTICAL ANALYSIS

The null hypothesis tested was that there is no difference in predation
pressure regardless of the surrounding near-bottom dissolved oxygen
concentration and that tethered prey items are just as likely to be preyed upon
during hypoxia as they are during normoxia.

Diver observations were included to incorporate prey deployments for
which there is no photographic record. The presence or absence of
previously-set prey was noted by divers prior to each new prey deployment
(for deployments with and without photographic records). Time of day of
this observation was noted to obtain the corresponding environmental
dissolved oxygen concentration from the water quality data. For instances of
partial predation (i.e. 6 out of 10 worms were gone) the initial observation is
considered "prey absent" and subsequent observations are considered "prey
present” until the next indication of predation. Photographic and diver
observations are categorized in the following cross-classification tables (Tables

1 and 2).



TABLE1:  Cross-classification of prey presence by dissolved oxygen
concentration (2.0 ml/I categories).

n;; = observed frequency

p;; =joint probability expressed as a percent
Q=n, j / n = odds = relative risk
O =Q, / Q, =odds ratio
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Prey Prey
Present Absent
(1+) (2+)
<2ml/1 n;; = 285 n,, =46
(+1) Py =5828( p,; =941
>2ml/1 n, =11 n,, = 147

Odds

Q) =p11/Py
Q,=3.011

Qy=p1,/ Py
Q,=0.073

Standard Errorg = © ( 1/n;; +1/ny +1/ng, + 1/n,, )0'5 = 14.857

©=Q, /Q,=41.246 + 14.857
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TABLE 2:  Cross-classification of prey presence by dissolved oxygen
concentration (1.5 ml/1 categories).

1

n;; = observed frequency
p;; =joint probability expressed as a percent

Q=n; j / n = odds = relative risk
O =Q, / Q, = odds ratio
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Prey Prey
Present Absent
(1+) (2+)
<1.5 ml/1 n,, = 253 n, =24
(+1) Py =51.74| py =491
>1.5ml/1 n;, = 38 n,, = 174
(+2) Py, =7.77 | py, = 35.58

Odds

Q=py;/Py
Q,=10.551

Q,=p12/ P2
Q,=0.219

Niotal = 489
Piotal = 100

Standard Errorg = © (1/ny; + 1/ny; + 1/n;, +1/n,, )95 = 13.427

©0=Q,/Q,=48174+13427
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Based on the above figures, odds ratios were calculated to test the null
hypothesis. Using the Fisher's Exact Test (SAS Institute 1992) the null
hypothesis of independence can be rejected. Prey are 41.2 (+ 14.9) times more
likely to be present in when near-bottom dissolved oxygen concentration is
<2 ml/]1 than when near bottom dissolved oxygen is >2 ml/l. Prey are 48.2
(+£13.4) times more likely to be present when near-bottom dissolved oxygen
concentration is < 1.5 ml/1 than when near bottom dissolved oxygen is > 1.5
ml/1.

Near-bottom dissolved oxygen variability during each "predation
window" and non-predation prey set are plotted in Figure 22. Based on mean
dissolved oxygen levels for each predation and non-predation event, prey
deployments were categorized into one of four dissolved oxygen
concentration ranges. These ranges and corresponding proportional

predation values and predicted probabilities are listed in Table 3.
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FIGURE 22: Near-bottom dissolved oxygen variability during each
"predation window" and non-predation prey set. Means (®) and
maximum/minimum ranges for near-bottom dissolved oxygen
in York River for each occasion in which predation took place.
Means are based on 5 minute interval data recorded from the
last observation (photographic or diver) of undisturbed prey to
the first observation (photographic or diver) of absent or
partially predated prey. Means (¢) and maximum/minimum
ranges for near-bottom dissolved oxygen are plotted for non-
predation prey sets. Means are based on 5 minute interval data
recorded from the moment of prey introduction to the moment
of prey removal by divers. Horizontal axis represents dates on
which the predation window or non-predation prey set began.
Figure numbers in parentheses refer to the corresponding figure
that details the prey set.
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Table 3: Categorized near-bottom dissolved oxygen ranges during each
"predation window" and non-predation prey set and
corresponding proportional predation values and predicted

