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Abstract: Water balance in a seasonal floodplain in the Okavango Delta, Botswana was determined for

three years (1997–1999). There was no surface outflow, and infiltration to ground water was very large

(4.7–9.7 m during 90–175 days of flooding, or on average 4.6–5.4 cm?d21), amounting to 90% of total

annual loss of water from the floodplain. At the arrival of the flood, when floodplain ground water was

3–5 m below ground, infiltration was controlled by vertical percolation through the aeration zone and

was taking place with rates as high as 1.11–1.74 m during 10 days, or on average 11.1–17.4 cm?d21.

Lateral ground-water flow from the floodplain toward surrounding dryland became the dominant

process after the first days of flooding, when the floodplain ground-water table rose to the surface.

Lateral ground-water drainage accounted for at least 80% of total infiltration. Direct measurements of

infiltration confirmed high rates obtained from the water balance and revealed that the majority of

infiltration occurred within a 10-m belt along the shore of the inundated area, with point infiltration rates

as high as 42 cm?d21. The infiltration values are high compared to other large recharge wetlands (e.g., the

Everglades, the Hadejia-Nguru) and result from a combination of lack of a low permeability surface layer

in the floodplain and strong drainage of floodplain ground water driven by evaporation from the

surrounding drylands. High infiltration and lateral ground-water flows have major implications for the

Okavango Delta ecology, as they provide water to riparian vegetation, affect floodplain nutrient balance,

and are part of the process responsible for immobilization of dissolved minerals.
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INTRODUCTION

One of the hydrologic processes taking place in

wetlands is the interaction of surface water (SW)

and ground water (GW). Wetlands are generally

linked to ground water; one can distinguish wetlands

dominated by ground-water discharge, by ground-

water recharge, and flow-through wetlands (Winter

1999, Mitsch and Gosselink 2000). The magnitude

and direction of the SW-GW flux is important for

two reasons. First, it affects biochemistry of the

wetland (LaBaugh et al. 1987, Mitsch and Gosselink

2000) and particularly biological and biochemical

processes occurring at the water-soil interface, or

hyporheic zone (Brunke and Gonser 1997, Jones

and Mulholland 2000). Surface water and ground

water differ in such important physical and chemical

characteristics as temperature, pH, redox potential,

concentrations of oxygen, CO2, nitrate, ammonium,

and dissolved organic matter, and thus, the nature

and magnitude of SW-GW fluxes strongly affect

the retention and metabolism of organic matter in

this important wetland ecotone (Brunke and Gonser

1997). Second, the dynamics of the interactions
between surface water and ground water determine

the wetland’s hydroperiod or the duration, extent,

and depth of inundation, particularly for isolated

wetlands (Mitsch and Gosselink 2000). Further-

more, SW-GW interactions cause the ground water

in the vicinity of a wetland to be functionally related

to the wetland itself, leading to an ecological frame-

work where the dryland vegetation of the riparian
zone is considered part of the wetland (Tiner 1999).

The dynamics of SW-GW fluxes can affect the

ecology of the riparian vegetation (Hughes 1990,

Ringrose 2003) by determining availability and

depth of ground water. On the other hand, ripa-

rian vegetation can influence wetland’s hydrology

through transpirative uptake of ground water (Sacks

et al. 1992, Doss 1993, Winter and Rosenberry
1995), thus facilitating surface-water loss to ground

water and reduction of a wetland’s hydroperiod.
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The nature of interactions between surface water

and ground water (i.e., direction and magnitude of

the water flux, and their seasonal variation) is the

result of a complex interplay of climate, morphol-

ogy, soils, geology, vegetation, and hydrology of

a system, and thus varies widely among systems

(Winter et al. 1998, Winter 1999, Woessner 2000,

Sophocleous 2002). Below, we describe a few wet-

lands that bear some relevance to the topic of our

paper.

SW-GW interactions of prairie pothole wetlands

in glacial terrain of the northern U.S. and Canada

are determined by factors affecting their link to the

sub-regional ground-water system: geology (pre-

sence or lack of impermeable substratum) and

topography (altitude of pothole bottom). Perma-

nently inundated potholes are usually linked to

regional ground water and receive ground-water

discharge (Winter and Rosenberry 1995). Uptake of

ground water for transpiration by fringing riparian

vegetation might, however, cause temporary reversal

of the direction of ground-water flow – the potholes

that normally receive ground water might become

ground water recharging ones (Winter and Rosen-

berry 1995). Seasonally inundated potholes are

usually rain and snowmelt fed. Surface water in the

potholes usually infiltrates to the ground, recharg-

ing shallow, sometimes perched, ground water.

Average infiltration rates on the order of 1 cm?d21

were observed by Hayashi et al. (1998). A large

part of this infiltrating water is transferred laterally

toward surrounding upland and used by fringing

riparian vegetation, and only 2% contributes to deep

ground-water recharge (Hayashi et al. 1998).

The Everglades wetlands in the U.S. are charac-

terized by peaty substratum overlying highly perme-

able sand and karstic aquifer. Ground-water re-

charge and discharge alternate there in time, driven

by the differential responses of surface water and

ground water to precipitation events and operation

of water-control structures (Choi and Harvey 2000,

Harvey et al. 2000, Harvey et al. 2004). Ground-

water recharge occurs during rising and high

surface-water-level conditions, and discharge occurs

during low and decreasing surface-water levels. In

north-central Everglades studied by Harvey et al.

