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Abstract—Concentrations of DDT and its metabelites were measured in water, plants, invertebrates, and fish from lagoons in the
Okavango Delta, Botswana (Africa). where DDT has been used for approximately 30 vears. The sampling area was sectioned to
distinguish spraving for malaria and for African sleeping sickness. Average concentrations of total DDT (sum of DDT and its
metabolites) in the Okavango ranged from 0.009 ng/L in water to 18.76 ng/g wet weight in fish. These levels are approximately
1% of those found in piscivorous fish from temperate North America. The dichlorodiphenyl ethylene (DDE) metabelite was the
most abundant fraction of total DDT. Although total DDT concentrations were higher in areas treated for malaria than areas treated
for sleeping sickness, these concentrations were likely driven by factors other than the historie application of the pesticide.
Equilibration with air concentrations is the most likely explanation for these levels. Since the mean annual temperature exceeds
the temperature of vaporization of DDT. this research points to the need for reliable transport models. Our results showed that total
DDT concentration in fish was best explained by lipid content of the fish and trophic position inferred by 5N, regardless of DDT
application history in those areas. The reserveir above Gaborone Dam, an area downstream of the Okavango but where DDT had
not been used, was sampled to compare total DDT levels to the treated areas. The two species (a herbivorous threespot talapia and
the omnivorous sharptooth catfish) from Gaborone had levels higher than those found in the Okavango Delta, but these differences
can again be explained using trophic position inferred by 5N rather than by fish size or location.
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INTRODUCTION Persistent organic pollutants, like DDT, have the capacity
One of the dirty dozen chemicals now slated for global fo éclélumMate m orgi?msms hmjldbmagmfy_ 1;111 fc_JOd _ch;;u;rs. Ea;
restrictions 1s DDT [1.2]. In Botswana. use of DDT dates to tors known to contribute to this biomagnification include lips,

content [4.5], some measure of body size such as length or
weight [4.6]. and trephic position [7.8].

Naturally occurring stable 1sotopes of nitrogen and carbon
can be used to determine distinctive food web pathways lead-
ing to the top trophic position. The ratio of isetope VN to N

the 1950s for control of the mosquito (dnopheles sp.), which
transmits malaria, and the 1960s for control of the tsetse fiy
(Glossina morsitans centralis), which transmuts African sleep-
ing sickness [3]. Both malana and sleeping sickness are prev-
alent in the Okavango Delta (World Health Organization and 5 . ;
Ministry of Health, Botswana, Africa. unpublished data). ]e:(pressed as BN (Eracnog of ¥N arorr_ls p::r l__UDQ atom.s. of

Although records for the total DDT applied to the distine- N) are used to characterize an organism’s trophic position

tive regions do net exist. unpublished reports from the World [7-11]. Historically, foqd C""‘?“ structure was esrabl.ished using
Health Organization state that DDT (75% wettable powder or stomach content analysis. which Hyslop [12] described as pro-

DDT emulsion) was applied to homes in the area of the Oka- viding iny A snap shot of the fish’s present diet. 'l_'he advantage
vango from 1950 to 1970. The Ministry of Agriculture (from of the "N tec.hn.l_que, as opposed to.rhe conve.nuonal sto_nmch
pesticide survey reports by B Mosupi and B. Koosimile, Plant conTent analysis, 1s that the 1.'lsot0pe signatures integrate @etary
Protection Division, Ministry of Agriculture, Gaborone, Bot- habits over a prolonged penoc_i of years [13] and thus is able
swana, Africa) estimated DDT applications in the Okavango to accommodate slou'e{—grqmng_ species [14]. Peterson an.d
to range between 5,000 and 10,000 kg annually in the early Fry [15] showed that °N is enriched by a factor of 3 to 5%
1000s. After experimenting unsuccessfully with Fenitrothion, from prey to predator, thereby providing a continuous variable
a synthetic pyrethroid, in 1972, DDT applications resumed with wh.lch to quantify biomagnification of organochlorines in
from 1973 until 1997 for malaria control in the form of indoor aquatic food webs. o

residual spraying at a rate of 2 g/m? once a year. Furthermore, Isotopes of carbon (53C) reflect an orgamism’s diet and have

