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Droughts are increasing in frequency and severity in many regions of the world due to climate change. The me-
teorological drivers of drought often cause subsequent hydrological effects such as reduced catchment runoff,
river flows and lake levels. Hydrological droughts may also result in significant changes in water quality. This
review provides a synthesis of past observational research on the effects of drought on thewater quality of fresh-
water systems (rivers, streams, lakes, reservoirs). Over the last 10–20 years there has been an increasing amount
of studies on the water quality effects of drought, mostly in North America, Europe, and Australia. In general
droughts, and the immediate recovery period, were found to have profound water quality effects. These effects
were varied, depending on the characteristics of the water body and its catchment. Key drivers of water quality
changewere identified and integrated across different systems using quantitative analysis where possible.Water
flowand volumedecreases during drought typically led to increased salinity due to reduced dilution and concen-
tration ofmass. Temperature increases and enhanced stratification occurred during drought in some systems due
to air temperature increases and longer hydraulic residence times. This also enhanced algal production, promot-
ed toxic cyanobacterial blooms, and lowered dissolved oxygen concentrations. Nutrient, turbidity and algal levels
also often increased in lake systems due to reduced flushing and enhanced productivity, and resuspension in
some shallow lakes. In contrast, nutrients and turbidity often decreased during droughts in rivers and streams
with no significant loading from point and agricultural non-point sources. This was due to disruption of catch-
ment inputs and increased influence of internal processes (e.g. biological uptake of nutrients, denitrification,
settling). Where point sources of pollution were present, water quality generally showed deterioration due to
less dilution, particularly for nutrients. Storage and buildup of material and changed geochemistry (e.g. sulfide
oxidation) in catchments during drought resulted inmobilisation of large post-drought flood loadings of constit-
uents such as major ions, nutrients and carbon. In some cases this caused severe downstream water quality
effects such as deoxygenation. Key areas for further research are process-level understanding of the key drivers
of water quality change in catchments and receiving water bodies during drought, development of predictive
models, and studying the resilience of systems to the predicted increase in frequency of drought and floods.
The maintenance of long term water quality monitoring programmes is also critical.
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1. Introduction

Droughts are increasing in frequency and severity in many regions of
theworld due to increased rainfall variability and heat additionswith an-
thropogenic climate change (Dai, 2013; Trenberth et al., 2014). The pre-
dicted future changes in climate will not be uniform and regional
variations in precipitation (Trenberth et al., 2014)may result inmore ex-
treme drought–flooding hydrological patterns. Natural climatic variabili-
ty also has a large influence, with severe droughts occurring globally
during the El Niño phase of the El Niño/SouthernOscillation (ENSO). Dur-
ing droughts, the climate water deficit propagates through the
hydrological cycle and can subsequently reduce groundwater levels,
streamflows, and lake levels. This is often termed a hydrological drought
to denote that these effects can be separated spatially and temporally
from the climatic drivers of drought (Tallaksen and van Lanen, 2004).

Over the next 30–50 years most of the world's major rivers are pre-
dicted to show large increases in frequency of hydrological drought con-
ditions relative to the historic records over the last century (Hirabayashi
et al., 2008). Many lake and reservoir systems are likely to be similarly af-
fected. Increased water extraction for consumptive purposes also in-
creases the likelihood of hydrological droughts occurring, regardless of
changing climatic factors. There is also medium confidence that anthro-
pogenic influences are also contributing to an intensification of extreme
precipitation at the global scale (IPCC, 2012), with many rivers predicted
to increase their flood frequency this century (Hirabayashi et al., 2008). A
transition tomore extreme drought–flooding hydrological patterns could
have profound consequences for freshwater ecosystems (Mulholland
et al., 1997), and severe social and economic impacts.

