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Response of freshwater mussel assemblages (Bivalvia:Unionidae) to a
record drought in the Gulf Coastal Plain of southwestern Georgia
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Abstract. Freshwater mussel assemblages in the Flint River Basin (FRB) of southwestern Georgia
are among the most diverse in the southeastern Coastal Plain of North America. Historically, 29
species, including 7 endemics, occurred in the FRB. A drought during the summer of 2000 caused
record low flows and many perennial streams dried or became intermittent. Predrought surveys
conducted in 1999 allowed an assessment of the impact of the drought on mussel assemblages. During
2001, 21 stream reaches that had abundant or diverse mussel assemblages in 1999 were resurveyed.
Study sites were classified as flowing or non-flowing during the drought based on data from stream
gauging stations or visual observation of study reaches. Mussels were classified by conservation status,
either stable, special concern, or federally endangered. Greater than 90% of the mussels observed in
the lower FRB were species with stable conservation status. Special-concern species represented 5 to
6% and endangered species represented 1% of mussel abundance. Sites that ceased flowing during
the drought had significant declines in the abundance of stable species and in taxa richness. Endan-
gered species also showed evidence of a decline in non-flowing sites. Sites that maintained flow had
increases in stable species and no change in special concern, endangered species, or species richness
through the drought. Sites that showed declines in mussel abundance had a significantly lower fre-
quency of wood debris than other sites. Field observations suggested that shallow depressions beneath
wood debris may act as refuges for freshwater mussels during stream drying. Greatest declines in
mussel abundance usually occurred in the mid-reaches of the major tributaries of the lower Flint
River. These reaches depend on the Upper Floridan aquifer, which is heavily used for irrigation, to
maintain base flows. Declines in mussel populations appear to be associated with unusual climatic
conditions and increasing demand on the area streams and the regional aquifer system for irrigation
water supply.

Key words: freshwater mussels, Unionidae, endangered species, drought, Flint River, hydrology,
climate change impacts, wood debris.

Freshwater mussel assemblages in the Flint
River Basin (FRB) of southwestern Georgia are
among the most diverse in the southeastern
Coastal Plain of North America. Historically, 29
species of mussels, 7 of which were endemic,
occurred in the FRB (Clench and Turner 1956).
Surveys conducted between 1991 and 1993
found that several Flint River tributaries within
the Coastal Plain (lower FRB) continued to har-
bor a diverse mussel fauna, ranging from 9 to
16 species, including several endangered species
(Brim Box and Williams 2000). However, only
22 of the 29 species originally found in the FRB
were observed during the 1991 to 1993 survey
(Brim Box and Williams 2000). The tributary
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streams of the lower FRB were the area where
the highest concentration of endangered species
occurred, and the most abundant and diverse
communities were noted.

A prolonged drought occurred from 1999
through 2002 in southwestern Georgia. The
most severe part of the drought occurred during
the summer of 2000 when many perennial
streams dried. In some locations, headwater sec-
tions sustained flow, while downstream sections
dried (Johnson et al. 2001). In other locations,
mostly larger streams, flowing water persisted
throughout the drought; however, water levels
dropped to unprecedented lows (USGS 2000).

The drought had widespread impact on
streams supporting mussel populations across
the lower FRB. Predrought population surveys
conducted in 1999 provided baseline informa-
tion to assess drought impacts (Johnson 2001).
In addition, previous studies in the lower FRB
suggested that wood debris may offer refuges
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for mussels during stream drying (Johnson
2001, Johnson et al. 2001). The purpose of our
study was to conduct additional field surveys to
assess the regional extent of mussel population
losses during the 2000 drought and determine
whether mussel survival was associated with
the abundance of wood debris. Specific objec-
tives included 1) determining the extent and na-
ture of change in mussel assemblages as a result
of drought conditions experienced during sum-
mer 2000, 2) identifying stream reaches that
were most adversely impacted by drought, 3)
determining the impact of stream drying on
mussel assemblages, and 4) determining wheth-
er mussel survivorship was associated with the
abundance of wood debris in stream reaches.