regions within the Okavango sprayed for control of anopheles been used fo trace the source of carbon from prey to predator
had also been historically sprayed to control the tsetse fly. In in complex food webs [16]. These authors found that the frac-
contrast, the tsetse regions had only been sprayed for control tionation rate of ca_rbon isotop?s_is r_elatively low (0—3%.) com-
of the tsetse. Following pressure from international organi- pared to that of nitrogen (3—5%.) isotopes [13]. If food prey
zations. DDT in Botswana was banned in 1007, options have a distinctive 81C signature, this isotope has the

advantage of providing a time-integrated measure of assimi-
lated diet independent from stomach contents [17].
The objectives of this study are to compare levels of total
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Fig. 1. Map of the Okavango Delta showing the malaria (M) and tsetse or Xakanaka (T) areas where sampling tock place.

DDT in the water and pelagic biota (plankton to fish) in areas
with different histories of DDT application: to establish a re-
lationship between inferred trophic pesttion (8VIN), carbon
source (8°C), lipid content, length and weight, versus total
DDT tissue concentration for selected fish species; and to com-
pare biomagnification factors, defined as the slope of log DDT
concentration versus &8N [8] with those of published studies
in temperate regions.

MATERIALS AND METHODS

Study site

The Okavango Delta 1s an alluvial fan located between 197
and 2075 and 227 and 24°E in the northern part of Botswana.
The fan has an approximate surface area of 25,000 km? [18].
The area of the wetland is approximately 12,000 km?® [19]. It
lies on the edge of the Kalahari Desert and 1s formed as a
result of the discharge of the Okavango River at the southern
extremity of the East African Rift system [20]. The enfire
Okavango River system lies within the Kalahari Basin partly

filled with sediments of various types, notably, wind-blown
brown and white desert sands [19-24]. Maximum and mini-
mum average femperatures in ambient air dunng the summer
range from 305 to 33.7°C and 148 to 19.2°C [22]. Water
temperatures vary between 17°C in winter (July) to 35°C in
the summer rainy season (January—Febrmary) [23,24].

To study the fate and persistence of DDT in the Okavango
Delta, we chose two regions with distinct historical patterns
of DDT spraying [25]. The location of the Okavango and the
sampling sites are shown on Figure 1. Xakanaka lagoon was
chosen as a site where DDT was used exclusively for tsetse
fly control from the 1960s to the late 1970s. Three other la-
goons (Ikoga, Samuchima, and Guma) were chosen as sites
where DDT was used for Anopheles mosquito control since
the 1950s until 1997 [19]. A review of literature on DDT and
other pesticides used in the delta suggests that these three
lagoons were also treated historically for tsetse control. It
should therefore be neted that distributions of DDT in Xak-
anaka are the only ones that can be seolely attributed fo tsetse



fly control activities, while the other three locations may be
affected by DDT used for both tsetse and Anopheles control
actrvities.

The reservoir above Gaborene Dam. located in the capital
city of Botswana, where DDT use has not been recorded. was
also chosen as control site. Although the area has moderate
industrial activity, it 1s a nonagricultural area and therefore
excludes the possibility for the reservoir to be contaminated
directly by DDT use for the control of agricultural pests but
does not exclude upstream or atmospheric sources. Throughout
this paper, we refer to Gaborone as the control area, Xakanaka
as the tsetse area, and the combined lagoons that received DDT
for both Anopheles and tsetse contrel as the malaria area.
Sampling

Most of the sampling was conducted in July and Augunst
1999 with a few additional fish collected in December 1999,
Water, particulate matter, plant material, and fish were collected
from the malaria region. Similar collections were made at Xak-
anaka with the addition of zooplankton. From Gaborone, only
two species of fish (the herbivorous threespot tilapia and the
carnivorous sharptooth catfish) and zooplankton were collect-
ed. In total. 4 water. 3 suspended particulate. 2 plant material.
2 zooplankton, and 44 fish samples were gathered.

