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Abstract. The spatiotemporal patterns and ecological significance of the retention of coarse par-
ticulate organic matter and large woody debris have been intensively studied in perennial rivers and
streams but are virtually unknown in ephemeral systems. We examined the influence of 2 features
characteristic of ephemeral systems, downstream hydrologic decay and in-channel tree growth, on
the distribution, transport, and retention of woody debris following a flood having a ~2.6-y recur-
rence interval in the ephemeral Kuiseb River in southwestern Africa. A total of 2105 pieces of wood
were painted at 8 sites along the river channel to measure retention patterns. The flood had a peak
discharge of 159 m?/s at the upper end of the study area, decaying to <1 m?/s by 200 km down-
stream. Downstream export of wood from marking sites totaled 59.5% (n = 1253). Transport dis-
tances ranged from 1 to 124 km, and 34.8% (n = 436) of the exported wood was recovered. Marked
wood retained within marking sites was significantly longer than exported wood (p < 0.001, t-test).
Once in transport, there was little correlation between wood length and distance traveled (r = 0.11,
correlation analysis, n = 369). Length influenced the site of retention; material retained on debris
piles was significantly longer than that stranded on channel sediments (p < 0.001, t-test). In-channel
growth of Faidherbia trees significantly influenced wood retention; 83.7% of marked wood not moved
by the flood was associated with debris piles on Faidherbia trees. Similarly, 65% of the exported wood
retained within downstream debris piles was associated with Faidherbia trees. In contrast to many
perennial systems, we observed a general increase in wood retention downstream, peaking in the
river’s lower reaches in response to hydrologic decay. Debris piles induced sediment deposition and
the formation of in-channel islands. Following flood recession, debris piles and their associated sed-
iments provided moist, organic-rich microhabitats, which were focal points for decomposition and
secondary production, mimicking patterns reported from the channels of perennial streams and riv-
ers. The ecological significance of retentive obstacles and associated organic debris is a feature com-
mon to all fluvial ecosystems, irrespective of their hydrologic regime.

Key words: wood, organic matter, hydrology, coarse particulate organic matter, fine particulate
organic mater, Namibia, Namib Desert, geomorphology, sediment.
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Wood is an important component of fluvial
ecosystems, creating structures that have many
ecological roles (Harmon et al. 1986, Maser and
Sedell 1994). Accumulations of wood create hab-
itat for aquatic and terrestrial organisms; they
influence the composition of fish and inverte-
brate communities (Angermeier and Karr 1984,
Mason 1989, Smock et al. 1989, Prochzaka et al.
1991); they create localized hotspots of energy
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flow and nutrient cycling (Bilby and Likens
1980, Smock et al. 1989, Hedin 1990); they influ-
ence the stability of stream channels through
their effect on hydraulic resistance (Keller and
Swanson 1979, Abbe and Montgomery 1996);
and they provide a source of fine particulate or-
ganic matter (FPOM) to fluvial ecosystems
(Ward and Aumen 1986). In sand-bed rivers, de-
bris accumulations may provide the only stable
substrates, supporting most invertebrate bio+
mass (Benke et al. 1985). '

429



430

Despite extensive research on wood accu-
mulations, available data are strongly skewed
towards small systems. The dynamics of woody
debris in large rivers are little known, although
several authors suggest that wood is less im-
portant in such systems (Minshall et al. 1983,
Naiman et al. 1987). It is likely, however, that
the low levels of wood found in most large riv-
ers reflect extensive alterations rather than in-
trinsic properties (Benke 1990, Dynesius and
Nilsson 1994), an assertion supported by his-
toric accounts (Sedell and Froggatt 1984, Triska
1984, Whitney 1994).

Our understanding of wood dynamics in flu-
vial systems also reflects a focus on perennial
systems in temperate climates. Little is known
of wood dynamics within dryland rivers and
streams. Minckley and Rinne (1985) provide one
of the few accounts, reviewing historical obser-
vations of woody debris in the streams and riv-
ers of the American southwest. They present ev-
idence that, although wood was formerly abun-
dant, extensive hydrologic alterations and inten-
sive land-use practices (i.e., wood cutting and
agricultural activity) have significantly reduced
inputs of wood to desert streams. Perhaps least
known of all fluvial systems are the ephemeral
rivers of the world’s drylands. To our knowl-
edge, Dunkerley (1992) and Graeme and Dunk-
erley (1993) provide the only published infor-
mation on wood in ephemeral systems, report-
ing on the influence of in-channel accumulations
on hydraulic characteristics within streams
draining the Barrier Range in western New
South Wales, Australia. This lack of attention to
dryland systems in general, and ephemeral riv-
ers in particular, is remarkable considering they
drain roughly 1/3 of the earth’s land surface
(Jacobson 1997).

Two characteristics common to ephemeral
rivers are likely to determine patterns of wood
transport and retention. First, ephemeral rivers
experience downstream hydrologic decay be-
cause of infiltration and evaporation (Graf 1988).
Retention of organic matter in ephemeral stream
channels must obviously increase downstream,
in direct response to decreased stream power
associated with hydrologic decay. Second,
ephemeral rivers and streams often have exten-
sive growth of trees and shrubs within the ac-
tive channel (Graf 1988). For example, large riv-
er red gum trees, Eucalyptus camaldulensis, grow
within ephemeral stream channels of the Barrier
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Range (Graeme and Dunkerley 1993). Similarly,
large ana-trees, Faidherbia albida, grow within
ephemeral river channels of the Namib Desert
in western Namibia (Jacobson et al. 1995). Stem
diameters may exceed 1.5 m at breast height,
and both species of trees commonly exhibit a
cespitose growth form (closely spaced [<2 m]
groupings of =2 trunks) that retains significant
quantities of organic matter during floods. Such
trees also provide litterfall to the channel, in-
cluding leaves, fruits, and wood, which accu-
mulate between floods.

The objective of our study was to examine
transport and retention patterns of wood asso-
ciated with flooding in the lower reaches of the
Kuiseb River, a large ephemeral river in the Na-
mib Desert. Our approach was 1) to determine
the influence of in-channel E albida and down-
stream hydrologic decay on the pre- and post-
flood distribution of wood, 2) to determine the
relative importance of specific retention mech-
anisms (i.e, retention on debris piles versus
stranding on channel sediments), and 3) to com-
pare and contrast the geomorphologic and eco-
logical significance of woody debris piles in
ephemeral relative to perennial river systems.

Study Site

The study site was the lower 260 km of the
~560-km-long Kuiseb River, which drains a
catchment of ~14,700 km? in west-central Na-
mibia, the driest country in southern Africa (Fig.
1). Mean annual rainfall exceeds 350 mm in the
Kuiseb’s headwaters and declines westward to
near 0 at the coast. Evaporation exceeds rainfall
by 7 to 200 times (Lancaster et al. 1984). As a
result, surface flow occurs only in direct re-
sponse to strong, summer convective storms
and rapidly ends after the cessation of localized
rains.