Methods

Study site

Our study was done in tributary streams of
the lower FRB (Fig. 1), on the Coastal Plain
physiographic province of southwestern Geor-
gia. Many of the streams originate as seeps and
springs emanating from the Claiborne aquifer in
the Fall Line Hills physiographic district. The
streams flow onto the Dougherty Plain district
downstream where low topographic relief in
combination with porous surface geology re-
sults in low stream drainage density and a
dominance of subsurface water flow (Hicks et
al. 1987). Major streams and their tributaries
have channels incised within the Upper Flori-
dan aquifer and are perennial during normal
hydrologic conditions. Smaller streams with
channels above the aquifer tend to be intermit-
tent (Beck and Arden 1983, Hayes et al. 1983).
Regional base flow is supported by aquifer dis-
charge (Hicks et al. 1987).

Row-crop agriculture and managed forest-
lands are the dominant land use within the re-
gion (;50% agriculture, ;30% forests) (Golla-
day and Battle 2001). In 1999, ;85% of agricul-
tural lands in the lower FRB were irrigated,
mostly by withdrawals from the Upper Floridan
aquifer (Litts et al. 2001). Water use is estimated
at 25 cm, ;20% of long-term average annual
precipitation of 127 cm (Harrison 2001, Thomas
et al. 2001).

Average daily discharge, based on 50 y of
continuous streamflow records, has declined
during the growing season since the develop-

ment of irrigation in the 1970s (Stamey 1996). A
modeling study predicted that groundwater
withdrawals from the Upper Floridan aquifer
during droughts could diminish aquifer–stream
connections resulting in the drying of some
reaches in the lower FRB (Albertson and Torak
2002). Water use from both groundwater and
stream sources during extended droughts con-
tributes to stream drying, although the extent
has not been quantified.

Site selection

Mussel surveys were conducted at 21 sites on
the tributary streams in the lower FRB from
June to September 2001 (Fig. 1). These sites were
a subset of those that had been previously sur-
veyed in 1999 as part of an assessment of mus-
sel populations in the lower FRB (Johnson 2001).
Sites were selected for resurvey if they support-
ed abundant and/or diverse mussel assemblag-
es in 1999 (Johnson 2001). Where possible, sites
were selected at regular intervals from head-
waters downstream. Bridge crossings provided
access for the surveys. A 100-m survey reach
was measured and marked at each site. Reaches
began 100 m upstream from bridge crossings.

An additional site was added to the survey in
2001 (01–001) (Fig. 1). This site supported an
abundant and diverse mussel assemblage (10
species). The site was sampled during June and
again in October 2001 to evaluate the repeat-
ability of our sampling techniques.

Streamflow conditions during the drought

The drought in the lower FRB began in early
1999 and extended through the summer of 2002.
The drought reached its maximum severity dur-
ing the summer of 2000, based on Palmer
Drought Severity indices (NCDC 2003, Fig. 2A).
Palmer indices during the summer of 2000
ranged from 23 to 24, which are considered a
severe to exceptional drought (USGS 2000,
NCDC 2003).

Ichawaynochaway Creek, in the central por-
tion of our study area (Fig. 1), has a USGS
stream flow gauge (number 02353500) with a
continuous record since 1940 (USGS 2003).
Stream flow here was below the long-term mean
from March 1999 through September 2002 (Fig.
2B). However, lowest flows were observed dur-
ing June and August 2000 and were 10 to 20%
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FIG. 1. Location of mussel survey sites (5-digit numbers) in southwestern Georgia. Sites designated as ‘‘non-
flowing’’ had no observable surface flow for at least one month during summer 2000. Sites designated as ‘‘no
data’’ were not observed during the 2000 drought. Locations of stream gauging stations (8-digit numbers) are
indicated with arrows (USGS 2003). Site numbers: the first 2 digits are the year initially surveyed and the last
3 digits are the survey number for that particular year. Ck 5 creek.

of the long-term mean (Fig. 2B, Table 1). Similar
declines in flow were observed at stream gauges
throughout the region (Table 1). During June
2000, daily stream flow ranged from 0.7 to 17%
of the long-term mean. During August 2000,

stream flow ranged from 0 to 32% of the long-
term mean (Table 1).