Fish species used in this study have been described by
Skelton [26]. They include piscivorous fish such as the tigerfish
(Hvdrocynus vittatus), the ommiverous sharptooth catfish
(Clarias gariepinus), and the herbivorous redbreast tilapia
(Tilapia rendalif). Other species include the threespot tilapia
(Oreochromis andersonif), the brownspot largemouth (Ser-
ranochromis thumbergi). the nembwe (Serranochromis ro-
bustus), the bulldog (Marcusenius macrolepidotus), spotted
squeakers (Synodontis nigromaculatus), finetooth squeaker
(Svnodontis vanderwaal) and the striped robber (Brycinus la-
teraiis). Refer to Table 1 for individual fish species collected
in each region and to Table 2 for mean values.

Most of the fish were bought from fishermen within a few
hours of collection. Standard length and weight were measured
on site before gut removal, then frozen in solvent-rinsed alu-
minum foil and sealed in Whirlpak® bags (NASCO Industries,
Fort Atkinson, WI, USA). Zooplankton was collected by hor-
1zontally towing a zooplankton net (150 wm). The contents
were transferred to 100-ml selvent-rinsed bottles and frozen.
No enumeration of zooplankton was done. Some samples of
aquatic plant material were collected from each study site and
frozen in Whirlpack bags.

Stomach content analysis

Fish stomachs were removed in the field. Most were im-
mediately frozen, and about 10% (randomly chosen) were pre-
served in 4% formalin. All frozen contents were wrapped in
solvent-rinsed aluminum foil. stored in cooler boxes filled with
ice in the field, and then stored at —60°C in the laboratory
unfil analysis. Thirty-seven of 44 fish stomach contents (frozen
and formalin preserved) were numerically identified with the
aid of a dissecting microscope. Categories for identifiable
stomach contents (noted by its presence and not the total
amount of each item found) were periphyton, terrestrial plant
matter, terrestrial insects. aquatic insects, mollusks, aquatic
seeds, and fish (Table 3). Stable isotope analysis was conducted
on selected frozen fish stomachs from each of the three areas
of interest (Table 4). When possible, individual components
of the stomachs were analyzed. For instance, when a whole

fish was intact in the stomach (not vet digested). individual
analysis was run. For plant material or when samples were
digested, we opted for bulk analysis.

Stable isotope analysis

Zooplankton, fish muscle (excluding skin), and plant tissue
were freeze-dried in the laboratory for stable isotope analysis
but not for chemical analysis. Both wet and dry (freeze-dry)
weights were determuined. Samples were ground with a mortar
and pestle, and a 200-pg subsample was transferred into tn
capsules. All samples were analyzed by the G.G. Hatch Stable
Isotope Laboratories, Department of Earth Sciences, Univer-
sity of Ottawa (Canada) for carbon and nitrogen, with an au-
tomated CE Instrument (Model EA—1110; elemental C and
N analyzer) coupled to a Finnigan Mat delta®™¥* IRMS with
a Conflow I interface (Finnigan Mat, Bremen, Germany). For
each run of 10 samples, two isotopic standards for carbon were
supplied by the International Atomic Energy Association
([TAEA]. Vienna, Austria) and are also available from the Na-
tional Institute of Standards and Testing (NIST) and the U.S.
Geological Survey. The standards are IAEA-USGS 24 graphite
and JAEA-CH-6 (NIST-8542), and two standards for nitrogen
(TAEA-N-1 and IAEA-N-2) were used to correct for drift mn
values between runs if present. A precision of =0.3%. (based
on analysis of replicates) was obtained using this analytical
procedure, generally within 0.2%. for nitrogen and 0.31%e for
carbon.

Stable nitrogen and carbon isotopes are expressed in delta
notation (&) and have units of parts-per-thousand difference
from the standard. 8*C and &'"IN are calculated as follows:

8N or =C per mil = [(Roup/Ropmane) — 1] % 107
where R is UN/YN or BC/11EC.