(2004), where wetlands are compartmentalized by

a system of dikes, levees, and canals, upward

ground-water flux up to 6 cm?d21 was observed in

the wetland in the direct vicinity of elevated canals

and was attributed to canal seepage and ground-

water flow in local ground-water flow systems. In

the vicinity of drainage canals, recharge rates up to

10 cm?d21 were observed. In the central part of the

‘‘compartments,’’ where driving forces for recharge

and discharge by natural topographic gradients are

small, recharge and discharged events were alternat-

ing, and net ground-water recharge of 11 cm?a21

was observed. Harvey et al. (2004) suggested that

this central part of the ‘‘compartment’’ reflects SW-

GW interactions in the natural, pre-regulation state

of that wetland.

In seasonally inundated alluvial plain wetlands

that are usually present in broad valleys of mean-

dering or braided rivers, SW-GW interaction is

driven by floods. A general model of this interaction

is outlined by Winter et al. (1998). During in-bank

events, rising surface water recharges the alluvial

aquifer by infiltration through channel banks, while

vertical infiltration takes place during overbank

floods. During flood recession, floodplain ground

water discharges laterally to river channel. Several

factors complicate this general pattern. Depending

on the nature and permeability of floodplain

deposits, vertical infiltration may be widespread

within the floodplain, fast and quantitatively im-

portant (e.g., Harrington et al. 2002, Martı́ et al.

2000), or it may be an insignificant component of

floodplain water balance and occur only locally

(e.g., Jolly et al. 1994, Lamontagne et al. 2005).

Local ground-water flow systems resulting from

small topographic differences associated with ter-

races, oxbow lakes, etc., as well as regional ground-

water flow systems originating in the surrounding

uplands and discharging within the valley, may

cause presence of patches differing in magnitude and

direction of SW-GW flux (Winter et al. 1998).

In this paper, we describe the water balance of

a seasonal floodplain in the Okavango Delta and the

factors affecting its hydrology, with particular

attention to the role of infiltration. In a broader

sense, by this work, we provide a quantitative

description of the water balance of a wetland system

dominated by ground-water recharge, examples of

which are few in the literature.

The Okavango Delta is the world’s largest

Ramsar site – a wetland of international importance.

The Okavango Delta is a key element in the

Botswana tourism industry (Mbaiwa 2003) and has

great conservation value, as it creates an ecological

‘‘oasis’’ in the otherwise arid environment, support-

ing large numbers of wildlife in a landscape of

extraordinary beauty. It is also the basis of sub-

sistence of a large local population (Kgathi et al.

2005). The Okavango Delta is under development

pressure resulting from water demand for domestic

and agricultural purposes, demand for hydroelec-

tricity, and management schemes such as channel

clearing, in the Okavango Delta proper and in the

Okavango River catchment (Turton et al. 2003). In
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this context, with this paper, we contribute to the

understanding of the hydrologic and ecological

functioning of the Okavango wetland, which is not

only theoretically important but also crucial as the

basis for wise management of the system. In parti-

cular, we provide a quantitative understanding of

the role of infiltration in the seasonal floodplains of

that system and factors affecting its seasonal dyna-

mics. In this manner, we improve the basis for a wide

range of on-going and future studies addressing

spatial and temporal distribution and availability

of nutrients (e.g., Mubyana et al. 2003), inorganic

chemicals (e.g., Krah et al. 2005), and biologically

important components such as DOC (e.g., Mlade-

nov et al. 2005), leading to an understanding of

food-web dynamics (e.g., Hoberg et al. 2002) in the

seasonal floodplains of the Okavango Delta.

STUDY SITE

The Okavango Delta (Figure 1) is a large inland

wetland created by the Okavango River. Its general

hydrology has been often described in the literature

(Dinçer et al. 1987, Gieske 1997, McCarthy et al.

1998). The principal hydrologic feature of the

Okavango Delta is the seasonal flood arriving from

the Okavango River catchment in Angola and, to

a lesser extent, resulting from local rainfall. The area

covered by water expands from its annual low of

2500–4000 km2 in February-March to its annual

high of 6000–12000 km2 in August-September

(McCarthy et al. 2004). The seasonality of in-

undation is the basis for distinguishing three major

hydro-ecological zones: permanent swamp, seasonal

(regularly flooded) floodplains, and occasional

floodplains (Figure 1), which differ in vegetation

cover and ecological functioning (SMEC 1989,

Ellery and Ellery 1997). The flood cycle is out of

phase with the rainy season, which occurs between

November and March. Geomorphologicaly, the

Okavango Delta is an alluvial fan, with 1:3600

longitudinal gradient (McCarthy et al. 1997). It is

a mosaic of floodplains and islands of sizes varying

from several square meters to 1000 km2 (Gumbricht

et al. 2003). The climate of the region of the

Okavango Delta is semi-arid with 460 mm?a21 of

rainfall and one distinct rainy season from Novem-

ber to March. Class A pan evaporation (with an

appropriate, seasonally-varying pan coefficient)

amounts to 1800 mm?a21. Maximum monthly rates

of 250 mm?month21 occur in October and minimum

of 90–100 mm?month21 occur in June/July.