Most of the mussel survey sites were not
gauged. Survey sites were visited weekly or bi-
weekly, during the summer of 2000, and the
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FIG. 2. Drought severity (NCDC 2003) (A) and streamflow (Ichawaynochaway Creek at Milford, US Geo-
logical Survey 02353500; USGS 2003) (B) in southwestern Georgia from 1999 through 2002.

TABLE 1. Mean monthly flows for 2000 and long-term mean monthly flows at stream gauging stations in
the lower Flint River Basin (USGS 2003). Hydrologic classification was based on visual observations during the
summer of 2000 at mussel survey reaches near the stream gauging stations.

Mean monthly flow (m3/s)

2000 Long-term

%
(2000/

long-term)
Hydrologic

classification

Spring Creek

Ichawaynochaway Creek

Chickasawhatchee Creek

Kinchafoonee Creek

Muckalee Creek

June
August
June
August
June
August
June
August
June
August

0.05
0.00
1.18
2.74
0.07
0.06
1.33
1.87
0.94
1.39

7.99
7.16

15.27
13.49

3.10
3.78
7.82
5.93
5.89
5.16

0.7
0.0

12.3
20.3
2.3
1.6

17.0
31.5
16.0
26.9

Non-flowing

Flowing

Flowing

Flowing

Flowing
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flow conditions at each study reach were docu-
mented by field observations of Jones Center
Staff (i.e., Golladay and Battle 2001, Johnson et
al. 2001, S. Davis, Jones Research Center, un-
published data). Sites were classified as flowing
if they had observable moving water in the main
channel during the worst drought conditions
(Fig. 1). Sites classified as non-flowing either
dried completely, or dried to small isolated
pools with no surface flow between pools. Ten
sites were classified as non-flowing and 7 of
those sites occurred on the Dougherty Plain, in-
cluding site 01–001 (Johnson 2001) (Fig. 1).

Wood debris measurements

Wood debris was measured during July and
August 1999. At each survey site, a meter tape
was extended midchannel for the length of the
survey reach. Coarse wood debris (logs .10 cm
in diameter) intersecting the tape was measured
and counted. Debris frequency was expressed as
logs per m stream length.

Mussel surveys

Measured survey reaches were searched at
each site for mussels using standardized meth-
ods (e.g., Johnson 2001). In small streams, the
entire bed surface within the selected survey
reach was searched (i.e., surface sediments were
sieved with fingers to a depth of 5 cm) or vi-
sually searched for live unionids. In large
streams (4th order or larger; .12 m wide), visual
and tactile searches for live mussels were con-
ducted along five 2-m wide transects oriented
parallel to stream flow along the length of the
stream reach (2 bank, 2 near bank, 1 midchan-
nel). Root mats along stream margins were also
searched. Surveys were conducted in the main
channel(s) of the stream; backwater areas were
not searched. Our objective was to search the
same areas within each reach in 1999 and 2001.
The drought persisted through 2001, but flow
conditions at survey sites improved compared
to the previous summer (e.g., Fig. 2A, B). The
entire stream bottom of all survey sites was wet-
ted.

Live mussels were identified and immediately
returned to their original orientation within the
benthic substrate. Mussels were not removed
from stream water unless it was absolutely es-
sential for identification. If .1000 individuals of

any species were found before surveying to the
end of a reach, the density of the species in the
completed portion was calculated and the total
density for the reach was estimated. Unionids
were identified to species level, except Elliptio
complanata and Elliptio icterina, which were
grouped together as E. complanata/icterina be-
cause of the difficulty of distinguishing between
the 2 species in the field. Taxonomic identifica-
tion followed Turgeon et al. (1998) and Brim
Box and Williams (2000). Shell material was col-
lected and deposited at the Georgia Museum of
Natural History, Athens, Georgia.