The water quality of freshwater systems is controlled by climatic var-
iability, hydrological, biogeochemical, and anthropogenic influences.
These influences operate at various temporal and spatial (e.g. global,
river basin, local catchment) scales. Droughts are a perturbation in the
natural climatic and hydrologic regimewhich can affect the determinants
of water quality in multiple ways. For example, low flows and water
levels observed during hydrological droughts increase the residence
time and reduce the flushing rate of water bodies. Reduced water
flows/levels and elevated temperatures during some droughts may
change the rates of processes such as productivity, respiration, and
reaeration. Droughts may also change the delivery pattern of water
quality constituents, retaining them in catchments during dry
conditions, releasing them during wet conditions (Worrall and
Burt, 2008). At the local scale, water quality effects of drought and
floods can be quite variable and specific depending on the biophysi-
cal characteristics of water bodies and their catchments (Caruso,
2002; Sprague, 2005).

There have been several observational studies at local and regional
scales on the water quality impacts of drought. Given the predictions of
increasing frequency and severity of droughts in freshwater systems, it
was considered beneficial to undertake a review and synthesis of the rel-
evant literature on this topic. A previous review by Delpla et al. (2009)
assessed the impacts of climate change on surface water quality in rela-
tion to drinkingwater production. Some drought-related studieswere in-
cluded, but wider non-drinking water impacts were not assessed.
Similarly, Murdoch et al. (2000) and Whitehead et al. (2009) reviewed
the wider potential effects of climate change on surface water quality
and ecology. These studies include some coverage of drought impacts
on water quality, but a more specific review is warranted given the like-
lihood of increasing drought risks.

The aim of this paper is to review and synthesise findings on the im-
pacts of drought on the water quality of freshwater systems (rivers,
streams, lakes, reservoirs). The intent is that this information will help
enable improved recognition, assessment and management of the im-
pacts of drought on water quality.
2. Methods

Three large scientific databases (Scopus, Science Direct, Web of
Science) were queried for key words e.g. “drought” and “water quality”
in title, abstract, or keywords. The search of Scopus returned 2192
results while Science Direct returned 398 results. Using “drought” as a
topic & “water quality” as a title in the Web of Science returned an
additional 365 results. The abstracts were scanned online to check rele-
vance. Only observational (field-based) studies conducted in rivers,
streams, lakes and reservoirs were assessed with estuary, wetland and
groundwater-specific studies excluded. Publications as conference pro-
ceedings and reports were also excluded. Additional studies were
reviewed that were obtained from reference lists in the selected publi-
cations and/or were relevant to understanding the observed water
quality changes during drought.
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Due to the wide range of methods used in the different studies, it was
difficult to systematically categorise different droughts on the basis of
meteorological or hydrological parameters. In general there is no univer-
sally agreed method available to define drought (Tallaksen and van
Lanen, 2004;Mishra and Singh, 2010; IPCC, 2012). Hencewehave accept-
ed that the water quality outcomes described in the various studies were
during hydrological droughts involving anomalies from normal condi-
tions.Where the severity or duration of a particular drought is particular-
ly relevant, we discuss it in the context of drivers of water quality
changes. Water quality in the immediate post-drought recovery phase
is also discussed where relevant.

The next section (Section 3) of the review details the temporal and
spatial distributions of drought water quality studies. Changes in key
water quality parameters (temperature, salinity/conductivity, nutrients,
algae/chlorophyll, dissolved oxygen, turbidity/suspended solids, pH,
bacteria, metals and organic carbon) are then discussed separately for
rivers/streams and lake/reservoirs. Section 4 synthesises and integrates
the study findings, using a quantitative framework where possible, to
find common themes and processes that lead to particularwater quality
outcomes. Thefinal Section 5 of the reviewdetails recommendations for
future research, monitoring and assessment.
3. Results

3.1. Spatial and temporal distributions of drought water quality impacts

Themajority of studies on thewater quality impacts of drought have
been undertaken in North America, Europe and Australia (Fig. 1 and list
of studies in Supplementary material S1). However, given the distribu-
tion of meteorological droughts relative to the world's river systems
(see Fig. 1), it appears likely that many impacts, particularly in Asia,
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Fig. 1. Spatial distribution of studies (red dots) documenting the water quality impact of drou
precipitation records (1980–2001) from the global risk data platform (see http://preview.gr
(blue lines/polygons) based on the global self-consistent, hierarchical, high-resolution geograp
Africa and South America, have not been documented in the published
literature.