probabilities.
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Dissolved Predation | Non-Predation | Proportional | Proportional Predicted Predicted
Oxygen (ml/) | Events Events Predation Non-Predation | Probability | Probability (Non-
(Predation) Predation)
0-1 1 4 0.20 0.80 0.015 0.985
1-2 1 2 0.33 0.67 0.124 0.876
2-3 4 0 1.00 0.00 0.572 0.428
3-4 5 0 1.00 0.00 0.926 0.074
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These data indicate a predation threshold somewhere between the 0-1 and 1-2
ml/1 categories. Logistic regression (SAS Institute 1992) was used to describe
the relationship between dissolved oxygen concentration and predation
(Figure 23).

The logistic function (-2 Log Likelihood = 11.6) was:

o (-4.1945 +2.2419 (DO))

p =
1 + e (-4.1945 + 22419 (DO))

where: p is the probability of predation,
(DO) is the dissolved oxygen concentration,

e - 41945+ 2.2419 (DO) jg the logistic regression equation.

Following a hypoxic event, but before infaunal recovery, the chances of
predation of hypoxic-stressed infauna by nektonic predators increases
asymptotically with increasing dissolved oxygen concentration. The
dissolved oxygen concentration at pys is 1.87 ml/1. At this dissolved oxygen
concentration, the is a 50% chance that emerged benthic infauna will be

preyed upon by nektonic predators.



FIGURE 23: Logistic regression curve used to describe relationship between

dissolved oxygen and predation.
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DISCUSSION

Many estuarine systems around the world experience seasonally mild
to severe hypoxia or aﬁoxia (Whitledge 1985, Diaz & Rosenberg 1995). These
low dissolved oxygen conditions in bottom waters are a contributing factor in
the major reduction of living resources of many estuarine and coastal systems
(Harper et al. 1981, Baden et al. 1990, Desprez et al. 1992). Despite the disparate
nature of physical conditions and faunal composition, the responses of
benthic community structure to seasonal hypoxia were found to be consistent
between ecosystems and depend on the frequency and duration of the hypoxia
(Diaz & Rosenberg 1995). The basic behavioral modifications benthic infauna
use to survive oxygen deficiency potentially enhance their vulnerability to
predators (Diaz et al. 1992). Nektonic predator species are not immune to low
dissolved oxygen concentrations and respond mainly through avoidance of
affected areas (Breitburg 1992, Pihl et al. 1991). The dissipation of hypoxia,
however, may lead to an opportunistic response by predators to increased
availability of hypoxia-stressed prey.

Fluctuating hypoxia and normoxia facilitate the transfer of benthic
secondary production to mobile predator species. This study suggests that
predators are likely to take advantage of hypoxia-stressed infaunal organisms
once environmental dissolved oxygen concentrations rise above 1.5 ml/1
(Figure 22). If all prey deployments are included in this analysis, there is no
clear separation between the dissolved oxygen concentrations in which
predation occurs and does not occur. By removing those prey deployments
that have large oxygen variations within the "predation window" and those

with few observations over a long time frame, there is an apparent separation



around 1.5 ml/1 such that predation does not occur below, but does occur
above, this level (Figure 23). Since predation does not occur when dissolved
oxygen concentrations are consistently below 1.5 ml/l, the functional
response of the predator to increased prey availability is interrupted.

The functional response is a relationship between prey consumption
per predator and prey density (Holling 1959, Hassell 1978). There are three
general types of functional response curves used to describe predator-prey
dynamics (Figure 24) (Hassell 1978, Valiela 1984). The type I response curve
rises linearly to a plateau (representing predator gut capacity and handling
time) and is typical of aquatic filter-feeding invertebrates (Hassell 1978).
Predators consume a linearly-increasing number of prey as density increases
until a satiation point is reached (Valiela 1984). In the type II response, which
is most common and typical of many invertebrates, prey consumption
increases at a decelerating rate as prey density increases (Hassell 1978, Lipcius
& Hines 1986). This curve rises at a continually decreasing rate to an upper
asymptote which represents the predator's maximum attack rate (Hassell
1978). In the density-dependent 'modified' type II functional response,
consumption ceases below some low prey density threshold because of
behavioral or environmental characteristics that prevent predators from
finding prey (Valiela 1984). The type III response curve, typical of vertebrate
and arthropod predators and parasitoids and functionally the same as the
'modified' type ii response, is sigmoid (Holling 1959, Hassell et al. 1977). This
functional response shows an initial lag in the response of the predator at low
prey densities (Ricklefs 1973, Eggleston 1990a). As the prey density increases,
encounter rate increases, and the functional response increases more rapidly.
At high prey densities, predator satiation and the reduction of required

