
Quantifying the Hydroregime of a
Temporary Pool Habitat: A

Modelling Approach for Ephemeral
Rock Pools in SE Botswana

Ann Hulsmans,1,* Bram Vanschoenwinkel,1 Chris Pyke,2

Bruce J. Riddoch,3 and Luc Brendonck1

1Laboratory of Aquatic Ecology, Katholieke Universiteit Leuven, Ch. Deberiotstraat 32, 3000 Leuven, Belgium; 2CTG Energetics, 101
N. Columbus St., Suite 401, Alexandria, VA 22314, USA; 3Department of Biological Sciences, University of Botswana, Gaborone,

Botswana

ABSTRACT

Ecological and evolutionary processes in temporary

rock pools operate within constraints imposed by

their hydrologic regimes. These shallow pools flood

when seasonal rains accumulate on impermeable

substrates. Despite the ecological importance of

hydrologic conditions for these ecosystems, we typ-

ically lack tools and empirical data required to

understand the implications of hydrologic variability

and climate change for biotic populations and com-

munities in these habitats. In this study, we devel-

oped a hydrologic model to simulate rock pool

hydrologic regimes based on rainfall, evapotranspi-

ration, and basin geometry. The model was used to

investigate long-term patterns of seasonal and inter-

annual variation in hydroregime. In addition,

hydrologic conditions associated with potential cli-

mate change scenarios were simulated and evalu-

ated with respect to the biological requirements of

the anostracan Branchipodopsis wolfi. The model‘s

output for daily inundation matched with field

observations with an overall accuracy of 85% and

correctly estimated complete hydroperiods with an

overall accuracy of 70%. Simulations indicate large

variation in individual hydroperiods (76–115%) as

well as in the number of hydroperiods per year (19–

23%). Furthermore, this study suggests that climate

change may significantly alter the rock pool hyd-

roregime. These findings confirm the hydrologic

sensitivity of these ephemeral habitats to precipita-

tion patterns, and their potential sensitivity to future

climate change. Modelling indicates that the suit-

ability of average inundation conditions for B. wolfi

deteriorates significantly under future climate pre-

dictions. High levels of spatial and temporal variation

in hydrologic conditions are dominant features of

these habitats and an essential consideration for

understanding population and community-level

ecological processes.
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INTRODUCTION

Temporary water bodies occur globally but are

most abundant in arid and semi-arid regions (Wil-

liams 2005). These habitats experience a recurrent
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drying or freezing phase of variable duration. They

are replenished through a variety of mechanisms,

including precipitation, snow melt, underground

springs, irrigation, tidal inundation and/or ocean

spray, with the aquatic phase varying from a few

days to several months (Blaustein and Schwartz

2001). Temporary lentic water bodies include,

amongst others, small depressions and large playas

in arid and semi-arid regions, tundra pools, vernal

pools, prairie potholes, Carolina bays, and riparian

wetlands (Schwartz and Jenkins 2000).

The aim of this work is to develop and validate a

simple water balance model linking long-term

rainfall data to individual pool hydroregimes,

explicitly using a minimal set of specific pool

characteristics. The model should allow efficient

simulation of seasonal and inter-annual variation

in hydroregime. We used ephemeral pools in

southeastern Botswana to evaluate the potential

use of this model and to quantify the unpredict-

ability of these habitats. The model was validated

against field observations. In addition, the sensi-

tivity of rock pool hydroregimes to a range of cli-

mate change scenarios was assessed. The potential

changes in hydroregime were evaluated with re-

spect to the biology of the anostracan Branchipod-

opsis wolfi, the most conspicuous inhabitant of these

rock pools.

Rock Pools

Ephemeral freshwater rock pools are locally

abundant in the hardveld of southeastern Bots-

wana. They are shallow, rain-fed, sub-seasonally

to seasonally flooded depressions on impermeable

granite outcrops. Pools show considerable varia-

tion in size, depth and longevity, and exhibit

significant hydrologic variability, such as variation

in hydroperiod within and between years (Bren-

donck and others 2000; Brendonck and Riddoch

2001). Ample information is available on the

community structure in these pools (Jocqué and

others 2006) and on the biology and genetic

structure of key species, notably the anostracans

(Riddoch and others 1994; Brendonck and others

1998; Brendonck and Riddoch 2000; Brendonck

and others 2000; Brendonck and Riddoch 2001;

Hulsmans and others 2007). However, under-

standing of spatial and temporal variation in

hydrologic conditions has been limited. Efforts to

interpret population and community patterns re-

quire quantitative information on hydrologic

conditions of individual pools to help characterize

selective regimes and assess the implications of

environmental variability.

Hydrologic Regime

Hydroperiod (that is, the duration of a single hy-

drocycle from initial flooding to drying), and its

variation, frequency and periodicity (that is, hyd-

roregime) are key structuring factors in temporary

waters. Hydroperiod is important in determining

species richness and community structure (for

example, Brooks 2000; Fischer and others 2000;

Bilton and others 2001; Schell and others 2001;

Therriault and Kolasa 2001; Andrushchyshyn and

others 2003; Mura and Brecciaroli 2003; Eitam and

others 2004; Serrano and Fahd 2005). Further-

more, the hydroregime is critical for the survival

and performance of individual aquatic organisms.

