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SUMMARY

1. Future moderate changes in evaporation and precipitation regimes could have pronounced effects

on zooplankton populations in small and temporary aquatic habitats, by causing higher salinity and

a shorter wet phase and by reducing passive dispersal via hydrological connections between pools

and increasing it by exposing propagules to the wind.

2. Using a hydrological model, we simulated various climate change scenarios in a natural cluster of

temporary rock pools in South Africa.

3. In our simulations, a shift towards a drier climate was associated with reduced permanence and

increased conductivity, resulting in a lower percentage of inundations sufficient for the hatching,

growth and reproduction of aquatic organisms (up to a 21% decline for a fairy shrimp). Connections

between pools by overflowing occurred less frequently (by up to 28%). However, more frequent

desiccation events (by up to 15%) led to increased exposure of dormant propagules to wind, possibly

promoting dispersal within the pool cluster but also leading to losses from the propagule bank.

4. Our results suggest that environmental change might not only affect local (within-pool) selection

pressures but also regional dynamics in rock pool metapopulations and communities.
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Introduction

The earth’s climate is changing at an unprecedented rate

(IPCC, 2007), and this has pronounced impacts on biota.

Observed responses include shifts in species distribu-

tions to higher altitude and latitude and changes in

phenology and seasonal migration patterns (Walther

et al., 2002; Parmesan, 2006). Although potential for rapid

local adaptation has been reported in some species (Van

Doorslaer et al., 2009), many species and populations

have declined dramatically, sometimes at the expense of

other species better able to cope with the new conditions

(Dukes & Mooney, 1999; Rahel & Olden, 2008).

Evidence of the effect of climate change on the biota is

available from terrestrial, marine and freshwater ecosys-

tems (Walther et al., 2002). Most studies on lentic aquatic

ecosystems, however, typically have focussed on large

habitats, such as lakes (Carpenter et al., 1992; Jeppesen

et al., 2010; Van Doorslaer et al., 2010; but see Altermatt,

Pajunen & Ebert, 2008), rather than smaller systems, such

as shallow ponds, wetlands and pools. Nonetheless, in

terms of their total surface area, these habitats are the

dominant aquatic systems in most natural landscapes

(Downing et al., 2006; Downing, 2010). Furthermore, it has

been suggested that these small aquatic habitats, which

often depend directly on precipitation for filling, are most

sensitive to climate change (Bauder, 2005; Hulsmans

et al., 2008). When the sum of precipitation, groundwater

discharge, river input and surface run-off cannot compen-

sate for losses due to evapotranspiration, the water budget

is evidently negative and such habitats are thus prone to

periodic or permanent desiccation (Williams, 2006).

In general, warming results in an increase in poten-

tial evaporation, but this is constrained by other meteo-
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rological variables, such as wind speed, complicating

predictions (IPCC, 2007). Expected changes also differ

among regions. In particular, many areas already water

limited (such as the Sahara, the Mediterranean, most of

Australia and south-west North America) are expected

to become even drier, while elsewhere more frequent

extreme weather events may lead to precipitation being

increasingly concentrated in time (Dore, 2005; Burke,

Brown & Christidis, 2006; IPCC, 2007; Seager et al.,

2007; Giorgi & Lionello, 2008).

For pools that periodically dry out, higher evaporation

and less rainfall may reduce the length of inundation

[the hydroperiod (HP)], jeopardising successful repro-

duction of biota requiring a longer aquatic phase (Huls-

mans et al., 2008). Moreover, both for permanent and for

temporary waterbodies, a lower water level may

increase the concentration of dissolved salts, thus

excluding salt-intolerant species (Micklin, 2007; Pinceel

et al., 2013). Finally, drought is also likely to affect dis-

persal dynamics when hydrological connections between

waterbodies, such as overflows, are reduced or absent.

However, for organisms with a drought-resistant

dormant stage (such as many freshwater crustaceans),

drying might also promote dispersal via the wind

(Altermatt et al., 2008; Vanschoenwinkel et al., 2008a).

The purpose of this study was to simulate the joint

effects of different climate change scenarios on environ-

mental harshness and proxies for dispersal dynamics in a

cluster of temporary rock pools. Following Chase (2007),

we define harshness as an environmental filter making

the habitat suitable for a restricted set of species. For

freshwater zooplankton in temporary pools, increased

salinity and a reduction in the HP are examples of

increased environmental harshness, restricting the suit-

ability of the habitat to those organisms that can com-

plete their life cycle quickly and can hatch and reproduce

under conditions of raised salinity (Brock, Nielsen &

Crossle, 2005; Vanschoenwinkel, Seaman & Brendonck,

2010a; Waterkeyn et al., 2010, 2011). The two most impor-

tant dispersal vectors operating within clusters of tempo-

rary rock pools are wind and water connections. Since

wind dispersal normally occurs when a pool is dry (Alt-

ermatt et al., 2008; Vanschoenwinkel et al., 2008a), and

water connections are only established after heavy rain

(Vanschoenwinkel et al., 2008b), there is a clear link

between climate and metapopulation and metacommu-

nity dynamics in this system, which can be modelled.