The temporal distribution of studies documenting the water quality
impacts of drought is shown in Fig. 2. The first study identified on the
impacts of drought on water quality was that of Armstrong et al.
(1931) in the eastern U.S.A. Studies appear sparse in the published jour-
nal literature until the 1970s, and then a substantial increase in the
number of studies occurs between 1990 and 2010 (Fig. 2). This increase
likely reflects an increased global awareness and focus on climatic and
hydrological changes in freshwater systems, possibly also the increasing
incidence of droughts (Dai, 2013).
3.2. Rivers/streams

3.2.1. Temperature
Temperature increases in rivers and streams during drought have

been reported in many studies (Fig. 3, Davies, 1978; Boulton and Lake,
1992; Caruso, 2002; van Vliet and Zwolsman, 2008; Ziellnski et al.,
2009; Hrdinka et al., 2012). van Vliet and Zwolsman (2008) recorded
median temperature increases of 2 °C in the Meuse River, while in the
same drought, temperature in some Czech Republic streams increased
1.7 °C (Hrdinka et al., 2012), and an average of 1.3 °C in some Polish
streams (Ziellnski et al., 2009). Ha et al. (1999) observed a very large
(7 °C) increase in water temperature in the regulated lower Nakdong
River (South Korea) during a drought. In studies that also reported me-
teorological parameters, increased water temperature during droughts
was correlated with higher air temperatures (van Vliet and Zwolsman,
2008; Ziellnski et al., 2009; Hrdinka et al., 2012).

In contrast, Wilbers et al. (2009) did not find a significant tempera-
ture increase during a drought on the Dommel River (Netherlands)
which may have been due to a large proportion of flow being derived
50 100 150

ghts, along with the occurrence of meteorological droughts (grey-shaded area) based on
id.unep.ch/). The major rivers/streams and lakes/reservoirs of the world are also shown
hy database (see http://www.soest.hawaii.edu/pwessel/gshhg/).
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Fig. 2. Frequency of studies on the water quality impacts of droughts, 1930–2010.
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from deeper groundwater sources. Mosley et al. (2012) also did not ob-
serve any significant increase of water temperature in the lower River
Murray (Australia) during extreme low flows, which was attributed to
local air temperature not increasing. Streams in forested catchments
in the South Platte River Basin (U.S.A.) increased in temperature
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Fig. 3. Summaryof droughtwater quality changes (increase, decrease, nonotable change) for tem
(Turb.), pH, bacteria (Bact.), metals, and organic carbon (OrgC). Note, formost parameters an in
and DO where a decrease is usually considered detrimental.
whereas streams in urban and agricultural catchments showed little
change (Sprague, 2005). This was attributed to more efficient
heating of the smaller headwater streams in the forested areas, and
dilution from cooler reservoir inputs, point sources, and/or ground-
water downstream.
Turb. pH Bact. Metals OrgC
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perature (Temp.), salinity (Sal.), nutrients (Nutr.), algae, dissolved oxygen (DO), turbidity
crease in concentration is usually considered detrimental but the exception to this is for pH
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3.2.2. Salinity, major ions
Salinity has been shown to increase in most streams and rivers

during droughts (Fig. 3). This has been attributed to evapoconcentration
and less dilution of more saline groundwater inputs (Foster and
Walling, 1978; Muchmore and Dziegielewski, 1983; Caruso, 2001,
2002; van Vliet and Zwolsman, 2008; Mayer et al., 2010; Hrdinka
et al., 2012; Mosley et al., 2012; Burt et al., 2014a), and in some
cases point sources (Davies, 1978; Chessman and Robinson, 1987; van
Vliet and Zwolsman, 2008). Penetration of saline wedges up river
systems from estuaries and saline lakes during drought has also been
reported (Ingram et al., 1996; McAnally and Pritchard, 1997; Mosley
et al., 2012). Where groundwater and non-saline point sources are a
significant source of river flow, insignificant changes in salinity have
been noted during drought (Wilbers et al., 2009). Mast et al. (2013) ob-
served increasing stream sulfate during drought at several stations that
was likely due to pyrite oxidation in the catchment.