Water sample collection for total DDT analysis

Subsurface water samples were collected in 19-L airtight
stainless-steel containers. Prior to collection, the cans were
rinsed three times with wash-grade acetone/hexane. Water was
extracted on site by slowly pumping it through a 142-mm
Whatman GF/F glass-fiber filters and through a solid-phase
extraction cartridge (type ENV+) supplied by Chromatograph-
ic Specialties (Brockville, ON, Canada) using a multiplate fil-
fration system [27]. Water was allowed to flow at about 250
ml/min. The ENV+ cartridges (200 mg) were cleaned in the
Ecotoxicology Laboratory of Jules Blais (Umiversity of Ot-
tawa, Ottawa, ON, Canada) prior to shipment to Botswana by
eluting them with 13 ml of dichloremethane (allowed to flow
by gravitation) and dried with a vacuum desiccator. Cartridges
were then wrapped with aluminum foil (precleaned with wash-
grade acetone/hexane solvents) and sealed in Whirlpack bags
(NASCQ). Prior to extraction, ENV+ cartridges were condi-
tioned with 5 ml of trace-grade methanol followed by another
elution of the column with deionized water (DIW) to get nid
of methanol. Samples were then spiked with polychlorinated
biphenyl-30 (PCB) and octyl-chloro-naphthalene {OCN) sur-
rogates. The ENV + cartridges and the glass-fiber filters (GF/F)
were then rewrapped in solvent-rinsed aluminum foil, sealed
in Whirlpack bags, and frozen imumediately until shipment to
the University of Ottawa, where they were extracted for anal-
ysis. Field and laboratory blanks of ENV+ cartridges were
carried along with the extraction apparatus in the field but not
used for sample collection.



Table 1. Length (mm), weight (g), 515N (%e). 513C (%), lipad (%), p,p'-DDE (ng/'g). ZDDT (ng/g) and total DDT (tDDT) (ng/g) in water (ng/
L). and pelagic biota (particulate matter, plant material, zooplankton, and fish) from Gaborone, the three malana lagoons. and Xakanaka (Africa).
A dash represents a value below detection limit or a parameter not measured