Many studies report on the relation between hy-

droperiod and life history characteristics such as

growth rate, maturation rate and hatching phe-

nology (for example, Hildrew 1985; Hathaway and

Simovich 1996; Marcus and Weeks 1997; Simovich

and Hathaway 1997; Brendonck and Riddoch

2000; 2001; Philippi and others 2001), and it is

clear that the hydroregime of temporary aquatic

habitats can exert significant selective pressure on

populations and communities. Consequently,

understanding ecological and evolutionary pro-

cesses in these dynamic ecosystems requires a

quantitative understanding of the spatial and tem-

poral variation in hydrologic conditions (Ripa and

Ives 2003).

Studies on temporary water bodies often include

some hydrological monitoring, but the quantity

and quality of observations are typically inadequate

to quantitatively characterize long-term hydrolog-

ical dynamics (but see Brooks 2004; Bauder 2005).

In some cases, monitoring involves periodic

descriptions of depth and surface area of the

aquatic habitat (King and others 1996; Marcus and

Weeks 1997); however, irregular visual inspections

of water presence are often the only information

available (Brooks 2000; Fischer and others 2000;

Brendonck and Riddoch 2001; Jeffries 2001;

Therriault and Kolasa 2001; Andrushchyshyn and

others 2003; Mura and Brecciaroli 2003; Eitam and

others 2004). In general, the temporal and spatial

extent of hydrological observations is often very

limited and most records do not distinguish be-

tween the hydrological characteristics of an indi-

vidual aquatic habitat and the entire set of aquatic

habitats in a given landscape. Despite the paucity of

long-term data, temporary water bodies are often

described as unpredictable, without further speci-

fying the extent and nature of this unpredictability

(Simovich and Hathaway 1997). A robust, quanti-

tative description requires the incorporation of
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daily, seasonal, and inter-annual components of

hydrological variation over an ecologically relevant

time frame. Long time series would permit inclu-

sion of effects of cyclic climate phenomena (for

example, El Nino-Southern Oscillation, ENSO;

North Atlantic Oscillation, NAO) and anthropo-

genic climate change on hydroregime characteris-

tics (Pfeifer and others 2006). Although capabilities

for in situ observation continue to improve rapidly,

modelling provides the only general approach

capable of reconstructing historic patterns of

hydrologic variability and examining sensitivity to

future conditions (Pyke 2004).

The rock pools of southeastern Botswana are

directly dependent on rainfall and we would expect

that they should be particularly sensitive to chan-

ges in weather patterns associated with climate

change. It is often suggested that ephemeral pool

ecosystems may be excellent early indicators for

climate changes (Graham 1996), and the species

most directly impacted by changes in hydroregime

are likely to be obligate aquatic organisms with life

histories tightly coupled to hydrologic conditions.

The suitability of ephemeral pools for anostracans,

one of the most conspicuous inhabitants of

ephemeral pools, depends largely on the timing

and duration of pool inundations, conditions likely

to be sensitive to climate changes (Pyke 2005).

Hydrologic Models

Although hydrologic models exist for many wet-

land systems, none of them are directly applicable

to ephemeral rock pools. Most wetland hydrologic

models are too highly parameterized for this rela-

tively simple hydrologic system. Many models

represent features or processes that are not impor-

tant for purely rain-fed rock pools (for example,

Spieksma and Schouwenaars 1997; Restrepo and

others 1998; Stewart and others 1998; van der

Kamp and Hayashi 1998; Mansell and Bloom 2000;

Su and others 2000; Pyke 2004). These complex

representations require parameters that cannot be

estimated for this kind of habitat (for example,

Poiani and Johnson 1993) and, consequently,

contribute to extensive computational demands

(for example, Bobba and others 2000). Pyke

(2004), for example, developed a process-based

model of hydrology for California vernal pools to

assess the potential effects of climate and land-use

change. The vernal pool model requires extensive

soil parameterization, properties that are not

important for rock pools. The vernal pool model

also depends strongly on reference evapotranspi-

ration, a measure not available for our system.

METHODS

Study Site

The pool system used in this study is located on a

granite outcrop (24�39¢51.9 S—25�32¢22.7 E) near

the village of Thamaga in southeastern Botswana

(further referred to as Th-I). Botswana has a semi-

arid climate featuring summer rains. During the

wet season (October–April), pools fill intermit-

tently, and often incompletely. Rainfall averages

529 mm per year but is extremely variable in

amount (0.1–168 mm/month) and in spatial pat-

tern. Thirteen rock pools (nearly all pools on the

site) with about 8 years of observational records

were used for this study. This set of pools represents

the full range of pool sizes and depths present on

the outcrop and corresponds with pool types and

sizes occurring on the other granite outcrops in the

region and at other locations in the world. The

maximal depth of the pools ranges from 39 to

137 mm (Brendonck and others 2000). The surface

area of the pools ranges from 2 to 39.5 m2. To in-

crease the resolution of our evapotranspiration

estimates, 17 additional pools from a neighboring

site were monitored. Pools at that site had a very

similar topography, incidence of plant cover, and

basin morphology as the ones at the main study

site.

Water Balance Model

The model is a simple water balance model with a

single pool basin as the functional unit of analysis.