Post-drought, complex patterns of salinity and individual solute
(e.g. calcium, magnesium, potassium, chloride) flushing have been
observed that relate to accumulation, hydrological pathways, and
sediment-solution characteristics at particular sites (Anderson and
Burt, 1978; Foster and Walling, 1978; Stott and Burt, 1997; Burt
et al., 2014a). These effects were short-lived in some cases (Foster
and Walling, 1978).

3.2.3. Nutrients
Nutrient concentrations in river and streams during droughts show

mixed responses (Fig. 3). Lower dissolved and total nutrient concentra-
tions have been observed during droughts in many rivers and streams
for nitrogen and phosphorus (Boar et al., 1995; Schindler et al., 1996;
Morecroft et al., 2000; Caruso, 2001, 2002; Golladay and Battle, 2002;
Oelsner et al., 2007; Ziellnski et al., 2009; Mosley et al., 2012; Baurès
et al., 2013) and silica (Oborne et al., 1980; Hunt et al., 2005). This has
mainly been attributed to a reduction or lack of catchment inputs, but
also increased in stream retention via uptake of dissolved nutrients by
aquatic algae and macrophytes (Boar et al., 1995; Andersen et al.,
2004; Baurès et al., 2013), and increased denitrification due to longer
water residence times (van Vliet and Zwolsman, 2008).

In contrast, increasing nutrient concentrations during droughts has
occurred in rivers/streams where point sources of nutrients (industrial,
domestic, agricultural wastewater discharges) are present (and remain
relatively constant during drought) and a lack of dilution occurs
(Anderson and Faust, 1972; Davies, 1978; Oborne et al., 1980; Boar
et al., 1995; Caruso, 2002; Jarvie et al., 2003; Andersen et al., 2004;
Sprague, 2005; van Vliet and Zwolsman, 2008; Macintosh et al.,
2011; Hrdinka et al., 2012). Some studies have found higher nitrate
concentrations in some agricultural catchments at low flows, which
were linked to reduced dilution of groundwater drainage input (Foster
and Walling, 1978; Golladay and Battle, 2002; Sprague, 2005; Jarvie
et al., 2003), and increased influence of sediment nitrogen fluxes (van
Vliet and Zwolsman, 2008).

Mixed and counteracting drought responses between different nu-
trients were relatively common. Muchmore and Dziegielewski (1983)
found that ammonia from effluent sources increased significantly in
the Sangamon River (U.S.A.) during a drought while nitrate and nitrite
decreased due to reduced agricultural runoff and drainage. Sprague
(2005) found that in urban and agricultural catchments, fertiliser appli-
cation and point source discharges likely contributed to increased
nitrate and nitrite concentrations but ammonia, and dissolved and
total phosphoruswere notmarkedly higher or lower during thedrought
in any land use area. Wilbers et al. (2009) found that nutrient concen-
trations remained similar in drought compared to non-drought condi-
tions on the River Dommel (Netherlands). This was attributed to
counteracting effects where in wet periods shallow groundwater flow
from agricultural soils is the main source of nutrients to the surface
water whereas during dry periods deep groundwater inflow andwaste-
water contributions become more significant. Ziellnski et al. (2009)
found that dissolved nutrients showed little change but TP increased.
Changing nutrient ratios have also been observed during droughts
(Hunt et al., 2005; Mosley et al., 2012; Baurès et al., 2013).

Post-drought, several studies have found that nitrate was flushed
from the catchment soils in the immediate post-drought period
(Foster and Walling, 1978; Oborne et al., 1980; Morecroft et al., 2000;
Jarvie et al., 2003; Burt andWorrall, 2009). This is likely both due to con-
centration in the catchment during the drought phase and stimulation
of mineralisation and nitrification when dried soils are rewet
(Morecroft et al., 2000).

