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Abstract

The abstraction of groundwater is a global phenomenon that directly threatens groundwater ecosystems. Despite the
global significance of this issue, the impact of groundwater abstraction and the lowering of groundwater tables on biota is
poorly known. The aim of this study is to determine the impacts of groundwater drawdown in unconfined aquifers on the
distribution of fauna close to the water table, and the tolerance of groundwater fauna to sediment drying once water levels
have declined. A series of column experiments were conducted to investigate the depth distribution of different stygofauna
(Syncarida and Copepoda) under saturated conditions and after fast and slow water table declines. Further, the survival of
stygofauna under conditions of reduced sediment water content was tested. The distribution and response of stygofauna to
water drawdown was taxon specific, but with the common response of some fauna being stranded by water level decline.
So too, the survival of stygofauna under different levels of sediment saturation was variable. Syncarida were better able to
tolerate drying conditions than the Copepoda, but mortality of all groups increased with decreasing sediment water
content. The results of this work provide new understanding of the response of fauna to water table drawdown. Such
improved understanding is necessary for sustainable use of groundwater, and allows for targeted strategies to better
manage groundwater abstraction and maintain groundwater biodiversity.
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Introduction

Groundwater fauna (stygofauna) are generally the highest

organisms of groundwater ecosystems. They are important

contributors to the health of the ecosystem by maintaining water

quality and water flow in aquifers, and processing organic matter

[1,2]. To date, most research on stygofauna has focused on the

diversity and phylogeography of the fauna (e.g., [3]) with relatively

little focus on ecology [4]. In particular, little is known about the

functional role of fauna in the aquifer, how the fauna is influenced

by changes in the hydrology of groundwater systems or how well

they can cope with environmental changes. In this study, we

examine the behaviour of stygofauna in the vicinity of the water

table, how they respond to declining water tables and if they can

potentially survive in the unsaturated zone after water tables have

declined.

Groundwater ecosystems may be vulnerable to environmental

change and disturbance due to the relatively stable physicochem-

ical conditions in the aquifers to which fauna are adapted [5]. It is

known that microorganisms are strongly adapted to such stable

conditions and any environmental change might lead to changes

in community structure [6]. Stygofauna may be similarly sensitive

[7].

Within groundwater, there is often a natural gradient of

decreasing oxygen and nutrients with depth below the water table

[8]. Consequently, stygofauna are often most abundant and

diverse at shallow depths, closer to the groundwater table, and

richness and abundance generally decrease with distance below

the water table [9,10]. Fluctuations in the groundwater table,

particularly declining water tables, may therefore, greatly influ-

ence stygofauna assemblages.

Global demand for water is placing increasing pressure on

aquifers as a reliable source of potable water [11]. The impact of

water abstraction and declining water tables is particularly

pronounced in shallow aquifers, which also tend to support the

most diverse and abundant fauna assemblages [9,10]. Overex-

ploitation (e.g. for drinking water, irrigation or mining purposes) is

considered to severely impact groundwater ecosystems (e.g., [12]),

and changes in rainfall and recharge associated with climate

change also result in declining water tables, albeit over longer time

scales.

The understanding of ecosystem functioning in the vicinity of

the water table is crucial as this highly reactive and complex zone

may also function as an important buffer and filter. It likely plays a

crucial role in dynamic natural attenuation processes [13–16],

which requires both, a deep understanding of the hydrogeological

environment as well as its biological nature. At boundaries - like

the hyporheic zone - it is known that ecotones have developed

regulating the transfer of nutrient and matter fluxes across

compartments [6,17,18]. Similarly, the zone of water table

fluctuations (i.e. the boundary between unsaturated and saturated

zone) may result in an ecotone with different communities and
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diversity compared to the constantly saturated and constantly

unsaturated zones. It is expected that biota can cope for a certain

time with water stress (e.g., [19]) and are adapted to dynamic,

altering nutrient and water content conditions. However, any

water table variations, which are more pronounced than under

normal fluctuating conditions, are suggested to be stressors not

only on terrestrial ecosystems but also on the groundwater

ecosystem itself [20]. It is suggested that permanent changes in

the depth of water levels have even more drastic impacts on

ecosystem functioning. Fauna, particularly those restricted to live

in larger pores, will be affected immediately by water table decline

as the larger pores drain first while water may remain in smaller

pores for longer. Nevertheless, the mobility of fauna will be

impaired by draining and disconnecting pore regions from the

main flow paths.