A basin receives water inputs from precipitation

and inflow via overflow from neighboring pools,

and it loses water through evapotranspiration and

overflow events. Due to the impermeable nature of

the bedrock, pools are not supplied by groundwater

or subject to leakage. As the amount of sediment is

minimal in these rock pools, soil water storage is

also negligible.

The basic formulation of the water balance for

water stored in the basin is presented in equation 1:

Dt ¼ Dt�1 þ P þ R þ I � E � O ð1Þ

where Dt is the water depth at time t, Dt)1 is the

water depth at time t ) 1, P is the water received

from direct precipitation, R accounts for the indi-

rect surplus of water (for example, runoff from

unflooded areas within the pool basin), I is the

inflow via overflow from neighboring pools, E is

the loss of water due to evapotranspiration, and O is

the daily overflow export.

The maximum depth of each pool (Dmax) is

determined by the geometry of its basin. When
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Dt > Dmax, the excess water is lost from the basin as

overflow (O). Maximum depth of each pool was by

convention measured at the center of the pool

basin after events of maximal flooding (Brendonck

and others 2000).

Based on water depth measurements of two

pools at one occasion directly after filling of the

pools, an average precipitation interception coeffi-

cient of 3.4 ± 0.4 mm was obtained. This inter-

ception coefficient reflects the gain in depth for

every millimeter of rain. Daily rainfall (in mm) data

were obtained from the nearby Thamaga weather

station and multiplied by the interception coeffi-

cient. The resulting value accounts for incoming

precipitation divided between direct interception

on the flooded surface (P) and runoff from non-

flooded areas (R).

The term inflow via overflow from neighboring

pools (I) in equation 1 is not incorporated in the

final model. Although it represents a theoretically

important process, it is unlikely to have a signifi-

cant impact at the specific study site, because both

donor and recipient pools fill simultaneously and

due to their small size they will both be full when

overflow occurs. This assumption was also vali-

dated with respect to field observations (see below).

Field observations of water depth during consec-

utive days without additional rainfall yielded an

estimate of the loss of water from the pools through

evapotranspiration. Daily water depth measure-

ments in the center of each pool were taken by

means of a calibrated stick in October and January

during three years (1993, 1995, and 1998) for all 13

pools at Th-I and 17 pools at another site. These data

yielded an average value of 9.1 mm/day for January

and 9.2 mm/day for October. In comparison, long-

term (>15 years) records of Pan A evaporation ob-

tained from the Gaborone weather station resulted

in an average monthly value of 9.4 mm/day for

January and 9.8 mm/day for October. Although

there was a small overestimation of approximately

5%, weather station data were considered largely

concordant with our field observations. Evapo-

transpiration rates in all other months were there-

fore extrapolated from monthly Pan A evaporation

data, using a correction factor of 0.95.

This yields the basic formulation of the final

model:

Dt ¼ Dt�1þ
ðP Precipitation interceptioncoefficientÞ
� ðPanAevaporation 0:95Þ �O�� >

ð2Þ

The water balance model was implemented in

Microsoft Excel, and the model is available from

the corresponding author. It implements equation

2 at a daily time step using meteorological data and

the pool-specific maximal depth as inputs. The

outcome is a time series describing the water bal-

ance of a single pool, translated into its corre-

sponding inundation state (wet/dry).

Model Validation

The performance of the water balance model for

the 13 ephemeral rock pools was validated against

field observations in two different ways: (1) by

comparing the model‘s output for the daily inun-

dation state with field observations on pool-specific

presence/absence of water obtained during yearly

observations. During eight subsequent years, the

daily inundation state of the pools was each time

monitored for about one month in the rainy season

(total: approximately 200 observation days), and

(2) by comparing the model‘s output for hydrope-

riod with field observations during one rainy sea-

son when pools were monitored during 96

consecutive days (December–March 1997–1998).

Predictions of hydroperiod were considered accu-

rate when a 100% match occurred (that is, the

observed hydroperiod matched the model predic-

tion). Proportions of predicted hydroperiods that

differed for 1, 2, 3, 4, and 5 days with the field

observations were also calculated. As the pools fil-

led at the start of the 96-day monitoring period, the

first hydroperiod was not considered. Predicted

hydroperiods were also plotted against observed.

The importance of inflow via overflow from

neighboring pools, as observed in the field, and the

impact of vegetation in the water balance of the

pools were evaluated by comparing the accuracy of

the model between pools with and without vege-

tation and with and without inflow via overflow

with a t-test. A Pearson correlation was used to

evaluate the relation between maximal depth and

model performance. Assumptions of parametric

statistics were fulfilled. Analyses were performed

using the software package STATISTICA version 6

(StatSoft, Inc. 2004).

In situ precipitation and evapotranspiration data

are difficult to measure or estimate. The patchy

spatial and temporal distribution of individual

precipitation events creates the potential for dif-

ferences in precipitation amounts among individ-

ual pools and with rain gauges not placed in situ,

which can result in significant under- or overesti-

mates of hydroregime characteristics. Evapotrans-

piration is one of the most challenging hydrologic

parameters to estimate. A sensitivity analysis was

performed to evaluate the response of the model to
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variation in these factors. Precipitation changes

ranging from )5% to +5% at 1% intervals with 11

evapotranspiration changes ranging from )5% to

+5% at 1% intervals were simulated by modifying

the 25-year historical climate data according to the

corresponding scenario. This analysis was done for

each of the 13 pools and allowed estimation of the

maximum (that is, maximum over all simulated

scenarios) impact of 1% changes in precipitation/

evapotranspiration on hydroregime characteristics.