From the headwaters westward, the river has
eroded a shallow, sinuous valley into Late Pre-
cambrian metasediments, largely composed of
schists and quartzites, which weather to provide
a large proportion of the sandy bedload trans-
ported within the lower river (Ward 1987). In its
middle reaches, the river is highly confined
within a deeply incised canyon, often flowing
over bedrock with no alluviation because of the
steep gradient (0.003-0.004 m/m) and narrow
channel. This canyon broadens ~65 km from the
coast. Within 20 km of the coast, low trescentic
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TaBLE 1. Hydrologic gauging stations within the study area and their mean annual runoff volume (MARy)

and mean annual peak discharge (MAPD).

Catchment area Elevation Gradient MAR, MAPD
Station (km?) (m) (m/m) (m3 X 109) (m?/s)
Schlesien 6520 760 0.0040 6.59 71.9
Greylingshof 2490 720 0.0055 2.77 68.0
Confluence® ~9500 620 0.0035 9.51 —
Gobabeb 11,700 360 0.0030 4.65 31.9
Rooibank 14,700 120 0.0039 0.64 7.4
» Mean of annual sums of Schlesien and Greylingshof.
dunes cross the river, resulting in a series of Methods
poorly defined channels terminating on the .
coastal flats in the vicinity of Walvis Bay. Gra- Discharge

dients below the canyon average 0.001-0.002 m/
m, increasing again to >0.004 m/m within 60
km of the coast, resulting in a slightly convex
longitudinal profile in the lower river. When in
flood, the river’s lower reaches transport a
sandy bedload and a suspended load high in
silt. The sandy channel sediment within the
lower 150 km is largely devoid of cobble or bed-
rock.

The Namibian Department of Water Affairs
maintains 5 automatic gauging stations along
the mainstem of the Kuiseb River, and a 6th on
the Kuiseb’s main tributary, the Gaub River. Dis-
tinct longitudinal trends are evident among the
hydrologic records from these stations (Jacob-
son 1997, Table 1). Mean annual runoff volume
(m?) and mean annual peak discharge (m?/s)
exhibit a strong curvilinear relationship with
distance downstream, increasing from the head-
waters to the base of the escarpment and de-
clining westward. The study reach extends from
the base of the escarpment westward to the
coast. Most floods dissipate before reaching the
coast.

The lower Kuiseb River has comparatively
lush riparian forest, offset by the adjacent sand
and rock desert (Theron et al. 1980, Seely and
Griffin 1986). Faidherbia albida is the dominant
woody species, contributing organic matter to
the channel and floodplain in the form of wood
and leaves, as well as dry fruits (seed pods)
dropped prior to summer rains (Seely et al.
1979/80-1980/81). The tree occurs only sporad-
ically within the escarpment and canyon reaches
but extensively on downstream alluvial deposits
associated with the broader channel and flood-
plain (Theron et al. 1980).

Surface flow into the study reach was moni-
tored from Schlesien and Greylingshof gauges
(Fig. 1). Flow within the study reach was mea-
sured at the Gobabeb gauge, and the Rooibank
gauge recorded flow at the lower end. These
gauges provided a record of peak discharge
(m?/s) and total flow volume (m?) for each flood
event. Flow velocity (m/s) was measured dur-
ing floods by timing the travel of neutrally
bouyant particles. The average recurrence inter-
val was calculated using the annual peak dis-
charge series and the Weibull plotting formula
(Gordon et al. 1992).

Annual records (n = 14) from the 4 gauges
were analyzed to estimate the average hydro-
logic decay over the study reach. The mean of
the sums from the annual flow volumes at the
Schlesien and Greylingshof gauges was used as
an estimate of the mean annual flow volume at
the Kuiseb-Gaub confluence. This figure was
then combined with records from the Gobabeb
and Rooibank gauges to approximate the trans-
mission loss over the study reach, expressed as
a total % for the reach or %/km.

Distribution, transport, and retention of woody
debris

The relative abundance and distribution of
woody debris piles within the active channel
were surveyed over a 95-km reach of the lower
Kuiseb River, including 70 km upstream of Gob-
abeb and 25 km below. The number of debris
piles/km were counted and each retentive
structure was identified (i.e, tree stem, rock,
sediment). The approximate width 'of active



1999]

channel was measured, and valley width and
channel slope were estimated at ~3-km inter-
vals using 1:50,000 topographic maps.

Transport and retention of wood during riv-
erflow was estimated by labeling wood with
waterproof acrylic paints. Wood was marked in
seven 1-km-long zones, located 10, 27, 33, 38, 44,
50, and 160 km above Gobabeb (Fig. 1). Sites
were chosen for ease of access and abundance
of material. All pieces within a zone were paint-
ed with a specific pattern and color without be-
ing moved. A total of 1940 pieces were marked
among the 7 zones. In addition, 165 logs (>3 m
long and >20 cm diameter) were selected at
random from throughout the study area and in-
dividually numbered, yielding a study total of
2105 marked pieces. Marking was restricted to
wood within the active channel (~2-y flood).
Approximately equal numbers of stranded
wood (lying free within or along the active
channel) and wood retained by debris piles
were marked.

Following a single ~2-d flood in January
1994, the entire channel was searched from the
marking zones to the flood’s end. Distance trav-
eled from the marking zone, final position
(stranded or debris pile), and the identity of the
retentive structure were recorded. No search
was conducted within the Kuiseb Canyon (~70-
140 km upstream of Gobabeb) because of diffi-
cult access. Wood retained within the original
marking site was also recorded.

Data analysis

Retention curves (sensu Speaker at al. 1984)
of the material exported from 6 of the marking
zones (not including 160 km) were used to cal-
culate mean retention rates within selected sec-
tions of the study reach. Two-sample t-tests
were used to assess differences in length (m)
and transport distance (km) between retained
and exported material from each of the 6
groups. The validity of assumptions of normal-
ity and equal variance between samples was as-
sessed. Generally, data departed from normality
and sample groups exhibited unequal variance.
Thus, the groups were compared using the Kol-
mogorov-Smirnov test (Sokal and Rohlf 1995).
When data were non-normal but exhibited
equal variance between groups, they were com-
pared using the Mann-Whitney U test. One-way
analysis of variance (ANOVA), followed by the
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Tukey-Kramer multiple comparison procedure,
was used to examine differences among mark-
ing zones and individual reaches within the
study area (Sokal and Rohlf 1995). The relation-
ship between particle length and transport dis-
tance was examined by simple correlation anal-
ysis. All tests were considered significant at p <
0.05.

