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ABSTRACT

Hypoxia {oxygen scarcicy} is widespread in cropical freshwaters, particularly in dense swamps, and may be an important
factor strucruring benthic macroinvertebrate communities. Macroinvertebrares show a diversity of respiratory modes
ranging fram atmospheric breathing to tracheal gill breathing, and these adapracions affecr their ahilicy to use hypoxic
water. The abjectives of chis study were co (a) deseribe the benthic macroinvertebrate community from ten swamp
and river sites in Kibale National Park, Uganda, (b} determine the degree to which dissolved oxygen explains variation
in abundance of respiratory groups (tava with a similar respiratary mode) among sites, and (c) test for significant
seasonal variation in the abundance of the numerically dominant respiratory groups. Macroinvertebrates from monchly
collections over a two-year period were identified o the lowest taxonomic level necessary to place them in funetional
tespiratory groups. Across all sites, both the relacive and absolute abundance of atmospheric breathers {z.¢., pulmonate
snails and nepids) and mande/cenidia breachers (primarily fingernail clams) were negatively correlated wich dissolved
axygen, while che abundanee of tracheal gill breachers (e, anisopterans and zygoprerans) was positively correlared
with dissolved oxygen. We did not detect significant seasonal trends in catch per unie effort of numerically dominant
respiratory groups. Dissolved oxygen concentration was a good predictor of the abundance of some respiratary groups

and may be 2 key factor in maincining the sceuccure and diversiey of these assemblages,

Koy words:

EFFECTIVE OXYGEN UPTAKE I5 CRITICAL TO THE LONG-
TERM SURVIVAL of most aquatic invertebrares; how-
ever, the physical properties of water make dis-
solved axygen acquisition a challenge even under
normaxic conditions. A given volume of water can-
raing abour 1/30th the oxygen of the same volume
of air, and water 1s about ca 800 times denser than
air {Dejours 1994, Nikinmaa & Salama 1998). In
addition, there are many aquatic systems in which
water daes not remain saturaced with oxygen, in
particular, waters characterized by low light, re-
duced mixing, and high races of organic decom-
positior.
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Aquatic macroinvertebrates exhibir an impres-
sive diversity of respiratory adaptations. These
strategies have associated costs and benefits thac
vary with ecological context and affect the abiliy
of invertebrates wo use hypoxic waters, Numerous
studies have cansidered the influence of dissolved
oxygen availability on the behavior, growth, ener-
getics, and/or survival of various aquatic macroin-
vertebrate raxa including chironomid larvae (Wals-
he 1948), zygopteran larvae (Eriksen 1986), ple-
copteran larvae (Madsen 1968, Gaufin ef 4L 1974},
ephemeropteran larvae (Gauhn ez 2/ 1974, Winter
et al 1996), rrichopteran larvae (Fox & Sidney
1993, Gaufin et 2l 1974), dipteran larvae (Gaufin
et al. 1974), crustaceans (Huddare & Archur 1971,
Gaufin et 4l 1974, Sprague 1963, Stickle ez af.
1989}, mollusks (Stickle ez 2f 1989), and hirudi-
nids (Davies er /. 1992). As 2 consequence of dra-
matic variation armong caxa in hypoxia twlerance,
there is often a close associadion beoween dissolved
oxygen availability and the presence or absence of
particular aquacic invertebrate groups within a
communicy {Hoback & Scanley 2001). This has
facilitated the use of aquatic invertebrates as hio-
indicatars of water quality (Hellawell 1986, Rosen-
berg & Resh 1993).

Much of our understanding of the links be-
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tween dissolved oxygen and invertebrace assem-
blage structure in freshwacer and marine systems
derives from studies linking general indices of com-
munity struccure (eg:, richness or diversity) o dis-
salved oxygen availabilicy (Flemmer ez 2/ 1999,
Riccer & Montagna 1999). Another useful merric
may be the sbundance and diversity of caxa
grouped by respitatory mode. We use the cerm re-
spiratory mode to characterize groups of taxa with
similar respiratory stracegies thac exploit oxygen in
a similar fashion. This funcrional categorizacion fa-
ciliates camparison of communities by focusing on
specific respiratory modes, and permits an evalya-
tion of the role of dissolved oxygen as a predicror
of groups of taxa that share a similar respiratory
strategy regardless of raxonomic affiliation. We do
noc imply chat these groups interact among them-
selves more strongly thac with other members of
the communiry.

For aquatic insects, Eriksen et &l (1996) rec-
ognize eight major respiratory strategies: acmo-
spheric, plant breathers, remporary air store, per-
manent air store (plastrons), permanent air store
(spiracular gills), cracheal gills, cutaneous breathers,
and insects with hemoglabin. Other aquatic inver-
tebrates, such as oligachaetes and air-breathing gas-
tropods, can also be placed inco these or other re-
spiratory categories.

Tnseces thac use aerial respiration and rely on
cicher stationary air sources {atmospheric breachers)
ot transportable air stares are characterized by open
tracheal systems that exchange respiratory gases
with the armosphere through spiracles (Eriksen e
2l 1996}, Aemaspheric breathers are not depen-
dent on the oxygen concencration of the water in
which they reside but must periodically connect
directly with the atmasphere or remain mare or less
permanerttly ac the aic—wacer interface (Ward 1992,
Williams 8¢ Feltmace 1992, Eriksen er 2/ 1996).
Plant breathers pierce and tap specialized air cham-
bers in aquatic plants with modified spiracles (Erik-
sen. et af. 1996); bur they are not reporred in this
study. QOther noninsece aquatic macroinvercebrates
that can be classified as atmospheric breathers in-
clude the air-breathing gastopods. In this group
{pulmenate snails), the mantle cavity has been con-
verted into a pulmonary chamber, and in most spe-
cies, periodic excursions to cthe surface are used e
aobtain a fresh supply of air (Pennak 1989, Healy
2001). Transportable air score breathers are inseces
that carry their own air supply and can stay sub-
merged longer and be more active than atmospher-
ic breathers. When a transporcable air store is ex-
posed to the warter, it serves as an air reserve but
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can also act as a physical gill extending the time
under water (Ward 1992, Williams & Felrmare
1992, Eriksen er 2l 1996). Three types of crans-
portahle air stores are found in Insects: temporary
air storage, permanent aic storage {plascron), and
permanenc air scorage (spiracular gills).