The floodplain studied here (Figure 1), hereafter

called Phelo’s Floodplain, is located between an

unnamed island and the southwest edge of Chief’s

Island, one of the largest dry land bodies within the

Okavango Delta. The floodplain area is about

0.4 km2, and it has no surface outlet. It is connected

to the Boro River, one of the main watercourses in

the Okavango Delta, by a 1 km long, 20–30 m wide

channel. The topographic relief of the area is very

low, with maximum topographic variations of 2 m

over distances of 3 km. The substratum is primarily

made up of medium to fine sands and sandy loams

Figure 1. Location map of the Okavango Delta and Phelo’s floodplain.
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and is characterized by high hydraulic conducti-
vity: 1.2?1024–3.5?1024 m?s21 (Obakeng and Gieske

1997) and high infiltration capacity: 4.6?1024–

1.2?1023 m?s21 (Boring and Björkvald 1999).

Phelo’s Floodplain is characterized by distinct

vegetation zoning, reflecting the topography, which

accentuates differences in hydroperiod. The central,

deeper part of the floodplain, annually flooded for

4–5 months or more, is vegetated by dense stands of

Cyperus articulatus L. This is surrounded by a zone

where inundation lasts 2–3 months, which is covered

by heavily grazed grass, predominantely Panicum

repens L. At the floodplain-riparian woodland

fringe, where flooding occurs rarely and lasts not

longer than 1–2 months, occur scattered stands of

tall grasses such as Imperata cylindrica (L.)

Raeuschel. The woodlands are stratified perpendic-

ularly to the adjacent floodplain. The fringe hosts

typically broad-leafed mainly evergreen trees such as

Croton megalobotrys Muell. Arg., Diospyros mespi-

liformis Hochst. ex A. DC., Garcinia livingstonei T.

Anders. and Ficus sycomorus L. These give way

gradually to Acacia spp. woodlands followed further

inland by open dry woodland savanna, with typical

species like Colophospermum mopane (Kirk ex

Benth.) Kirk ex J. Leonard. An alternative zonation

occurs to the west of the flume (Figure 1), when the

soils inside the riverine fringe are salty. Salt-tolerant
trees like the palmHyphaene petersianaKlotzsch are

found here followed further inland by open grass-

land with higher salinities and specialist grasses like

Sporobolus spicatus (Vahl.) Kunth. These vegetation

sequences are characteristic of the entire seasonal

floodplains zone of the Okavango Delta (Ellery et al.

1993).

METHODS

Measurements of Inflow

During the flooding phase, the inlet to Phelo’s

Floodplain becomes increasingly vegetated by dense

stands of floating leaf and emergent macrophytes.

However, the deepest central part, 1–3 meters wide,

is kept more or less open by hippopotami moving

in and out of the floodplain. The natural section

could not be used for routine flow measurements,

mainly due to the vegetated part being charac-

terized by very low flow velocities (,0.01 m?s21). To

measure the volume of in-flowing water, an earth

dike and a concrete flume were constructed as

a part of this study. The flume was constructed to

coincide with the central, open part of the section,

and its bottom elevation was kept at the natural

level. The inflow was measured during 1997–1999

flood seasons at least once a week but in particu-

lar at the arrival of the flood, often daily, by use of

a current meter.

Floodplain Survey Data

The relationship between water volume stored in

the floodplain and water level was obtained by

constructing a hypsographic diagram from a digital

elevation model (DEM). The DEM has a spatial

resolution of 10 m and was based on a topographic

map derived in an earlier study (Meyer 1999) from

detailed ground survey using standard geodetic

methods.

Calculations of the Water Balance

The water balance was calculated for 10-day

intervals. Because the floodplain has no surface

outlet and no rainfall was recorded during the

flooding seasons of the studied years (Figure 2), the

following simplified formula was used:

QI ~ E z I z DS ð1Þ
where QI is surface inflow, E – evaporation from the

area covered by water during the given period, I –

infiltration to the ground (i.e., flux across the

ground surface within the inundated area) and

Figure 2. Water level and inflow hydrographs for Phelo’s floodplain.
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DS – change in floodplain storage above the ground

surface (Figure 3).

It was assumed that the evapotranspiration from

the area covered by water, E, was equal to that of an

open water surface E0. To estimate the latter,

climatic data from the 53 km distant village of

Maun (Figure 1) were used. SMEC (1987), based on

the detailed water-balance study, adjusted coeffi-

cients of the Penman formula for open water

evaporation presented by Doorenbos and Pruitt

(1984) so specific climatic conditions of Botswana

were reflected. In our study, we used the SMEC

(1987) version of the Penman formula. The use of

data from Maun was justified by the fact that there

is little variation in climatic conditions between

Maun and the seasonal floodplains zone of the

Okavango Delta (UNDP/FAO 1977). These differ-

ences manifest themselves mainly by winter mini-

mum daily temperatures being 1–2uC higher within

the Okavango Delta than in Maun. This, when

implemented in the Penman formulation, gives

a difference in E0 of less than 2.5%.

Sensitivity Calculations

Two of the water balance elements used for

calculation of infiltration, i.e. evaporation and

change in storage, are not directly measured but

calculated from proxy data. Possible errors in

determination of these variables influence the

calculated value of infiltration. Assessment of effects

of these errors on the calculated output can be done

in the framework of uncertainty analysis (e.g. Choi

and Harvey 2000). This, however, demands that the

errors in input variables are quantified. In our case

the available data do not allow for realistic quan-

tification of errors in input variables. For example,

a topographic survey was not done within our study,

and use was made of an existing topographic map

(Meyer 1999), for which interpolation and survey

errors were not known. The discussion by Mitsch

and Gosselink (2000) indicates that the deviation

of calculated rates from measured ones for evapo-

transpiration from wetlands rarely is larger than 6
20%, but no data exist to confirm this range in the

Okavango. As a result, strict uncertainty analyses

could not be performed. We have used sensiti-

vity analysis instead, in which output (infiltration)

was calculated for a wide range of input values.