Results
Discharge

The initial floodwave originated in the Gaub
River catchment, and a peak of 159 m?/s was
recorded at the Greylingshof gauge, with a total
flow volume of ~2.75 Mm? (million cubic me-
ters). A 2nd floodwave originating within the
Kuiseb catchment above the Schlesien gauge
was not recorded because of instrument failure.
Our observations suggested that the flood peak-
ed at ~20 m?/s at the Schlesien gauge, with an
estimated flow volume of ~2 Mm? The com-
bined flow volume estimated for the Kuiseb-
Gaub confluence is thus ~4.75 Mm?. A total of
~2.3 Mm? was measured at the Gobabeb gauge,
representing a transmission loss of ~52%
(~0.37% /km).

Transmission losses increased significantly
from the Gobabeb gauge to Rooibank, where
the total flow dropped to <50,000 m? a ~98%
reduction (~1.7%/km). Peak discharge decayed
similarly, dropping from 159 m?/s at Greyling-
shof to 52 m?/s at Gobabeb, a 67% reduction
(~0.48%/km). The recurrence interval was ~2.6
y. From Gobabeb to Rooibank, peak discharge
dropped from 52 m?/s to ~1 m®/s, a 98% re-
duction (~1.7%/km). An analysis of the annual
flow record (n = 14) for the 3 stations revealed
a similar pattern, with transmission losses from
the Kuiseb-Gaub confluence to the Gobabeb
gauge averaging ~52% (SD = 21%), and ~86%
(SD = 12%) between the Gobabeb and Rooi-
bank gauges. From Greylingshof to Homeb
(~110 km), flow velocity at peak discharge
dropped from 222 m/s to 1.98 m/s. From
Homeb to Rooibank (~90 km), peak flow veloc-
ity dropped to 0.76 m/s.

Pre-flood wood distribution and channel
morphology

The number of in-channel debris piles varied
from 0 to 30 per km along the study reach (Fig.
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2). Their cross-sectional area when viewed

downstream ranged from <1 m? to >10 m? cre-
ating significant obstacles to transport. The dis-

tribution of debris piles was strongly influenced
by the density of in-channel trees, and reaches

contrast, peaks in debris pile abundance 12-15
km above Gobabeb and immediately above and
below Gobabeb were associated with an in-
creased tree density, relative to adjacent reaches.

devoid of debris piles (e.g., 16 to 22 km above
Gobabeb) typically lacked in-channel trees. In

A total of 99% (n

335) of all debris piles was

retained on in-channel trees; the rem

1%

ining

Channel width ranged from <20 m in the

canyon to >130 m below the Gobabeb gauge
(Fig. 3). Channel width in the upper study reach

dherbia albida retained 97% of all debris piles,
is constrained within the narrow canyon (<100

and Tamarix usneoides retained 2%.
m), but ~45 km above Gobabeb the valley

broadens. Floodplain width increases to >1000
(<0.5 m) channel, but high-magnitude discharg-

were retained on bankside rock outcrops. Fai-
m ~30 km below the Gobabeb gauge. Small

floods flow through a narrow (<50 m), shallow
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TaBLE 2. Total numbers (% of total in parentheses) and positions of wood and logs marked within the
study area, and the number of pieces retained or exported in response to the flood.

Zone Marked Retained Exported
Debris Debris Debris
Wood (km)  Total pile  Stranded  Total pile  Stranded  Total pile  Stranded
160 253 152 101 64 60 4 189 92 97
(60.1) (39.9) (25.3) (39.5) (4.0) (74.7) (60.5) (96.0)
50-10 1687 913 774 698 478 220 989 435 554
(54.1) (45.9) (41.4) (52.4) (28.4) (58.6) (47.6) (71.6)
Logs 165 70 95 90 56 34 75 14 61
(42.4) (57.6) (54.5) (80.0) (35.8) (45.5) (20.0) (64.2)
Totals 2105 1135 970 852 594 258 1253 541 712
(53.9) (46.1) (40.5) (52.3) (26.6) (59.5) (47.7) (73.4)

es expand to a width of hundreds of meters,
with little increase in depth. Retention may not
decrease, however, because the large woody
grass Cladoraphis spinosa and the shrub Pechuel-
loeschea leubnitziae are common in the channel
and floodplain, and retain surficial accumula-
tions of wood. Wood was stranded individually
within the shallow channel or on the floodplain,
racked up against grass or shrubs forming shal-
low mats.

Transport and retention of wood

Similar numbers of pile-retained (53.9%) and
stranded wood (46.1%) were marked out of the
total of 2105 pieces. Of this number, 1253
(59.5%) pieces were transported from the mark-
ing areas, of which 436 (34.8%) were recovered
downstream (Tables 2, 3). Recovery of trans-
ported wood varied from 2.65% for material
marked above the Kuiseb Canyon to 82.7% for

TABLE 3. Mean transport distances of wood and logs, and number and final position after transport for

recovered wood.

Debris pile Stranded
Distance Total recoveries (% of total (% of total
Zone (km) (% of total exported) recovered) recovered)
Wood (km)
160 120 5 5 0
(2.65) (100) 0)
50 32 42 23 19
(50.0) (54.8) (45.2)
44 27 63 33 30
(35.4) (52.4) (47.6)
38 32 49 22 27
(35.8) (55.1) (44.9)
33 29 83 38 45
(33.5) (45.8) (54.2)
27 23 77 27 50
(39.9) (35.1) (64.9)
10 13 55 27 28
(36.9) (49.1) (50.9)
Logs 18 62 41 21
(82.7) (66.1) (33.9)
Total 436 216 220 '
(34.8) (49.5) (50.5) :
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TABLE 4. Mean length (m) of retained and export-
ed wood and logs. Values in a row followed by dif-
ferent letters are statistically different at the p < 0.05
level.

Marking zone Retained Exported
Wood (km)

160 28a 14b
50 20a 17 a
44 24 a 15b
38 22 a 14b
33 23 a 1.5b
27 24 a 1.3b
10 16a 1.6 a

Logs 47 a 40b

marked logs. Recovery averaged ~37% for the
6 zones below the canyon.

Total wood retention within the 6 zones in the
50 km above Gobabeb was 41.4%, most of which
was associated with debris piles prior to the
flood. Of the 698 pieces retained within the 6
zones, 68.5% were held within debris piles, re-
flecting their retention efficiency (Table 2). Of
913 pieces marked within debris piles, only 435
(47.6%) were exported, compared to 554 pieces
(71.6%) of the stranded material. Similar pat-
terns were observed for the zone 160 km above
Gobabeb and for marked logs. Only 60.5% and
20.0% of material marked within debris piles
was exported from the 160-km zone and the log
sites, respectively, compared to 96.0% and
64.2% of stranded material (Table 2).