Estimation of Hydroregime
Characteristics

Based on a simulation over a 25-year period (1978–

2003), four characteristics that quantify the hyd-

roregime were calculated for each pool for the

whole time range: (1) average hydroperiod (days)

(Havg), (2) variation in hydroperiod (Hvar), (3)

average number of hydroperiods per rain year

(from October till September) (nHavg), and (4)

variation in number of hydroperiods per rain year

(nHvar).

Variation in hydrologic conditions among the set

of pools was quantified with two metrics, including

variation in average hydroperiod (Hvar, spat) and the

average number of hydroperiods per rain year

(nHvar, spat). For these metrics, low variation indi-

cates spatially synchronous hydrologic dynamics.

The temporal variation in hydroperiod (Hvar) and

in number of hydroperiods per rain year (nHvar) for

each pool, as well as the spatial variation in hy-

droperiod (Hvar, spat) and in number of hydroperi-

ods per rain year (nHvar, spat) for all pools, were

expressed as the coefficient of variation.

To compare between long-term modelling results

and short-term field observations, the model‘s

output of average hydroperiods and coefficients of

variation of this measure were compared with

estimates based on short-term field observations

(84 days) for the same pools by Brendonck and

others (2000).

Climate Sensitivity Analysis

Regional climate change projections typically de-

scribe drier and warmer conditions for southern

Africa over the next 100 years (IPCC 2001). An

ensemble of climate change models for the year

2100 estimated a 5–24% decrease in precipitation,

a 2–6.5�C increase in temperature, and a 5–20%

increase in evaporation for the region considered in

our study.

To assess the sensitivity of the rock pool hyd-

roregimes to the predicted climate changes for

2100, for all 13 pools, the impact of precipitation

changes ranging from )30 to 0% at 10% intervals

was modelled, interacting with evapotranspiration

changes ranging from 0 to +20% at 10% intervals.

Precipitation and evapotranspiration were changed

according to the corresponding climate change

scenario and the model was run for a period of

25 years. Hydroregime characteristics (Havg, Hvar,

nHavg, nHvar) were estimated for each scenario to

get an insight into the hydrologic responsiveness of

the pools to potential climate changes.

The resulting changes in hydroregime were

evaluated with respect to effects on the anostracan

B. wolfi, an ephemeral rock pool specialist. The

biology of this species is characterized by rapid

maturation (4–5 days) and reproductive period

(almost daily broods), production of desiccation-

resistant dormant eggs throughout the adult life

span and partial hatching from the dormant egg

bank (Brendonck and Riddoch 2000). The suit-

ability of ephemeral pools for anostracans depends

in large part on the duration of the inundation

phase. The main factor capable of extirpating these

organisms is the lack of reproductive opportunities.

Based on the average maturation rate and the time

needed to shed the first brood, 6 days (Isuc>6d) is

considered as the minimum duration for a suc-

cessful hydroperiod (Brendonck and Riddoch

2000). As low temperatures and high population

densities delay maturation, a period of 15 days

(Isuc>15d) is considered indicative of a very suc-

cessful hydroperiod (Brendonck and others 2000).

These threshold periods are used to evaluate po-

tential suitability of rock pools for the anostracan

reproduction under different climate change sce-

narios.

RESULTS

Model Validation

The accuracy of the model (Eq. 2) predictions on

pool-specific, day-to-day inundations ranged from

80 to 90%, with an average of 85% (Table 1).

Averaged over all pools, complete hydroperiods

were accurately predicted in 70% of the observa-

tions (range: 50–75%) (Table 1, Figure 1). Com-

plete hydroperiods were predicted with an error of

1, 2, 3, 4, and 5 days in 71% (range: 67–75%),

73% (range: 67–88%), 84% (range: 67–100%),

97% (range: 83–100%), and 100% of the obser-

vations, respectively.

There was no significant correlation between

model performance and maximum depth of the

pools (% wet/dry: r = )0.25, P = 0.41; % H accu-

rate: r = 0.19, P = 0.53). Model performance also

did not differ significantly between pools with or
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without vegetation (% wet/dry: t = 0.57, df = 11,

P = 0.57; % H accurate: t = 0.20, df = 11,

P = 0.85), and with or without inflow via overflow

from neighboring pools (% wet/dry: t = )0.25,

df = 11, P = 0.80; % H accurate: t = 0.40, df = 11,

P = 0.69).