The decline of the groundwater table due to reduced

groundwater renewal or abstraction generally reduces the volume

of accessible habitats or disconnects groundwater from surface

waters [21]. Rapid declines in groundwater may lead to stranding

of organisms in layers above the water table [19]. Still, it remains

unknown whether organisms can generally cope with the decline,

survive in zones with decreased water contents and/or follow the

declining water table depending on abstraction rates and volumes.

Current understanding of the impacts of pumping and ground-

water abstraction on biodiversity is limited [22], largely speculative

and guided by a small number of correlative studies [23,24]. From

irrigation water withdrawal in rivers, impacts on invertebrates

were indirectly identified through changes in the physicochemical

environment as well as directly through reduced flow which was

intensified by the magnitude and duration of withdrawal [25].

Recognising the need for ongoing abstraction worldwide, protec-

tion of biodiversity in groundwater ecosystems may be achieved by

considered management of how and when groundwater is

abstracted.

The objective of this study was to identify the high-resolution

spatial distribution of groundwater fauna below the water table

and how the fauna cope with different rates of water table declines.

Further, the survival of organisms under various saturation

conditions was investigated. Column experiments were performed

to investigate depth distribution of different stygofauna under

saturated conditions and after two different rates of water table

declines. The survival rate of the organisms was tested in

desiccation experiments. The results of this work will close

research gaps of understanding implications of hydrological

changes to the groundwater ecosystem. This improved under-

standing is mandatory for a sustainable use of groundwater and

allows for targeted adaptation strategies such that the future

abstraction and management of groundwater can be operated to

mitigate impacts on groundwater biodiversity.

Materials and Methods

Sampling sites
Stygofauna and groundwater were collected from two different

aquifers. Copepoda (Cyclopoida: Cyclopidae) and Syncarida

(Parabathynellidae) were collected from a porous, alluvial aquifer

associated with the Macquarie River at Wellington, NSW,

Australia (32u349S, 148u599E). Samples were collected from a

shallow bore (WRS05) at the University of NSW hydrological

research station. The bore was 23 m deep, with a screened section

between 15–18 m below ground surface. Groundwater levels

closely follow water levels in the adjacent river. During base flow

conditions water level is approximately 12 m below ground

surface but may rise up to 3 m below ground surface during

flood events (Peter Graham, UNSW, pers. comm., unpub. data).

The bore intersected the shallow, unconfined, quarternary alluvial

aquifer, and at this location, the aquifer has considerable

hydrological exchange with the adjacent river. The alluvium and

units within it vary in size from silts and clays to gravel and cobble

units. The area has a diverse stygofauna, including copepods,

syncarids [26] and ostracods [27].

Copepoda (Cyclopoida: Cyclopidae) were also collected from an

upland swamp in the Budderoo National Park, NSW, Australia

(34u379S, 150u409E). This site is located approximately 600 m

above sea level and about 30 km south west of Wollongong in the

headwaters of the Kangaroo River. The sediment of the swamp

comprises basal layers of coarse sands, overlain by several layers of

organic accumulation up to 3.3 m in thickness. The water table

varies between ground surface and about 0.3 m depth below

ground surface in the central swamp area. Here, the fauna was

collected with bailers from fully screened piezometers up to 2 m in

depth. The fauna of the swamp is dominated by copepods but

includes syncarids, amphipods and ostracods [28]. Fauna were

collected from Budderoo National Park under NSW NPWS

collection permit No SL100800.

The fauna are all undescribed species. In the absence of

taxonomic keys for most stygofauna, the mitochondrial Cyto-

chrome Oxidase 1 gene was used to identify the taxa. Methods for

this analysis are described in detail in Asmyhr and Cooper [27].

Resulting Genbank accession numbers are KF361321 -

KF361324. Both taxa collected from Wellington were considered

stygobytic in that they lacked pigmentation and eye spots. The

copepods from the swamp were considered stygophilic. Although

lacking pigment, they did have an eye spot. Molecular analyses of

multiple specimens of each taxon from each location indicated

that they were each a single taxonomic unit ([26], Asmyhr & Hose

unpub. data). Our use of taxa other than syncarids and copepods

in experiments was limited by low abundances in collected

samples.