Piece length significantly influenced the prob-
ability of export. Exported wood was signifi-
cantly shorter than retained wood for logs and
all marking zones, excluding the 50-km and 10-
km zones (p < 0.001) (Table 4). The lack of sig-
nificance associated with the 50-km and 10-km
zones may be attributable to the inadvertent
marking of a large amount of stranded wood
above the level reached by the 1994 flood. This
bias was also reflected in the lower export of
material from these 2 zones, relative to the other
4 zones.

In general, transported wood from all 6 zones
below the canyon appeared to have an equal
chance of being retained by a debris pile or
stranding on sediment. Of the 369 pieces recov-
ered, 46% were in piles and 54% were stranded
(Table 3). Transported logs were more frequent-
ly retained in debris piles (66%) than stranded
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TABLE 5. Mean length (m) of wood exported from
each zone retained in a debris pile relative to that
stranded on sediments. Values in a row followed by
different letters are statistically different at the p <
0.05 level.

Marking

zone

(km) Debris pile Stranded
50 217 a 1.16 b
44 181 a 1.07 b
38 149 a 132 a
33 155 a 1.37 a
27 128 a 124 a
10 131a 1.78 a

on sediment (34%). The significant difference (p
< 0.001) in the mean length of exported logs
(4.0 m) relative to woody debris (1.5 m) explains
the increased log retention within debris piles
(Table 4).

Wood pieces exported from the 50-km and
44-km zones and retained in debris piles were
longer than those stranded on sediment (p <
0.001) (Table 5). However, the length of material
transported from the 4 lower zones was similar
in debris piles and stranded (p > 0.05). This dif-
ference in zones is likely a function of the sig-
nificantly higher density of trees within the
channel above the 38-km marking zone, relative
to downstream (p < 0.001) (Table 6). In contrast,
the mean length of material exported from the
10-km zone and stranding downstream was
1.78 m, compared to 1.31 m for material re-
tained within debris piles. Although this differ-
ence was not statistically significant (p > 0.05),
we would expect that the increasing influence of
a broader and shallower channel combined with
a decreasing discharge because of hydrologic

TABLE 6. Mean slope of the retention curves, and
channel characteristics within 5 reaches of the lower
Kuiseb River study area.

Debris Channel Channel

Reach piles trees  width
(km) Slope (/km)  (/km) (m)
50-36 =3.25 9.5 15.7 45
36-16 -1.14 1.6 4.2 59
16——3 -2.63 2.7 3.2 64
—-3-—-10 -0.51 1.0 1.7 84
-10--16  —3.33 0 0 ' 78
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FIG. 4. Retention curves for marked wood exported from the 6 marking zones within the lower Kuiseb
River (b = slope). Vertical lines delineate 5 reaches in which the slopes of individual retention curves are similar

(see Table 6).

decay would increase the probability of larger
pieces stranding downstream.

Transport distances for marked wood ranged
from 1 to 75 km, with a median of 25 km (n =
369). Mean values for each zone ranged from 13
to 32 km, with a trend of decreasing transport
distance in the lower 3 zones (Table 3). These
differences were not statistically different, with
the exception of the mean transport distance of
wood exported from the 10-km zone, which was
significantly less than that of wood exported
from the 5 upstream zones (p < 0.001) (Table
3). Of the 62 logs recovered, transport distance
averaged 18 km. The greatest distances were for
5 pieces exported from the marking zone 160
km above Gobabeb, which traveled an average
of 120 km before being retained downstream of
the canyon. Although piece length influenced
the probability of export, once in transport there
was little correlation between piece length and
distance traveled (r = 0.11, n = 369).

Retention was not uniform over the length of
transport for wood exported from the 6 mark-
ing zones below the canyon. Distinct variations

were present in the slope of each retention curve
proceeding downstream from the end of each
marking zone. A comparison of the 6 retention
curves revealed 5 distinct reaches in which the
individual retention curves exhibited similar
slopes (Fig. 4). The mean slope of the retention
curves within each reach differed among the 5
reaches (ANOVA, p < 0.001; Table 6). However,
the overall trend of all curves was a negative
linear relationship between the % of wood in
transport and distance downstream (r? = 0.95-
0.98, n = 6). A downstream increase in the over-
all slope of the individual retention curves was
also evident, increasing from —1.20 %/km for
wood exported from the 50-km marking zone,
to —3.48 %/km for the 10-km zone. The flood
waters reached >60 km downstream of the
Gobabeb gauge, but no marked wood was re-
covered beyond 12 km downstream of the
gauge.

Several factors likely contributed to the reach-
specific variation in retention. First, peak dis-
charge dropped ~50% over thé 62 km from the ,
50-km marking zone to the Gobabeb gauge, de-
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creasing from ~99 m?/s to 52 m?/s. This de-
crease, combined with a gradual increase in
channel width, would increase retention. Sec-
ond, the density of in-channel trees and associ-
ated debris piles varied significantly (p < 0.001)
among the 5 reaches (Table 6). The sharp drop
in retention below 36 km occurred in conjunc-
tion with a significant decrease in abundance of
trees and debris piles. Last, in-channel growth
of Cladoraphis spinosa and Pechuel-loeschea leubnit-
zine, largely absent upstream, increased dramat-
ically 10 km downstream of Gobabeb, coinci-
dent with a significant increase in retention (Ta-
ble 6).

Proportions of transported wood retained on

debris piles and stranded on sediment varied
with distance downstream (Fig. 5). From 22 to
50 km above Gobabeb, 82% (n = 51) of the
transported wood recovered was retained on
debris piles. From 22 km above to 10 km below
Gobabeb, the relative proportions were 44% (n
= 94) of the recovered wood on debris piles,
and 56% (n = 120) stranded. In the vicinity of
the Gobabeb gauge, however, from 10 to 25 km
downstream of Gobabeb, only 27% (n = 25) of
the recovered wood was retained on debris
piles, whereas 73% (n = 68) was stranded.
Stranding typically occurred on the outer edges
of bends and along the gently sloping banks of
broad, shallow reaches.
_ Faidherbia albida trees were the most important
retentive structure. Of 594 pieces of wood re-
tained on debris piles within the marking zones,
83.7% (n = 497) were retained by in-channel E
albida trees (Table 7). Of these, 62% were re-
tained on cespitose stems. Faidherbia trees re-
tained 65% of wood exported from marking
zones and cespitose stems retained 55% of this
total. Tamarix usneoides trees retained 5.1% of the
wood within the marking zones, and 19% of the
exported wood. Dense thickets of the grass C.
spinosa retained 9.9% of the wood retained on
piles within the marking zones, and 8% on piles
downstream. The remaining wood held within
debris piles was associated with rocks, exotic
plants, other trees, or the shrub P-I. leubnitziae
(Table 7).