pp'-
DDE* =DDT

Location Region Common name Sample ID BN 59C  Length Weight Lipid tDDT
Gaborone Control Zooplankton GABZOO 4.30 —29.50 — — — 0.255 — 0.369
Gaborone Control Threespot tilapia GAB7T 983 —19.00 230 316 04 1.32 0.09 1.66
Gaborone Control Threespot tilapia GAEBGS 10.12 —19.30 240 359 01 0.17 — 0.19
Gaborone Control Threespot tilapia GABS 10.35 —-17.60 210 233 06 234 0.21 1381
Gaborone Control Sharptooth catfish GAB3 13.62 —-21.80 410 246 2.7 2299 0.07 2345
Gaborone Control Sharptooth catfish GAB2 13.90 —19.30 350 600 0.9 13.75 0.06 13.98
Gaborone Control Sharptooth catfish GAB1 1427 —192.30 420 1,000 25 3743 2.02 3743
Gaborone Control  Carp GAB4 13.43 —19.80 520 2,500 21 7.44 — 7.50
Guma Malaria  Particulate matter Gusup 0.10 2500 — —_ — 0.04 0.02 0.06
Guma Malaria ~ Nembwe GU3 7.67 —26.30 230 307 0.6 045 0.11 0.61
Guma Malaria ~ Nembwe GUS 7.94 -2510 220 333 0.7 0.77 0.06 1.2
Guma Malaria ~ Nembwe GU2 2.00 —23350 290 500 14 1.45 0.1 1.81
Guma Malaria  Redbreast tilapia GU4 428 —2470 200 255 09 1.75 — 1.75
Guma Malaria  Striped robber GUG 6.27 —21.80 a5 14 10.4 0.32 0.08 0.47
Guma Malaria  Striped robber GU1 6.44 —25.80 a0 10 13.9 445 1.64 7.13
Ikoga Malaria ~ Water IKW1 — — — — — — 0.019 0.022
Ikoga Malaria ~ Water IEW2 — — — — — — 0.02 0.024
Ikoga Malaria  Particulate matter Tksup 1.51 —25.30 — — — 0.08 0.11 0.19
Ikoga Malaria ~ Water lily Ikoly 1.69 -2310 - — 0.1 0.06 0.11 0.17
Ikoga Malaria  Brownspot largemouth IK4 6.92 —=27.10 380 707 11 0.48 0.54 1.02
Ikoga Malaria  Fedbreast tilapia IK3 432 —23350 220 370 0.4 0.05 0.06 0.11
Ikoga Malaria  Threespot tilapia IK2 6.16 —-2370 253 484 0.4 0.58 0.37 0.93
Ikoga Malaria ~ Threespot tilapia IKS 6.20 —-26.30 200 215 1.0 0.06 0.01 0.07
Ikoga Malaria ~ Threespot tilapia IK1 6.78 —27.20 240 329 24 1.97 1.42 3.39
Ikoga Malaria  Threespot tilapia IK10 7.35 —2640 220 364 24 399 3.01 7.31
Ikoga Malaria ~ Threespot tilapia IK9 7.80 —27.10 230 395 23 12 098 118
Ikoga Malaria  Sharptooth catfish IK7 8.07 —2280 440 1452 0.6 14 0.99 2.39
Ikoga Malaria  Sharptooth catfish IK11 5.18 —-2500 470 1500 0.2 232 1 354
Ikoga Malaria  Sharptooth catfish IK6 8.97 —2390 550 2,000 105 7.98 6.71 15.64
Ikoga Malaria ~ Western bottlenose IEs 5.31 —2380 270 350 57 39 39 833
Samuchima Malaria  Brownspot largemouth SA7T T.84 —2310 243 420 04 2.09 11 386
Samuchima Malaria  Brownspot largemouth SA4 8.35 —23.00 330 500 0.6 232 0.8 4.26
Samuchima  Malaria ~ Redbreast tilapia SAL 4.04 —20.30 280 400 1.6 2.68 1.58 4.27
Samuchima  Malaria ~ Redbreast tilapia SA3 4.85 —20.20 280 600 0.5 2.36 0.45 4.11
Samuchima Malaria ~ Thinface largemouth SAS 3.17 —2420 290 500 0.6 223 1.35 397
Samuchima  Malaria  Tigerfish SA2 8.16 —2420 290 200 19 2.57 302 7.48
Samuchima  Malaria  Tigerfish SA6 929 —2470 500 2400 11.6 9.92 6.71 18.76
Xakanaka XNakanak  Water XGw — — — — — 0.009 — 0.002
Xakanaka XNakanak  Water Xhow — — — — — 0.04 0.08 0.12
Xakanaka Xakanak Particulate matter HGsup 1.88 —25.30 — — — 0.01 0.02 0.03
Xakanaka Nakanak  Tswii (rooted) Tswii 1.05 —-2430  — — 0.1 0.08 0.01 0.09
Xakanaka Xakanak Zooplankton Xzoo 321 -2230 — — 04 0.03 0.09 0.18
Xakanaka Xakanak Brownspot largemouth XGA4 34 —-21.60 190 109 04 0.16 0.04 0.2
Xakanaka Xakanak Bulldog EX9 5.36 —20.80 240 220 10.0 375 1.44 6.17
Xakanaka Xakanak Finetooth squeaker EX10 .80 —21.00 210 192 32 4.75 1.6 6.81
Xakanaka XNakanak Fedbreast tilapia EX3 1.30 —18.80 163 164 0.4 0.05 — 0.05
Xakanaka XNakanak Fedbreast tilapia EX5 1.83 —19.80 157 127 0.1 0.05 0.03 0.08
Xakanaka XNakanak Fedbreast tilapia EX7 1.88 —-21.70 175 219 0.2 0.01 — 0.02
Xakanaka XNakanak Fedbreast tilapia EX4 2.06 -2050 159 139 0.2 0.16 0.01 0.24
Xakanaka Xakanak  Sharptooth catfish EX6 6.85 —-20.00 365 636 39 233 0.12 4.64
Xakanaka XNakanak  Sharptooth catfish EX2 8.46 —-21.20 535 1,000 03 134 — 1.34
Xakanaka XNakanak  Spotted squeaker EX11 7.94 —-22.80 205 194 5.0 549 284 0.26
Xakanaka Xakanak Thinface largemouth  EXI1 5.04 —2390 125 139 02 0.12 — 0.14
Xakanaka XNakanak Tigerfish EX8 7.57 —22.80 280 458 0.3 0.23 — 0.27
Xakanaka XNakanak  Tigerfish XGA3 8.19 —22.80 395 680 25 242 0.71 347

:DDE = dichlorodiphenyl.

