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Abstract

The ability to predict reservoir

vulnerability to summer blooms and 

to detect thresholds of change in

phytoplankton cell densities in response

to environmental factors would provide

information critical for decision making,

hazard prevention and management. 

We used a new method to detect

synchronous change points in densities

of phytoplankton taxa along the gradient

of percentage grazing land cover in

catchments, based on data collected

from 15 reservoirs in subtropical Australia

during summer 2009. In addition, we

propose a predictive index of vulnerability

that is based on simple measures of

reservoir and catchment characteristics,

including percentage grazing land cover.

Our findings suggest that land use in the

catchments of the studied reservoirs has

a strong impact on phytoplankton

composition and densities, and hence

summer bloom phenomena.

Introduction

Toxic cyanobacterial blooms in drinking

water reservoirs have been widely

documented in Australia and are now

reported the world over, particularly

during summer months (Padisák 1997;

McGregor and Fabbro 2000; Wiedner et

al. 2007). To ensure that water quality

guidelines for ecosystem and human

health are met, regular monitoring of

reservoirs is often carried out. However,

water quality monitoring and the supply

of safe drinking water demands

considerable human and fiscal resources

(Davis and Koop 2006). In addition,

monitoring often begins after reservoirs

are built and water quality problems

eventuate. Therefore, the ability to

predict the vulnerability of reservoirs to

toxic cyanobacterial blooms, along with

methods to detect thresholds of change

in phytoplankton composition, would

provide information critical for decision

making, as well as reliable hazard

prevention and management. 

In order to reliably forecast the

likelihood of cyanobacterial blooms,

factors that promote poor water quality

and conditions favourable to bloom

formation need identifying. Climate,

combined with the physical

characteristics of reservoirs themselves,

is a key factor (Jones and Poplawski

1998). In summer, warm temperatures

and longer days tend to strengthen

thermal stratification, which can then

liberate bioavailable nutrients from anoxic

sediments (Burford and O’Donohue

2006). In the tropics and subtropics,

nutrient loads into reservoirs tend to

increase in association with summer-

dominated rainfall; in temperate regions,

climate change is predicted to increase

nutrient loads and growth of

phytoplankton (Matzinger et al. 2007;

Paerl and Huisman 2008). Combined with

the long water residence times typical of

water storages, these factors make

summer blooms extremely likely

(McGregor and Fabbro 2000). 

Another key factor is catchment land

use, since reservoir construction and

expansion are often coincident with the

conversion of forest or savannah to

agricultural lands (Blanch 2008; Gücker

et al. 2009). This can lead to reservoir

eutrophication and conditions that

promote blooms: 1) by increasing soil

erosion and nutrient loads in runoff,

which can lead to changes in the ratios

of nitrogen and phosphorus; or 2)

through a combined effect with other

reservoir and catchment attributes, e.g.

water storage capacity and catchment

size (Arbuckle and Downing 2001; Knoll

et al. 2003; Davis and Koop 2006; Yang

et al. 2008). 

Based on these factors, a new index of

reservoir vulnerability to summer blooms

of cyanobacteria has been developed

(Leigh et al. 2010). The index was shown

to correlate significantly and strongly 

with summer surface water densities of

phytoplankton and potentially toxic

cyanobacteria, as well as with the

proportions of cyanobacteria, within 15

drinking water reservoirs in subtropical,

southeast Queensland. The index also

showed promise as a decision making

tool in planning and managing reservoirs

and their catchments with the aim to

reduce summer bloom vulnerability. In

particular, reducing the percentage of

grazing land cover via reforestation

substantially reduced the vulnerability of

a planned reservoir in comparison with

existing reservoirs in the study region. 
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Therefore, we aimed to determine

whether a threshold of grazing land cover

existed that equated to a synchronous

increase in cell densities of

phytoplankton, including cyanobacteria,

in the studied reservoirs during the same

summer sampling period. To do this, we

used a new method that can detect

synchronous change points in community

structure (TITAN; Baker and King 2010).