Discussion

A major issue regarding the organic matter
dynamics of fluvial ecosystems is the extent of
within-reach processing versus export. Process-
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ing is directly linked to a stream’s ability to tem-
porarily store organic carbon within its channel,
(i.e, retentiveness). Ephemeral systems provide
an extreme case in which retentive structures,
in combination with hydrologic decay, may
eliminate export from a reach. Continued spo-
radic inputs may thus fuel the heterotrophic
community and increase the pool of stored car-
bon.

Wood within the lower Kuiseb River enters
the reach via upstream transport or from trees
growing within it. The annual litterfall from
trees within the channel and floodplain pro-
vides a regular input of organic material, in-
cluding fruits, which accumulate between
floods. Occasional blowdowns, combined with
scour and mass wasting of banks during floods,
provide additional, albeit sporadic, inputs. Once
in the active channel, floods transport material
to sites of retention.

Hydrologic control of transport and retention

Most wood debris in transport is carried by
flotation, although several species contribute
dense wood transported as bedload. The buoy-
ancy of dry wood contributes to long transport
distances. Benke and Wallace (1990) and Jones
and Smock (1991) reported longer movements
of wood on floodplains of low-gradient coastal
streams, relative to that of in-channel material,
because of drying between floods.

The most retentive sections of the study reach
had either a high density of in-channel trees or
a low peak discharge. Wood is efficiently re-
tained within the lower Kuiseb River on in-
channel trees and existing debris piles, or by
stranding on sediment. These observations are
similar to those from small streams, in which
coarse particulate organic matter (CPOM) reten-
tion is related to the amount of wood present
(Bilby and Likens 1980, Jones and Smock 1991,
Webster et al. 1994). Jones and Smock (1991) re-
ported that low-discharge retention in low-gra-
dient headwater streams in coastal Virginia was
characterized by passive settling onto the sedi-
ment, whereas high-discharge retention was
characterized by snagging on debris dams. In-
channel trees and associated debris piles are the
most important retentive structures within the
lower Kuiseb River. Further downstream, where
both the abundance of in-channel trees and dis-
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charge decrease markedly, stranding dominates
retention.

The reach of river extending some 60 km
above and 20 km below Gobabeb appears to
function as a sink for woody debris. The annual
flux of wood from the upstream catchment is
unlikely to be transported beyond this ~80-km
reach during floods of the magnitude examined
in our study (~1.6-y return interval).

The decrease in abundance of in-channel trees
-and associated debris piles in the lower Kuiseb
River is offset by an increasingly wide and shal-
low channel, increasing retention. However,

reach retentiveness may be overwhelmed dur-
ing infrequent, high-magnitude discharges
(>100 m3/s), transporting large amounts of
CPOM to the lower river. Relict strand lines of
CPOM occur along the lower Kuiseb River, far
beyond the lateral reach of recent floods. Two
such margins can be associated with the floods
of 1934 and 1963, reflecting both the longitudi-
nal and lateral extent of deposition associated
with high discharge. Although we observed no
large logs (>3 m) in transport at the Gobabeb
gauge in the 1994 flood, >100 logs, probably
associated with the 1934 and 1963 floods, are

TaBLE 7. Obstacles retaining marked wood recovered from debris piles.

Obstacles
Recoveries Faidherbia Faidherbia® Tamarix Cladoraphis Other®
Marking zone
(n = 594) 191 (32.2%) 306 (51.5%) 30 (5.1%) 59 (9.9%) 8 (1.3%)
Downstream
(n = 216) 63 (29.0%) 78 (36.0%) 41 (19.0%) 18 (8.0%) 18 (8.0%)

2 Cespitose (=2 stems).

b Includes Pechuel-loeschea, Ficus, Acacia, Nicotiana, Datura, and rocks.
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stranded on the numerous granitic outcrops
near the gauge. Observations of the magnitude
and movement of woody debris in the 1963
flood are recorded in Stengel (1964). Sufficiently
high discharge will export CPOM to the sea, as
occurred on the Kuiseb in 1934, and regularly
occurs on several more hydrologically active
rivers to the north.

Alternatively, a temporary reduction in flood
frequency and magnitude can favor recruitment
of in-channel trees, increasing subsequent reten-
tiveness. A period of extensive flooding along
the lower Kuiseb River in the mid-1970s fol-
lowed by a 4-y absence of surface flow (1979 to
1983) allowed E albida seedlings to grow suffi-
ciently to resist the erosive forces of subsequent
floods. Today, the formerly wide reach below
Gobabeb is split by an island overgrown with
Faidherbia trees, lined on either side by narrow,
entrenched channels. This reach is now a major
retention site for CPOM during floods of suffi-
cient magnitude (~2-y return interval) to fill the
channels and flow onto the island.

Canyons, fruits, and FPOM

Our initial hypothesis regarding the reten-
tiveness of the canyon reach was that its con-
fined course and bedrock channel would effi-
ciently export any introduced material, linking
the upper catchment with the lower river. The
-recovery data demonstrated that a single flood
of low magnitude (~1.3-y return interval) can
export wood a distance of 120 km, nearly twice
the maximum recorded in the lower river. None-
theless, low recovery (2.7%) of wood exported
from the marking site did not support our hy-
pothesis. Inaccessibility prevented us from di-
rectly assessing retention within the canyon,
and restricted our searches to the lower reach of
the river.

Low recovery may also be attributable to
abrasion rendering marked wood unrecogniz-
able. The 5 pieces exported through the canyon
from the 160-km zone exhibited numerous deep
(=1 cm) abrasions of the painted surfaces. This
observation lends credence to the hypothesis of
Sykes (1937) that the ‘molar action’ within nar-
row canyons is an important source of FPOM in
desert rivers. During floods on the Colorado
River, wood was physically processed to fine
particles in canyon-bound reaches, prior to
downstream deposition or export to the sea (Sy-
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kes 1937). The high levels of organic matter
(~8% by weight) within the alluvial sediments
deposited in the Colorado River delta were at-
tributed to such upstream processing. Similar
organic matter levels have been reported from
soils of the lower Kuiseb River (Jacobson 1997,
Jacobson et al. 1999).

Fruits of E albida trees growing within and
along the channel are another source of FPOM
within the lower Kuiseb River. The high pod
production of E albida suggests that it is a sig-
nificant source of CPOM, which is rapidly trans-
formed during floods to FPOM and dissolved
organic matter (DOM). Annual pod production
averages ~185 kg/y/tree along the lower Ku-
iseb River (Seely et al. 1979/80-1980/81, Jacob-
son 1997). Faidherbia albida has a broad distri-
bution throughout southern and eastern Africa
where it is closely associated with perennial,
seasonal, and ephemeral river courses (Wood
1989). It thus may be a significant source of or-
ganic matter in these other fluvial systems.