Sample extraction for organochlorine compound analysis
To extract organochlorines, ENV+ cartridges were unfroz-
en first to remove excess water They were then eluted with
15 ml of dichloromethane (DCM) followed by another 10 ml
to remove any remaining compounds from the column. The
eluant containing organochlorine pesticides was rotary evap-
orated down to 2 ml and separated into three subfractions on
a Flonsil column (Supelco, Mississauga, ON, Canada). The
glass-fiber filters used for the collection of suspended partic-

ulate material from water were cut into small pieces, mixed
with sodium sulfate to remove water, and extracted with DCM
on a Soxhlet extractor. Extracts were then treated as described
in the following.

Fish samples were prepared for gas chromatographic anal-
ysis for organochlorine compounds wsing similar methods de-
scribed by Kidd et al. [13]. Briefly, the dorsal muscle (in-
cluding skin) and whole small fish samples of 5 to 10 g were
homogenized with sodium sulfate, placed on cellulose extrac-
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Table 4. Comparizon of 3N and &C (%e) for selected fish species in relation to their prey items from the stomach

Fish species Common name Fish ID BN BIC Prey item BN BYC
Clarias gariepinus Sharpteoth catfish EX6 246 —-11.2 Fizh 5.03 —2334
Clarias gariepinus Sharpteoth catfish GAB2 139 —19.3 Fizh 7.57 —17.63
Hydrocynus vittatus Tigerfish SA2 216 —142 Fizh 5935 —23.27
Mormyrus lacerda Western bottlenose IKS 331 —2138 Insects 173 —17.63
Serranochromis vobustus Nembwe GUs 7.94 —231 Fish 7 —28.39
Serranochromis thumbergi Brownspot largemouth SA4 833 —231 Fizh 7.87 —28.123
Serranochromis thumbergi Brownspot largemouth SA4 833 —-231 Lamprey 7.23 —=27.76
Serranochromis thumbergi Brownspot largemouth SAT 7.84 —-231 Fizh 7.76 —28.25
Synedontis nigromaculatus Spotted squeaker EXI11 7.04 —228 Insects 318 —2447
Tilapia rendalli Redbreast tilapia EX35 1.83 —19.8 Alzae 1.51 —21.32
Tilapia rendalli Redbreast tilapia GU4 429 —247 Periphyton 4.36 —2529

tion thimbles (precleaned by Sexhlet for 6 h), and extracted
with DCM using a Soxhlet apparatus for 16 h. Surrogate re-
covery standards of polychlorinated biphenyl 30 (PCB30) and
OCN were added to the samples prior to extraction. The extract
was rotary evaporated to approximately 2 ml. Extractable lip-
ids were determined gravimetrically with one-tenth of the ex-
tract, and the remaining lipids were removed by gel permeation
chromatography on a celumn of biobeads SX-3 with Hexane/
DCM (55:45). The gel permeation chromatography eluant con-
taining organcchlorine pesticides was collected and separated
into three subfractions on a Florisil celumn (8 g, 1.2% de-
activated with high-performance liquid chromatography—grade
water). The first fraction was eluted with 37 ml of hexane, the
second with 38 ml of hexane-DCM (85:15), and the third with
50 ml of dichloromethane DCM. The first fraction contained
all PCBs and most of the DDE. while fraction 2 contained all
hexachlorocychlohexane, chlerdane, and DDT compounds.

Gas chromatography

All Florisil eluates (fish, plant, zooplankton, particulates,
and water) were rotary-evaporated down to approximately 2
ml and solvent exchanged to isooctane. which was then further
concentrated to a final volume of 1 ml under a steady stream
of ultra-high-purity nitrogen. The final eluate was then ana-
lyzed by capillary gas chromatography with N1 electron cap-
ture detection on a 30-m * 0.25-mm DB-5 column using Hew-
lett-Packard gas chromatography 6890 (Pale Alto, CA. USA)
and helium carrier gas 1.3 ml/min, initial flow of 2.0 ml/min,
constant pressure of 22.5 psi, and N, makeup gas. The tem-
perature pregram used held samples at 80°C for 2 min, 10°C/
min ramp to 110°C, and 3°C/min to 280°C with a 5-min hold.
Polychlorinated biphenyl and organcochlorine standards were
run once every 10 injections and reagent blanks every 10
samples.