Column Experiments
Column experiments were conducted to investigate high

resolution depth distributions of stygofauna and the impact of

fast and slow water table drawdown on these depth distributions.

Separate experiments were performed with fauna from different

sites using groundwater from the collection sites. The acrylic glass

columns were 160 mm tall and had a diameter of 50 mm. They

were filled with commercially available glass beads (1.55–

1.85 mm), giving a particle density ds of 2.5 kg/L. Uniform glass

beads were chosen (i) to maintain reproducible conditions of the

pore system between different column experiments which cannot

be ensured using heterogeneous, natural sediments; (ii) to create a

uniform pore size distribution throughout the entire length of the

column; (iii) to restrict migration of organisms due to pore size

changes alone; (iv) to avoid pore size exclusions; (v) to actually

track bigger organisms visually; and (vi) to increase the recovery

rate of organisms by avoiding any fine material (,size of

organisms) which would result in difficulties counting the fauna

under the microscope.

For the experiments, the columns were filled with oven-dried

glass beads and groundwater in a stepwise manner. The columns

were filled to half way (8 cm) before the test organisms were

added. Test animals were placed into the middle of the column

(8 cm). The columns were then carefully filled with glass beads and

groundwater to the top (16 cm). Capillary rise was minimized

during the filling procedure to ensure that the organisms remained

in the middle of the column by minimizing excess water before

adding additional glass beads.

Water Table Drawdown and Drying Effect Stygofauna
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Either 20 Copepoda or nine Syncarida were used in each

column, and all treatments had three replicate columns. Animals

were randomly allocated to treatments. All experiments were

conducted in environmental cabinets under conditions approxi-

mating those in groundwater (T = 18uC, darkness). We conducted

preliminary trials to compare the distributions of animals added to

the top (after filling) and to the middle of the column. There was

no obvious difference on fauna depth distribution when fauna

were added to the top or middle of the columns.

After an acclimation period of 48 h, the stygofauna depth

distributions were investigated under three different hydrological

conditions. First, the columns remained saturated and water level

was not changed. These columns served as a control. Second, the

water table was rapidly drawn down to the middle of the column

leading to relatively higher decline rates (2.6 m/d) during drainage

which lasted 0.25 h. Third, the water table was slowly drawn

down to the middle of the column in a step wise manner, leading

to relatively slower decline rates (1 m/d) during drainage which

lasted 2 h. For the two drawdown treatments, the water level

inside the column was controlled by moving a connected water

reservoir downwards (Fig. 1). Draining of organisms was restricted

by using a porous plate (100–160 mm) and a fine filter (Whatman

filter paper No 1) at the bottom of the column. After the

drawdown, the water connection between the column and the

reservoir was closed. Sediment was removed from the columns

with a spoon in 1-cm steps and collected in separate beakers

together with excess water which was removed with a pipette. Due

to inaccessibility, the last two layers (0–2 cm) in the column were

collected and analysed together. The sediment was sieved (1 mm)

and flushed to separate the stygofauna from the glass beads.

Subsequently, the fauna was counted under the microscope.

According to the hydrological conditions, we compared three

different depth groups, i.e. number of organisms below the water

table (0–8 cm), in the capillary fringe (8–12 cm) and in the

unsaturated zone (12–16 cm)

The mass of the glass beads (M) added to the column was

recorded to determine the bulk density (db) and the porosity (n)

considering the total volume of the column (Vtot) and the particle

density (ds):

n~1{
db

ds

with db~
M

Vtot

ð1Þ

The saturated hydraulic conductivity of the glass beads was

determined in the packed columns with a constant head method

(n = 18). The saturated hydraulic conductivity, and also the

hydraulic gradient, governs the water flow rate of the declining

water table.

Further, draining water from the drawdown experiments were

weighed to determine the mass and volume of water loss (VD) and

thus the mean water content (h) above the water table (16-8 cm):

h~
0:5:Vtot

:n{VD

0:5:Vtot

~n{
VD

0:5:Vtot

ð2Þ

Desiccation Experiments
Desiccation experiments were conducted to investigate the

viability of fauna in sediments with different water contents. These

experiments give information on the potential survival of

organisms stranded in the unsaturated zone due to water table

draw down. Petri dishes (H = 12 mm, = 50 mm) were filled with

glass beads and groundwater yielding similar porosities as in the

column experiments. Ten Copepoda or five Syncarida were added

and acclimated to test conditions for 24 h. The dishes with fauna

were left to evaporate at 18uC in a dark environmental cabinet

until a specific saturation level was reached, as determined by the

mass of water lost from the dish. Once the appropriate moisture

content was reached, the dishes were covered, sealed with

parafilm, and left for 48 h in the dark environmental cabinet at

18uC. Three replicate dishes were used for each saturation level.