In order to achieve this goal, we extended the

hydrological model of Vanschoenwinkel et al. (2009) by

incorporating further complexity. In addition to water

level and inundation regime, the new model can also

predict electrical conductivity (a measure of salinity)

during inundations and the establishment of connections

between pools. The volume of water exchanged between

pools during overflow events is now also explicitly

quantified and taken into account during the reconstruc-

tion of inundation regimes. Finally, we illustrate the

model with a biological example assessing the impact of

changes in conductivity and hydroregime (i.e. natural

combinations of hydrological variables) associated with

climate change on habitat suitability for a typical rock

pool inhabitant: the fairy shrimp Branchipodopsis wolfi.

Methods

Due to their simple morphometry and the fact that they

are generally independent of ground water, the hydrol-

ogy of rock pools can be modelled quite accurately

(Hulsmans et al., 2008; Vanschoenwinkel et al., 2009)

without the elaborate parameterisation included in more

complex vernal pool models (e.g. Pyke, 2004). While

some models can only predict HP (Hulsmans et al.,

2008; Altermatt, Pajunen & Ebert, 2009), others provide

a higher resolution and are able to predict daily water

level based on a simple water balance model (Vansc-

hoenwinkel et al., 2009). In addition to reconstructing

historic inundation regimes using long-term climate

data, these models can also be used to simulate the

impact of different climate change scenarios on future

inundation patterns (Hulsmans et al., 2008).

Study system

The study site consists of a cluster of 44 rock pools situ-

ated at the summit of the Korannaberg mountain (Free

State Province, South Africa; lat 28°51′13″S, long 27°13′

51″E) (Fig. 1). All pools are embedded in the same sand-

stone ledge and share a similar basin morphometry,

characterised by a flat-bottom and near-vertical sides

(i.e. ‘bucket-shaped’), ranging from shallow basins that

usually retain water for only a few days but that may

fill up repeatedly in one rainy season, to deeper basins

that may retain water for several months. Pools are typi-

cally dry during the winter (June–August) and generally

fill for the first time at the start of the rainy season

(October–November). The bedrock is impermeable and

there are no interactions with ground water. Precipita-

tion and surface inflows from other pools through

eroded connections are the only sources of water, while

evaporation is the only substantial loss. Eroded channels

occur between 13 pairs of pools. During heavy rains,

these channels carry water from a source pool to a

© 2014 John Wiley & Sons Ltd, Freshwater Biology, doi: 10.1111/fwb.12319

2 K. Tuytens et al.



downslope sink pool, creating asymmetric connections.

Although connections are mainly asymmetric, rare non-

flowing (symmetric) connections can occur between four

pool pairs (Vanschoenwinkel et al., 2008b, 2009). Sym-

metric connections occur between pools that are isolated

when water levels are low but can connect via an

eroded channel after a certain degree of filling has been

reached and remain connected via this non-flowing con-

nection for some time. Asymmetric connections are

superficial connections of flowing water that only occur

during rains.

Precipitation and evaporation data were obtained

through the South African Weather service. Daily rain-

fall data (85 years, 1920–2004) were collected from the

nearest weather station in Excelsior (18 km distance,

28°56′S; 27°03′E). As evaporation data were not available

for the entire 85-year period, mean monthly evaporation

was calculated based on mean daily evaporation over

14 years (1992–2004) from the nearby Clocolan weather

station (32 km distance, 28°55′S; 27°34′E). Penman Mon-

teith evaporation was converted to its Class A pan

equivalent (see Vanschoenwinkel et al., 2009).

Modelling approach and data analysis

All simulations and analyses were performed in R

(R Development Core Team, 2013). Specific packages

and functions are indicated and an integral annotated

and a user-friendly version of the R script is included in

Supporting Information (Appendix S1). The basic hydro-

logical model (eqn 1) is an extension of the simulation

model of Vanschoenwinkel et al. (2009), differing from

the latter by the inclusion and quantification of over-

flowing water, by the establishment of the link between

water levels and conductivities and by the automation

of the whole modelling procedure:

dt ¼ dt�1 þ ðP� RÞ þ I � Em �O ð1Þ
where dt = water level at day t (mm); dt�1 = water level

at day t�1 (mm); P = cumulative rainfall on day t (mm);

R = pool-specific catchment factor; I = inflow from

source pool; Em = pool-specific mean daily evaporation

in month m (mm day�1); O = overflow water lost from

basin when dt > dmax (mm).