Inseces with closed tracheal systems have no
functional spiracles, so gas exchange must accur by
diffusion through the cuticle. This group includes
[WO Major respiratory Categories: CUtaneous respi-
ration and tracheal gills (Eriksen ez 4/ 1996). Many
larger and mare active water-breathing insects have
developed tracheal gills (e.g., mayfly, dragonfly, and
damselfly larvae) that can be imporcanc sices for gas
exchange, but when external, may alse serve other
functions including locomation {Burnside & Rob-
insen 1993} and predator escape (Robinson ez af
1991). Virrually all aquaric insects use cutaneous
respiration to satisfy some portion of their oxygen
uptake (Ward 1992). Some insects, however, rely
entirely on this respiratory made during the aquartic
compaonent of cheir life cycle or during cheir eatly
life stages (Ward 1992, Eriksen et 2l 1996). Qcher
neninsect taxa that rely on curaneous respiration
include several of the oligachaetes and hirudineans
{(Rouse & Anderson 2001). Among cutaneous
breathers, there is much variation in rolerance to
hypoxia. For example, some oligochaetes have he-
moglobin and can tolerate excreme hypoxia (Barnes
1974}. Among aquaric insects, hemoglobin is re-
stricted o some species of noronectids and chiron-
omids (Eriksen et 2l 1996), the larrer of which are
cutaneous breathers. In this study, taxa relying pri-
marily on cutaneous respiration were rare in our
samples and were grouped rogether regardless of
the presence of respiratory pigmencs; however, we
also independently analyzed relationships berween
dissolved oxygen and abundance for chironomids
with respiratary pigments.

Warer-breathing mollusks (parciculasly clams)
and freshwater prawns (Decapoda) were common
at some sites reported in this study. In warter-
breathing mollusks, the majority of respiracory ex-
change is effected by one or more pair(s} of ce-
nidial gills housed in the mande caviry, although
the mantle and general body surface may also con-
tribute o respiratory exchange {(Pennak 1989,
Barnes ez 2l 2001}, In freshwater prawns, a large
carapace that covers the head and thorax encloses
the gills, which we refer to as thoracic gills (Barnes
et al. 2001, Greenaway 2001).

I chis study, we considered the importance of
dissalved oxygen concentration as a prediceor of the
abundance of macroinvertebrate respiratery groups
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in an East African river—swamp system. Qur ob-
jectives were 1o (1) describe the benthic macroin-
vertebrate communicy from ten sites in a2 swamp—
river system in Kibale National Park, Uganda wich
respect o funceional respiratory groups; (2) deter-
mine the degree to which. the dissolved oxygen con-
centration can explain variation in the relative and
absolute ahundance of individual respiratory modes
amang sites; and (3} rtesc for significanc seasonal
variation in the abundance of the numerically
dominanc respiratory groups. Our sites included
dense papyrus swamps, fasc-flowing rivers, and in-
termitrent streams. Mean dissolved oxygen concen-
tration varied among these sites from extreme hyp-
oxia to normoxia (Chapman er 4/ 1999, 2000},
providing a high level of nawral variadon in dis-
solved oxygen.

METHODS

Stupy Site—Macroinvertebrates were sampled
from a swamp-—river system in Kibale National Pack
in wescern Uganda (0°13'-0°41'N, 30°19'-
30°32'E). The park is an equacorial moisc ever-
green forest, cransitional berween lowland rain for-
est and montane foresc {(Chapman & Lambert
2000). Approximately 60 percent of the 766 km?
park is characrerized by rall forest with the canopy
generally 25-30 m high, and che remainder is com-
prised of a mosaic of wetland, grassland, pine plan-
tations, thicket, and colonizing forest (Chapman &
Lamberc 2000). Rainfall in Kibale National park
averages 1749 mm of rainfall annually (1990-
2001}, wich two distinct wet and dry seasons. The
drier mondhs include May—August and Decembes—
February. The rainy season produces higher dis-
solved oxygen levels in swamps and incermiccent
streams than the dry season (Chapman ez 2L 1998,
2000).

The forest is drained by two major perennial
rivers, the Dura and Mpanga rivers, both of which
are tributaries of Lake George (Fig. 1). These rivers
are fed by numerous small forest screams, many of
which are incermictent. Extensive valley swamps
dominated by papyrus (Cyperus papyrus) characrer-
ize both river systems. Ten sites were selected for
this study te include swamp, intermitrent stream,
and river habitar within the two river systems. The
Rwembaita Swamp is one of che largest in Kibale
National Park, 6.5 km in [ength, and feeds che
Njuguea River, a tribucary of the Mpanga River.
The swamp is dominated by papyrus averaging 5
m in height. In the dense swamp, minimal expo-
sure to incidenc light, low levels of mixing, and
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FIGURE 1. Map of Kibale National Park, Uganda, in-
dicacing the two major drainage systems (Dura River and
Mpanga River), the Rwembaita Swamp system, and che
ten sites in which benthic macroinvertebrates were sam-
pled over a cwo-year period. 1: Mikana-up; 2: Mikana-
low; 3: Rwembaita Swamp-up (RSW-up); 4: Rwembaira
Swamp-mid (RSW-mid); 5 Rwembaita Swamp-low
{(RSW-low); 6: Inler Scream West (Inler Wese): 7: Inlet
Stream East (Inlet East); 8: Mpanga River (Sebaroli}; 9:
Duta River-mid (Dura-mid}; and 10: Dura River-power-
line (Dura-PL).