Animals were randomly allocated to treatments. The saturation

levels used were 100 (total saturation), 66, 33, 16.5, 8.25, 4, 2, and

0% (no water remaining). At the end of the experiment the petri

dishes were resaturated and the number of surviving animals was

recorded. Death was recorded when the animal failed to respond

within 15 s of gentle stimuli. This test for death was done twice,

first at the time of sample processing, and again later after all

dishes had been analysed. The saturation levels at which 10, 50

and 90% of the organisms were dead (Lethal Saturation Level 10

Figure 1. Experimental setup investigating the impact of
drawdown on stygofauna. Column filled with glass beads and with
water table lowered to 8 cm; note the unsaturated zone in the top
4 cm and the apparently saturated capillary fringe from 8-4 cm; Photo C
Stumpp.
doi:10.1371/journal.pone.0078502.g001
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(LSL10), Lethal Saturation Level 50 (LSL50), and Lethal Saturation

Level 90 (LSL90)) were estimated based on the mortality data.

Statistical Analysis
The distribution of the animals within the columns was

described using a cumulative distribution function. The propor-

tions of animals at each depth were added cumulatively as depth

decreased (i.e. starting at the bottom of the column, 0 cm). The

cumulative distributions were described by fitting a three

parameter, non-linear regression function, with a binomial error

structure and a fixed upper limit of one using the DRC package

[29] in R version 2.15.2 [30]. Several models were fitted to the

data, with the most appropriate chosen as that which had the

lowest Akaikes information criterion (AIC) value. The model

parameters were estimated using maximum likelihood, with starter

values determined by the programs self-starter function. The DRC

package allows multiple curves to be fitted simultaneously and

makes it possible to compare curves from independent tests using

mixed-model non-linear regression analysis [31]. The method

assumes that for any particular concentration response curve, the

parameters are fixed but may vary from test to test due to some

random effect. That is, the parameters for any test represent the

‘average’ parameters for that curve plus or minus a test-specific

error. In this way, including both fixed and random effects in our

non-linear regression model makes it possible to account for

variation among treatments. Thus, the full non-linear regression

model is one that includes random effects, i.e., individual

parameters are determined for each individual curve.

Under a null hypothesis of no difference between two or more

curves, the parameters of the curves can be considered to be

drawn from the same population, i.e., the random effects that

represent the inter-test variability should be negligible. Therefore,

replacing the individual parameters with a common parameter

(thereby removing the random effects) should not affect the

residual deviance of the non-linear model. The test for reduction

of a full model (with random effects) to a simpler model (without

random effects) can be tested using a likelihood ratio test [31].

Further, we compared between treatments the proportions of

fauna remaining in the top 4 cm of each column at the end of the

experiments, which was the zone of unsaturated conditions above

the capillary fringe. This analysis was done using a generalised

linear model with a logit link and binomial error structure, using

the glm function in R version 2.15.2 [30]. Assuming that animals

in the columns move downward with the receding groundwater

level and not get strained in the unsaturated parts, we expected

that the proportion of fauna in the upper levels of the drawdown

treatments would be less than that in the fully saturated columns

(controls). Accordingly, we tested the specific hypothesis that the

proportion of animals in the unsaturated treatments will be less

than that in the control columns.

The mortality of animals in the desiccation experiments was

analysed using non-linear regression, with a binomial error

structure using the DRC package [29] in R version 2.15.2 [30].

The model choice was based on the AIC as described above. The

lethal saturation level (LSL) at which 50% (LSL50), 90% (LSL90)

and 10% (LSL10) of the population died were extrapolated from

the fitted curve.