Model calibration relies on two pool-specific parame-

ters. The catchment factor R accounts for differences in

catchment size and expresses the amount of water level

gained in mm for every mm of rainfall measured in the

weather station. R was estimated empirically for the 36

pools that were also considered in a previous study

(Vanschoenwinkel et al., 2009), but were unavailable for

the eight new pools (37–44) included here. However,

based on our initial observations in 36 habitats, it was

shown that, on this particular rock shelf, R can be reli-

ably derived from pool surface area using a simple

equation (eqn 2) (r2 = 0.61, P < 0.00001), which was used

to estimate R for the eight new pools:

R ¼ 1:9946� logðApoolÞ þ 2:6714: ð2Þ
The second parameter Em represents pool-specific mean

daily evaporation in a certain month (m) and takes into

account differences in field evaporation rates compared

to values measured in weather stations (eqn 3), caused

by pool area and other pool-specific properties, such as

vegetation:

Em ¼ EClassApan

AClassApan
� Apool � C ð3Þ

where Em = pool-specific mean daily evaporation in

month m (mm day�1); EClassApan = Class A pan evapora-

(a) (b)

(c) (d)

Fig. 1 Study area: (a) location of the study area in Africa, (b) over-

view of the location of the different pools on the study site, (c) the

summit of the Korannaberg mountain, (d) rock pools located at the

summit of the Korannaberg mountain.
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tion (mm day�1) measured at the weather station;

AClasApan = standard surface area of a Class A evapora-

tion pan; Apool = surface area pool (in m2); C = pool-

specific evaporation factor.

As explained in Vanschoenwinkel et al. (2009), model-

ling all potential factors affecting evaporation is not the

aim. To reconstruct and simulate water-level series, it

suffices to optimise this parameter in order to obtain the

best possible value of Em, which maximises the fit

between observed and model predicted data. To achieve

this calibration, a Pearson correlation was performed for

each pool separately, for all possible values of the pool-

specific evaporation factor C within the range of 0–10

with steps of 0.01, to obtain the maximum r2 between

predicted and observed water level and to select auto-

matically the corresponding C-value.

When water level exceeds the maximum depth of the

pool basin, water is lost from the basin through overflow

(O, eqn 1). For pools with connecting channels, the

volume of overflowing water was calculated and consid-

ered as inflow (I, eqn 1) for the sink pool. While taking

into account the impact of incoming water via overflows

during reconstruction of water levels, the model also

records the number of connections and the total amount

of water transported for each of the connections. Conse-

quently, the number of connections per channel per

year, or the total number of connections per year in the

pool cluster, can be calculated.

Additionally, for each pool, we assessed the possibil-

ity to predict conductivity based on water level. For this,

we used a series of daily measurements of electrical con-

ductivity (r), as a proxy for salinity, and water level in

each pool. Since this relationship is best described by a

negative exponential fit (eqn 4), nonlinear least-square

estimation (nls function, stats package) was used to fit

the model and obtain parameter estimates:

rt ¼ a� eð�b�dtÞ ð4Þ
where rt = conductivity at day t (in lS cm�1); dt = water

level at day t (mm); a and b = pool-specific coefficients.

Model validation

To validate the model’s ability to simulate water level

and conductivity, a data set of 50 consecutive days

(7 October–25 November 2005) of water level and con-

ductivity measurements was divided into a training data

set (7–31 October) for calibration and a testing data set

(1–25 November) for validation. Water level and conduc-

tivity were measured daily between 08 00 and 09 00 h

using a ruler and a 330i conductivity meter (WTW,

Wellheim, Germany), respectively. As a measure of

model accuracy, r2 was used. Finally, in order to

validate the ability of the model to predict connections,

the percentage of observed connections that were cor-

rectly predicted during the observation period was cal-

culated. Pool connections were observed during the

measuring period in the field during and just after

heavy thunderstorms for five pool pairs on two different

dates (19 October and 12 November 2005), resulting in a

total of 10 observed connections.

Simulations under different climate change scenarios

Regional climate projections predict gradually warmer

and drier conditions for southern Africa over the next

100 years (IPCC, 2007). The reduction in precipitation is

expected to be most pronounced in the winter (June, July,

August), while the amount of summer rainfall (Decem-

ber, January, February) could slightly increase in some

areas (IPCC, 2007). To simulate future pool hydrology,

including long-term variation between years, we used

85 years of available precipitation and 12 years of avail-

able evaporation records and modified both variables

based on realistic climate scenarios. Over a simulated

range of 85 years, historic annual precipitation records

were modified in a range from �15 up to +5%, while, at

the same time, imposing changes in evaporation from 0

up to 20%, corresponding to model predictions for 2050

(IPCC, 2001, 2007). Within these ranges, response vari-

ables were calculated for each possible combination of

these variables at 5% intervals (precipitation: P�15,

P�10, P�5, P0, P+5; evaporation: only three scenarios

presented: E0, E+10, E+20). Finally, we also investigated

the potential effects of changes in the intra-annual distri-

bution of rainfall, considering a total of eight realistic sce-

narios of stable or increased summer rainfall (+0 or +5%)

in combination with decreased winter rainfall (�5 or

�10%), while keeping the total rainfall constant or with a

5% total annual reduction (IPCC, 2007).

In order to illustrate variation in responses among dif-

ferent basin types, we performed a cluster analysis using

unweighted pair-group mean as a linkage rule (hclust

function, stats package) based on a similarity matrix of

Euclidean distances (dist function, stats package) using

standardised values of modelled mean HP, mean inun-

dation frequency (IF) and their corresponding standard

deviations, to obtain clustering of pool basins of similar

hydrology. As further illustrated in the Supporting

Information, these groups are predominantly linked to

basin depth (Appendix S2; Figs S1 & S2). For illustrative

purposes, we present only the results for the three large
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groupings corresponding to shallow, intermediate and

deep basins, respectively.