Floodplain storage and evaporation were increased

and decreased by up to 50% with respect to their
original values. In this way, we intended to visualize

uncertainty of our water-balance model, avoiding

arbitrary determination of errors in its inputs. The

effects on infiltration were assessed through mean

percent change in total annual infiltration and mean

percent change in 10-day infiltration.

Ground-water Table Fluctuations

A number of shallow piezometers were installed

within and around the floodplain before the first

studied flooding season of 1997 (Figure 1). Piezo-

meters were constructed using 50-mm PVC pipes

installed to the depth of 3–6 m under ground using

a hand auger and a bailer. The bottom section (3 m)
of pipes was slotted, and the slotted section was

isolated from the surface using bentonite pellets.

Piezometer pipes protruded only 0.1–0.2 m from the

ground to prevent destruction by elephants and, as

a consequence, water levels could not be monitored

after piezometers were submerged by flooding.

Water levels in the piezometers were measured

(logistics allowing) weekly using a tape measure

with a sounding device.

Direct Measurements of Infiltration Rates

The large calculated lateral infiltration from the

floodplain for the first two years (1997–1998)

warranted experimental confirmation. Infiltration
from the floodplain was therefore measured directly

on two occasions in October and November 1999.

Measurements took place at five transects across the

littoral zone (Figure 1), oriented perpendicular to

the shore. At each transect, point infiltration rates

were measured at distances of 0.5, 1, 1.5, 2, 3, 4, 6, 8,

and 10 meters from land. Water depths on the order

Figure 3. Scheme used in calculating water balances.

Due to flatness of the area, the difference between

horizontal surface A and topographic surface was

considered negligible. Evapotranspiration and infiltration

were calculated across the area A.
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of several centimeters prevented the use of tradi-

tional ‘‘drum’’ type seepage meters as described by

Lee (1977). Instead, infiltration was measured using

mini-piezometers. The mini-piezometer was simply

a PVC pipe of 0.10-m inner diameter (cross-section
area A 5 0.0078 m2) and length 0.30–0.70 m

(Figure 4). The pipe was inserted into the ground

to a depth L 5 0.1 m. At the beginning of

a measurement (t 5 0), water level inside the pipe

was set at a level corresponding to water level

outside of the pipe (h0). Infiltration occurring inside

the pipe caused gradual lowering of pipe water level.

Water level in the pipe (ht) was measured at various
times t (every 2 hours over a 24-hour period).

Instantaneous infiltration qt inside the piezometer

pipe is driven by a difference in hydraulic head

between the bottom of the pipe (i.e., hB at point B,

Figure 4) and at the ground surface in the pipe (i.e.,

ht at point G, Figure 4). It was assumed that hB did

not change during the experiment, while ht corre-

sponded to the actual water level in the pipe. Under
such conditions, water level in the pipe is described

by a combination of mass balance and Darcy

equation:

dh

dt
~ k

ht { hB

L
ð2Þ

where k is hydraulic conductivity of sediment inside

the pipe.

Equation 2 (partial differential equation) solved
by analytical methods under initial condition of ht
for t 5 0 being equal to h0, yields:

ht ~ hB z h0 { hBð Þe{k
L
t ð3Þ

Equation 3 is a function of the form: ht 5 f(t) with
four parameters: L, h0, hB and k. Parameters L and

h0 characterize geometry of the instrument, and were

measured a priori. Measured pairs of ht and t were

used to determine values of parameters hB and k.

Since the function described by Equation 3 is non-

linear, values of parameters hB and k were de-

termined using an optimization routine (an MS

Excel function), which adjusted their values so the

difference between measured ht and that calculated
from Equation 3 was minimized. Actual infiltration

rate was the calculated considering that it takes

place under condition of ht 5 h0:

I ~ k
h0 { hB

L
A ð4Þ

The method did not account for open water

evaporation taking place from within the pipes.

Also, a distinction could not be made between

infiltration contributing to deeper ground water
and that supplying transpiration demand of aqua-

tic macrophytes, rooted in shallow sediment. How-

ever, the infiltration values obtained in most of the

measurement sites were very high (up to 42 cm?d21),

by far exceeding open water evaporation during the

measurement period (0.6–1.0 cm?d21). Considering

the aim of the exercise (i.e., qualitative confirmation

of the high infiltration rates obtained from water
balance), the effects of evaporation (open water and

macrophytes) were considered negligible and were

not corrected.

RESULTS

General Patterns

During each studied year, the flood arrived at the

end of May-beginning of June in the study area and

lasted for 91–175 days (Table 1). The inflow to the

floodplain had a similar pattern for the three studied
years (Figure 2). Inflow increased rapidly after

arrival of the flood, and the maximum inflow

occurred within the first 30 days of flooding (end

of June). Subsequently came a gradual, exponential-

like decline in inflow. Water levels in the floodplain

rose fast during the first 30 days of the flood, and

this was accompanied by large increase in storage

(high DS values in Figure 5). Unlike the inflow,
however, after the initial rise, water levels stabilized

for a period of 1–2 months (July–August). A rapid

drop of water levels occurred at the end of the flood

(i.e., in August–December) (Figure 2), which trans-

lates into decrease in floodplain storage (negative

values of DS in Figure 5).