3.2.4. Algae
There were several reports of increased water column and benthic

algal levels in rivers and streams during drought (Fig. 3). García-Prieto
et al. (2012) found much higher total algal values (chlorophytes and
cyanophytes dominate) during drought in a Spanish river that was at-
tributed to reduced water volumes and high temperatures. van Vliet
and Zwolsman (2008) also found that large chlorophyll-a increases oc-
curred during drought at one more stagnant site in the Meuse River
(Netherlands), but another sitewith higher flows showed no significant
increase. Boar et al. (1995) found that chlorophyll-a in the water col-
umn did not increase during drought in the River Nar (U.K.).

In some studies there was a shift to more toxic cyanobacterial
species during drought. Donnelly et al. (1997) found that an extensive
(N1000 km) algal (Anabaena circinalis) bloom on the Darling–Barwon
River (Australia) was driven by low river flow, water column stratifica-
tion and clarification, and phosphorus release from the anoxic sulfate-
reducing sediments. Ha et al. (1999) reported a large and sustained
cyanobacterial bloom (Microcystis sp.) in the lower Nakdong River
(South Korea) that was attributed to increased irradiance and water
temperature during drought. Bowling et al. (2013) documented an ex-
tensive (N1000 km) potentially toxic cyanobacterial (predominantly
A. circinalis) bloom during a sustained drought on the River Murray
(Australia). Temperature and nutrient conditions in the low flows
were also conducive to sustaining the bloom as it was transported
downstream over several weeks.

Increased benthic algal production during some droughts has also
been observed. Caruso (2001, 2002) observed benthic algae blooms
during drought, inmany cases covering 50–80% of the streambed, partic-
ularly in lowland agricultural catchments with low water velocities and
minimal shade. Caramujo et al. (2008) also found that chlorophyll-a in
river biofilms increased during drought.

3.2.5. Dissolved oxygen
Dissolved oxygen has showed mixed responses during droughts in

river and streams (Fig. 3). Several studies found little change in dis-
solved oxygen levels during droughts, mostly in shallow streams with
good reaeration (Hudson et al., 1978; Caruso, 2001, 2002; Hrdinka
et al., 2012). Some studies have found dissolved oxygen levels increased
during daytime in drought due to enhanced primary production (Ha
et al., 1999; Sprague, 2005; van Vliet and Zwolsman, 2008).

Declines in dissolved oxygen have been recorded in some studies,
particularly where point sources are present (Anderson and Faust,
1972; Chessman and Robinson, 1987) and where water temperatures
have been noted to increase (Boulton and Lake, 1992; Sprague, 2005;
van Vliet and Zwolsman, 2008; Ylla et al., 2010). Post-drought, there
have also been reports of severe water deoxygenation due to the deliv-
ery of large amounts of labile carbon that had been stored in the catch-
ment during dry conditions (Davies, 1978; Whitworth et al., 2012).

3.2.6. Turbidity/suspended sediment
Decreased turbidity has been observed during droughts inmany riv-

ers and streams (Fig. 3, Tunnicliff and Brickler, 1984; Caruso, 2001,
2002; Golladay and Battle, 2002; van Vliet and Zwolsman, 2008;
Hrdinka et al., 2012; Mosley et al., 2012). This has been attributed to
lack of catchment runoff and increased sedimentation due to lower
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water velocities. However turbidity can also increase during droughts
when a significant portion of the suspended load is derived from point
sources (Anderson and Faust, 1972; Caruso, 2002).

3.2.7. pH
pH has shown mixed responses during drought (Fig. 3). Caruso

(2001, 2002) found that pH values were not significantly different in
several streams during a drought, compared to the preceding reference
period. Minor (0.2–0.4 pH unit) but statistically significant decreases
were observed in Polish streams (Ziellnski et al., 2009) and the River
Murray (Mosley et al., 2012) during droughts. Österholm and Åström
(2008) observed a persistent decrease in stream pH for multiple years
following a drought which resulted in lowered water tables and sulfide
oxidation in a Finnish catchment. Increases in pH and alkalinity have
been observed in some river systems during drought due to decreased
dilution of bicarbonate-dominated groundwater (Sprague, 2005;
Ziellnski et al., 2009).