high rates of organic decomposition produce ex-
tremely hypoxic conditions (Chapman 8 Liem
1995; Chapman e 2f 1998, 1999, 2000}. Three
sices in Rwembaita Swamp were sampled (Fig. 1};
these sites were characterized by extreme hypoxia,
but mean dissolved oxygen levels varied among the
sites, All chree swamp sites were characterized by
low flow and shallow depth (average depth of sam-
pling sites = 33 cm). Three perennial river sites
{(width ¢z 10-15 m)} situated in primary forest were
sampled: Mpanga River (Sebatoli), Dura River
{mid), and Dura River (Powerline, PL; Fig. 1).
These three river sites were characterized by rela-
tively deeper water (average depth of sampling sices
= 50 cm), faster flow, and much higher dissolved
oxygen concencration than the swamp sices. Sam-
ples were also taken from four intermitcent screamn
sites {1-2 m in width) situated in secondary forest:
Mikana Stream (up), Mikana Screarn (low), Inlet
Strearn Ease, and Inlet Stream West (Fig. 1). Flow
in these systems was intermicent and depth was
relatively shallow (average depth of sampling sices
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= 25 cm). Mean dissolved oxygen values varied
among the four sites bur were generally interme-
diate between the hypoxic swamp and the peren-
nial river sices.

Sameung  METHODs~—Duplicate readings of dis-
solved oxygen and water temperature were collecc-
ed manchly over the two year study (April 1996—
May 1998} at an average of six representative hab-
itats {microsites) within each of the ten sites using
2 YSI meter (model 31B or model 93}). Microsites
wete selecred to cover the range of major habitacs
in each site. In the closed cover af the forest and
papyrus swamp, diel variation in dissolved oxygen
and water temperature tends to be very low (Chap-
man & Liem 1995, Chapman et 2l 1998). There-
fore, measurements were taken once per sampling
day between 1100 and 1500 h. Rainfall data were
collecced at the Makerere Universicy Biological
Field Seation, located ¢z 3 km from the Rwembaita
Swamp.

Benthic macroinvertebrace samples were col-
lected monthly ac each micrasite for which dis-
solved oxygen was measured. Due 10 elephant and
rebel activities that precluded sampling of some
sites in some months and loss of same samples to
desiccation in transit, sample size (oumber of cal-
lections) averaged 20 per site. At each swamp and
stream location, duplicace scoop nets (frame size 12
x 16 inches, depth of 7 inches, mesh size 1/8 inch)
were taken by discurbing and scooping the bottom
substrate. Ar the three larger rivers, criplicace sam-
ples were caken (side, middle, and oppasite side of
the river) at each of six sites. At the swamp sites,
samples were taken in pools on the mar and within
deeper channels. Samples from all microsices within
a location were combined to produce a monthly
sample. We chose to sample wich scoop nets be-
cause our protocol included a broad range of sites
from dense swamp to gravel streambed. Therefore,
other conventional sampling gears {(e.g, dredges/
cores} would have been difficule to standardize
across sites. Scoop net samples were sorted directly
in che field. We therefore primarily collected large
macroinvertehrates visible to the naked eye. Most
organisms were benthic, but occasional mid-warer
and surface-dwelling invertebrates were captured by
the net. Although chis sampling method was selec-
tive, it did permic standardization across a broad
range of habitac types.

Samples were preserved in formalin and later
transferred into 70 percent echanol. The macroin-
vertebrates were identified to the taxonomic level
necessary ta place them in functional respiratory
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categories based an the major mode of oxygen up-
take (atmospheric breathers, cemporary air store,
permanent air store breacher (plastron), permanent
air store (spiracular gills), curaneous respiratien,
wacheal gills, and mantle/ceenidia, and choracic
gills). Planc breathers were not found in our study.

Anaryses.—We describe mean values (£5E) of dis-
salved oxygen concentration for each site, where
means represent the average of monthly samples,
To evaluate the relative degree of seasonal variation
in oxygen atnong sites, we used che coefficient of
variation {CV; Sokal & Rohlf 1981). The CV was
calculared as the standard deviation of the monthly
mean dissalved oxygen concentration divided by
the mean.

The relative abundance and cacch per unic ef
fore of taxa comprising respiratory groups were de-
cermined for each site. This was done for the cu-
mulative sample for each individual sice (combined
across the 2 yr sampling period). Relative abun-
dance was calculared as che number of organisms
of a particular respiratory mode at 2 site expressed
as a percentage of the total number of benthic mac-
roinvertebrates collected, and catch per unic effare
was calculated as the number of a particular raxa
per scoop sample {mulciplied by 10 for presenta-
tion}. Linear regression analyses were used to detect
significanc reladonships between the abundance of
macroinvertehrates of different respiratory modes
and dissolved oxygen concentration. To examine
seasonal changes in abundance, we selected the
eight wettest and the eight driest months for each
site aver the study period, and che catch per unic
eftort of the three numerically dominant respira-
tory categories was calculated for these owo periods.
Twa-way ANOVA was used to detect effects of sea-
son (wer vs. dry) and site (swamp, intermiccent
stream, and river).

RESULTS

Dhssarven Oxygen ConcentraTiON—Mean month-
ly dissalved oxygen concentration (DQ) was highly
variable among sites. The lowest mean values were
recorded at the chree swamp sites, and ranged from
1.08 = 0.14 mg/licer (SE) ar RSW-mid to0 2.55 *
0.19 mgfliter ar RSW-low (Fig. 2). At the incer-
mitcene sites, dissolved oxygen ranged fram 3.79 *
0.18 mg/licer at Inlec East to 7.12 * 0.19 mg/licer
at Mikana-low {(Fig. 2}. The chree river sices were
very similar in mean DO values, ranging from 6.31
* 0.20 mgfliter at Dura-PL to 7.46 = 0.16 mgf
liter ac the Mpanga River (Sebacoli; Fig. 2).
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FIGURE 2. Mean monthly dissolved oxygen concen-
tracion {mgflicer = SE} ar cen sites in Kibale Natjonal
Park, Uganda. Sites included three swamp sites (RSW-
mid, R§W/-up, and RSW-low), four interrmiccenc sceeam
sices {Inler Ease, Inlec Wese, Mikana-up, and Mikana-
low), and three river sites (Dura PL, Dura-mid, and
Mpanga-Sebartoli); site locations are indicated in Figure
1. Means represent the averzge of monchly samples caken
at several microsites within each locarion.