We believe these two methods (the

vulnerability index and TITAN) may assist

reservoir planners and managers in

decision making aimed at reducing the

vulnerability of their reservoirs to bloom

events.

Location and Methods

Sampling locations and

phytoplankton analysis

We studied 16 reservoirs that supply (or

will supply) drinking water to the urban

and semi-rural populations of subtropical,

southeast Queensland (c. 2.8 million).

These reservoirs vary in catchment size

and full capacity; however, land use in

their catchments is dominated by natural

bushland and pastoral activities (mainly

cattle grazing on unimproved pasture),

with smaller proportions of cropping and

residential lands (Table 1). 

Each reservoir was sampled once

between 9 February and 3 March 2009 in

the late summer period (referred herein as

‘summer 2009’). At least three sites were

sampled in each reservoir: near the dam

wall; mid-reservoir; and in the upstream

part of each reservoir. We sampled the

deepest point of each site, which was at

least 6m (except for the upstream sites of

Kurwongbah and Little Nerang, which

were 2-4m deep). Four sites were

sampled in the large Somerset reservoir

and in those with two major arms

(Borumba, Hinze, Leslie Harrison 

and North Pine). 

At each site, a 3m depth-integrated

sample of surface water was collected

from which a mixed 250mL subsample

was fixed with Lugol’s iodine solution 

(0.6 per cent final concentration) for later

identification of phytoplankton taxa,

including potentially toxic cyanobacterial

species (Anabaena circinalis, Anabaena

bergii, Aphanizomenon ovalisporum,

Cylindrospermopsis raciborskii and

Microcystis aeruginosa), and calculation

of cell densities (cells mL-1). Taxa were

identified to species level, where

possible, under 400x phase-contrast

microscopy; cells were counted using a

Sedgewick Rafter counting chamber

(Lund et al. 1958; Burford et al. 2007). 

TITAN

Threshold Indicator Taxa Analysis 

(TITAN) is a new method for detecting

synchronous changes in the distribution

of taxa along an environmental gradient,

e.g. the areal cover of a particular land

use in the catchment upstream of

sampling locations (Baker and King

2010). These changes may represent a

threshold between different states of

ecological condition, e.g. the tipping

point at which a phytoplankton

community becomes dominated by

cyanobacteria, or multiple taxa show a

sharp increase (or decrease) in their cell

densities. Briefly, TITAN locates abrupt

changes in the occurrence frequency and

relative abundance of individual taxa

along the defined gradient, quantifies the

uncertainty around these change points

and estimates their relative synchrony

(full details of the method are provided in

Baker and King 2010). For this research,

we used the percentage cover of grazing

land in the catchments of each reservoir

(Table 1) and the cell densities of

phytoplankton taxa identified in the

surface water of sites sampled in summer

2009. We ran the analysis with the TITAN

package (Baker and King 2010) in R

(www.r-project.org/).

Vulnerability Index

Several parameters that describe

reservoir and catchment characteristics

have been examined for their ability to

explain variation in reservoir water quality

(e.g. Forbes et al. 2008). The Vulnerability

Index of Leigh et al. (2010), which ranges

from 0 (lowest vulnerability) to 1 (highest

vulnerability), uses five parameters and is

calculated as follows:

VI = (percentage grazing land covera +

reservoir shoreline to surface area ratiobc

+ reservoir volume at full supply

capacityab + reservoir volume to

catchment area ratiobc + age since dam

constructionab) /5

a Range standardised so that the highest

value = 1 and the lowest = 0

b Log transformed to reduce skew

c Range standardised so that the highest

ratio = 0 and the lowest = 1

Log transformation and range

standardisation give each parameter

equivalent weighting to create a

comparative index of vulnerability among

reservoirs (Leigh et al. 2010).

Based on the community threshold

results of TITAN, we calculated the

vulnerability of a planned reservoir under

different scenarios of grazing land use in

comparison to those of the existing 15

reservoirs sampled in summer 2009.