Results

Column setup
The porosity was determined in every column and was on

average 0.3760.01 m3/m3. The saturated hydraulic conductivity

was tested in six columns three times each. The average saturated

hydraulic conductivity (6SD) of the columns was 1.8

(60.3)61023 m/s. The small standard deviations of both param-

eters indicate reproducible pore structures and hydraulic proper-

ties in all experiments. Thus, the hydrological conditions of all

experiments are similar and the results are not affected by the

experimental setup.

Drawdown of the water table by 8 cm resulted in a saturated

zone in the bottom 8 cm of the column, a zone in which the

capillary fringe caused saturation of the sediment for a height of

4 cm above the water table, and an unsaturated zone in the top

4 cm (see Fig. 1). After drawdown, the average water content

above the water table was 0.2460.02 m3/m3 in the top 8 cm and

0.1260.05 m3/m3 in the top 4 cm considering that the capillary

fringe is completely saturated. This equals a saturation level of

65% and 32%, respectively.

Drawdown experiments
Syncarids. All syncarids in the saturated treatments were

collected from the bottom 2 cm of the column, suggesting a

propensity for this taxon to burrow deeply. In the fast drawdown

treatment, 75% of the syncarids were found below the water table

(0–8 cm) and some in the capillary fringe (6%; 8–12 cm).

However, 19% of the syncarids remained in the unsaturated part

of the column (12–16 cm; Fig. 2).

There was a significant difference in the distribution of the

syncarids among treatments, with a greater proportion of

syncarids found at shallower depths (higher in the column, closer

to the water table) in the drawdown columns than in the controls.

Importantly, however, the proportion of syncarids in the

unsaturated zone of the drawdown treatment (12–16 cm) was

significantly greater (p = 0.004) than (and specifically, not less than)

that in the saturated treatment.

Wellington Copepods. In the saturated columns, the cope-

pods were not equally distributed over depth but were most

abundant in the top 4 cm from 12–16 cm (62627%) and least

abundant (364%) in the bottom (0–4 cm) of the column (Fig. 3A).

After slow drawdown, most of the copepods were observed in the

unsaturated zone (8465%), some in the capillary fringe (963%)

and even fewer (763%) below the water table (Fig. 3A). The

distribution was similar following the fast drawdown. In the fast

drawdown treatments, 8866% of the Copepoda were observed in

the unsaturated zone, with similar proportions in the capillary

fringe (660%) and below the water table (666%).

There was no significant difference in the overall distribution of

copepods between the three treatments (p = 0.065, Fig. 3A).

Similarly, there was no significant difference (p = 0.243) in the

proportion of copepods in the upper most 4 cm of the columns

(12–16 cm) following drawdown (Fig. 4A). Generally, the abun-

dance of copepods decreased with depth below water table.

Budderoo Swamp Copepods. The relative abundance of

copepods in the saturated columns increased with depth below the

water table. We recorded 767%, 2564%, and 68636% of the

organisms in 16-12 cm, 12-8 cm, and 8-0 cm, respectively

(Fig. 3B). In the slow drawdown treatments, the relative

abundances of copepods also increased with depth. In the

unsaturated zone and the capillary fringe 1665% and 1268%

of the organisms were found, respectively (Fig. 3B). On average,

72% of the organisms were present below the water table. For the

fast drawdown, 1266% of the copepods remained in the

unsaturated zone, 1466% in the capillary fringe, and 74% of

the organisms stayed below the water table.

There was no significant difference in the distribution of

copepods among the three treatments (p = 0.994, Fig. 3B). There

was also no significant difference (p = 0.536, Fig. 4B) in the

Water Table Drawdown and Drying Effect Stygofauna
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proportion of copepods in the upper 4 cm of the columns between

the three treatments.

Desiccation Experiments
Syncarids. We found little effect of the water content changes

on the survival of the syncarids down to saturation levels of 6%

(Fig. 5A). Here, still 87% (611%) were alive after 48 h exposure to

these hydraulic conditions. The survival rate dropped steeply to

67% (623%) and 13% (623%) at 3% and 2% saturation level,

respectively. At completely dry conditions all organisms were

dead. For the syncarids, the 48 h LSL50 was 3.4% saturation, with

10% of the population affected at 12.5% (Table 1). There was

90% mortality in the population after 48 h at 1.5% saturation

(Table 1).