Extraction efficiencies for all quantified DDT and metab-
olites were determined by analysis of spiked standards (En-
wvironment Canada, CCIW, Burlington, ON). Average (*stan-
dard deviation [SD]) surrogate recoveries for zoeplankton,
fish, and plant material were 86 + 16% and 73 = 13% for
PCB30 and OCN, respectively. Surrogate recoveries for water
were 76 = 6.2% and 98 = 13% for OCN and PCB30, re-
spectively. All data were reported without correction of ex-
traction efficiencies. Organic contaminant peaks were identi-
fied and gquantified using Chemstation (Hewlett-Packard, 1008)
software based on their appearance at the same retention time
(+0.3 s) as the standard. Reagent blanks were generally clear
for DDTs and their metabolites.

Quality control and assurance

Procedural blanks containing 10 g of sodivm sulfate (pre-
cleaned at 600°C for 16 h) were extracted with DCM on a
Soxhlet apparatus and subjected to the same extraction pro-
cedures as the samples. These were run every 10 samples.
Field and laboratory blanks were also run for ENWV+ cartridges
used for the extraction of water samples.

Data treatment and statistical analysis

The term total DDT (tDDT) will refer to the sum of the
concentrations of compounds including p,p'-DDT. o,p"-DDT,
o,p'-DDE (dichlorodiphenyl ethylene), p,p'-DDE, o,p'-DDD
(dichlorediphenyl diethylene), and p,p'-DDD. The term XDDT
refers to the sum of the concentrations of p,p'-DDT and o,p"-
DDT isemers. In the Reswifs section, we present only p,p’-
DDE because it was the most abundant fraction of all the
1somers. ZDDT and tDDT. Concentrations of each compound
were calculated on a wet-weight and lipid-weight basis. Data
were analyzed using Systat® 7.0.1 [28].

The collected fish, plant material, particulate matter, and
water from the malaria lagoons were all pooled to make one
region rather than three lagoons. The rationale follows that the
three lagoons are proximate from one another. that DDT ap-
plication 1s similar in all three lagoons. and that it completes
the food web for the malaria region so that it is comparable
with the Xakanaka (tsetse) region. If values among sites are
not different (as shown by analysis of variance [ANOWVAJ),
data were combined.

To attain the first objective of this paper, ANOVA was used
to compare mean DDT levels in similar species between areas
with different histories of DDT application. When the as-
sumptions of nermality. homoscedasticity, and independence
of residuals were not met, the nonparametric ANOVA equiv-
alent called Kruskall-Wallis was used.

Percentage lipid. weight. and length were log,, transformed.
Analysis of covariance was used to compare relationships be-
tween the independent variables—Ilipid, 3N, 83C or body
size, and the dependent vanable, tDDT. The purpose of this
analysis was to assess whether the effect of the independent
variables was equivalent ameng the two regions of the Oka-
vange (malaria and Xakanaka). We cannot include the Ga-
borone region in this analysis because only two species of fish
were analyzed. This is insufficient for a food web analysis but
sufficient for the first objective (to compare specific species
among regions). Homogeneity of slopes was first tested fol-
lowed by that of the intercepts. If the slopes or intercepts were
significantly different (p - 0.05). then separate regression



analysis for each location was performed. Data from the two
regions were pooled if the slopes among lagoons were not
different. Single regression analysis of all the pooled data from
the Okavango was used to determine which variable (lipid,
N, 8C, or body size) best predicted the concentrations of
DDT and its metabolites across all lagoons (all pooled data
from the Okavango). A stepwise multiple regression analysis
was run to determine which combination of the variables stated
previeusly best predicted concentrations of DDT and 1ts me-
tabolites in the Okavango.

RESULTS
DDT concentrations in water and biota

Total DDT (tDDT) cencentrations ranged from 0.009 ng/L
in water to 18.76 ng/g wet weight in fish of the Okavango
Delta (Table 1). When tDDT concentration in water from the
malaria region was compared to that of Xakanaka, no signif-
icant difference (p = 0.533) was observed despite higher ab-
solute values found in Xakanka (three times higher but all
values near detection limut). However, fish species from the
malaria area. in general, had higher tDDT levels than the same
fish found in Xakanaka. Fer example, mean concentrations
(=SD) of tDDT concentrations in Clarias species were 7.19
+ 7.34 ng/g in the malaria areas, while it was 2.99 = 1.13
ng/g in Xakanaka. The same was observed with I. rendalli,
where the mean concentration of tDDT in malania and Xak-
anaka were 2.56 = 2.00 ng/g and 0.1 = 0.1 ng/g, respectively.
Aleong with higher tDDT levels, we also found higher 47N in
the malaria region compared to Xakanaka (Table 2).