Wyaralong dam (Table 1) is being

constructed about 20km northeast of

Maroon reservoir and is scheduled for

completion by the end of 2011. We first

calculated the VI for all 16 reservoirs,

using the planned dimensions of

Wyaralong dam and the current grazing

cover in its catchment (46.9 per cent). We

then recalculated the index using the

threshold level of grazing land cover

Table 1. Physical characteristics of 16 subtropical reservoirs and their catchments.

Code Reservoir Shore (km) SA (km2) Vol (ML) Depth (m) Age (y) CA (ha) % Grazing

Bar Baroon 25.5 3.9 61000 15.7 21 6530 43.0

Bor Borumba 44.5 3.8 46000 12.2 46 46900 19.6

Cool Cooloolabin 12.8 1.4 14200 9.9 30 736 6.0

Ewen Ewen Maddock 14.3 2.3 16600 7.4 27 2130 8.5

Hin Hinze 67.4 9.3 163000 17.5 20 17600 12.2

Kur Kurwongbah 33.4 3.4 14400 4.2 40 5250 38.7

LHD Leslie Harrison 34.5 4.2 24800 5.9 25 8890 13.2

LNer Little Nerang 10.9 0.6 9280 16.6 48 3600 12.2

Mac Macdonald 38.3 2.6 8000 3.1 29 4960 42.3

Man Manchester 27.3 2.6 26000 10.0 93 7260 3.3

Mar Maroon 17.9 3.3 44300 13.3 35 10500 20.2

Moog Moogerah 29.3 7.7 83800 10.9 48 22700 36.1

NPD North Pine 167 21.2 215000 10.1 33 34900 28.5

Som Somerset 237 39.7 369000 9.3 56 133000 41.5

Wiv Wivenhoe 462 110 1150000 10.5 25 568000 46.0

Wya Wyaralong 110 1.1 103000 8.4 na 54590 46.9

Shore, shoreline perimeter; SA, reservoir surface area at full supply level (FSL); Vol, water storage capacity
at FSL; Depth (mean) = Vol/SA; Age, age to 2009 since the completion of dam construction; na, Wyaralong
dam due for completion in 2011; CA, catchment area of each reservoir; % Grazing, percentage of cattle
grazing land cover in the catchment area of each reservoir. 
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estimated by TITAN for Wyaralong but

keeping the parameters for the existing

reservoirs unchanged. We compared

these results to those of the original

study by Leigh et al. (2010), which used

the index to explore the potential effects

through time of adding or subtracting 

10 per cent grazing land cover (via

conversion from/to forested land) in

Wyaralong’s catchment. 

Results

Phytoplankton composition and cell

densities

The phytoplankton community of surface

water samples from all reservoirs, in

terms of median cell densities, was

dominated by cyanobacteria. Borumba

had the highest cell density of all

reservoirs (median = 405,000, with an

inter-quartile range of 172,000 cells mL-1),

followed by Moogerah, Somerset and

Wivenhoe (medians > 200,000 cells mL-1).

Hinze had the lowest cell density (median

= 19,900, with an inter-quartile range of

12,900 cells mL-1). C. raciborskii was the

dominant potentially toxic

cyanobacterium, except in Maroon

reservoir and the upstream site at Hinze

reservoir in which A. circinalis dominated.

Five reservoirs had no potentially toxic

cyanobacteria identified (Cooloolabin,

Macdonald, Ewen Maddock, Leslie

Harrison and Little Nerang). 

TITAN and community thresholds

TITAN identified a peak change point for

synchronous increase in cell densities of

phytoplankton taxa at 24.3 per cent

grazing land cover. Confidence intervals

(representing 5th and 95th quantiles of

change points among 500 bootstrap

replicates) for this observed threshold

were 19.6 per cent and 36.1 per cent

grazing land cover respectively. 

Twenty-five specific taxa both met the

TITAN significance criteria (based on 500

bootstrap replicates; see Baker and King

2010 for detail) and showed a positive

response (increased cell densities) to the

environmental gradient; for these taxa,

the observed change points ranged from

7.2 per cent to 43.0 per cent grazing

land cover. C. raciborskii, the only

potentially toxic species to meet

significance criteria, exhibited an abrupt

increase in cell density at 16.4 per cent

grazing land cover (with a bootstrap

confidence interval of 12.2 per cent to

36.1 per cent). 