The total inflow varied between 0.49 and

1.42 million m3 for the three seasons (Table 1).
During the peak of the flood, the maximum depth

of water in the floodplain was about 2 m and the

mean depth 0.15–0.3 m, depending on the extent of

Figure 4. Schematic of a mini-piezometer used for direct

measurements of point infiltration rates. Values of water

levels and hydraulic heads ht, h0, and hB measured with

respect to an arbitrary reference level.
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inundation. The inflow to the floodplain was large

compared to the volume, and the mean retention

time is calculated to be between 2 and 5 days for the

years studied.

Infiltration Calculated from the Water Balance

On an annual basis, 88–91% of the water flowing

into the floodplain infiltrated into the ground

(Table 2). The infiltration was on the order of 4.7–

9.7 m per season, or on average 4.6–5.4 cm?d21

expressed over the actual flooded area.

The infiltration rate changed significantly

throughout the flood season (Figure 5) and followed

the general pattern of the inflow. At the arrival of

the flood, infiltration was rapid, and later, the rate

gradually decreased. During the initial rapid in-

filtration phase, rates as high as 1.74 m in 10 days

were calculated.

The sensitivity analysis reveals (Figure 6) that

eventual errors in evaporation or floodplain storage

variables have little influence on the calculated total

annual infiltration or on its temporal variability.

Somewhat extreme assumption of 50% error in

input variables causes only a 10% difference in

calculated infiltration values. More conservative

assumption of 20% error results in a difference in

infiltration on the order of 3–4%.

Ground-Water-Table Fluctuations

The observed ground-water-table fluctuations are

clearly related to flooding, and there is very little or

no influence of rains. The magnitude and character

of ground-water-table fluctuations depend on the

distance from the perimeter of the inundated area.

Within the inundated area, a rapid rise of the

ground-water table with a rate of 1–1.5 m?d21

occurred immediately after the onset of inundation

(e.g., piezometer P2 in June 1997, Figure 7). Just

before the flood arrived, the levels were approxi-

mately 3, 4, and 5 m below ground for the 1997,

1998, and 1999, respectively (P2 in Figure 7). The

unsaturated volume under the inundated area was

thus filled up in a few days. Further away from

inundated area, the ground-water rise was less

pronounced (piezometers P1, G and F, Figure 7).

Water-level rise in piezometer G was approximately

3 m in 1997 when flood extended to approximately

20 m from it, but only 0.4 m in 1998 when flood

stopped 250 m away. In piezometer F, located at

a distance of about 400 m from the shoreline of 1997

flood, the rise in ground-water level during that

year’s flood was only 0.20 m, and the highest

ground-water-table position was recorded in Sep-

tember, about three months after arrival of the water

to the floodplain (Figure 7). The smaller flood of

1998, which reached 600 m from piezometer F, had

no effect on ground water in that piezometer;

a steady decline was recorded during that whole

year.

Lateral Ground-Water Flow

The fluctuations of ground-water table (Figure 7)

indicate that part of infiltrating water is removed

Figure 5. Elements of water balance of the Phelo’s floodplain. I – infiltration, E – evaporation, DS – change in floodplain

storage (negative values indicate reduction in floodplain storage).

Table 1. Characteristics of flooding in the studied floodplain.

1997 1998 1999

Total inflow [m3] 1 387 800 494 100 1 422 600

Duration of flooding [d] 164 91 175

Mean flooded area [m2] 151 000 89 000 134 000

Mean floodplain volume [m3] 43 000 14 000 34 000

Mean floodplain water depth [m] 0.28 0.16 0.25

Mean retention time [d] 5.2 2.5 3.6
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from the floodplain by lateral ground-water flow

towards surrounding drylands. The amount of water

transferred out of the inundated area by lateral

ground-water flow can be calculated by subtracting

the (assessed) pre-inundation pore volume of vadose

zone under the inundated area from the total annual

infiltration (Table 3). The calculations reveal that

the lateral ground-water flow toward the surround-

ing dryland accommodated 72–85% of the total

seasonal infiltration.

Measured Infiltration Rates

Direct measurements of infiltration revealed point

infiltration rates reaching 42 cm?d21. Infiltration

takes place within a narrow littoral zone, and there

is a progressive increase towards the shore (Fig-

ure 8), with 75% of the infiltration occurring within

the 0–2 m band. The average of the five measured

transects in October 1999 was 0.416 m3?d21?m,

which if extrapolated across the entire shoreline

length, gives a total infiltration of 2247 m3?d21. The

total infiltration value, obtained in an analogous

manner for the November experiment was

1768 m3?d21. These values are lower but still within

the same order of magnitude as the values of

5584 m3?d21 and 3690 m3?d21, respectively, calcu-

lated from the water balance for the periods the

infiltration measurements were made. There is

Table 2. Water balance for the studied ÿ¢§floodplain.

1997 1998 1999

Inflow total [m3] 1 388 000 494 000 1422 000

average daily [cm?d21] 5.2 5.7 6.0

Evaporation total [m3] 164 500 45 800 142 600

average daily [cm?d21] 0.6 0.5 0.6

Infiltration total [m3] 1 223 300 448 300 1 279 000

totala [cm] 743 468 975

average daily [cm?d21] 4.6 5.2 5.4

maximum [cm/10 days] 114 111 174

Infiltration/inflow ratio [–] 0.88 0.91 0.90

Infiltration/evaporation ratio [–] 7.4 9.8 9.0
a calculated over the time-varying area of water surface.

Figure 6. Sensitivity analysis. Lines represent change in

infiltration (I ) compared to original values, when calcu-

lated with 250% to +50% change in (a) evaporation E (b)

floodplain storage DS.