Woody debris and channel morphology

The importance of in-channel trees to wood
retention is clear from the typical structure of a
debris pile. Debris dams within the lower Ku-
iseb River typically consist of several large ele-
ments lodged against 1 or more trees within the
channel, upon which successive wood is re-
tained. Wood accumulations on in-channel
trunks present a significant obstacle to flowing
water, and as successively smaller pieces of
wood are retained, finer material, including
FPOM and sediment, accumulate within and
downstream of the pile. Shields and Smith
(1992) reported similar patterns from perennial
streams.

Because of increased hydraulic resistance,
long drapes of deposited sediment often devel-
op downstream from debris piles. Fine-grained
soils in combination with shade provided by the
retaining trees create a moist microhabitat fol-
lowing flood recession. These drapes function
as nursery bars, and are important sites of root
sprouting by Faidherbia trees. If these structures
are not destroyed by a high-discharge flood,
they may develop into elongate islands, divid-
ing the river course into the multiple channels
commonly observed between the canyon and
Gobabeb. Similar patterns have been reported
from ephemeral stream channels in the Barrier
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Range in Australia where E. camaldulensis grow
along the banks and within the active channel
(Dunkerley 1992, Graeme and Dunkerley 1993).
These patterns also mimic the effects of the
stranding of large organic debris in perennial
channels where the debris may alter bank sta-
bility and initiate mid-channel bars and channel
braids (Keller and Swanson 1979).

Abbe and Montgomery (1996) detailed the in-
fluence of woody debris piles on channel mor-
phology in large alluvial (perennial) rivers, not-
ing that woody debris jams controlled reach-lev-
el habitat diversity. Distinct jam types initiated
and accelerated the formation of bars, islands,
and side channels, affecting both in-channel and
riparian habitat. The principal jam types paral-
leled patterns recorded in our study. Abbe and
Montgomery (1996) observed that ‘bar top
jams’, characterized by loose mats of woody
material deposited on channel bars during re-
cession, although common, had little effect on
channel morphology, being rapidly mobilized in
subsequent floods. Such unstable accumulations
are abundant along the lower Kuiseb River on
low banks, channel islands, and bars within the
active channel. Abbe and Montgomery (1996)
noted that the more stable bar apex and mean-
der jams had the greatest effect on channel mor-
phology. Bar apex jams reportedly formed
when a large tree lodged within the channel
and additional woody debris racked up against
the obstruction, diverting flow to either side.
Such structures created sites of sediment depo-
sition, providing refugia for forest development
in the sediment drape downstream of the struc-
ture, similar to the patterns reported here.

A reversed retention pattern

A general increase in wood retention down-
stream contrasts with observations in smaller,
perennial systems. Lienkaemper and Swanson
(1987) observed that stability of large woody de-
bris decreased in larger channels because of in-
creased channel width and discharge. Other re-
searchers have noted similar trends (Minshall et
al. 1983, Naiman et al. 1987). Webster et al.
(1994) observed that CPOM retention in small
streams depends on the probability that a piece
of wood encounters an obstruction such as a
rock, log, or debris pile. This probability typi-
cally decreases with increased discharge and
depth downstream.
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This relationship of retention to increasing
downstream width, depth, and discharge does
not apply in large ephemeral channels where in-
channel tree growth and downstream hydrolog-
ic decay may reverse the pattern. In ephemeral
rivers, hydrologic decay results in a down-
stream decrease in stream power, and increas-
ing alluviation (Bull 1979). As floods travel
down ephemeral rivers, increased channel
width combined with decreased discharge de-
crease depth and increase the probability of
wood retention. Alluviation may even cause
convexity in the longitudinal profile of ephem-
eral systems. Vogel (1989) has reported convex
patterns in the Namib’s ephemeral rivers, and
the lower Kuiseb River exhibits a convex profile
(Jacobson 1997).

Reversed patterns of organic matter retention
have been reported from other fluvial systems,
in contrast to predictions of the river continuum
concept (Vannote et al. 1980). A downstream in-
crease in wood abundance has been reported
from the Ogeechee River, a perennial blackwa-
ter system in the Coastal Plain of the southeast-
ern United States, which has insufficient power
to move wood along the channel (Benke and
Wallace 1990). Historically, such patterns may
have been more common prior to a century of
extensive alteration to which most large, low-
gradient rivers have been subjected (Sedell and
Froggatt 1984, Triska 1984, Whitney 1994).

Retention and biological processing

The term ‘spiraling’ was introduced to de-
scribe the processing (retention, ingestion, eges-
tion, oxidation, reingestion) of particulate organ-
ic carbon as it moved downstream (Webster and
Patten 1979). In perennial rivers turnover length,
the rate at which the system uses carbon relative
to downstream transport, typically increases
downstream in response to decreased retention
efficiency (Newbold et al. 1982). Thus, head-
water reaches are most important for the reten-
tion and oxidation of terrestrially fixed carbon
transported into the fluvial environment. In
contrast, ephemeral rivers exhibit retention
peaks in the middle to lower reaches in re-
sponse to hydrologic decay. In addition, spiral-
ing is not continuous in an ephemeral river such
as the Kuiseb where transport occurs in distinct
pulses associated with the highly variable hy-
drologic regime (Jacobson 1997), and biological.
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processing occurs between floods within a ter-
restrial environment. Because of water limita-
tions that typify ephemeral river ecosystems,
processing is pulsed as well. Microbial and in-
vertebrate communities are activated by flood
pulses and cease activity in response to desic-
cation (Shelley and Crawford 1996, Jacobson et
al. 1999).

The abundance of debris piles may also influ-
ence the structure and function of biotic assem-
blages. For example, Bilby and Likens (1980)
found that debris dams contained 75% of the
standing stock of organic matter in 1st-order pe-
rennial streams, 58% in 2nd-order streams, and
only 20% in 3rd-order streams. They attributed
this pattern to the downstream increase in dis-
charge, which decreased retention. Nonetheless,
they reported that debris dams effectively ac-
cumulated organic material, facilitating its bio-
logical processing. These accumulations formed
localized hotspots of heterotrophic activity dis-
tributed throughout the channel (e.g., Hedin
1990). Debris piles serve a similar function in
ephemeral rivers where their water-retentive
properties and high organic matter content sup-
port biological activity long after it has ceased
in the adjacent, desiccated, bed sediment (Shel-
ley and Crawford 1996, Jacobson et al. 1999). Al-
though retention structures may influence de-
composition and secondary production in both
perennial and ephemeral rivers, their impor-
tance in creating moist microhabitats within a
water-limited environment is certainly unique
to ephemeral systems.