Wellington copepods. The Wellington copepods were more

susceptible to drying than were the syncarids. Although 9060% of

the copepods were still alive under 63% of saturation, only

47610% and 1765% were alive at saturation levels of 33% and

6%, respectively (Fig. 5B). The 48 h LSL50 was 31.2%. Ten

percent of the population were affected at 67.6% saturation and

90% mortality occurred at 9.3% (Table 1).

Budderoo Swamp copepods. The Copepoda from the

Budderoo swamp responded to drying in a similar way as those

from the Wellington alluvium. At 66% saturation, 87612% of the

organisms were still alive (Fig. 5C). Only one third of the

Copepoda (33612%) were alive after 48 h at saturation levels of

16%. The 48 h LSL50 was 21.4% (Table 1). Ten percent of

animals were dead at saturation of 68% and 90% were dead at

3.5% (Table 1).

Discussion

Our simulated lowering of water tables had significant impacts

on groundwater fauna. Fauna became stranded as water tables

declined. Our desiccation experiments show that the reduction in

water content of the sediments associated with such water table

lowering is likely to result in mortality of the stranded fauna.

In the fully saturated sediment columns, the distribution of

animals differed markedly between taxa. For the syncarids and the

swamp copepods, a large proportion of the animals were found

towards the bottom of the column whereas for the Wellington

copepods, the majority of animals were found close to the

surface, with abundance decreasing with depth. Although the

abundance of fauna generally decreases with depth below the

water table [10,32], Datry et al. [9] found different abundance-

depth relationships in different taxa. In their study, the

abundance of epigean taxa was higher near the water table

compared to hypogean taxa which were generally found at

greater depths. Interestingly, our results suggest the opposite.

Among the copepods, the truly stygobitic taxon was most

abundant at the surface and the stygophilic (potentially epigean)

taxon most abundant at depth. Our centimetre-scale examina-

tion of laboratory columns is much finer than the metre-scale

examination of in situ piezometers (up to 4 m below the water

table) used by Datry et al. [9], and the differences observed may

reflect the different scales examined, or indeed, different taxa

could be adapted to depth-specific ecological niches, such as is

known from marine systems [33]. However, the driving factors

for stygofauna distribution are mainly related to nutrient

availability and not just to pressure changes below the water

table, which, over the small scale we have examined, is likely to

be negligible.

In fine, centimetre-scale laboratory experiments [18], the

distribution of copepods and amphipods followed that of the

Wellington copepods, being higher in abundances closer to the

water table. Similarly, the abundance of fauna, mainly Copepoda,

Nematoda and Oligochaeta, in sand filters of drinking water

production systems decreased with increasing filter depth down to

60 cm [34]. The occurrence of depth-related faunal distributions,

even on the centimetre scale, emphasises the vulnerability of fauna

in the vicinity to the water table to even small changes in water

table depths.

The habitat from which the swamp copepods were collected is

constantly saturated to the soil surface [35]. Despite small declines

in the water table, the capillary forces of the highly organic surface

layers ensure saturation to the surface (Hose & Stumpp unpub.

data). Accordingly, the copepods from the swamp may not be

Figure 2. Mean (±95% CI) proportion of syncarids in the top four centimetres of the sediment. Comparison of results on mean
proportion of syncarids in the saturated and fast-drawdown columns; in the latter the top four centimetres represents the unsaturated zone in the
fast drawdown columns and shows the proportion of animals stranded above the water table as the water level is lowered.
doi:10.1371/journal.pone.0078502.g002

Water Table Drawdown and Drying Effect Stygofauna
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accustomed to and therefore may be sensitive to fluctuations in the

water table. This may explain why they were the taxon most

susceptible to water level changes (i.e., with the greatest proportion

of the population stranded) compared to the organisms from the

Wellington site. The Wellington alluvial aquifer responds quickly

to changes in water levels of the nearby river (up to 69 m) and

therefore, organisms could well be adapted to dynamic water level

conditions.