Data analysis

Mussel taxa found during the 1999 and 2001
surveys were placed into 3 categories based on
their conservation status (Williams et al. 1993,
Brim Box and Williams 2000, Georgia Depart-
ment of Natural Resources 2003). The 1st group
consisted of common species whose populations
are considered stable in the lower FRB and
throughout their historical range. The 2nd group
was special concern species, which are listed as
being imperiled in Georgia because of their rar-
ity (Brim Box and Williams 2000, Georgia De-
partment of Natural Resources 2003). The 3rd

group was endangered species, which have ex-
perienced significant declines throughout their
historic range and are listed by the US Fish and
Wildlife Service as at risk for extinction (Wil-
liams et al. 1993, Brim Box and Williams 2000).

The repeatability of our sampling procedure
was assessed at site 01–001 (see above) by com-
paring mussel species richness, species abun-
dance, and abundance by conservation status.
Mussel abundance was compared with similar-
ity indices using the Czekanowski Coefficient
(Kent and Coker 1994).

The hydrologic classification (i.e., flowing or
non-flowing during summer 2000) was used as
the basis of statistical analysis of drought im-
pacts on mussels. Changes in species richness,
mussel species abundance, and abundance by
conservation status were compared using a Wil-
coxon Signed Rank Test (Sigma-Stat version
2.03, SPSS Science, Chicago, Illinois). The Signed
Rank Test is a paired, nonparametric procedure
that compares the change in the value of pairs
of replicate measures (mussel abundances by
species and conservation status) before and after
a treatment (maintaining or not maintaining
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TABLE 2. Comparison of 1999 and 2001 mussel surveys by species. Twenty-one sites were surveyed each
year. Conservation status was based on Williams et al. (1993), Brim Box and Williams (2000), and Georgia
Department of Natural Resources (2003).

Conservation status
Species

Total found 1999
(sites found 1999)

Total found 2001
(sites found 2001)

Stable species

Elliptio complanta/icterina
Elliptio crassidens
Toxolasma paulus
Uniomerus carolinianus
Villosa lienosa
Villosa vibex

6208 (21)
1937 (6)
231 (13)
46 (10)

1632 (20)
390 (16)

6428 (20)
1055 (7)
427 (12)
74 (10)

1720 (16)
766 (18)

Sum
%

10,444
94

10,470
93

Special concern species

Elliptio purpurella
Lampsilis straminea claibornensis
Quincuncina infucata
Strophitus subvexus
Villosa villosa

99 (10)
20 (9)

360 (14)
10 (4)
31 (3)

161 (8)
8 (1)

543 (11)
9 (5)
1 (1)

Sum
%

520
5

722
6

Endangered species

Lampsilis subangulata
Medionidus penicillatus
Pleurobema pyriforme

131 (11)
9 (2)

42 (5)

56 (7)
17 (1)
87 (6)

Sum
%

182
1

160
1

flow during the drought). This analysis was
done on all of the species with a stable conser-
vation status. To be included in the analysis, a
species had to be present at a site on one of the
survey dates. Sites where a particular species
was not present on either date were not includ-
ed in the analysis. Special concern and endan-
gered species were not present at enough sites
to be analyzed at the species level.

Mussel survey sites were also grouped based
on whether or not they showed declines (.15%)
in mussel abundance independent of their flow
status. The frequency of wood debris at sites
with declines .15% was compared to sites
without declines using a t-test (Sigma-Stat ver-
sion 2.03).