Results of the sensitivity analysis indicate that a

1% change in precipitation induces a maximum

difference in simulated average hydroperiod of 0.1–

0.3 days and a 1% change in evapotranspiration

generates a maximum difference of 0.1–0.7 days

(Table 2). A 1% change in precipitation generates a

maximum difference in simulated variation in hy-

droperiod of 1.0–5.8% and a 1% change in

evapotranspiration generates a maximum differ-

ence of 1.1–6.2%. For the simulated average

number of hydroperiods per rain year, a 1%

change in precipitation induces a maximum dif-

ference of 0.1–0.2 hydroperiods, and 0.1–0.4 hyd-

roperiods per 1% change in evapotranspiration. A

1% change in precipitation generates a maximum

difference in the simulated variation in number of

hydroperiods of 0.6–1.5% and a 1% change in

evapotranspiration generates a maximum differ-

ence of 0.8–1.8%. For the simulated percentage of

hydroperiods longer than 6 days, a 1% change in

precipitation results in a maximum difference of

0.9–3.3% and a 1% change in evapotranspiration

in a maximum difference of 1.7–3.6%. A 1%

change in precipitation generates a maximum dif-

ference in the simulated percentage of hydroperi-

ods longer than 15 days of 0.7–2.4%, and a 1%

change in evapotranspiration generates a maxi-

mum difference of 1.0–3.3%.

Hydroregime Characteristics

The modelled hydroregime characteristics for each

pool are presented in Table 3. The average pool

hydroperiod (Havg) varied between 6 and 14 days,

with a coefficient of variation (Hvar) ranging be-

tween 76 and 115% and a standard deviation (Hstd)

from 5 to 17 days. The average number of hyd-

Table 1. Validation of the Water Balance Model against Field Observations

%

Wet/dry

tot.

Obs.

% H

accurate

% H

± 1 d

% H

± 2 d

% H

± 3 d

% H

± 4 d

% H

± 5 d

tot. H

obs.

max

depth

surface

area

veg inflow

Th-I1 85 205 75 75 75 100 100 100 8 76.5 2.0

Th-I2 88 191 67 67 67 83 83 100 6 92.0 3.4

Th-I3 90 197 67 67 67 83 100 100 6 109.5 5.7 +

Th-I4 84 199 67 67 67 83 83 100 6 79.0 2.6

Th-I5 83 202 75 75 75 88 100 100 8 58.0 2.3 + +

Th-I6 82 207 50 67 67 67 100 100 6 39.0 3.3 + +

Th-I7 89 197 71 71 71 86 100 100 7 137.0 39.5 + +

Th-I8 83 200 75 75 75 88 100 100 8 60.5 4.1 + +

Th-I9 82 202 75 75 88 88 100 100 8 60.0 3.9 +

Th-I10A 85 197 67 67 67 67 100 100 6 78.5 4.6

Th-I10B 90 196 71 71 71 86 100 100 7 123.0 5.5

Th-I11 80 201 71 71 71 71 100 100 7 51.0 3.1

Th-I12 85 191 75 75 88 100 100 100 8 109.0 21.0 + +

Avg 85 199 70 71 73 84 97 100 7

% wet/dry: percentage of successful simulations of wet/dry state of the corresponding pool by the model for the total of observation days, tot. obs.: total number of days with wet/
dry monitoring of the pools in the field, % H accurate: percentage of 100% accurately simulated hydroperiods of the corresponding pool in comparison with 96 consecutive days
of wet/dry monitoring of the pools in the field during one rainy season, % H ± 1, 2, 3, 4, 5 d: percentage of simulated hydroperiods of the corresponding pool that were 1, 2, 3,
4, and 5 days off of the field observations during the wet/dry monitoring of the pools during 96 consecutive days, tot. H obs.: total number of observed complete hydroperiods
during the wet/dry monitoring of the pools during 96 consecutive days. Pool characteristics (max. depth (mm), surface area (m2), presence of vegetation (veg) and inflow via
overflow from neighboring pools (inflow)) are included.

days

10 20 30 40 50 60 70 80 900

Th-I1

Th-I12

Th-I2

Th-I3

Th-I4

Th-I5

Th-I6

Th-I7

Th-I8

Th-I9

Th-I10A

Th-I10B

Th-I11

Figure 1. Simulated (grey) and observed (black) hyd-

roperiods of 13 rock pools during 96 consecutive days

(December–March 1997–1998), Botswana.
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roperiods per rain year (nHavg) varied between 9

and 13, with a coefficient of variation (nHvar) be-

tween 19 and 23% and a standard deviation (nHstd)

ranging from 2 to 3. The predicted spatial variation

in average (Hvar, spat) and in average number of

hydroperiods per rain year (nHvar, spat) was 25 and

11%, respectively.