Figure 3. Cumulative depth distributions of copepods in saturated, fast and slow drawdown experiments. Comparison of depth
distributions from A - the Wellington alluvium copepods and B - the Budderoo swamp copepods in sediment columns; zero depth refers to the base
of the column.
doi:10.1371/journal.pone.0078502.g003

Water Table Drawdown and Drying Effect Stygofauna
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The fate of groundwater fauna in response to water level

changes may relate closely to their mode of locomotion too, i.e., if

they are swimmers or crawlers. Crawlers can actively hold on to

the sediment (like the syncarids) compared to swimmers (like the

copepods) who prefer to be in open water spaces. We observed

that the syncarids were fast crawlers and could move quickly

through the pores of the sediment columns and in the petri dishes

of the desiccation experiments. The change in the distribution of

the syncarids before and after drawdown, in particular the greater

proportion of syncarids found at the bottom of the fully saturated

column, was not as we expected. We consider that this result is

partly due to their mobility, which could enable them to move

progressively downward ahead of the water column as we

removed the sediment for analysis at the conclusion of the

experiment. However, the fact that some syncarids were trapped

in the unsaturated sediments suggests that their mobility in low

saturation conditions may be limited, and that they were unable to

detect the rapid decline in water levels (relative to the desiccation

experiments) until such time as it was difficult to move or they

were isolated. In the desiccation experiments, the rate of removal

of water was much lower (0.03 m/d) than in the column

experiments (2.6 m/d) and the syncarids were able to move to

the bottom of the dish where water pooled as it dried.

Consequently, the syncarids appear quite tolerant to drying,

however, this may reflect more their ability to move to available

water rather than a tolerance for dry conditions.

Despite the water table being lowered 8 cm and creating a 4-cm

zone of unsaturated sediment, there was no significant difference

in the distribution of copepods between treatments. This was the

case for both copepod taxa. Copepods did not appear to move

downwards with the receding water table and so were stranded in

the unsaturated zone. In similar experiments in which water levels

within 6–cm tall sediment tubes were lowered at a rate of 1.2 m/d,

cyclopoid copepods moved downwards with the declining water

table [19]. In contrast, amphipods did not move downwards and

so had a similar vertical distribution to those in the saturated

control columns [19]. It is unknown whether groundwater fauna

can sense and adapt to a change in water flow such as is known

from the hyporheic zone [18] or experiments simulating declining

water levels in benthic surface water systems. For the latter it was

shown in laboratory experiments that three amphipod species had

mechanisms, such as horizontal migration in the water phase and

vertical burying into the sediment, to survive drying surface water

conditions [36].

The water saturation level in the columns after drawdown and

survival of organisms in the desiccation experiments, suggest that

Figure 4. Mean (±95% CI) proportion of copepods in the top four centimetres of the sediment. Comparison of results on mean
proportion of copepods from A - the Wellington alluvium and B - the Budderoo swamp occurring in the saturated and drawdown columns; in the
latter the top four centimetres represents the unsaturated zone in the fast and slow drawdown columns and shows the proportion of animals
stranded above the water table as the water level is lowered.
doi:10.1371/journal.pone.0078502.g004
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Figure 5. Survival rate of stygofauna depending on the sediment saturation level. Response of A - the Wellington syncarids, B - the
Wellington copepods and C - the Budderoo swamp copepods to decreased sediment saturation for 48 h.
doi:10.1371/journal.pone.0078502.g005
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severe impacts are likely for fauna stranded in the unsaturated

zone. The saturation level in the unsaturated sediments (12–

16 cm) was (on average) 32% which, based on the desiccation

results, will cause around 50% mortality to animals. With over

80% of the copepods from the Wellington alluvium occurring in

the unsaturated zone of the columns (12–16 cm), mortality to over

40% of the total population may be expected. The equivalent

expected total mortalities for the Budderoo swamp copepods and

the Wellington syncarids are smaller (around 5% and 1%,

respectively). We found large differences in the LSL50 for syncarids

and the copepods (Table 1). The LSL50 and LSL10 values for both

copepod taxa were higher as previously reported, in which 50% of

the copepods died at saturation levels of 10% and 10% died at

saturation levels of about 55% [19]. Interestingly, Tomlinson [19]

found no significant correlation between water content and

survival, which varied between 40 and 100% in experiments with

20 to 100% saturation.

While we have considered here the impact of water level change

per se, we have assumed that any fauna that can migrate with the

water table will survive, but this may not always be the case. We

assume that for field conditions changes in water depth may force

fauna to move to sedimentary layers of different physical or

chemical composition that may be suboptimal, creating a situation

of habitat loss. This is indeed a topic for further examination.