Results

A total of 11,146 mussels was observed in
1999 and a total of 11,352 was observed in 2001
(Table 2). Most mussels observed (93 to 94%)

were species whose conservation status was sta-
ble. Special concern species represented 5 to 6%
and endangered species represented 1% of mus-
sels observed (Table 2). Three species, Elliptio
complanata/icterina, E. crassidens, and Villosa lien-
osa were dominant in abundance and distribu-
tion at the study sites.

Six sites experienced .50% loss in total mus-
sel abundance from 1999 to 2001 (Fig. 3). Five
of these sites were located on the Dougherty
Plain. Ten sites had increases or no changes in
mussel numbers from 1999 to 2001 (Fig. 3). Five
of the 6 sites that showed the greatest increases
in abundance from 1999 to 2001 were located
north of the Dougherty Plain (Fig. 3).

A total of 17 mussel taxa were found during
the 2001 survey compared to 19 taxa during
1999. The 2 taxa not observed in 2001 were Ut-
terbackia imbecillis and U. peggyae; however, they
were found in low numbers at only one site dur-
ing the 1999 survey. Lampsilis teres was reported
from one site in 2001, but not observed in 1999.
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FIG. 3. Percent change in total unionid abundance in the lower Flint River Basin between 1999 and 2001.
Ck 5 creek.

Utterbackia imbecillis, U. peggyae, and L. teres typ-
ically occur in larger rivers and impoundments
on mainstem rivers that were not surveyed in
this study (Brim Box and Williams 2000).

At site 01–001 in 2001, 372 mussels were
found in June (9 species) and 425 mussels were
found in September (10 species) (Table 3). Czek-
anowski similarity indices between the 2 sam-
pling dates were 79% for individual mussel spe-
cies abundance and 92% when grouped by con-
servation status. Three species, E. complanata/ic-

terina, Pleurobema pyriforme, and Toxolasma paulus
showed the greatest variation across sampling
dates. The difference in abundance of individ-
uals observed across sampling dates was 10 or
less for the remaining 6 species.

The median number of stable species at flow-
ing sites significantly increased from 226 to 314
per site from 1999 to 2001 (p 5 0.02; Table 4).
The increase was caused by significantly higher
numbers of E. complanata/icterina (p 5 0.03) and
Villosa vibex (p 5 0.04) in the 2001 survey. There
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TABLE 3. Comparison of mussel surveys conducted
in June and September 2001 at site 01-001 in the
Spring Creek drainage of southwestern Georgia.

Conservation status
Species

Total found

June

Sep-
tem-
ber

Stable species

Elliptio complanta/icterina
Elliptio crassidens
Toxolasma paulus
Uniomerus carolinianus
Villosa lienosa
Villosa vibex

102
0

16
1

49
33

59
2

59
4

50
23

Sum 201 197

Special concern species

Elliptio purpurella
Lampsilis straminea claibornensis

1
18

4
14

Sum 19 18

Endangered species

Lampsilis subangulata
Pleurobema pyriforme

23
129

23
187

Sum 152 210

were no other significant differences in numbers
of stable species across survey dates. Numbers
of special concern species, endangered species,
and taxa did not significantly change from 1999
to 2001 at sites classified as flowing (Table 4).

The median number of stable species at non-
flowing sites declined significantly from 181 to
71 per site from 1999 to 2001 (p 5 0.01; Table
4). Declines were caused by significantly lower
numbers of E. complanata/icterina (p 5 0.02) and
V. lienosa (p 5 0.004) observed in 2001. Taxa rich-
ness also was significantly lower at non-flowing
sites in 2001 compared to 1999 (p 5 0.02). There
was no significant difference in special concern
species at non-flowing sites. However, endan-
gered species showed a tendency to decline
(1999: 27 versus 2001: 2), although the difference
was not significant (p 5 0.1; Table 4).

Wood debris frequency was significantly
greater (p 5 0.002) (mean: 0.33 logs/m, SD: 0.18,
n 5 10) at sites where mussel populations did
not decline during the drought compared to
sites where declines were observed (mean: 0.11
logs/m, SD: 0.10, n 5 11).