The variation among months, reflecting season-
al change, was highest ac the three swamp sites (CV
= 0.66, 0.44, and 0.37 for RSW-mid, RSW-up,
and RSW-low, respectively). Mean levels were gen-
erally higher in che wer season. At the river sites,
variation was much lower over the year (CV =
0.14, 0.08, and 0.10 for Dura-PL, Dura-mid, and
Sebatoli, respectively}. Intermittent stream sites
were intermediate in their levels of seasonal varja-
don (CV = 0,23, 0.23, 0.10, and 0.13 for Inlec
East, Inlec West, Mikana-up, and Mikana-low, te-
spectively), but generally showed seasonal increase
in DO associated with seasonal increase in precip-
itation. Warer temperature varied lictle across sices,
ranging from an average of 17.2°C ar Mikana-low
to 19.2°C ar the Mpanga River (Sebacali).

INTERSITE VARIATION IN THE ABUNDANCE OF RESPI-
rATORY Mopes~—Assemblage structure based on
the abundance of groups characterized by respira-
tory mode varied dramatically among sites (Table
1}. The three swamp sites were dominated by two
tespiratory modes. Water-breathing mollusks
{mande/ceenidia breathers) were the mosc numer-
ically abundant benthic macroinvertebrates ac the
swamp sites, comprising 44, 55, and 66 percent of
the collected invercebrates at RSW-mid, R§W-up,

and R§W-law, respectively (Table 1 and Fig. 3). At
the swamnp sites, this respiratory group consisted
entitely of che clam Sphaerium sp. Atmospheric
breathers were also excremely common ac che
swamp sites, comprising 38, 32, and 27 percent of
collecred invertebrates at the same chree sites, re-
specively. Atmaspheric breathers consisted primar-
ily of the pulmonace snail (Biomphalaria sp.) and
water scorpions (Nepidae; Table | and Fig. 3). Sur-
prisingly, tracheal gill breathers {primarily odo-
nates) alse occurred ac the swamp sites (5, 9, and
5% for RSW-mid, up, and low, respectively}. Oth-
er groups, including invertebrates with temporacy
air stores (eg, gyrinid, dytiscid, and hydrophilid
adults) and cutaneous breachers (2., chironomids,
hirudinids, and oligochaetes} also occurred at the
swamp sites but in low abundance (Table 1 and
Fig. 3). We did not record invertebrares with per-
manenc air scares (e.g., plastrons or spiricular gills)
or any non-ajr-breathing gastropods in the swamp
waters {Table 1). Catch per unir effore dara revealed
very similar patterns to relative abundance trends.

Assemblage struccure ac che three river sites was
in sharp contrast to the three swamp sites. Mast
notable was the very high percentage of wracheal
gill breachers {81, 56, and 86% for Dura-mid,
Dura-PL, and Sebatoli, respeccively; Table 1 and
Fig. 3). The tracheal gill breathers consisted pri-
marily of odonates, bur also included ephemerap-
terans, plecoprerans, and uichopterans (Table 1).
Atmospheric breathers were rare at the three river
sites and consisted primarily of tipulid larvae (Table
1). Water-breathing mollusks occurred ar all the
river sites. Unlike che swamp sice, che clam Sphae-
#item sp. was extremely rare, but prosobranch snails
were found at rwo of the three river sites. Members
of other respiratory groups were recorded in low
abundance, including one respiratary mode not re-
corded from our swamp sites (permanent air store
breathers with plastrons).

Assemblage structure varied substantially across
the four intermittent streams, which may have re-
flected the range of variation in their physicochem-
ical characteristics and position relative to the
swamp in which they feed. In general, the four
streams were characterized by a higher relacive
abundance of tracheal gill breathers than che
swamp, but a lower abundance than the three river
sites {40, 20, 71, and 47% for Inlet East, Inlet
West, Mikana-up, and Mikana-low, respectively;
Table 1 and Fig. 3). It is notable thac the highest
relative abundance of tracheal gill breachers was re-
corded ar Mikana-up, the site farthest from the
Rwembaita Swamp (e 1200 m upstream). Atmo-
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spheric breathers occurred in relatively high abun-
dance at the three stream sites near the swamp (33,
25, and 30% for Inlet East, Inlec West, and Mi-
kana-low, respectively), but were rare at Mikana-
up {9%; Table 1 and Fig. 3). Water-breathing mol-
lusks {consisting primarily of Sphaerium sp.) oc-
curred in high abundance at Inlet West (48%) and
Inler Easc (21%), but were excremely rare at Mi-
kana-low (0.8%) and absent from Mikana-up. All
other respiratory groups, with the exception of
decapods {thoracic gills), were caprured in low
abundance at one or more of the intermictent
screamn sices (Table 1 and Fig. 3).