Comparison of the model output of average hy-

droperiod and its coefficient of variation with esti-

mates based on short-term field observations for

the same pools revealed significant differences in

average hydroperiod of the pools (t = )2.30, df =

12, P = 0.040) as well as for its coefficient of vari-

ation (t = 6.71, df = 12, P = 0.000022). For two

pools, Th-I7 and Th-I12, the average hydroperiod

predicted by the model was longer than recorded

from field observations. For all other pools, the

model predicted shorter hydroperiods (11–39%

Table 2. Results of the Sensitivity Analysis

Havg Hvar nHavg nHvar Isuc>6d Isuc>15d

d/1%P d/1%E %/1%P %/1%E n/1%P n/1%E %/1%P %/1%E %/1%P %/1%E %/1%P %/1%E

Th-I1 0.3 0.3 1.6 2.2 0.2 0.2 1.0 1.4 2.5 2.1 1.6 2.0

Th-I2 0.3 0.4 5.2 6.1 0.2 0.3 1.0 1.2 2.9 1.7 2.2 3.1

Th-I3 0.3 0.4 1.8 2.1 0.1 0.2 1.2 1.5 3.3 1.9 2.2 2.7

Th-I4 0.3 0.4 5.4 5.8 0.2 0.3 1.1 1.1 3.0 2.0 1.6 1.8

Th-I5 0.1 0.2 1.1 1.1 0.1 0.2 0.9 1.2 2.5 2.4 0.9 2.0

Th-I6 0.1 0.1 1.8 4.9 0.1 0.1 0.6 1.1 0.9 2.0 0.7 1.0

Th-I7 0.3 0.7 2.9 5.3 0.1 0.3 1.5 1.6 2.6 2.0 2.4 2.6

Th-I8 0.1 0.4 1.3 1.8 0.1 0.3 0.8 1.5 2.5 1.7 0.8 1.4

Th-I9 0.1 0.5 1.3 1.8 0.2 0.4 1.1 1.5 2.8 1.7 1.6 1.5

Th-I10A 0.3 0.4 5.8 6.2 0.2 0.3 1.1 1.1 2.8 1.9 1.6 2.0

Th-I10B 0.3 0.4 1.9 3.1 0.1 0.2 1.3 1.8 2.9 1.9 2.3 3.3

Th-I11 0.2 0.2 1.0 2.1 0.2 0.2 0.8 0.8 2.3 3.6 0.8 1.1

Th-I12 0.3 0.4 1.8 2.0 0.1 0.2 1.2 1.5 3.1 1.9 2.2 2.7

Precipitation changes ranging from )5% to +5% at 1% intervals with for each of these 11 scenarios evapotranspiration changes ranging from )5% to +5% at 1% intervals
were simulated by the model for each pool. For each of the pools the maximum change (d: day, %: percentage) of all simulated scenarios per 1% change in precipitation (P) and
evapotranspiration (E) for each of the hydroregime characteristics is shown. Havg: average hydroperiod (days), Hvar: variation in hydroperiod (%), nHavg: average number of
hydroperiods per rain year, nHvar: variation in number of hydroperiods per rain year (%), Isuc>6d: percentage of hydroperiod longer than 6 days, and Isuc>15d: percentage of
hydroperiods longer than 15 days.

Table 3. Hydroregime Characteristics for each Pool Generated by the Model

Havg Hvar Hstd nHavg nHvar nHstd Havg* Hvar* Hstd*

Th-I1 9.9 98.4 9.5 10.4 19.4 2.0 11.0 84.9 9.3

Th-I2 11.2 103.7 11.7 9.8 19.2 1.9 14.8 62.2 9.2

Th-I3 12.4 108.0 13.4 9.4 20.6 1.9 15.0 62.0 9.3

Th-I4 10.1 97.4 9.8 10.3 19.4 2.0 13.8 65.5 9.0

Th-I5 8.2 90.6 7.4 11.3 22.6 2.6 9.1 77.7 7.1

Th-I6 6.0 75.5 4.6 12.7 22.2 2.8 7.7 49.5 3.6

Th-I7 14.3 115.0 16.5 8.7 22.7 2.0 13.8 65.5 9.0

Th-I8 8.3 91.0 7.5 11.3 22.6 2.6 9.1 77.7 7.1

Th-I9 8.2 90.9 7.5 11.3 22.6 2.6 11.2 84.3 9.4

Th-I10A 10.0 97.4 9.8 10.3 19.4 2.0 13.8 65.5 9.0

Th-I10B 13.2 107.7 14.2 9.1 20.3 1.9 15.0 62.0 9.3

Th-I11 7.2 84.6 6.1 12.0 23.1 2.8 8.6 72.2 6.2

Th-I12 12.4 107.6 13.3 9.4 20.6 1.9 7.6 77.8 5.8

Hvar, spat 24.6 nHvar, spat 11.4

Based on meteorological data obtained during 25 years (1978–2003). Havg: average hydroperiod (days), Hvar: variation in hydroperiod (%), Hstd: standard deviation of
hydroperiod (days), nHavg: average number of hydroperiods per rain year, nHvar: variation in number of hydroperiods per rain year (%), and nHstd: standard deviation of
number of hydroperiods per rain year. Hvar, spat: spatial variation in average hydroperiod, and nHvar, spat: spatial variation in average number of hydroperiods per rain year.
Estimates of average hydroperiod (days) (Havg*), variation in hydroperiod (%) (Hvar*), and standard deviation of hydroperiod (Hstd*) obtained by Brendonck and others
(2000) based on short-term (84 days) field observations for the same pools are included.
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shorter). For all pools, the model yielded larger

coefficients of variation of the hydroperiod than

the field observations (7–43% larger). The simu-

lated average hydroperiods were significantly cor-

related with the short-term observations of average

hydroperiod (r = 0.65, P = 0.016), but no signifi-

cant correlation was observed between simulated

and short-term estimated coefficients of variation

(r = 0.20, P = 0.95).