Further, here we have simulated an alluvial sediment, charac-

terised by a large number of regular and large pore spaces. How

changes in this system can be related to other aquifer types, such as

karstic and fractured rock, needs to be tested. The different pore

systems and hydraulic properties of these aquifer types make it

difficult to translate the findings of our drawdown experiments, but

where changes in water level lead to a reduction in saturation of

the aquifer matrix, mortality of fauna, such as we have shown in

the desiccation experiments, is likely, irrespective of aquifer type.

In this study we have shown using in-vitro experiments that

changes to groundwater levels may pose a significant threat to the

survival of groundwater biota, particularly in coarse sediments

simulated here. It is likely that in finer sediments that hold water

more readily, the impact to fauna may not be so great. However,

with our drying period potentially at the lower end of those that

might be expected under field conditions, significant risks to

groundwater fauna remain.

The results of this work provide new understanding of the

response of fauna to water table drawdown under controlled

conditions. With immense and growing pressure on groundwater

resources globally [11], such knowledge is timely and further

research is required to transfer the knowledge from in-vitro

experiments to field scales and study how water table changes

might affect the survival of organisms and even biodiversity.

Preserving the biodiversity of groundwater ecosystems is essential

to maintain the ecosystem services these ecosystems provide. With

improved understanding of how water level changes influence

biota, targeted strategies to better manage groundwater abstrac-

tion and maintain groundwater biodiversity may be developed.
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23. Notenboom J, Plénet S, Turquin M-J (1994) Groundwater contamination and its

impact on groundwater animals and ecosystems. In: Gibert J, Danielopol DL,
Stanford JA, editors. Groundwater ecology. London: Academic Press Limited.

pp. 477–504.

24. Wilson G (2008) Global diversity of Isopod crustaceans (Crustacea; Isopoda) in

freshwater. Hydrobiologia 595: 231–240.

25. Miller SW, Wooster D, Li J (2007) Resistance and resilience of macroinverte-

brates to irrigation water withdrawals. Freshwater Biology 52: 2494–2510.

26. Asmyhr MG, Hose GC, Graham P, Stow AJ (2013) Fine-scale genetics of

subterranean syncarids. Freshwater Biology doi: 10.1111/fwb.12239

27. Asmyhr MG, Cooper SJB (2012) Difficulties barcoding in the dark: the case of

crustacean stygofauna from eastern. Australia Invertebrate Systematics 26: 583–

591.

28. Bailey J (2010) Groundwater depth and biological interactions in an upland

swamp on the Budderoo Plateau, NSW (Honours). Sydney, Australia:

Macquarie University.

29. Ritz C, Streibig JC (2005) Bioassay Analysis using R. Journal of Statistical

Software 12: 1–22.

30. R Core Team (2012) A language and environment for statistical computing. R

Foundation for Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0,

Available: http://www.R-project.org/.

31. Nielsen OK, Ritz C, Streibig JC (2004) Nonlinear mixed-model regression to

analyze herbicide dose response relationships. Weed Technology 18: 30–37.

32. Humphreys WF (2009) Hydrogeology and groundwater ecology: Does each

inform the other? Hydrogeology Journal 17: 5–21.

33. Cartes JE, Fanelli E, Papiol V, Zucca L (2010) Distribution and diversity of

open-ocean, near-bottom macroplankton in the western Mediterranean Analysis

at different spatio-temporal scales. Deep-Sea Research Part I-Oceanographic

Research Papers 57: 1485–1498.

34. Schönthal M (1987) Die Bedeutung der Metazoenbesiedlung in den Sandsch-

nellfiltern der Bodensee-Wasserversorgung, Sipllinger Berg, im Trinkwasser-

aufbereitungs-Betrieb (Diplomarbeit): Limnologisches Instiut, Universität Kon-

stanz. 180 p.

35. Fryirs K, Gough J, Hose GC (in review) The geomorphic character and

hydrological function of an upland swamp, Budderoo Plateau, Southern

Highlands, NSW, Australia. Wetlands.

36. Poznanska M, Kakareko T, Krzyzynski M, Kobak J (2013) Effect of substratum

drying on the survival and migrations of Ponto-Caspian and native gammarids

(Crustacea: Amphipoda). Hydrobiologia 700: 47–59.

Water Table Drawdown and Drying Effect Stygofauna

PLOS ONE | www.plosone.org 10 November 2013 | Volume 8 | Issue 11 | e78502