Dissorven Oxvcen As 4 PREDICTOR OF THE ABUN-
pance oF REeseiraTory Mobpes—Across the ten
sites, the relative abundance of air breathers and
water-breathing mollusks (mante/ctenidia) was
negatively relaced o mean dissolved oxygen con-
centration (atmospheric breathers: » =—0.753, P
= 0.012; mantle/ctenidia: » =—0.837, P = 0.003,
Figs. 4 and 5). The relationship between dissolved
oxygen concentration and the relative abundance
of water-breaching mollusks was driven by one tax-
on (the clam Sphaerizm sp.); the relationship was
not significant when the clams were removed from
the group (r = €.294, P = 0.409). The relative
abundance of tracheal gill breachers was pasitively
correlated with dissolved oxygen (» = 0.875, P =
0.001), and the abundance of invertebrates with
permarnent air stores (plastrans} showed a similar
trend (v = 0.561, P = 0.091; Figs. 4 and 5). For
all cutaneous breachers and for just chironomids,
we analyzed the relatjonship with dissolved oxygen
concentration and detecced no significant relation-
ships (Fig. 4). Dissolved oxygen was not a signih-
cant prediccar of che relative abundance of the oth-
er respiratory modes (Fig. 4). Relationships be-
tween catch per unic effort of respiratory groups
and mean DO showed very similar trends (Fig. 4).

Seasonal Trenps~—To examine seasonal trends,
we focused on the three dominant respiratory cat-
egaries (atmospheric breathers, tracheal gill breath-
ers, and water-breathing mollusks [primarily Sphae-
rium sp.]). Across the ten sites, the catch per unit
effort of the three respiratory groups was similar
between the dry season (eighe driest months com-
bined} and the wet season (eighc wettest months
combined; Fig. 6). Two-way ANOVA was used to
detect effects of season (wet vs. dry) and habirae
{swamp, incermiccent screamn, and civer). For all
chree respiratory modes, habitat effects were signif-
icant; however, there was na significanc season ef-
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fect ar interaction of habirac and season for any of
the chree groups {Table 2).

DISCUSSION

Aquadc macroinvercebrates exhibit a wide diversicy
of respiratory adaptations from atmospheric
breathers to chese dependent on uptake of dis-
solved oxygen. In the rivers, stcreams, and swamps
of Kibale Naticnal Park, Uganda, assernblage scrue-
ture of the macroinvercebrate communicies based
on respiratoty mode was highly variable among
sices, and dissolved oxygen concentration was a sig-
nificant predictor of the relative and absalute abun-
dance of the numerically dominant respiratory
modes.

Parteens of Dissorven OxyceN CoNCENTRATION.—
Hypoxic waters are prevalenr in extensive areas of
papyrus swamps (C papyrus) chat dominate much
of the $5,000 km? of permanent wetland on the
African continent (Beadle 1981, Thompson &
Hamilton 1983). In the papyrus-deminared
Rwembaita Swamp, we found chac dissolved oxy-
gen conceneration averaged 1.7 mg/licer across our
three swamp sites. These values were not unusually
low for papyrus swamps and some ocher heavily
vegetated tropical swamps, Carer (1953) reported
oxygen values averaging less than 0.1 mg/liter for
the nearshore areas of littoral papyrus swamps in
Lake Victeria, and average values of 2.5 mg/liter
for the interface berween papyrus and pelagic wa-
ters. Elsewhere in the tropics, Carter and Beadie
{1930) found widespread extreme hypoxia in the
swamnps of the Paraguayan Chaco, where oxygen
levels wichin 1 em of the surface fell to less than
0.1 mg/liter for many days at a time.

Qur four intermittent stream. sites varied in
mean oxygen levels from 3.8 mg/liter at Inlet Ease
o 7.8 mg/liter ac Mikana-low. It is likely chat the
intersite variation reflected a number of factors, in-
cuding gradienr, wedand input, groundwater, and
cerrestrial concribucions. Upsereamn of Inlet East is
a large wetland, which feeds hypoxic wacers inco
this low-gradient stream. In contrast, Mikana-low
atiginaces from a small forest wetland 1200 m up-
stream and sits below a small waterfall. The dhree
river sites were characresized by high DO wich the
lowest mean value at Dura-PL, which may have
reflected che input of a large papyrus swamp ez 3
km upsteam of che site.

Seasonal variation characterized by the coeffi-
dlenr of variadon in monchly values was highesr at
the swamp sites and lowest at the river sites. In our
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TABLE 1.

The selative abundance of benthic marroinvertebyates in respiratory mode categories from scoop ner samples

collected a1 ten sites (three swamp, four intermittent stream, and three viver) in Kibale National Pavk, Uganda,
Samples were collected aver a two-year peviod and identified to the lowest taxonomic lovel that aflowed asign-
ment to @ vespiratory category. The total number of specimens is indicated for each site in the final row, and
sites vefer to lacations indiwated in Figure 1. L: larval; A: aduly; and All: 2ll life hitrory stages.

Inlet
Respiratary Mode Taxa and Life Scage RSW-mid RSW-up RSW-low  East
Armospheric breachers Diptera: Tipulidae (L} 0.00 1.27 0.44 2.07
Tabanidae (L) 0.00 0.00 0.00 0.00
Hemupeera: Geridae (L, A) 0.00 0.21 0.00 0.00
Nepidae (L, A} 4,50 1210 3.09 4.14
Velidae (L, A) 0.00 000 000 069
Gastrapoda: Physidae (All} 0.20 0.00 9.56 10.34
Biomphalaria (All) 33.54 18.47 13.53 15.86
Temporary air store Coleoptera: Dyuiscidae {A) 1.23 0.85 0.29 0.00
Gyrinidae {(A) 2.04 0.85 1.18 3.45
Hydraphilidae (A} 1.23 0.42 0.15 0.09
Hemiptera: Belistormaridae (L, A}  0.20 0.00 0.00 0.00
Carixidae (L, A) 0.20 0.00 0.00 0.00
Naucaridae (L, A) 0.00 0.21 0.00 0.00
Notanecridae (L, A) .20 0.00 0.00 0.00
Pleidae (L, A) 0.00 .00 0.00 0.00
Permanent zir score Coleoptera; Elmidae (A) 0.00 .00 0.00 0.00
{plastrons)
Permanent air store Diptera: Sirnuliidae (P} 0.00 0.00 0.00 0.00
{spiracular gills)
Tracheal gills Ephemeroprera (L) 0.41 .21 0.59 5.52
Coleoptera; Gyrinidae (L) 0.00 .00 0.00 4.83
Elmidae (L} 0.00 0.00 0.00 .00
Qdonara {L) 7.98 5.10 4.41 24.83
Plecoptera (L) .00 .00 0.00 0.00
Trichaptera (L) .61 .00 0.44 4.83
Cutaneous Hydracatina (All) 0.00 .00 0.00 0.00
Diprera: Ceratopogonidze (I} 0.00 Q.00 0.15 0.00
Chironomidae (L} 2.45 446 .00 0.69
Turbellaria 0.00 0.00 0.00 0.00
Annelida: Hirudinea {All} 0.00 .42 ¢.00 ¢.00
Qligochaera {(All) 0.61 0.64 ¢.00 0.69
Nematoda 0.00 0.00 0.00 0.00
Mancleferenidia Gastropada: Prosobranchia (.00 (.00 .00 0.00
Bivalvia: Sphastiun sp. 44.17 54.78 66.18 20.69
Tharacic gills Decapoda (All) 0.41 0.00 .00 .00
Unknown (.00 .00 0.00 0.69
Total no. of specimens 489 471 680 145