In conftrast to our prediction that concentrations of tDDT
in Gaborone reserveir (the control area) would be low, values
ranged from 0.37 in zooplankton to 37.43 (ng/g wet wt) in
fish (Table 1). Results of the ANOVA between the malaria,
Xakanaka. and Gaborone showed no sigmificant difference (p
= 0.072) for tDDT in the sharptooth catfish (C. gariepinus).
However, when pooling data from the Okavango (malaria plus
3akanaka) and comparing them to Gaborone, we note a sig-
nificant difference in mean concentration of tDDT for this
species (ANOVA. p = 0.018), with higher absolute levels in
Gaborone. A comparison of mean &N values for C. garie-
pinus between Gaborone and Okavange showed higher av-
erage (+=5D) values for the former (13.93 = 0.33%, compared
to 8.11 = 0.78%). Orecchromis species from Gaborone res-
ervoir also had higher mean &N values for the same species
than in the Okavango (10.10 = 0.26%. and 6.9 = 0.76%o,
respectively), but tDDT levels for Oreochromis were not sig-
nificantly different (p = 0.05) with Okavango having a value
of 2.78 ng/g and Gaborone 1.55 ng/g.

Analysis of covanance for tDDT on 87N between the two
regions of the Okavango showed no sigmficant difference in
the slope and intercept. thus allowing us to pool the data to
make one area. the Okavango. The pooled data from the Oka-
vango (malaria plus Xakanaka) showed that tDDT concentra-
tions (ng'g wet wt) did relate with trophic level as inferred
from &N (Fig. 2). Significant relationships were observed
between tDDT concentration normalized to both wet weight
and lipid weight and "N (Table 5 and Fig. 2). The relationship
between wet-weight concentrations of tDDT and &°N was
strenger (72 = 0.49) than the lipid-normalized concentrations
(72 = 0.16). The 8N and log percent lipid were also related
(#* = 031, p = 0.0001; Fig. 3).

Analysis of covariance for tDDT on 3C between the two
regions of the Okavango showed no sigmficant difference in
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Fig. 2. Total DDT (tDDT) concentration expressed per gram wet
wetght (top) and per gram lipid weight plotted against 8N from
pooled data of the Okavango (bottom) (see Table 1). Regression
equations for these graphs are provided in Table 5.

the slope and intercept. thus again allowing us to pool the data
to make cne area, the Okavango. The pooled data showed that
tDDT concentrations (ng'g wet wt) did not correlate with §3C
(p = 0.655).

Log tDDT was significantly related to log percent lipid (72
= 0.57, p = 0.0001; Table 5 and Fig. 4). Slopes of regression
(analysis of covariance) for leg-transformed tDDT concentra-
tions versus percent lipid were not significantly different be-
tween the malaria and the Xakanaka region (p = 0.05). Percent
lipid was a significant predictor of log tDDT (p < 0.05) in
the pooled data from the malaria and the Xakanaka area.

Slopes of regression and intercepts for log tDDT versus log
length and log weight were not significantly different among
regions (p = 0.05). Pooled data from the two regions showed
that log tDDT in fish muscle were significantly related to log
fish length (2 = 0.36. p = 0.0001, and r* = 0.37. p < 0.0001.
respectively). Log tDDT concentrations were also significantly
related to fish weight (72 = 030, p < 005, and 72 = 0.20. p
< 0.05, respectively; Table 5).

The effect of 8", 81°C, percent lipid, and body size (length
and weight) on tDDT concentration using the pooled data from
the Okavango was estimated using multiple regression analysis
and showed that the best predictors for tDDT were log lipid
and &N, This is despite the issue that 3N and lipid are
themselves correlated (multicollinearity) vet still explain more
of the total variance in tDDT when they are considered to-
gether:

log tDDT(ng g-* wet wt)
= 0.78(+0.14)log lipid + 0.14(=0.04)a"N — 0.78(+0.22),
rt = 0.67, p = 0.0001 (1)