Climate Sensitivity Analysis

The responsiveness of the simulated rock pool

hydroregimes to predicted climate change scenarios

for 2100 was determined and shown for the shal-

lowest (Th-I 6), an intermediate (Th-I 4), and the

deepest pool (Th-I 7) (Figure 2). Decreasing pre-

cipitation and increasing evapotranspiration, as

predicted by climate change models, result in

smaller average pool hydroperiods and higher

variation in hydroperiod. Under the predicted cli-

mate change conditions, the average number of

hydroperiods decreases in the shallowest pool,

whereas they increase for the intermediate and the

deepest pool, and the variation in the average

number of hydroperiods increases. The response of

all hydroregime characteristics is the strongest for

the deepest pool.

Modelling indicates that the suitability of average

inundation conditions for B. wolfi declines under

climate predictions for 2100. The percentage of

hydroperiods longer than 6 and 15 days decreased

significantly. Under the most extreme predictions

(24% decrease in precipitation, 20% increase in

evaporation), averaged over all the pools, only

34% of the inundations lasted longer than 6 days

and only 8% lasted longer than 15 days. In com-

parison with the current climate conditions, this

corresponds with a decrease of 35% and 62% for

the percentage of hydroperiods longer than 6 and

15 days, respectively.

DISCUSSION

This study used ephemeral rock pools in south-

eastern Botswana to evaluate the potential utility

of a simple water balance model for estimating

ecologically relevant hydroregime variables. This

tool has the potential to allow for the use of long-

term climatological data to characterize spatial and

temporal patterns of hydrologic variation in rock

pool habitats.

The model predictions matched actual day-to-

day wet/dry conditions of the studied pools with

high accuracy (85 ± 3.4%) and yielded relatively

accurate estimates of complete hydroperiods

(70 ± 6.9%). One possible reason for the discrep-

ancies between simulated and field observations is

the probable difference in rainfall amounts be-

tween the rock pool site and the Thamaga weather

station, due to spatially heterogeneous rainfall

patterns. This hypothesis is likely as discrepancies

between observed and predicted hydroregimes are

similar for many pools (Figure 1). These differences

in amount of precipitation and occurrence of pre-

cipitation events can result in significant under- or

overestimates of the average number of hydrope-

riods (Figure 1). This hydroregime characteristic is,

therefore, considered as one of the more sensitive

model outputs. Indirect loss of water by transpira-

tion from vegetation in the pool basin and the

adjacent catchment was addressed through the

adjusted estimate of evapotranspiration, which was

included in the model as a non-pool-specific

parameter. Furthermore, the model did not incor-

porate inflow via overflow from neighboring pools.

Although such additional inflow occurs on the site

and some pools have plant cover, there was no

relation between the accuracy of the model and the

presence/absence of vegetation or inflow. Our field

observations on day-to-day changes in the water

level of pools corresponded well with Pan A evap-

oration dates, indicating a minimal net effect of

plants. Reduced evaporation due to shading and

windshield effects by plants is probably counter-

acted by water loss due to transpiration. The con-

tribution of inflow from neighboring pools may be

limited to periods when pools are already well fil-

led, so that this inflow does not contribute signifi-

cantly to pool duration. Our assumptions on

constant values for runoff and monthly evapo-

transpiration did not induce major errors into the

hydroregime model as revealed by the fact that

even relatively subtle changes in hydroperiod were

captured with a precision of a single dry day be-

tween subsequent hydroperiods (Figure 1). In

addition, the sensitivity analysis revealed that dif-

ferences in precipitation and evapotranspiration

rates only slightly influenced the model and did not

impact the feasibility of reconstructing the general

dynamics of rock pool hydroregimes through time.

The hydroregime characteristics for each pool,

generated by a simulation based on 25-years

meteorological data, indicate pronounced temporal

variation in the hydroperiod. Large coefficients of

variation (76–115%) and standard deviations (5–

17 days) of average hydroperiods (6–14 days)

illustrate the heterogeneity of hydroperiod over

time. Heterogeneity of hydroperiod among pools

(Hvar, spat: 25%, SD: 2.5 days) was also demon-

strated. Although hydroperiod is one of the pri-
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Figure 2. To assess the sensitivity of the rock pool hydroregimes to the predicted climate changes for 2100, climate change

scenarios were simulated for each of the 13 pools and shown for the shallowest (Th-I6), an intermediate (Th-I4) and the

deepest (Th-I7) pool. Precipitation changes ranging from )30 to 0% at 10% intervals (shown on the X-axis), interacting

with evapotranspiration changes ranging from 0 to +20% at 10% intervals (plotted symbols) were modelled. Precipitation

and evapotranspiration were changed according to the corresponding climate change scenario and the model was run for a

period of 25 years. For each of those scenarios hydroregime characteristics (Havg: average hydroperiod (days), Hvar:

variation in hydroperiod (%), nHavg: average number of hydroperiods per rain year, nHvar: variation in number of

hydroperiods per rain year (%), Isuc>6d: percentage of hydroperiod longer than 6 days, and Isuc>15d: percentage of hyd-

roperiods longer than 15 days) (shown on the Y-axis) were estimated.
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mary controls of the ecology of temporary pool

systems, the frequency of inundations is also

important. It is important to distinguish between

desiccation frequency and hydroperiod, as they do

not necessarily have the same ecological implica-

tions. Desiccation frequency has direct impacts on

species diversity, by resetting community build up

and succession, whereas hydroperiod indirectly

affects diversity and community structure by pro-

moting occurrence of organisms with longer life

cycles (Therriault and Kolasa 2001). The average

number of hydroperiods per rain year (9–13) for

each of the pools varied moderately among years

(nHvar: 19–23%; SD: 2–3) and pools (nHvar, spat:

11.4%; SD: 1.2). These findings suggest a large

spatial, seasonal, as well as annual variation in

hydroregime in this set of rock pools, especially for

hydroperiod. These findings support the hypothesis

that rock pool habitats provide extremely variable

environmental conditions (Brendonck and Riddoch

2001).