earlier studies of these systems, we found thar dis-
solved axygen in the swamp increases with. seasonal
precipitation, but there is a potential lag effect be-
cause of the extensive laceral expansion of the
swamp in the early stages of seasonal flooding thar
retards the anticipated increase in water flow
{Chapman & Liem 1993) and the resuspension of
oxygen-demanding materials (Chapman et 2l
2000). Intermittent stream sites in Kibale also show
seasonal increases in DO associated wich rainfall;
however, cheir response time is faster (Chapman ez
al. 2000).

Dissorven OxyGEN as A PREDICTOR OF THE ABUN-
DANCE OF REspraTORy Mopes.—Acrass the ten
sites, mean dissolved oxygen concentration was a
significant predictor of both the absolure and rel-
ative abundance of the most numerically deminane
respitatory groups. The CPUE of atmaspheric
breathers was negacively correlated with dissolved
oxygen concentration. [n Kibale National Park, chis
respiratory mode was dominated by pulmenate
snails (Biomphalaria sp.)) and nepids (Laccotrephes
brachialis and Ranatva fuscoannulars). This group
is well adapred to low dissolved oxygen availabilicy
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TABLE 1. Extended
Inlet West Mik.-up Dura-PL Mik.-low Dura-mid Sebatali
1.0G 272 0.77 273 0.76 0.28
0.00 (.34 0.00 0.27 0.00 Q.00
0.00 0.17 0.00 0.27 0.25 0.00
4,98 155 0.400 9.84 0.00 0.28
0.00 0.17 0.00 0.00 0.00 0.00
0.00 .00 0.00 0.27 0.00 0.00
19.40 3.23 .52 17.21 0.25 0.56
0.00 0.68 0.00 2.19 .00 .00
3.98 3.40 .04 4,10 .00 0.28
0.00 0.51 .00 1.37 .00 0.00
.00 0.00 0.00 0.00 .00 0.00
.50 0.00 .00 0.00 0.25 0.00
.00 0.17 2.58 0.00 2.03 7.50
0.00 0.51 0.00 0.00 0.00 0.00¢
0.00 0.00 0.26 0.00 .00 0.00¢
(.00 0.00 .26 0.27 Q.51 0.00
0.50 a.17 0.0¢ .00 (.00 0.00
1.99 10.88 6.19 10.66 15.99 43.61
0.50 0.17 0.00 3.55 0.0¢ 0.00
0.00 0.00 0.00 0.00 0.00¢ .28
12.94 49 66 47.16 6.28 52.54 39.44
0.50 0.17 0.00 219 4.57 0.28
4,48 9.86 2.58 2432 8.12 3.06
0.00 (.00 0.00 0.00 0.25 0.00
(.50 0.17 0.00 0.00 0.00 0.00
0.00 1.70 0.77 5,28 0.29 0.00
0.00 10.71 .26 .27 0.25 0.00
0.00 (.34 04.00 5.19 0.00 0.00
(.50 1.70 6.19 1.37 1.27 1.94
0.00 0.00 .00 0.27 (.25 .00
0.50 0.00 5.1% 0.55 0.00 0.56
47.76 0.00 0.00 0.27 0.2% 1.67
0.00 0.00 27.06 0.00 12.18 0.00
0.00 0.00 0.26 0.27 0.00 0.28
201 588 3814 366 394 360

because their axygen uptake is independent of dis-
solved oxygen. Nepids (Nepidae) comprised a large
component of atmospheric breathers in che swamp.
They often rest on vegetation but must return re-
peatedly to the surface to breache. Their abundance
in the swamp sites was very high and may have
been undetestimated by our benthic-ariented sam-
pling. Interescingly, Mikana Stream (low), an in-
termitcent stream site, also had a high abundance
of atmospheric breachers even chough ic was char-
acterized by refatively high dissolved oxygen con-
tent. This site, however, s at the outflow of the
stream Into the swamp where snails {atmospheric
breathers) are very common. It may represenc an

ecotane area in which the composition of the fauna
is affected by the adjacent swamp site. In the fase-
flowing river sites, air breathers may also be limited
by the rapid ow that may constrain stable con-
nection with the acmosphere (Eriksen et 2l 1996).