Index of vulnerability (VI)

Based on the vulnerability index

calculation for the 16 reservoirs,

Wivenhoe reservoir had the highest level

of vulnerability to summer blooms (VI =

0.88), Wyaralong mid-range vulnerability

(VI = 0.55), which was comparative with

reservoirs like Maroon and Kurwongbah

(VI for both = 0.57), and Cooloolabin the

lowest (VI = 0.28) (Figure 1). Changing

the percentage of grazing land cover in

Wyaralong catchment to that of the

TITAN threshold for abrupt increase in

cell densities of multiple phytoplankton

taxa, decreased the reservoir’s

comparative VI score to 0.45, the fifth

least vulnerable among the 16 reservoirs

(Figure 1). Reducing grazing cover further

to 16.4 per cent, the TITAN threshold for

abrupt increase in C. raciborskii cell

density, resulted in a VI score for

Wyaralong of 0.42 (the fourth least

vulnerable among the 16 reservoirs;

Figure 1). 

Discussion

The Vulnerability Index of Leigh et al.

(2010) is based on a combination of five

parameters (percentage grazing land

cover in reservoir catchments, reservoir

shoreline to surface area ratio, reservoir

volume, reservoir volume to catchment

area ratio and reservoir age). It has been

demonstrated as an effective index of

vulnerability to poor water quality and

cyanobacterial blooms in summer

months for the subtropical reservoirs

examined in the present study. The index

therefore shows potential as a decision

making tool for the management of

existing and future reservoirs when

aiming to reduce vulnerability to summer

bloom events.

Perhaps the most readily manipulated

parameter in the index (in terms of

management options at least, particularly

for existing reservoirs) may be that of

land use, as represented by the

percentage of catchment grazing land

cover. Land use, particularly animal

agriculture, has been implicated in the

eutrophication of reservoirs and

freshwater systems worldwide

(Søndergaard and Jeppesen 2007).  In

turn, eutrophication and changes to

nitrogen: phosphorus (N:P) ratios are

linked with shifts in phytoplankton

composition and abundances, including

dominance by cyanobacteria (Arbuckle

Figure 1. Vulnerability Index for 16 reservoirs in subtropical Queensland, one year since

the planned completion of Wyaralong dam wall in 2011, given: (top) the current

percentage of grazing land cover in Wyaralong catchment; (middle) the threshold of 24.3

per cent grazing land cover in Wyaralong catchment; (lower) the threshold of 16.4 per

cent grazing land cover in Wyaralong catchment. See Table 1 for the key to reservoir

coding. Threshold values based on results from TITAN (see text for detail).
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and Downing 2001; Burford et al. 2006;

Posselt et al. 2009). As such, we believe

that a new method of detecting

thresholds of community change along

environmental gradients, TITAN (Baker

and King 2010) also shows potential as 

a decision making tool in planning and

managing reservoirs for reduced

vulnerability to bloom events. The

environmental gradient can take many

forms, for example, N:P ratios or

concentrations of nitrogen or phosphorus

in reservoirs, or, as used in this study,

catchment land use cover. Based on

phytoplankton data collected in the

summer of 2009 from 15 subtropical

reservoirs, TITAN identified a peak

change point for synchronous increase 

in cell densities of phytoplankton taxa at

24.3 per cent grazing land cover (under

current land use intensities and

management practices), with a

confidence interval of 19.6 to 36.1

per cent. Ten out of the 16 reservoirs

examined in this study (including the

planned Wyaralong reservoir) have at

least 19.6 per cent grazing land cover 

in their catchments. 

TITAN estimates change points for

each taxon as well as detecting

synchronous changes in the whole

community and can therefore provide

insight into thresholds of change in taxa

of interest, like cyanobacterial species.