Habitat suitability – the fairy shrimp B. wolfi as a

biological example

Most inhabitants of temporary rock pools produce

dormant stages to bridge dry periods (Brendonck &

Riddoch, 2000). Additionally, they typically require ade-

quate hatching cues and a critical inundation length

(HP) if they are to hatch, grow and reproduce before the

habitat dries out. Here, we illustrate the potential conse-

quences of the various climate change scenarios on habi-

tat suitability of rock pools for a typical inhabitant: the

fairy shrimp B. wolfi. This species has been the subject of

previous research, and its autecology and habitat

requirements are well known (Brendonck & Riddoch,

2000; Brendonck et al., 2000). Inundations shorter than

7 days are too short for this fairy shrimp species to

reach maturity and reproduce, irrespective of realistic

(15–20 °C) and unrealistically high mean water tempera-

tures (30 °C) in the field (Brendonck & Riddoch, 2000;

B. Vanschoenwinkel, unpubl. data). Additionally, it has

been shown that no hatching occurs when the minimum

conductivity during an inundation does not drop below

125 lS cm�1 (Vanschoenwinkel et al., 2010a). Since dilu-

tion of salts generally depends on the amount of rainfall,

it is not surprising that minimum conductivity was

shown to be negatively correlated with the length of the

inundation period (Vanschoenwinkel et al., 2010a).

Therefore, conductivity can be considered as an informa-

tive hatching cue (Brendonck et al., 1998; Vanschoenwin-

kel et al., 2010a). Consistent with this information, we

calculated the proportion of suitable inundations for this

species as the proportion of inundations long enough to

allow for reproduction (i.e. >6 days), but a priori exclud-

ing the inundations with raised conductivity that do not

lead to hatching.

Results

Model validation

All correlations between observed and model-generated

water level for the 44 pools were significant or highly

significant (Table 1), except for the very ephemeral pool

37 which was excluded from further analyses, resulting

in an overall mean (�standard deviation) fit of

r2 = 95 � 6.6%. Additionally, nonlinear least-square esti-

mation confirmed that water level is a good predictor of

conductivity for all pools except 36 and 42, which were

excluded from further analyses (mean r2 = 84 � 16%)

(Table S1). Pools 36, 37 and 42 are very small and

shallow, and their resulting HP was too short to allow a

sufficient number of depth and conductivity readings

needed for reliable calibration and modelling. In addi-

tion, conductivity measurements are less accurate at low

water levels. These pools were therefore excluded from

any further analyses. The correlations between observed

and model-generated conductivity were significant or

highly significant for all pools (r2 = 97 � 4%) (Table 1).

The high accuracy of the model in predicting water level

was repeated for connectivity. All 10 overflow connec-

tions observed in the field during validation were cor-

rectly predicted by the model. A detailed discussion of

the model validation is provided in Appendix S3.

Simulations under different climate change scenarios

In general, an increase in evaporation and decrease in

precipitation not surprisingly resulted in a decrease in

mean HP (up to �15% in scenario P�15, E+20) and

reduced variation in HP among pools (Fig. 2a–c). The

number of fillings and subsequent dryings (IF) per year

generally increased with reduced precipitation and

higher evaporation (up to 15% in scenario P�5, E+20),

particularly for pools with deeper basins (Fig. 2e–f). For

shallow pools, however, the effect on IF was small. For

these basins, higher evaporation typically increased IF

(Fig. 2d). Additionally, in both shallow and deeper

basins, lower precipitation was associated with an

increase in the minimum conductivity that was reached

during inundations (up to +11% in scenario P�15,

E+20). In turn, changes in evaporation did not seem to

affect conductivities much (Fig. 2g–l). Overall, steeper

slopes for the deeper pools indicate that responses were

stronger than in shallower pools.

In general, reduced precipitation resulted in lower

hydrological connectivity. As a result of a reduction in

rainfall, individual connections between pools were

shown to be established less frequently, while, among

the cluster of pools, a lower total number of connections

established (up to �28% in scenario P�15, E+20) and a

lower total volume of water were exchanged among

pools (up to �48% in scenario P�15, E+20) (Fig. 3a–h).

This reduction in connectivity was most pronounced for

connections fuelled by deeper source pools which over-

flowed less frequently under predicted climate change.

Symmetric connections, in turn, were shown to be main-

tained for a shorter period of time compared to the cur-

rent situation (Fig. 3i). Reductions in connectivity as a

result of increased evaporation were mainly important
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Table 1 Summary statistics of hydroregime variables (hydroperiod and inundation frequency) modelled over a period of 85 years (1920–
2004) including median, mean and standard deviation (SD). The four right-hand columns contain the r2 and corresponding P-values from

Pearson correlations between model-generated and observed water level, and model-generated and observed conductivity, respectively,

during 25 consecutive days in 2005 (testing data set). For pools 36, 37 and 42, insufficient values of conductivity were available to perform a