The absolute and relarive abundance of che fin-
gernail clam Sphaerium sp. was negartively related
w0 dissolved oxygen concentration. The fingernail
clams are euryoxic, withstanding a wide range of
dissolved oxygen conditions (McKee & Mackie
1983, Holopainen & Pencdinen 1993). This allows
them to reside in the hypoxic swamps and intes-
mittent streams. Hypoxic conditions, hawever, may
come at a cost by greatly reducing their metabalic
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FIGURE 3. The relative abundance of benthic inver-

tebrates grouped by respiratory mode at ten sites in Ki-
bale National Park, Uganda. Values represent the average
of monthly samples collected aver owo-years. Sites in-
cluded cheee swamp sices (RSWemid, RSW.up, and
RSW-law), four intermittent strearn sites {Inlet Ease, Inlet
West, Mikana-up, and Mikana-low), and three river sices
{Dura PL, Dura-mid, and Mpanga-Sebatoli); site loca-
tions are indicated in Figure 1.

race, In cheir scudy of two sphaerid species (Pisi-
dium amnicum and Sphaerium corneum), Holopai-
nene and Penctinen (1993) found thac che clams
suppressed. their merabolic rate to 7.5 percent of
their acrive level in anoxic warter. This cost may be
offsec by a reduced competitive enviranment in the
hypoxic swamp waters.

There was a strong positive relationship be-
oween the absolute and relative abundances of ora-
cheal gill breathers and dissolved oxygen concen-
cration. The well-oxygenated warters of the river
sites were dominared by invertebrates of this cespi-
ratory made, as were the two Mikana stream sites.
Inlet Streams East and West had a much lower
propartion of teacheal gill breathers. These sices,
however, were characrerized by lower dissolved ox-
ygen content than the other incermittenc stream
sites and may represenc a threshold for some in-
vertebrates in this respiratory category. Tracheal gill
breathers tend o be more sensitive to hypoxia than
other aquatic insecc larvae such as acmospheric
breathers, because they are benthic and extrace dis-
solved axygen from the aqueous environment by
simple diffusion (Wigglesworth 1972). Bur sur-
prisingly, some tracheal gill breathers were found
in our papyrus swamp sites, albeic ac a low abun-
dance. These included primarily odonates {both
damselfly larvae and dragonfly larvae). In her study
of zygepteran assemblages in Kibale, Apodaca
{2003} reported the occurrence of adults of six
damselfly species in the interior of the Rwembaita

r value
=
L

W Catet: per unit effort
Dﬂehn've abundance

Respiratory made

FIGURE 4. Correlation coefficients for the relationship
berween the abundance of macrainvereebrates grouped by
respiratory mode and mean dissolved axygen concentra-
tion across ten sites in Kibale Nadonal Park, Uganda
{datk bars) and che relationship berween catch per unic
efforc and mean dissalved oxygen concentration (gray
bars). * P = 0.05, ** P < 0.01 (two-tailed test). Pvalues
for marginally significant relacionships are presented.

Swamp, some of which occurred thraughour the
year. These included two swamp specialises within
Kibale National Park for which discributdion was
restricted to the papyrus swamp habitat (Proisch-
nura subfureatum and Ceriagrion glabrum and four
more widespread species (Apadaca 2003, Apodaca
& Chapman 2004). The low dissolved oxygen lev-
els of che Rwembaita Swamp would represent
stressful conditions for many temperate zygopteran
species based on contemparary pacterns of diseri-
burion (Lawton 1971, Eriksen 1986); however,
given the widespread occurrence of hypoxia in
tropical freshwaters, it is possible that some aquaric
insect groups have evolved ta exploic such habitacs.

Permanent air store breathers (plastrons) were
rare in our samples; this relates in part to the facr
that many are mid-water or surface-dwelling inver-
tebrates. In cur collections, however, their relative
and absoluce abundances showed a marginal posi-
tive relationship wich dissolved oxygen. This is con-
sistenc with constraints imposed by their gas ex-
change systems, as oxygen consumpdon is deter-
mined by the rate of oxygen diffusion through the
bath fixed and Jimited surface area of the plastron
(Eriksen et al, 1996). If the oxygen partial pressure
is lower in the water than in the plaswon, it will
diffuse away from the insece. We found no plas-
tran-hearing insects at our papyrus swamp sites,
and among intermictent streams, they occurred at
the stream with the highest disselved oxygen level.

Macroinvertebrates with temporary air stores
and thase with spiracular gills were also quire rare
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FIGURE 5. Reladonship between che relative abundance of (a) atmospheric breathers, {h) cracheal gill breachers,
and {¢) watet-breathing mollusks (mantle/ctenidia), and mean dissolved oxygen concentration across ten sites in Kibale

Nacianal Pack, Uganda.

50
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304 B3 Atmospheric breathers
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FIGURE 6. The catch per unit efforc for three groups
of benthic macrainvertebrates categorized by respiracory
made (atmospheric breachers, rracheal gill breathers, and
watec-breathing mollusks {mantle/ctenidia) in the wec
season. {8 weceest months combined of the 25 sampled}
and dry season (8 driest months) for ten sices in Kibale
Narional Park, Uganda. Sites included three swamp sices
(RSW-mid, RSW-up, and RSW-low), four intermtcrent
stream sites (Inlec Bast, Inler West, Mikana-up, and M-
kana-low), and three river sites (Dura PL, Dura-mid, and
Mpanga-Sebaroli).

in our colleccians. Insects with spiracular gills are
often small {e.g., simuliid larvae} and were therefore
undecrepresented by our sampling mechod. Simu-
liid pupae tend to be in fast Aowing well-oxygen-
ared warters (Pecersan 1996}, and our results were
consistent with this general habitat association of
the family. Temporary air store breathers showed
no relationship with dissolved oxygen concentra-
tion. Dyuiscid, gyrinid, and hydrophilid adulces were
found across a broad range of sites. Our henchic
sampling no doubt underrepresented their abun-
dance bhecause they are often surface-dwelling (g,
gyrinid adults) or mid-water organisms; however,
their accurrence ar all theee swamp sites was inter-
esting since the length of time that the bubble is
effective in oxygen uptake depends on the racio of
the rate of oxygen consumption to che bubble sur-
face area and on the oxygen partial pressure in the
surrounding wacer (Rahn & Paganelli 1968, Mill
1973, Williams & Feltmace 1992, Eriksen et 4!
1996). Law axygen in the water decreases the dif-
fusion gradient and the inward diffusion of oxygen
into the temporary air store. Thus, swamp-dwelling
invertebrares exhibiting this respiratory mode may
be very limited in their dive depch or time, or pos-
sess very low rates of oxygen consumption.