Figure 7. Ground-water-table fluctuations at piezo-

meters and surface water levels at flume. F, G, P1 and

P2 are piezometer designations. Location of piezometers

shown in Figure 1. Dashed line represents inter-

preted levels.
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a considerable variability among the sites that may

explain the discrepancy (Figure 8).

INTERPRETATION AND DISCUSSION

Factors Affecting Magnitude and Variation

of Infiltration

The measurements and calculations presented

above reveal that infiltration is the dominant process

responsible for flood water loss from the studied

floodplain. The observed variations in ground-

water-table level (Figure 7) suggest that the process
of infiltration takes place in two phases (Figure 9).

The first phase (Figure 9a) can be depicted as

occurring at the propagating face of the flood and

takes the form of vertical percolation of water

through the vadose zone, probably analogous to

Green-Ampt infiltration (Maidment 1992). Infiltra-

tion during this phase is fast because it is controlled

Table 3. Assessment of the lateral ground-water outflow from the inundated area.

Year 1997 1998 1999

Maximum extent of the flooded area A [m2] 203 000 103 000 145 000

Pre-flood ground-water-table depth h [m] 3 4 5

Porosity n [–] 0.3 0.3 0.3

First phase infiltration I1 [m3] 182 700 123 600 217 500

Observed annual infiltration volume I [m3] 1 223 300 448 300 1 279 900

Lateral groundwater outflow (I–I1 I2 [m3] 1040600 324700 1062400

Lateral gw outflow as % of total

infiltration

[%] 85 72 83

Lateral gw outflow as % of sum of

total infiltration and water surface

evaporation

[%] 75 65 75

Figure 8. Infiltration flux. Mean and range measured by

mini-piezometers at five different locations (shown in

Figure 1) in November 1999.

Figure 9. Schematic plot of interactions between surface

water and ground water in the studied floodplain: (a) first

phase infiltration (June), (b) and (c) second phase

infiltration (July–September), (d) ground-water behaviour

after flood cessation (October and later, depending on

duration of inundation). Dotted lines represent evapo-

transpiration. Dashed line represents ground-water table,

arrows represent ground-water flow directions. Density of

the arrows indicates ground-water flux.
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by vertical hydraulic conductivity of the floodplain

bed and vadose zone, which are high in the studied

floodplain. After some time, the percolation front

connects with the shallow ground-water table, and

the second phase begins. During that phase (Fig-

ure 9b–c), infiltration can be depicted as controlled

not only by the properties of the vadose zone but

also by conditions defining transfer of ground water

from beneath the flooded area toward its surround-

ings.

This two-phase infiltration process is reflected in

the infiltration rates obtained from the water

balance: the high infiltration rates observed during

the first 30 days of flooding (June) result mainly

from the first phase, occurring during the expansion

of the flood. However, because the flood expands

gradually, the slower, second phase infiltration also

contributes to the calculated rates during that

period. The decline in infiltration rates observed

after the first 30 days of flood (July and later),

however, reflects the lateral ground-water-flow-

controlled second phase infiltration only.

The first phase occurs typically during 1–3 days

after inundation, and thus, its local rates are higher

than those obtained from the 10–day water balance

and integrate both the first and the second phase

infiltration in a situation of expanding flood.

Ground-water-table observations from Phelo’s

Floodplain suggest first phase infiltration rates of

approximately 1.5 m?d21 and more. Such high

values are rather unusual in wetlands, as floodplains

are typically lined with low permeability deposits

that limit infiltration. Generally, the values of

hydraulic conductivity of floodplain soils fall

between 1?10210 and 1?1025 m?s21 (Mitsch and

Gosselink 2000). The Okavango River, however,

drains a catchment covered with highly weathered

quartzitic Kalahari sands and carries very little fines

(McCarthy et al. 1998). As a result, the Okavango

Delta is built of permeable sands, and the clogged

layer is not present in the floodplains. Additionally,

fires are frequent in the seasonal floodplains of the

Okavango Delta (Heinl et al. 2004), preventing the

build-up of peat that could otherwise reduce the

infiltration capacity of floodplain soil. Values of

infiltration capacities of between 4.6?1024 and

1.2?1023 m?s21 (Boring and Björkvald 1999) and

hydraulic conductivities of floodplain strata between

1.2?1024 and 3.5?1024 m?s21 (Obakeng and Gieske

1997) confirm that the high observed values of the

first phase infiltration rates are realistic.

During the second phase of infiltration, infiltra-

tion rates are controlled by ground-water drainage,

and the calculations (Table 3) revealed that up to

85% of the annual infiltration occurred during this

phase. At the onset of the second phase infiltration

(July), ground-water gradients in the vicinity of the

floodplain are steep and drive relatively large lateral

ground-water flux, and thus relatively large in-

filtration (Figure 9b). As a consequence of lateral

ground-water flow, the ground-water table around

the floodplain gradually rises, causing a reduction of

ground-water gradients and thus reduction of in-

filtration (Figure 9c). During the period when the

second phase of infiltration becomes dominant

(July–September in 1998 and July–December in

1997 and 1999), infiltration rates averaged over the

inundated area were generally below 9 cm?d21.

However, our infiltration experiments showed that

infiltration took place in a narrow zone close to the

shore, with local rates on order of 9–42 cm?d21

(Figure 8). The presence of higher infiltration rates

in the littoral zone is a general pattern for inflow

from surface waters to hydraulically connected

shallow ground-water systems (e.g., Freeze and

Cherry 1979, Winter 1999).