Pearson correlation

Pool

Hydroperiod (days) Inundation frequency

Model versus obs

depth

Model versus obs

conductivity

Median Mean SD Median Mean SD r2 P r2 P

1 6 13 17 11 11 3 0.99 ***** 0.97 ***
2 5 6 4 18 18 3 0.88 ***** 0.97 **
3 7 17 28 10 10 3 0.99 ***** 0.99 *****
4 5 9 9 12 12 3 0.86 ***** 0.97 **
5 7 14 18 11 11 3 1.00 ***** 0.98 ****
6 10 28 41 7 8 3 0.95 ***** 0.95 ****
7 9 25 40 8 8 3 0.98 ***** 0.94 ***
8 9 27 45 7 8 3 0.99 ***** 0.99 *****
9 8 16 20 11 11 3 1.00 ***** 0.98 ****
10 13 46 74 6 6 3 0.92 ***** 0.79 *
11 10 23 31 9 9 3 0.82 **** 0.99 ****
12 12 47 78 6 6 3 0.98 ***** 0.98 *****
13 7 9 7 15 15 3 0.96 ***** 0.95 ***
14 17 74 123 3 4 2 0.96 ***** 0.96 ****
15 10 15 15 12 12 3 0.99 ***** 0.99 ****
16 16 38 52 6 7 3 0.98 ***** 0.91 **
17 9 23 37 8 9 3 0.98 ***** 0.99 *****
18 8 22 36 9 9 3 0.99 ***** 1.00 *****
19 7 9 8 14 14 3 0.91 ***** 0.96 **
20 7 16 24 10 10 3 1.00 ***** 1.00 *****
21 4 7 7 12 12 3 0.97 ***** 0.99 *
22 9 30 51 7 8 3 0.99 ***** 0.99 ****
23 9 22 33 9 9 3 0.99 ***** 0.99 *****
24 10 20 24 10 10 3 0.97 ***** 0.99 *****
25 8 20 31 9 10 3 0.99 ***** 0.97 ****
26 8 24 40 8 9 3 1.00 ***** 0.98 *****
27 16 42 59 6 6 2 0.95 ***** 1.00 *****
28 22 84 127 3 4 2 0.97 ***** 1.00 *****
29 9 21 30 9 9 3 0.99 ***** 1.00 *****
30 6 12 15 12 12 3 0.98 ***** 0.92 **
31 17 47 66 5 6 2 0.98 ***** 0.99 *****
32 8 28 45 7 8 3 0.83 **** 1.00 *****
33 11 33 51 7 7 3 0.99 ***** 0.99 *****
34 10 19 23 10 10 3 0.97 ***** 0.99 ****
35 8 14 16 11 12 3 0.99 ***** 1.00 *****
36 3 4 2 9 9 3 0.97 *****
37 5 7 6 13 13 3 -0.18 n.s.

38 5 8 8 12 13 3 0.77 *** 0.99 **
39 6 8 7 15 15 3 0.70 ** 1.00 **
40 5 6 5 14 14 3 0.97 ***** 0.99 **
41 4 5 3 13 14 3 0.92 ***** 1.00 *
42 3 4 2 9 9 3 0.97 *****
43 9 12 11 13 13 3 0.95 ***** 0.94 ***
44 8 12 12 12 13 3 0.91 ***** 0.92 **

Avg 0.92 0.97

SD 0.18 0.04

P-values: *<0.05; **<0.01; ***<0.001; ****<0.0001; n.s. non-significant. Asymmetric (one-way) connections occur between pool pairs 13–14,

15–14, 16–14, 17–18, 18–19, 19–28, 40–29, 43–31 and 38–10, and symmetric (two-way) connections between pool pairs 23–24, 27–28, 31–32 and

7–6.
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for symmetric connections, which typically occur

between deeper pools, and for asymmetric connections

where the source pool is deep. For connections where

the source pool is shallow, changes in evaporation did

not greatly affect connectivity. Finally, modulating intra-

annual variation in rainfall patterns according to realistic

scenarios was shown to be relatively unimportant for

the different investigated responses (Figs S3–S5).

Habitat suitability for B. wolfi

Overall, habitat suitability for the rock pool fairy shrimp

B. wolfi, expressed as the percentage of inundations

longer than 6 days, was higher in pools with deeper

basins than in shallower habitats (Fig. 4a–c). Contrary to

shallower pools, which did not show much variation in

conductivity among inundations, minimum conductivity

in deeper pools varied among inundations, depending

on the degree of filling, enabling fairy shrimp to use this

cue to avoid hatching when water is in short supply.

Consistently, deeper basins also experienced more inun-

dations with inappropriate hatching cues (minimum con-

ductivity > hatching threshold) (Fig. 4e–f) than shallow

basins (Fig. 4d). However, taking into account both the

conductivity threshold for hatching and the critical inun-

dation length for reproduction, the fraction of suitable

inundations was still higher in deep than in shallow pool

basins, both under current conditions and under possible

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 2 Simulated responses (mean � SE) of hydroperiod (HP), inundation frequency (IF) and minimum conductivity under different climate

change scenarios. Responses are plotted separately for shallow (left panels) and deep pools (right panels) as well as for pools of intermedi-

ate depth (middle panels). E0 = no change in evaporation, E10 = +10% evaporation, E20 = +20% evaporation. P0 = no change in precipita-

tion, P5 = +5% precipitation; P�5, P�10 and P�15 represent reductions in precipitation of �5, �10 and �15%, respectively. Size classes

(mean depth � SE): shallow: 121.6 � 19.7; intermediate: 240.2 � 14.9; deep: 271.4 � 18.4).