The heterogeneous distribution of wood with-
in the Kuiseb River therefore likely influences
spatial patterns of invertebrate and macrofungal
richness and abundance. Such an influence is
well known for the biotic assemblages within
perennial rivers and streams (e.g., Benke et al.
1985, Smock et al. 1989). Similar biotic patterns
occur in fungal and invertebrate communities
associated with debris piles in the Namib’s
ephemeral rivers. For example, >80% of macro-
fungi (41 species) fruiting following floods in
the lower Kuiseb River occur in association with
woody debris piles (K. M. Jacobson, unpub-
lished data). Polydesmid millipedes and terres-
trial isopods are abundant after floods, feeding
and reproducing within the moist microhabitats
associated with woody debris piles, but they are
typically absent from adjacent channel sediment
(P. J. Jacobson, unpublished data). Although the

principal abiotic constraints affecting produc-
tion and community composition may differ
markedly between perennial (largely aquatic)
and ephemeral (largely terrestrial) systems,
wood appears to play a similar role in each as
both food resource and critical habitat.

Woody debris piles also influence vertebrate
communities within and along river channels.
Mason (1989) observed that wood deposited
along rivers not only provided cover for small
mammals but also retained food particles, in-
cluding seeds and animal carcasses. Debris piles
also served as nesting sites, providing a more
moderate microclimate relative to adjacent hab-
itats. Debris piles serve a similar function in the
Kuiseb River, and we frequently observed activ-
ity of small mammals in close association with
debris piles. -

We believe that the frequency and magnitude
of flood pulses are key determinants of decom-
position and secondary production within the
riparian ecosystem of the lower Kuiseb River.
The retention patterns of wood and its associa-
tion with in-channel trees creates a longitudinal
gradient of habitat complexity within the lower
200 km of the river. Given the significance of
debris piles to secondary production and com-
munity composition within other fluvial sys-
tems, we expect that further research will reveal
similar patterns within the Kuiseb and other
ephemeral rivers. Last, changes in the hydrolog-
ic regime of ephemeral rivers, particularly de-
creases in the frequency and magnitude of
flooding, will have a severe negative impact on
the biotic communities within these water-lim-
ited fluvial ecosystems. Such changes will not
only alter organic matter transport and reten-
tion patterns, shifting the distribution and avail-
ability of key resources (i.e, food and habitat),
but will also disrupt the biological and physical
processing of organic matter.

Acknowledgements

This research was supported by the Desert
Research Foundation of Namibia (DRFN) and
the Swedish International Development Author-
ity (SIDA). We thank the staff and students of
the DRFN for assistance with sampling and
post-flood surveys. Insightful discussions with
Cliff Crawford are gratefully acknowledged, as
are the comments of Jack Webster on a draft of
the manuscript. We thank Frank Triska, David

4



1999] WOOD IN EPHEMERAL RIVERS 443

Rosenberg, and an anonymous reviewer for
their valuable reviews of the manuscript. The
Namibian Ministry of Environment and Tour-
ism provided permission to conduct research
within the Namib-Naukluft Park.

Literature Cited

Aeg, T. B, AND D. R. MONTGOMERY. 1996. Large
woody debris jams, channel hydraulics and hab-
itat formation in large rivers. Regulated Rivers:
Research and Management 12:201-221.

ANGERMEIER, P. L., AND J. R. KARR. 1984. Relationships
between woody debris and fish habitat in a small
warmwater stream. Transactions of the American
Fisheries Society 113:716-726.

BENKE, A. C. 1990. A perspective on America’s van-
ishing streams. Journal of the North American
Benthological Society 9:77-88.

BENKE, A. C., R. L. HENRY, D. M. GILLESPIE, AND R. J.
HUNTER. 1985. Importance of snag habitat for an-
imal production in southeastern streams. Fisher-
ies 10(5):8-13.

BENKE, A. C., AND J. B. WALLACE. 1990. Wood dynam-
ics in a coastal plain blackwater stream. Canadian
Journal of Fisheries and Aquatic Sciences 47:92—
99.

BBy, R. E., AND G. E. LIKENS. 1980. Importance of
organic debris dams in the structure and function
of stream ecosystems. Ecology 61:1107-1113.

BuLL, W. B. 1979. Threshold of critical power in
streams. Bulletin of the Geological Society of
America 90:453-464.

DUNKERLEY, D. L. 1992. Channel gecmetry, bed ma-
terial, and inferred flow conditions in ephemeral
stream systems, Barrier Range, western N.S.W,,
Australia. Hydrological Processes 6:417-433.

Dynesius, M., AND C. NILSSON. 1994. Fragmentation
and flow regulation of river systems in the north-
ern third of the world. Science 266:753-762.

GorpoN, N. D., T. A. MCMAHON, AND B. L. FINLAY-
SON. 1992. Stream hydrology: an introduction for
ecologists. John Wiley and Sons, Chichester, UK.

GRAEME, D., AND D. L. DUNKERLEY. 1993. Hydraulic
resistance by the river red gum, Eucalyptus ca-
maldulensis, in ephemeral desert streams. Austra-
lian Geographical Studies 31:141-154.

GRraF, W. L. 1988. Fluvial processes in dryland rivers.
Springer-Verlag, Berlin.

HARrRMON, M. E,, J. E FRANKLIN, E J. SWANSON, P. SoL-
LINS, S. V. GREGORY, J. D. LATTIN, N. H. ANDER-
soN, S. P. CLINE, N. G. AUMEN, J. R. SEDELL, G. W.
LIENKAEMPER, K. CROMACK, AND K. W. CUMMINS.
1986. Ecology of coarse woody debris in temper-
ate ecosystems. Advances in Ecological Research
15:133-302.

HEeDIN, L. O. 1990. Factors controlling sediment com-

munity respiration in woodland stream ecosys-
tems. Oikos 57:94-105.

Jacosson, K. M., P. ]. JacossoN, aAND O. K. MILLER.
1999. The autecology of Battarrea stevenii (Libosh-
itz) Fr. in ephemeral rivers of southwestern Afri-
ca. Mycological Research 103:9-17.

JacoBsoN, P. J. 1997. An ephemeral perspective of flu-
vial ecosystems: viewing ephemeral rivers in the
context of current lotic ecology. PhD Disserta-
tion, Virginia Polytechnic Institute and State Uni-
versity, Blacksburg, Virginia.

JacossoNn, P. J, K. M. JacossoN, AND M. K. SEELY.
1995. Ephemeral rivers and their catchments: sus-
taining people and development in western Na-
mibia. Desert Research Foundation of Namibia,
Windhoek, Namibia.