After cessation of the flood, during each year of

the study, the ground-water table declined rapidly

(Figure 7). Wolski and Savenije (2003) have shown,

using a regional ground-water model, that due to

a generally small regional topographic gradient

(,1:3600), regional ground-water drainage in the

central Okavango Delta could not exceed

0.1 cm?a21. Thus, the observed recession of the

ground-water table is attributed to ground-water

evaporation and transpirative uptake (both by

floodplain vegetation made up of grasses and sedges

and by dryland trees), and continuous ground-water

transfer between floodplain and dryland in a local

ground-water-flow system. Reversal of the ground-

water gradient between floodplain and dryland has

never been observed, neither in this study, nor at

other sites in the Okavango Delta (e.g., McCarthy et

al. 1991, Wolski and Savenije 2003, WRC 2003,

Bauer 2004). Ground-water flow from floodplains

toward drylands seems, therefore, to be a permanent

and characteristic feature of the Okavango Delta,

and the effect of bank storage defined as return flow

toward the floodplain after drop in flood levels, is

not present.

Comparison with Other Sites in Okavango and

Other Wetland Systems

In this study, the calculated total infiltration

accounted for 88–91% of inflowing water, and the

mean daily infiltration rate varied between 4.6 and

5.4 cm?d21. These values are comparable to values

obtained during earlier studies in the Okavango. At

Beacon Island site (Figure 1) infiltration was 72–
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84% of the net inflow or on average 1.3–1.8 cm?d21

(Dinçer et al. 1976); in the Gumare channel

(Figure 1), mean daily infiltration rate was

7.7 cm?d21 (Petermann et al. 1988) and constituted

92% of the transmission loss.

The values of infiltration measured and calculated

for the Phelo’s Floodplain exceed typical values

observed in other recharge wetlands and floodplain

wetlands. Mitsch and Gosselink (2000) provided

water balance for several wetlands, and for those

with a significant ground-water recharge function,

ground-water recharge (which we consider to be

equal to infiltration) falls between 1 and 28 cm?a21,

which represents 2–30% of the combined evapora-

tion and ground-water recharge loss in those

wetlands. In the Nigerian Hadejia-Nguru wetlands,

characterized by a similar climate to that of

Okavango, a seasonal flood-pulse of 4 months

caused ground-water recharge of 50 cm?a21, which

was 51% of the combined evaporation and recharge

loss in that wetland (Goes 1999, Thompson and

Polet 2000). The high infiltration values for Phelo’s

Floodplain are, however, much lower than infiltra-

tion rates observed in ephemeral rivers, which

typically fall between 35 and 520 cm?d21 (Lerner

et al. 1990). Obviously, rates for ephemeral rivers

reflect a situation where there is no hydraulic link

between surface water and ground water, and

infiltration takes place as a Green-Ampt process

during relatively short time periods, and thus the

rates are extremely high. In seasonal floodplains,

however, flood-water infiltration rates are normally

limited by low hydraulic conductivity of the

floodplain bed, and in places, infiltration might

not play any role. For example, during a large flood

in the Murray River floodplain in Australia, diffuse

vertical recharge of floodwater to ground water was

shown to be of little importance (Jolly et al. 1994,

Lamontagne et al. 2005). In the case of permeable

floodplain deposits, total infiltration corresponds to

the depth of vadose zone before inundation and to

the capacity of the shallow ground-water aquifer to

carry ground water out of the floodplain. The high

infiltration at Phelo’s Floodplain, as compared to

Hadejia-Nguru, seems to result from the difference

in the role of the last factor (i.e., lateral ground-

water drainage). In the Hadejia-Nguru, lateral

ground-water drainage was limited, as it occurred

at the perimeter of a relatively large flooded area. In

contrast, due to the large area of surrounding

dryland and the small size of Phelo’s Floodplain,

lateral ground-water drainage was very significant.

An additional factor that affects the lateral ground-

water drainage, and thus effectively increases in-

filtration in Phelo’s Floodplain, is the presence of

dryland vegetation taking up ground water for

evapotranspiration. It is known that evapotran-

spirative uptake of ground water by riparian

vegetation can cause an increase in infiltration rates

(Sacks et al. 1992, Doss 1993, Winter and Rosen-

berry 1995). For example, in a prairie pothole

described by Hayashi et al. (1998), as much as 50–

75% of the combined (evaporation and ground-

water recharge) water loss from the wetland was

caused by transpiration-driven lateral ground-water

flow.

Implications of High Infiltration for the Hydrology

and Ecology of the System

Infiltration is not only a major mechanism of

water loss from Phelo’s Floodplain, but it seems that

it in fact determines the amount of water flowing

into it. Inflow to Phelo’s Floodplain increases

significantly at the onset of the flood. This results

from an increasing water-level gradient between the

feeding Boro River and Phelo’s Floodplain, result-

ing from the arrival of the flood wave in the Boro

River. The decline of inflow observed after the first

30 days of flooding occurs, however, while water

levels in both the Boro and on Phelo’s Floodplain

remain stable. The decline in inflow thus cannot be

a reflection of limitation in flood water supply to the

floodplain or falling water levels in the Boro River.

Since inflow and infiltration change concurrently,
the decline in inflow must, therefore, result from the

decline in infiltration. In this way, the infiltration

effectively determines the amount of water flowing

into the floodplain.