searching time cause the functional response to level off (Ricklefs 1973).
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FIGURE 24: Hypothetical functional response curves. The height of the
asymptote is not an important consideration.

The point at which the modified Type II curve crosses the
horizontal axis is the threshold density below which no feeding
takes place.

Adapted from Valiela (1984).
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The form of the functional response varies with different predator-prey
combinations and physical environmental conditions (Lipcius & Hines 1986,
Eggleston 1990a). For example, Lipcius and Hines (1986) found that sediment
type modified the functional response of blue crabs preying on the clam Mya
arenaria. Blue crabs exhibited a density-dependent type III functional
response in sand and a density-independent type II response in mud.
Eggleston (1990 b) found that the functional response of blue crabs preying on
juvenile oysters Crassostrea virginica varied significantly in type and
intensity as a function of temperature. Crabs displayed a 'modified’ type II
density-dependent functional response at low temperatures (13-14 °C), a type
IIT density-dependent response at intermediate temperatures (19-20 °C), and a
type II inversely density-dependent response at high temperatures (26-27 °C).
The possibility exists that a predator's functional response may be modified by
hypoxia. At low dissolved oxygen concentrations, if the encounter rate with
prey is enhanced, then predator feeding thresholds may be lowered
substantially such that there is a loss of the low-density refuge for the prey
(Lipcius, personal communication). Conversely, if there is a loss of feeding
efficiency for the predators due to low dissolved oxygen concentrations, then
the threshold may be increased for the prey.

Based on these functional response models, one would expect that an
increase in available prey density would lead to a general increase in prey
consumption (Valiela 1984, Eggleston 1990a). However, the results of this
study suggest that, although densities of available prey are enhanced, the
entire functional response is interrupted during hypoxia (Figure 25). Under
normoxic conditions the transfer of energy to predators can be characterized
by one of the functional response models, with the time interval prior to

hypoxia representing a steady net energy transfer level (Figure 25A). When



FIGURE 25: Hypothetical variations in energy transfer to predators in
response to declining and increasing environmental dissolved
oxygen concentrations. See text for further explanation.
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dissolved oxygen concentrations drop below approximately 2.0 ml/1,
predators escape low oxygen areas (Diaz & Rosenberg 1995). Predation begins
to decline when dissolved oxygen concentrations drop below 2 ml/1 and
ceases somewhere between 1.0 and 2.0 ml/I (Figure 25B). When oxygen
concentrations become tolerable to predator species, predators quickly move
back into the affected areas and there may be an initial increase in the amount
of energy gain from predation on oxygen-stressed macrobenthos. Hypoxia
induced behavioral and physiological stress on these prey species potentially
makes them more vulnerable to predation and available at higher densities
(Figure 25C). The predators ability to avoid hypoxic areas eliminates any
recovery time from oxygen stress before they can commence feeding. The
predators are able to move into affected areas as soon as oxygen levels are
tolerable and take advantage of the increased prey availability before the prey
organisms recover and reburrow in the sediment.

With recovery and reburrowing of prey organisms over time, the
elevated level of energy transfer to predators declines to the pre-hypoxic
condition and the functional response may return to its pre-hypoxic state
(Figure 25D). If significant numbers of prey are removed, either by predators
or hypoxia-induced mortality, the functional response may be altered and the
energy transfer to the predators will be further reduced below pre-hypoxic
levels (Figure 25E). The level of reduction will be a function of the

production capacity of the prey and needs further study.
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