Discussion

Mussel responses to drought

Deforestation, intensive upland agricultural
development, river impoundments, and declines
in native fish species have adversely affected
mussel diversity and abundance in the lower
FRB (Brim Box and Williams 2000). Infrequent
natural disturbances such as droughts may fur-
ther affect mussels by causing physiological
stress or death to individuals or populations al-
ready stressed by habitat alteration.

Freshwater mussels are limited in their ability
to migrate. They must be able to tolerate the
physical and chemical conditions of their im-
mediate environment to survive. Droughts are
usually prolonged, exposing mussels to stress-
ful conditions for extended periods. Early in a
drought, decreases in water depth and flow ve-
locity reduce food and oxygen delivery. As
droughts persist, mussels face hypoxia, increas-
ing water temperature and, ultimately, anoxia or
emersion (being stranded out of water and ex-
posed to air). Mussels have adaptations to a
wide range of environmental conditions, but
many species are considered sensitive to distur-
bance and are unable to withstand low dis-

solved oxygen (DO) concentrations and high
water temperature (Fuller 1974).

Mussels also may suffer lethal and nonlethal
impacts from drought-related habitat change.
Increases in water temperature may shorten the
period of glochidial encystment, slow righting,
burrowing and movement responses, and in-
crease oxygen consumption (Young 1911,
Bartsch et al. 2000). Low DO concentration im-
pairs respiration, slows growth, reduces glyco-
gen stores, and may inhibit reproduction (Fuller
1974). Reduced flow velocity during drought
may be insufficient to suspend glochidia and
superconglutinates (larval mussel masses), re-
sulting in reproductive failure (M. Freeman,
University of Georgia, personal communica-
tion).

Several mechanisms for enduring drought-re-
lated environmental change have evolved
among the Unionidae. Some freshwater mussels
have the capacity to lower metabolic activity in
response to temporary temperature changes
and DO stress (e.g., E. complanata, U. imbecillis,
Pyganodon grandis) (Bayne 1967, Burky 1983,
Sheldon and Walker 1989, McMahon 1991). At
least one freshwater species, Anodonta implicata,
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TABLE 4. Median numbers and interquartile ranges of mussels observed per site for 11 flowing and 10 non-
flowing sites in 1999 and 2001. Numbers of individuals were compared using a Wilcoxon Signed Rank Test.

Median numbers

1999
(interquartile range)

2001
(interquartile range) p-value

Flowing sites

Elliptio complanata/icterina

Elliptio crassidens

Villosa lienosa

Toxolasma paulus

Uniomerus carolinianus

Villosa vibex

Stable spp. combined

Special concern spp. combined

106
(28–690)

1
(0–287)

21
(11–110)

10
(4–25)

6
(1–8)

6
(3–29)

226
(66–1009)

20
(8–53)

176
(29–834)

1
(1–268)

47
(9–95)

11
(8–44)

5
(4–10)

17
(4–61)

314
(60–1351)

22
(10–40)

0.03

0.8

0.5

0.2

0.2

0.04

0.02

0.6

Endangered spp. combined

Taxa richness

3
(3–6)

8
(7–10)

6
(2–13)

8
(6–9)

0.2

0.3

Non-flowing sites

Elliptio complanata/icterina

Elliptio crassidens

Villosa lienosa

Toxolasma paulus

Uniomerus carolinianus

Villosa vibex

Stable spp. combined

108
(19–512)

40
(11–643)

18
(12–62)

2
(1–19)

2
(0–2)

14
(4–34)

181
(67–832)

51
(5–449)

10
(3–16)

9
(0–39)

2
(0–4)

2
(0–2)

8
(2–66)

71
(15–603)

0.02

0.2

0.004

0.4

0.8

0.4

0.01

Special concern spp. combined

Endangered spp. combined

Taxa richness

3
(2–18)