The discrepancies in average hydroperiod and its

variation based on long-term model predictions or

short-term direct observations may result from the

fact that the field observations always took place

during November–January, a period with maximum

chance of heavy downpours. The total period of di-

rect observations may also have been too short to

accurately characterize the full effect of fluctuations

in rainfall pattern. These differences demonstrate

that short-term observations may capture some as-

pects of hydroregimes, but they still have limited

ability to describe patterns of inter-annual variation.

The correlation between simulated average hydro-

period and short-term estimates of hydroperiod

indicates that short-term field observations may be

sufficient to give an idea of the relative average hy-

droperiod. However, as there was no correlation

between simulated and short-term variation in hy-

droperiod, this stresses the importance of incorpo-

rating long-term monitoring or modelling to have a

relevant impression of the variability of the system.

We demonstrated that hydrologic conditions in

rock pool habitats in southeastern Botswana are

sensitive to climate change scenarios. Simulation

modelling suggested that changing climate condi-

tions could create pool hydroregimes significantly

different from current ones (Williams and others

2007). Modelling results indicate the potential for

changes in the average hydroperiod, average

number of hydroperiods per rain year, and the

overall predictability of pool habitat. Simulations

also suggest different responses to climate change

depending on the depth of the pools, with the

largest impact predicted for the deepest pools.

Pool hydroregime is inextricably linked with

climate, so the prospect of climate change has

serious implications, which in turn has ecological

implications. The most direct and immediate cli-

matic impacts to anostracans will result from

changes in hydrologic conditions within individual

pools. The importance of warmer temperatures,

and lower-precipitation conditions—as predicted

for 2100—on the anostracan B. wolfi can be con-

sidered through their impact on the percentage of

hydroperiods longer than 6 and 15 days. Our re-

sults show that the ecological implications of cli-

mate change could be quite large for B. wolfi. The

availability of reproductively suitable habitat de-

creases significantly. These small, shallow,

ephemeral pools experience relatively short inun-

dations that provide marginal conditions for anos-

tracan reproduction. Modest changes in climate

may therefore have substantial implications for the

availability of suitable reproductive habitat.

Although the specific parameters used in our

model may be geographically restricted in applica-

tion, the general method will be useful for studying

similar habitat types on other geological locations

and under different climatic settings. The hydrology

of a temporary pool, like other aquatic systems, can

be described by a hydrologic budget of inflow and

outflow (Brooks 2005). This hydrologic budget can

be influenced by a number of factors including cli-

mate (for example, precipitation, evaporation), pool

morphology (for example, depth, surface area),

geologic location (for example, soil type, relation to

groundwater), and vegetation (Bauder 2005; Brooks

2005). Even if it is not possible to disentangle the

principal factors of the pool hydrologic budget,

observations on average pool duration can be used to

calibrate the model. In addition, unknown factors in

the hydrological budget can be aggregated in a

residual term. Differences between the observed and

modelled hydroregime may then indicate the

influence of these unknown, residual terms and help

focus additional research.

The ephemeral and shallow rock pools in this

study flood through the accumulation of seasonal

rains on impermeable substrates. This relatively

simple hydrologic system motivated the authors to

use a reduced form of water balance model. The

general success of the model indicates that a water

balance approach, as presented here, can capture

major features of rock pool hydroregimes. It offers

many advantages, especially the more accurate

estimation of variation in hydroperiod and the

yielding of reliable long-term predictions. Large

variation in hydroperiod imposes stress on the

temporary pool residents, as the time available for
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reproduction varies between hydroperiods. Early

drying can cause the immediate extinction of local

metapopulations and, eventually, of species that do

not possess dormant stages and rely on constant

recolonization to persist. But even for resident

organisms that produce dormant stages, the buf-

fering effect (‘‘storage effect‘‘: Warner and Chesson

1985) of the dormant egg bank is lost after a

number of subsequent catastrophic events and, as

the pool of viable dormant propagules becomes

exhausted. Given the importance of hydroregime

as a major ecological pressure in temporary aquatic

systems, we believe there is a need for accurate

estimates of spatial and temporal patterns of

hydrological variation. We believe that the use of

simple models, combined with long-term climate

data, can help to attain this goal.

The hydroregime characteristics obtained in this

study for the Botswana rock pools will be further

expanded (for example, number of successful

inundations for specific residents) and used to

better understand the community structure, the

biology (for example, life history variation, hatch-

ing phenologies, dormant egg bank densities), and

genetic structure of key species in these pools.

Applications of the hydroregime model may also

allow a comparison between populations from

different pools and regions.
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