For the studied reservoirs, cyanobacterial

blooms tend to be dominated by C.

raciborskii. Based on the summer 2009

data, our analysis showed that this

species exhibited an abrupt increase in

cell density at 16.4 per cent grazing land

cover (with confidence interval of 12.2 to

36.1 per cent). Cooloolabin, Ewen

Maddock, Manchester, Leslie Harrison,

Little Nerang and Hinze have less than

16.4 per cent grazing land cover in their

catchments, and these six reservoirs

along with Borumba and Maroon have

less than 24.3 per cent. At 28.5 per cent

grazing land cover, North Pine would also

be included with this ‘under the

threshold’ group of reservoirs, if the

upper confidence interval of 36.1 per cent

was taken as the community threshold at

which cell densities (for multiple taxa or

C. raciborskii alone) increase rapidly. 

We also examined the change in

predicted vulnerability of a planned

reservoir, Wyaralong, to those of the

existing reservoirs used in the threshold

analysis. Leigh et al. (2010) demonstrated

that under planned dimensions and

grazing land cover (46.9 per cent),

Wyaralong reservoir would attain 

mid-range vulnerability among the 16

reservoirs to summer blooms just one

year after its completion. The reservoir’s

vulnerability would then increase with time

to become similar to reservoirs like North

Pine, Somerset and Wivenhoe that often

experience summer blooms of

cyanobacteria (Burford et al. 2007). At the

TITAN threshold of 24.3 per cent grazing

land cover, Wyaralong reservoir was

predicted to be the fifth least vulnerable

to summer blooms one year after its

completion, and at 16.4 per cent, the

fourth least vulnerable. For either

scenario, this represents a substantial

change in the predicted outcome for this

reservoir. This may equate to financial

savings (in terms of water treatment and

monitoring costs) as well as benefits for

ecosystem health and the quality of water

for human consumption. 

For future or existing reservoirs, these

results could be used to inform planning

and management decisions about

reservoir location or management options

for land use change, such as conversion

of grazing land to native forest (e.g. via

regrowth or revegetation), increasing

forested land cover within agricultural

landscapes, or change to best

management practices such that the

same percentage of grazing land cover

has a lesser impact on reservoir water

quality and phytoplankton dynamics than

under current land use practices. Within

any given percentage of land use cover,

however, the spatial arrangement and

proximity of the land use relative to

streams and the downstream reservoir is

also likely to affect reservoir water quality

(Gergel 2005), and the vulnerability of any

given reservoir to cyanobacterial blooms

will not depend on grazing land cover

alone. Indeed, it is interesting to note that

for the existing reservoirs in our study

that had less than the threshold of 24.3

per cent grazing land cover, their

vulnerability index scores were not all

lower than those that exceeded the

threshold. For example, Macdonald

reservoir exceeded the threshold (has >

24.3 per cent grazing land cover in its

catchment) but compared to Maroon

reservoir (which has less than 24.3 per

cent grazing land cover) its predicted

vulnerability was lower. This emphasises

the need for careful consideration of

multiple factors and objectives in the

decision making process in the context of

environmental management (Ryder et al.

2010). Therefore, we suggest that the

results of threshold analyses, such as

those from TITAN, and the Vulnerability

Index be taken into consideration along

with other results, expert opinions and

information on land use intensity and

spatial arrangement within catchments

when used as decision support tools.

Conclusions

Thresholds of land use determined by our

study were based on water quality data

collected from a single summer period in

subtropical Australia, and thus may be

refined upon inclusion of data from future

sampling periods. Our results suggest

that land use in the catchments of the

studied reservoirs has a strong impact on

phytoplankton composition and densities,

including those of cyanobacteria, and

hence summer bloom phenomena.

Although the methods presented do not

provide causal links between blooms and

land use, and we stress that land use is

only one of many factors that may affect

phytoplankton dynamics, these methods

may assist reservoir planners and

managers wishing to reduce the

vulnerability of their reservoirs to bloom

events. Long term datasets on

cyanobacteria, including C. raciborskii,

that contain measures of cell densities,

biovolume or even toxic strains (using

molecular methods, Orr et al. 2010) in

reservoirs would also help support 

such findings and decisions.
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