27
(3–50)

6
(6–8)

1
(1–6)

2
(0–14)

5
(4–6)

0.7

0.1

0.02

can produce metabolic oxygen in sufficient
quantities to survive anoxic surroundings
(Eddy and Cunningham 1934). Upon emersion,
other Unionidae may respire through ‘‘mantle
exposure behavior’’, a gaping behavior that per-

mits the exchange of aerial gases through a mu-
cus-sealed mantle margin (McMahon 1991).
Other mussel species are able to switch from
aerobic to anaerobic respiration during times of
anoxia (Holland 1991). Another unionid adap-
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tation is the ability to rapidly migrate deep into
sediments to avoid emersion (White 1979).

Johnson (2001) documented several primary
causes of mussel mortality in the lower FRB
during drought. Dissolved oxygen levels de-
clined in streams as flow decreased. Mussel spe-
cies vary in their tolerances to low DO (see be-
low), but accelerated mussel mortality was ob-
served as DO levels dropped below 5 mg/L
(Johnson 2001). Low flows were also associated
with increased mussel predation by raccoons at
some sites. Thin-shelled species like V. lienosa
and V. vibex were particularly susceptible (John-
son 2001). High densities of the exotic Corbicula
fluminea were also associated with native mussel
mortality. Corbicula fluminea is relatively intol-
erant of hypoxia (McMahon 1979) and died be-
fore native mussel species. However, decay of C.
fluminea accelerated stream stagnation and re-
sulted in native mussel mortality (Johnson
2001).

Freshwater mussel species in the lower FRB
vary in their tolerances to drought stresses. Sev-
eral of the special concern and endangered spe-
cies appeared to be drought intolerant. Johnson
(2001) observed accelerated mortality of Lamp-
silis straminea clairbornensis, Lampsilis subangula-
ta, P. pyriforme, and Medionidus penicillatus at DO
levels below 5 mg/L. Several of the stable spe-
cies, E. complanata/icterina, V. vibex, and V. lienosa
were relatively uneffected by low DO concen-
trations (Johnson 2001). Elliptio complanata/icter-
ina, V. vibex, and V. lienosa were also observed to
withstand extended periods of emersion (John-
son 2001). Elliptio crassidens was sensitive to low
DO concentrations but tended to be limited to
large streams that maintained flow (Johnson
2001).

In our study, changes in total mussel abun-
dance between 1999 and 2001 varied greatly,
ranging from a 93% decrease to a 180% increase
(Fig. 3). Greatest declines in mussel abundance
were associated with stream drying that oc-
curred in the mid-reaches of the major tributar-
ies of the lower Flint River. However, drying did
not result in decreases in mussel abundance at
all non-flowing sites. For example, mussel pop-
ulations remained stable at site 97–150 even
though flow ceased (Figs 1, 3). This site had ex-
tensive wood debris (0.33 logs/m). Johnson et
al. (2001) observed that, as streams dried, mus-
sels tended to congregate in small shaded de-
pressions on the downstream side of wood de-

bris in the streambed. Individuals that moved
into depressions had greater survivorship dur-
ing stream drying than those that remained in
adjacent habitats (Johnson et al. 2001). The role
of wood debris as a refuge for mussels during
droughts has not been widely reported.

A substantial decline in mussel abundance
was also observed at 2 of the flowing sites (91–
020, 97–132; Figs 1, 3). Channel dredging was
observed at site 91–020. Site 97–132 had poor
midchannel mussel habitat (coarse sand) and
low wood debris density (0.08 logs/m). At this
site, most mussels were associated with roots
and stumps along the streambank. Flow per-
sisted at site 97–132, but channel shrinkage may
have caused a decrease in mussel habitat.