© 2014 John Wiley & Sons Ltd, Freshwater Biology, doi: 10.1111/fwb.12319
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future climate scenarios. Nonetheless, the simulations

did show overall that both reduction in precipitation

and an increase in evaporation can reduce the propor-

tion of inundations suitable for fairy shrimp reproduc-

tion in both shallow and deep basins (up to �21%)

(Fig. 4g–i).

Discussion

Global environmental change is expected to have impor-

tant impacts on lentic aquatic systems, affecting different

properties that are closely linked to habitat suitability

for aquatic organisms (Rouse et al., 1997; Casselman,

2002; Pyke, 2005; Sharma et al., 2007). While most stud-

ies have focussed on single systems and single response

variables (O’reilly et al., 2003; Altermatt et al., 2009), rela-

tively few jointly consider multiple habitat characteris-

tics affected by climate change (Wilhelm & Adrian,

2008) and particularly the effect of climate on dispersal

and metapopulation (and metacommunity) dynamics

remains poorly understood (but see Altermatt et al.,

2008). In this study, we focussed on small and ephem-

eral aquatic habitats, which are directly dependent on

local weather conditions for filling. Using a simulation

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 3 Simulated responses (mean � SE) of number of connections per channel per year, total number of connections per year, the volume

of water running through the channels and mean duration of established symmetric (two-way) connections. Responses are plotted sepa-

rately for symmetric (right panels) and asymmetric connections (left and middle panels). For asymmetric connections, a distinction is made

between source pools with a shallow (left panels) or a deeper basin (middle panels). Source pools with a deeper basin (middle panels) as

well as source pools with symmetric connections (right panels) are divided into deep (D) and intermediate (I) pools. E0 = no change in

evaporation, E10 = +10% evaporation, E20 = +20% evaporation. P0 = no change in precipitation, P5 = +5% precipitation; P�5, P�10 and

P�15 represent reductions in precipitation of �5, �10 and �15%, respectively. Size classes (mean depth � SE): shallow: 121.6 � 19.7; inter-

mediate: 240.2 � 14.9; deep: 271.4 � 18.4).
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modelling approach, we assessed the potential impact of

realistic climate change scenarios on a temporary pool

cluster inhabited by fairy shrimps, considering the

effects of climate on environmental harshness, that is,

time available for reproduction (HP), and hatching cues

(conductivity), as well as proxies of local passive dis-

persal.

Our results support the notion that decreasing precipi-

tation and increasing evaporation will generally ensure

that IF of the studied rock pools will increase at the

expense of their inundation length (HP). Hence, instead

of having one long inundation, higher evaporation and/

or less precipitation may ensure that pools experience

several short inundations when they dry out before

additional rains can top them up again. These changes

are consistent with the predictions of Hulsmans et al.

(2008). While previous studies considered only time as a

constraint in assessing habitat suitability for fairy

shrimps (Pyke, 2005; Hulsmans et al., 2008), we show

here that considering conductivity and associated hatch-

ing responses can lead to different, and presumably

more realistic, estimates of habitat suitability. This is

particularly true of large pools, which show important

variation in minimum conductivity among inundations

linked to different degrees of filling. Therefore, we argue

that, for organisms with dormant stages, hatching

requirements should be included in analyses of habitat

suitability. Simulations also suggest an increase in mini-

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 4 Simulated responses of percentage of suitable inundations (mean � SE) for the rock pool fairy shrimp Branchipodopsis wolfi consider-

ing only inundations longer than 6 days, inundations for which the minimum conductivity is lower than 125 lS cm�1 and inundations for

which both conditions are fulfilled. Responses are plotted separately for shallow (left panels) and deep pools (right panels) as well as for

pools with an intermediate basin depth (middle panels). E0 = no change in evaporation, E10 = +10% evaporation, E20 = +20% evaporation.

P0 = no change in precipitation, P5 = +5% precipitation; P�5, P�10 and P�15 represent reductions in precipitation of �5, �10 and �15%,

respectively. Size classes (mean depth � SE): shallow: 121.6 � 19.7; intermediate: 240.2 � 14.9; deep: 271.4 � 18.4).

© 2014 John Wiley & Sons Ltd, Freshwater Biology, doi: 10.1111/fwb.12319
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mum conductivity reached during inundations. While

direct (sub)lethal effects of observed and simulated con-

ductivities in this study (r: 6.5–1245 lS cm�1) on fresh-

water organisms that live in rain-fed rock pools are

probably negligible, our results indicate that indirect

effects are to be anticipated. Besides fairy shrimp, other

zooplankton species have also been shown to use con-

ductivity thresholds as a hatching cue (Brendonck et al.,

1998; Vanschoenwinkel et al., 2010a). Responding to reli-

able hatching cues can therefore prevent these species

from hatching under unsuitable conditions, such as a

small water volume which results in brief inundations

with an increased chance of an abortive hatching. Under

a dryer climate with higher evaporation, it seems that

the conductivity threshold for hatching (<125 lS cm�1)

will become a less reliable cue of likely habitat persis-

tence, resulting in more abortive hatching. Assuming

that there is genetic variation and that salt content of

rock pool basins will remain unchanged, it is likely that

there will be selection for a lower conductivity threshold

for hatching. If populations are not able to respond

adaptively, an inadequate response to hatching cues is

likely to be an important cost which could lead to egg

bank depletion.