The infiltrating and laterally transported water

supports riverine forests on the dryland fringes in

the Okavango Delta. These forests occur not only

along rivers and other permanent waters but also

along seasonal floodplains (SMEC 1989, Ringrose

2003), vary in width from 20 m to 200 m, and cover

1500 km2 (Ringrose 2003, Wolski and Gumbricht

2003). The riparian vegetation forms an impor-

tant Okavango Delta habitat, used by a wide

variety of animals (e.g., elephants) and birds for

shelter and feeding and adds to its aesthetic value for

tourism.

Okavango waters are generally nutrient-poor and
are often classified as oligo- to mesotrophic (Cron-

berg et al. 1996, Wolski et al. 2005a). Yet, surface

water is an important source of nutrients in the

seasonal floodplains (Krah et al. 2005). The high

infiltration rates, as shown above, drive inflow to the

floodplain and thus increase the pool of nutrients

available in a floodplain, as compared to a situation

where there is evaporation-driven inflow only. Some
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of the nutrients escape from the floodplain with

infiltrating water (Wolski et al. 2005a). It is possible,

however, that high infiltration does increase the

amount of nutrients available for floodplain vegeta-

tion. This could be mainly through the increase in

the depth of the aerobic layer in the floodplain

substratum, which results in nitrification of ammo-

nium nitrogen and sequestration of nitrate nitrogen

by plants and microbes. Examples of such processes

are known from rivers, where ripple and pool

sequences create downwelling and upwelling sec-

tions in the hyporheic zone, which differ significant-

ly in biogeochemistry (Brunke and Gonser 1997,

Mermillod-Blondin et al. 2000). Work done so far

on nutrient balance in seasonal floodplains in the

Okavango Delta (Cronberg et al. 1996, Mubyana et

al. 2003, Krah et al. 2005, Wolski et al. 2005a) does

not, however, take these potentially important

processes into account.

Additionally, the large lateral ground-water

drainage is a mechanism causing effective immobi-

lization of dissolved salts in the system. The

Okavango Delta is essentially a closed (endorheic)

system, where all the water is ultimately lost by

evaporation and transpiration. In spite of that, the

Okavango Delta remains a fresh water body due to

the process of trapping the salts under islands,

described in detail by McCarthy et al. (1991),

McCarthy et al. (1998), and Bauer (2004). In this

process, the evapotranspirative uptake of ground

water by dryland vegetation creates a permanent

cone of depression in island ground water, effective-

ly preventing the movement of inorganic ions left in

the ground water after evaporative uptake. The

large infiltration and lateral ground-water move-

ment detected in this study is therefore a prerequisite

of that process. Additionally, it is possible that the

process is also responsible for removal of some of

the nutrients (N and P) from the floodplains and

their immobilization under the islands (Wolski et al.

2005a). This is potentially important in this gener-

ally nutrient-deficient system.

Another important consequence of high infiltra-

tion rates is their potential effect on the process of

mobilization and redistribution of chemicals and

nutrients from the surface by flood water. In

floodplains with low infiltration rates, inorganic

minerals (capillary precipitates and atmospheric

deposits) and nutrients (mineralized detritus) re-

maining after the previous flood can diffuse upward

to surface water from the surficial layer of the soil of

a certain depth. In a situation of high infiltration,

the thickness of this contributing layer is reduced, as

such diffusion has to act against the downward

convective movement of water through the intersti-

tial spaces of the floodplain substratum. The

importance of this process in redistribution of

minerals and nutrients in the Okavango Delta has

not been addressed so far.

SUMMARY AND CONCLUSIONS

The results of the study of water balance of

a seasonally inundated floodplain presented here

reveal extremely large infiltration rates and volumes.

The interaction between surface water and ground
water is exclusively one-directional (i.e., no exfiltra-

tion or return flow was recorded), and infiltration

effectively determines inflow of water and thus

nutrients and minerals to the floodplain. The

combination of these characteristics, and in partic-

ular the high infiltration rates, are rather unusual in

recharge wetlands.

The high infiltration rates are responsible for the

removal of solutes from the floodplain. They

determine the nutrient budget of the floodplain,

probably strongly affecting nutrient distribution and
lateral movement during flood propagation.

The large lateral ground-water flow indicates that

the riparian woodland is functionally dependent on
flood water. This process has to be taken into

account in assessments of environmental impacts

of various actions that may reduce the extent or

duration of flooding in the Okavango Delta.

Modifications of hydroperiod will not only have

a direct impact on the aquatic component of

the Okavango Delta ecosystem but will also

affect the large areas of riparian woodlands. The
environmental costs of such proposed develop-

ments and similar actions would be considerably

higher than previously anticipated. Additionally,

actions that might affect the riparian woodland

on a large scale (e.g., clearing for agriculture or

destruction by large population of elephants) have

large implications for water and salt balance in the

system.

In the previous hydrologic models of the Oka-

vango Delta (Dinçer et al. 1987, Scudder et al. 1993,

Gieske 1997), infiltration and lateral ground-water
flows were not incorporated or were very simplified.

This study reveals that these two processes are

quantitatively very important, at least in some parts

of the system, and thus their dynamics and volumes

of water involved have to be properly represented in

hydrologic models. The more recent, distributed

models (Bauer 2004, Jacobsen et al. 2005) simulate

processes of surface water and ground water
implicitly, while the conceptual (reservoir) model

of Wolski et al. (2005b) simulates the surface-water

ground-water relationship explicitly. In this frame-
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work, this paper provides a quantitative basis for

parameterization, calibration, and verification of the

surface water ground-water interaction element of

these models.
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