Increases in mussel abundance observed at
several flowing sites were not a result of repro-
duction, as few small individuals were observed
during 2001 resurveys. The apparent increases
are attributed to greater sampling efficiency be-
cause conditions for observing mussels were
better at these sites (i.e., lower flows, clearer wa-
ter) in 2001 compared to when they were sam-
pled in 1999. All of the sites showing declining
mussel populations were surveyed under com-
parable or more favorable conditions for observ-
ing mussels in 2001 than in 1999.

The results of our study generally concur
with the observations of Johnson (2001). We ob-
served substantial declines in mussel abun-
dance in non-flowing streams, but substantial
numbers of E. complanata/icterina, V. lienosa, and
V. villosa survived at some of the sites. Several
of the special concern species including, L. s.
claibornensis, V. villosa, and L. subangulata
showed declining trends or disappeared from a
number of non-flowing sites suggesting intol-
erance to drought stress. The drought tolerance
of other mussel species in the lower FRB re-
mains undocumented.

Drought frequency in the southeastern US

Persistent droughts are a regular occurrence
in the lower FRB and southeastern Coastal
Plain. Droughts are associated with periodic El
Nino–Southern Oscillation, cyclical variations in
the tropical Pacific Sea surface temperatures
(Hoerling and Kumar 2003). Droughts occur
during extended cold phases (termed ‘‘La
Nina’’), which promote the formation of persis-
tent high-pressure systems preventing the in-
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flux of moisture from the Gulf of Mexico (Gold-
en and Hess 1991, Hoerling and Kumar 2003).
Persistent droughts have occurred in the region
in the 1930s, 1950s, 1980s, and late 1990s (Gold-
en and Hess 1991).

The late 1990s drought (1998–2002) was not
limited to the southeast but extended across the
mid-latitudes of the Northern Hemisphere
(Hoerling and Kumar 2003). The drought was
associated with La Nı̀na conditions in the Trop-
ical Pacific Ocean and anomalous warming in
the western Pacific and Indian Oceans. Global
climate models associated the anomalous warm-
ing of the western Pacific and Indian Oceans to
increased greenhouse gases in the atmosphere
(Hoerling and Kumar 2003). There is uncertain-
ty on whether conditions that led to the late
1990s drought will become more frequent as
global climate change occurs. However, the po-
tential exists for more frequent and extended
droughts in the lower FRB under some global
change scenarios (Hoerling and Kumar 2003).

Multiyear droughts have a major impact on
hydrology of the lower FRB because aquifer re-
charge is reduced. Low recharge rates cause a
gradual decrease in groundwater to support
summer base flow in streams. Drought effects
are compounded by human water use, which
increases in the absence of normal rainfall. Be-
cause extensive human appropriation of water
is a recent development, the severity of drought
stress on streams and rivers in the lower FRB
may be intensifying.

In conclusion, the greatest declines in mussel
abundance in our study occurred in the mid-
reaches of the major tributaries of the lower
Flint River. Many of these areas dried complete-
ly during the drought conditions of the summer
of 2000. The major tributaries of the lower FRB
depend on the Upper Floridan aquifer, which is
heavily used for irrigation, to maintain base
flow. Declines in mussel populations appear to
be associated with unusual climatic conditions
and increasing demand on the streams in the
area and the regional aquifer system for irriga-
tion water supply. Thus, infrequent disturbanc-
es, such as the 2000 drought, stress the remain-
ing populations and accelerate the loss of fresh-
water mussel diversity from the lower FRB.

The contribution of wood debris to the struc-
ture and function of Coastal Plain streams has
been widely noted (e.g., Wallace and Benke
1984), but the potential for wood debris to act

as a refuge for freshwater mussels has not been
recognized previously. Historically, wood debris
removal from streams was a common practice
that provided wood products, facilitated navi-
gation and recreation, and provided flood con-
trol (Wallace and Benke 1984). The practice still
occurs in the southeastern Coastal Plain (SWG,
personal observation). However, until the signif-
icance of wood for freshwater mussels has been
further studied, wood removal should be avoid-
ed in areas where freshwater mussel conserva-
tion is a priority.
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