Shorter inundation and more frequent desiccation

result in a harsher, more intense, disturbance regime

(Vanschoenwinkel et al., 2010b; Waterkeyn et al., 2011).

In combination with higher conductivity under these

scenarios suggested by our results, climate change is

likely to result in a more stringent environmental filter

(higher environmental harshness, see Chase, 2007),

selecting for species and lineages with rapid reproduc-

tion, high tolerance and adequate hatching response to

increased salinity and, potentially, more efficient risk

spreading through prolonged diapause (Evans & Den-

nehy, 2005). While changes in salinity are limited in

mountain rock pools which are prone to wind erosion

(Graham & Wirth, 2008), and hence typically do not

accumulate salts, climate-mediated changes in salinity

could be important in salt-loaded systems at the

extremes of tolerance of freshwater species (Waterkeyn

et al., 2011; Pinceel et al., 2013). Pronounced changes in

salinity mediated by climate change have led to impor-

tant changes in aquatic communities in other systems

(Micklin, 2007; Nielsen & Brock, 2009). For instance, a

history of increased salinisation as a result of a drying

climate in Australia seems to have promoted the diversi-

fication of salt-tolerant zooplankton species (Pinceel

et al., in press). At the same time, however, ongoing

recent salinisation as a result of bad agricultural prac-

tices and climate change has led to a recent loss of fresh-

water fauna from temporary pans and wetlands

(Nielsen & Brock, 2009; Pinceel et al., 2013), as well as

from large lakes in dry areas such as the Aral Sea (Ala-

din et al., 1998).

The notion that disturbance (hydroregime) and salin-

ity could have negative synergistic effects on habitat

suitability, as suggested by our simulations, is supported

by results from mesocosm experiments. For instance, it

has been shown that shorter HPs in combination with

increased salinity can exclude certain components of the

freshwater fauna from temporary pool assemblages

(Brock et al., 2005; Waterkeyn et al., 2011) and could

have ramifying effects higher in the food web (e.g. on

waterfowl; Poiani & Johnson, 1991).

In response to changes in habitat quality, populations

may react in different ways, including acclimation and

local adaptation, with the feasibility of both options

depending on phenotypic plasticity and adaptive genetic

variation (Hoffmann & Sgr�o, 2011). A third option is

migration which, in addition to allowing recolonisation

of habitat patches in which there has been local extinc-

tion, may also promote rapid local adaptation by enrich-

ing local gene pools with pre-adapted genotypes

(Walther et al., 2002; Parmesan, 2006). In that respect,

our simulations show that, in this rock pool cluster,

climate change not only affects local environmental

conditions, but also regional dynamics by modulating

passive dispersal.

Wind and water connections are the most important

dispersal vectors operating in rock pool clusters. Besides

being dependent on local topography and spatial struc-

ture, the efficiency of both processes as vectors,

however, is constrained by local precipitation and evap-

oration. Regular drought may promote wind dispersal,

while the establishment of overflow connections typi-

cally requires high water levels (Vanschoenwinkel et al.,

2008a,b). Our simulations predict a decrease in the total

number of connections and in the total volume of water

transported in the studied rock pools and an increase in

desiccation events. Previous research has shown that

most wind dispersal is restricted to the period just after

desiccation, when propagules are no longer protected

from wind by a water film (Vanschoenwinkel et al.,

2008a). As such, the more frequent drying predicted by

our model will result in increased mobilisation of propa-

gules by wind. In this context, it is noteworthy that Alt-

ermatt et al. (2008) reported a positive association

between colonisation of water fleas in coastal rock pools

and the occurrence of warm and dry summers. How-

ever, since wind dispersal is typically non-directional,

the vast majority of propagules are likely to be lost

© 2014 John Wiley & Sons Ltd, Freshwater Biology, doi: 10.1111/fwb.12319
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in the landscape (Bilton, Freeland & Okamura, 2001;

Vanschoenwinkel et al., 2008b). Consequently, while

local exchange of individuals between pools by wind is

likely to increase, increased erosion of dormant propa-

gule banks is also expected to be an important loss fac-

tor in the egg or seed bank budget of both pond

zooplankton and macrophytes (Vanschoenwinkel et al.,

2008a). Compared to wind, dispersal mediated by flow-

ing water is much more efficient, since it is often direc-

tional with channels guiding overflowing water to

(suitable) sink habitats (Bilton et al., 2001; Hulsmans

et al., 2007; Vanschoenwinkel et al., 2008a) and high peak

dispersal during floods corresponds with high effective

dispersal rates (Hulsmans et al., 2007). Field measure-

ments suggest that, on an annual basis, several thousand

of propagules of fairy shrimps are transported this way

(Hulsmans et al., 2007; Vanschoenwinkel et al., 2008b).