The CPUE of cutaneous breachers was not re-
laced to dissolved oxygen contenc. Across our sites,
this respiratory group was comprised of taxa thac
are very tolerant of hypoxia and some taxa that are
very sensitive to hypoxia. Many species of chiren-
amid larvae are extremely tolerant; oxygen dissolves
through the cuticle, is stored in the hemoglobin,
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TABLE 2.

Tivg-way zzma:’yfz‘s af Bevidnce sfsawz}zg the eﬁéﬂs of babitar (rioamp, intermitient stream, and river), seaion

(wet vs. dry), and their intevaction on catch per unit offort of benthic marroinvertebrates (logy transformed)

in Kibale National Park, Uganda.

Source of variation df MS F P

{a) Armospheric breachers
Habitac rype 2 7.374 29.915 =<0.001
Season 1 0.312 0.048 0.829
Habicac X season 2 0.064 0.259 0.776
Error 14 0.245

{b) Tracheal gills
Habicat cype 2 0.359 4.390 0.033
Season 1 0.158 1933 0.186
Habitar % season 2 0.045 0.548 0.590
Error 14 0.082

{c) Mantde/crenidia
Habieac cype 2 8.685 7.782 0.005
Season 1 0.004 0.004 0.954
Habicat X seasan 2 0.257 0.230 0.797
Error 14 1.043

and then released during oxygen-stressed condi-
dons (Eriksen ez 2l 1996, Hoback & Stanley
2001). Other taxa, such as the simuliid larvae, seem
ta he very sensitive to low oxygen conditions and
are found primarily in fasc-flowing rivers. Most in-
sects that are strictly cutaneous breathers are very
small because chey musc have a high surface to val-
ume ratio to rely solely on this method of gas ex-
change (Eriksen ez @/ 1996), and this group was
undoubredly underrepresented in the scoop nec
samples.

Seasoranty.—We detecred no significant seasonal
variation in the catch per unir effort of the domi-
nant respiratory groups. In Kibale, seasenal varia-
tion in rainfall is reflected in seasonal increase in
flow, dissolved oxygen concencration, and aquatic
habitat available in the strearn and swamp sices
{Chapman & Liem 1995; Chapman et af 1998,
2000); however, the bimodality of che rains asso-
ciated wich the equatorial location of the site buff-
ers the strong seasonal changes that are evident at
higher latitudes.

Apodaca and Chapman (2004} found that sea-
son was not a significant predicior of the oceur-
rence of adult damselfiies at swamp and scream sites
in Kibale and suggested unregulated {noc limited
by season or habitat availability, essentially year-
round) development in some species of larval dam-
selflies. Qther studies of relatively aseasonal tropical
streams have reported no patterns of seasonal
change in faupal abundance, species composition,
ar life cycles. For example, Yule and Pearson (1996)

observed no pattern of seasonal change in faunal
abundance ar species composition in the benthic
invertebrates in mountain rain forest suweams on
Bouganville Island, Papua New Guinea, which they
ateributed ro the lack of environmental cues per-
mitting synchronization of life cycles. Similarly,
Turcatte and Harper {1982} reported evidence of
non-seasonality in the life cycles of several ephe-
meroptetan, plecopeeran, and trichopteran species
i 2 small Andean scream. In some ocher relatively
aseasonal systems, however, stranger seasonal trends
were evident (Brighe 1982, Wolda & Flowers
1985). In our study, we focused on the seasonalicy
in the abundance of the dominant respiracory
groups. [t is quite passible thar seasonal variation
would have been stronger if we had focused on
individual species rather than functional respiratory
categories.

ConservaTian Imptications.—In cropical forests,
regeneration and restaracion programs have focused
primarily on terrestrial communities; however,
aquatic systems are also subject to major use and
conversion. In addition, aquaric systems absorb im-
pacts of land use and thereby accumulate infor-
macion on terrestrial change over broad spatjal
scales in Bowing river systems and broad temporal
scales in searic lake environments (Crisman 1988}
Aquatic invertebrates are often used as indicators
of habicar quality in aquatic systerns (Rosenberg &
Resh 1993); the sensicivity of particular taxa to en-
vitonmental stressors offers a ool for evaluating
ecosystem. health and detecting water qualiry
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change. The value of aquatic faunas and water
qualicy as indicators of terrestrial change has long
been recognized, with the vast majoricy of the work
on aquatic bio-indicators focusing on temperate
systems; however, there is growing incerest in Africa
in the use of aquatic invertebrates as indicators of
water quality and ecosystem change (Maragi 1996,
Dallas 1997, Thotne et al 2000}. Tracheal gill
breathers seem to be particularly sensidve to envi-
ronmental coxicants because the gills are very per-
meable relative to the sclerorized cuticle (Eriksen ez
al 1996) and may he compromised by some en-
vironmental toxicants (Simpson 1980). The resules
of our study suggest that cracheal gill breathers may
be a very useful predictor of the oxygen environ-
menr in cropical waters. The combination of low
oxygen conditions and environmental toxicants
that characterize some palluted waters may iead w
severe respiracory stress for chis group. There was,
however, a notable occurrence of same tracheal gill
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breathers in extremely hypoxic wacers of our pa-
pyrus swamp sites, suggesting thar a subset of spe-
cies in this respiratory categary are excremely tol-
eranc of hypoxia. This ebservation highlighes the
importance of understanding variacion within caxa
{e.g, Zygoptera} in response to environmental
stressors, particularly if these taxa are used as bio-
indicators.
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