JonEs, J. B.,, aND L. A. SMOCK. 1991. Transport and
retention of particulate organic matter in two low-
gradient headwater streams. Journal of the North
American Benthological Society 10:115-126.

KELLER, E. A, AND E J. SWANSON. 1979. Effects of
large organic material on channel form and flu-
vial processes. Earth Surface Processes 4:361-380.

LANCASTER, J., N. LANCASTER, AND M. K. SEELY. 1984.
Climate of the Central Namib. Madoqua 14:5-61.

LIENKAEMPER, G. W, AND E ]. SWANSON. 1987. Dy-
namics of large woody debris in streams in old-
growth Douglas-fir forests. Canadian Journal of
Forestry Research 17:150-156.

MASER, C., AND J. R. SEDELL. 1994. From the forest to
the sea: the ecology of wood in streams, rivers,
estuaries, and oceans. St. Lucie Press, Delray
Beach, Florida.

MasoN, D. T. 1989. Small mammal microhabitats in-
fluenced by riparian woody debris. Pages 697-709
in R. R. Sharitz and J. W. Gibbons (editors). Fresh-
water wetlands and wildlife. Office of Scientific
and Technical Information, US Department of En-
ergy, Oakridge, Tennessee.

MINCKLEY, W. L., AND J. N. RINNE. 1985. Large woody
debris in hot-desert streams: an historical review.
Desert Plants 7:142-152.

MinsHALL, G. W,, R. C. PETERSEN, K. W. CumMINS, T.
L. Borr, J. R. SEDELL, C. E. CUSHING, AND R. L.
VANNOTE. 1983. Interbiome comparison of stream
ecosystem dynamics. Ecological Monographs 53:
1-25.

NamiaN, R. ], J. M. MELILLO, M. A. Lock, aAND T. E.
Forp. 1987. Longitudinal patterns of ecosystem
processes and community structure in a subarctic
river continuum. Ecology 68:1139-1156.

NEwBOLD, J. D., P. J. MULHOLLAND, ]. W. ELWOOD, AND
R. V. O’'NEILL. 1982. Organic carbon spiraling in
stream ecosystems. Oikos 38:266-272.

PrROCHzAKA, K., B. A. STEWART, AND B. R. DAVIES.
1991. Leaf litter retention and its implications for
shredder distribution in two headwater streams#
Archiv fiir Hydrobiologie 120:315-325.



444

SEDELL, J. R., AND J. L. FROGGATT. 1984. Importance of
streamside forests to large rivers: the isolation of
the Willamette River, Oregon, US.A., from its
floodplain by snagging and streamside forest re-
moval. Verhandlungen der Internationalen Verei-
nigung fiir theoretische und angewandte Lim-
nologie 22:1828-1834.

SEELY, M. K., W. H. Buskirk, W. J. HAMILTON, AND ]J.
E. W. DixoN. 1979/80-1980/81. Lower Kuiseb
River perennial vegetation survey. Southwest Af-
rican Scientific Society 34/35:57-86.

SEELY, M. K., AND M. GRIFFIN. 1986. Animais of the
Namib Desert: interactions with their physical en-
vironment. Revue de Zoologie africaine 100:47-
61.

SHELLEY, R. M., AND C. S. CRAWFORD. 1996. Cnemo-
desmus riparius n. sp., a riparian millipede from
the Namib Desert, Africa (Polydesmida: Paradox-
osomatidae). Myriapodologica 4:1-8.

SHIELDS, E D., AND R. H. SMITH. 1992. Effects of large
woody debris removal on physical characteristics
of a sand-bed river. Aquatic Conservation: Marine
and Freshwater Ecosystems 2:145-163.

SMocK, L. A., G. L. METZLER, AND J. E. GLADDEN.
1989. Role of debris dams in the structure and
functioning of low-gradient headwater streams.
Ecology 70:764-775.

SokaL, R. R, aND E J. ROHLF. 1995. Biometry. 3rd
edition. W.H. Freeman and Company, New York.

SPEAKER, R., K. MOORE, AND S. GREGORY. 1984. Anal-
ysis of the process of retention of organic matter
in stream ecosystems. Verhandlungen der Inter-
nationalen Vereinigung fiir theoretische und an-
gewandte Limnologie 22:1835-1841.

STENGEL, H. W. 1964. The rivers of the Namib and
their discharge into the Atlantic, Part I: Kuiseb
and Swakop. Scientific Papers of the Namib De-
sert Research Station No. 22. Transvaal Museum,
Pretoria, South Africa.

SYkEes, G. 1937. The Colorado Delta. American Geo-
graphic Society, New York.

P. J. JACOBSON ET AL.

[Volume 18

Theron, G. K., N. van Rooyen, and M. W. van Rooyen.
1980. Vegetation of the lower Kuiseb River. Ma-
doqua 11:327-345.

Triska, E J. 1984. Role of wood debris in modifying
channel geomorphology and riparian areas of a
large lowland river under pristine conditions: a
historical case study. Verhandlungen der Inter-
nationalen Vereinigung fiir theoretische und an-
gewandte Limnologie 22:1876-1892.

VANNOTE, R. L., G. W. MinsHALL, K. W. CumMINS, J.
R. SEDELL, AND C. E. CUSHING. 1980. The river
continuum concept. Canadian Journal of Fisheries
and Aquatic Sciences 37:130-137.

VOGEL, J. C. 1989. Evidence of past climatic change in
the Namib Desert. Palaeogeography, Palaeocli-
matology, Palaeoecology 70:355-366.

WaRrD, G. M., AND N. G. AUMEN. 1986. Woody debris
as a source of fine particulate organic matter in
coniferous forest stream ecosystems. Canadian
Journal of Fisheries and Aquatic Sciences 43:1635-
1642.

WARD, J. D. 1987. The Cenozoic succession in the Ku-
iseb Valley, Central Namib Desert. Geological
Survey of Namibia, Windhoek, Namibia.

WEBSTER, J. R.,, A. P. Covicy, J. L. TANK, anD T. V.
CROCKETT. 1994. Retention of coarse organic par-
ticles in streams in the southern Appalachian
Mountains. Journal of the North American Ben-
thological Society 13:140-150.

WEBSTER, J. R., AND B. C. PATTEN. 1979. Effects of wa-
tershed perturbation on stream potassium and
calcium dynamics. Ecological Monographs 49:51-
72.

WHITNEY, G. G. 1994. From coastal wilderness to fruit-
ed plain: a history of environmental change in
temperate North America —1500 to the present.
Cambridge University Press, Cambridge, UK.

Woob, P.]. 1989. Faidherbia albida (Del.) A. Chev. (Syn-
onym Acacia albida Del.). Centre technique fores-
tier tropical, Nogent-sur-Marne, France.

Recetved: 25 August 1998
Accepted: 20 October 1999