The combination of increased environmental harsh-

ness, reduced dispersal and thus increased isolation of

communities is likely to result in important changes in

the metapopulations and metacommunities characteristic

of groups of rock pools. While dispersal is currently a

dominant driver of community structure, resulting in

efficient species sorting and some dispersal fuelled per-

sistence in suboptimal habitats (mass effects) for con-

nected pools (Vanschoenwinkel et al., 2007), this is likely

to change under climate change. Dispersal limitation is

likely to become more important, while source–sink

dynamics will probably decrease in importance. At the

same time, more intense disturbance regimes, less dis-

persal and more loss of propagules by wind can increase

the probability of extinction of organisms less resistant

to disturbance. Similar responses may be expected for

other small aquatic habitats, such as clusters of small

ponds and pans in other regions or for floodplain ponds

that rely on annual river flooding for filling (Nhiwatiwa

et al., 2011). In most ponds and lakes in anthropogenic

landscapes, however, water level and connectivity are

artificially controlled, and therefore, an effect of climate

on dispersal dynamics is less likely to occur.

To conclude, we should note some potential limita-

tions of our simulations and their consequences. While

the results give some insight into potential local

responses to climate change, the model does not incor-

porate regional dynamics, such as the ability of species

to track suitable areas via dispersal and range shifts. For

instance, although the focal species B. wolfi has been

shown to disperse frequently within pool clusters on

ecological time scales (Vanschoenwinkel et al., 2008a,b),

dispersal and gene flow over longer time scales and over

larger spatial scales (between inselbergs separated by a

10 s of kilometres) have been shown to be very low,

with estimates of effective long-distance dispersal of

around one individual per 43 500 years (Vanschoen-

winkel et al., 2011). Therefore, range shifts via long-

distance colonisation of new habitats are likely to be

inefficient. Secondly, while potential biotic responses

have been explored for one focal species in this manu-

script – albeit in a reductionist and overly simplistic

way – it is notable that a similar procedure can be fol-

lowed for other organisms for which the critical length

of the aquatic life phase and the effect of conductivity

on development are known. Ideally, however, multispe-

cies applications should try to take into account other

confounding factors such as biotic interactions. In turn,

while the model predicts that, under climate change sce-

narios, up to 21% of inundations will no longer be suit-

able for reproduction by the focal species, this does not

necessarily imply that this is ecologically relevant. As

long as the species manages to produce sufficient eggs

during ‘good’ inundations and exhibits incomplete

hatching over future inundations, the population may be

sufficiently buffered against extinction. For the fairy

shrimp metapopulation in the study system, however, it

has been shown that the egg bank is not very large

(ranging between 6 9 103 and 5 9 106 eggs per pool)

(Vanschoenwinkel et al., 2010a), presumably as a result of

substantial wind blow (Vanschoenwinkel et al., 2008b). In

addition, egg production is often quite limited [average

of 20–30 eggs per female per day, under optimal labora-

tory conditions (T. Pinceel, unpublished results)]. Addi-

tionally, several local populations have been observed to

go extinct during the past decade (B. Vanschoenwinkel,

unpubl. data). Consequently, although this ideally would

be confirmed by a detailed egg budget model requiring

additional parameterisation, simulated climate-mediated

reduction in habitat suitability is likely to be ecologically

relevant and could very probably lead to the extinction of

some local (i.e. within-pool) populations. Nonetheless,

given the adaptations to this specific environment

(delayed hatching, good local dispersal, long-lived eggs),

it seems unlikely that the simulated reduction in habitat

suitability would lead to an extinction of the entire meta-

population (in the cluster of pools). It is worth noting,

however, that not all rock pool invertebrates have these

adaptations, so responses for other species with longer

life cycles are likely to be worse, but this remains to be

investigated.

A final potential response that could be taken into

account is local adaptation to a shortening HP. Evolu-

tionary trade-offs might, for instance, enable populations

to speed up development at the cost of size at matura-

© 2014 John Wiley & Sons Ltd, Freshwater Biology, doi: 10.1111/fwb.12319
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tion and reduced clutch size (Hildrew, 1985; Roff, 2002).

However, given the intense selection for rapid reproduc-

tion in these ephemeral rock pools, it is possible that

development time cannot be shortened due to physio-

logical limitations. The observation that, despite million

years of occurrence in the region, fairy shrimp are deter-

ministically absent from pools that do not regularly have

inundations longer than 6 days supports this theory.

Ultimately, this study shows that even in this simple

model system, potential impacts of climate change on

freshwater biota are not straightforward, because several

habitat properties are likely to be affected simultaneously

and may interact in altering habitat suitability. Addition-

ally, the study shows that the effect of climate change is

not restricted to altering local environmental filters and

selection regimes but may also modify regional processes.

Current attempts to estimate the possible effects of

climate change on ecological communities can therefore

benefit from adopting a metacommunity perspective.
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