3.2.8. Organic carbon
Increases in organic carbon have been noted in several studies in river

and streams during drought (Fig. 3). The early study of Armstrong et al.
(1931) highlighted many issues with organic carbon, taste and odour
compounds relating to drinking water supply quality. Baurès et al.
(2013) found that total organic carbon concentrations during very low
flows were higher than during low–moderate flows in several French
rivers, and this was attributed to aquatic biomass production.

In contrast, some studies have noted decreasing dissolved organic
carbon (DOC) concentrations during droughts. For example, Ylla et al.
(2010) found that biodegradable DOC and its quality as a food source
decreased to low levels as a stream dried in a drought. Ziellnski et al.
(2009) also found that DOC levels during a drought in some Polish
streamswere about 60% pre-drought levels. These findings likely reflect
reduced catchment organic matter inputs during drought.

Post-drought, significant organic carbon mobilisation from catch-
ments has also been reported. Flooding (first in over a decade of drought)
of both forested and agricultural floodplains in theMurray–Darling Basin
(Australia) mobilised large stores of reactive DOC leading to low oxygen
levels throughout N2000 km of river system (Whitworth et al., 2012).
Ylla et al. (2010) reported similar trends in reactive/biodegradable DOC
export after a shorter (fewmonths) duration drying in a small Mediter-
ranean stream but oxygen levels remained high. A review of long term
data in the U.K. by Worrall and Burt (2008) found that increasing DOC
concentrations post-drought wasmore controlled by changes in hydro-
logical throughput rather than additional production of DOC during
drought.

3.2.9. Bacteria
Increased faecal coliform levels in some streams during droughts

(Fig. 3) have occurred due to greater stock use of waterways and the
lack of dilution and flushing flows (Caruso, 2001, 2002), and increased
influence of point sources (Armstrong et al., 1931). In contrast, faecal
coliforms were lower during drought in the Colorado (Tunnicliff and
Brickler, 1984) and Sangamon (Muchmore and Dziegielewski, 1983)
rivers (U.S.A.) during droughts. The reasons for this were somewhat un-
clear but may been have related to reduced agricultural runoff and
drainage. Hrdinka et al. (2012) also found low faecal bacteria concentra-
tions during drought in two Czech Republic rivers but in a flood at the
end of the drought concentrations increased significantly. Tunnicliff
and Brickler (1984) and Shehane et al. (2005) found that decreases
in wet-weather inputs during droughts resulted in faecal coliforms
from wildlife sources dominating compared with human sources
pre-drought.

3.2.10. Metals and metalloids
There have been relatively few studies ofmetal behaviour in streams

and rivers during droughts (Fig. 3). van Vliet and Zwolsman (2008)
found that total selenium, barium and nickel increased during drought
but lead, chrome, mercury, and cadmium showed significantly lower
concentrations. This difference was attributed to varying adsorption
capacities to suspended solids which determined the fate of the
metals. The concentrations of all metals remained low during a
drought in the Czech Republic, but markedly increased (1760%)
due to sediment runoff in the post-drought period (Hrdinka et al.,
2012). Hudson et al. (1978) also found that most metal concentra-
tions did not increase significantly during drought, apart from man-
ganese which approximately doubled. Muchmore and Dziegielewski
(1983) also found that manganese increased significantly in the San-
gamon River during a drought, likely due to an increased influence of
point-source wastewater inputs.

3.3. Lakes/reservoirs

3.3.1. Temperature
Temperature has shown mixed responses in lakes during droughts

(Fig. 3). Some studies have recorded temperature increases and more
intensive stratification during drought (Baldwin et al., 2008; Flanagan
et al., 2009). This appears to be driven by increasing air temperatures
and/or temperatures of inflows during drought, and reducingwater vol-
ume. In contrast, Olds et al. (2011) and Mosley et al. (2012) did not re-
port a drought temperature increase despite lake levels in their studies
reducing greatly in volume. This was presumed to be due to the local air
temperature not increasing. Similarly, García-Jurado et al. (2012) did
not find a temperature increase in an alpine lake during a drought
characterised by low precipitation and water levels.

3.3.2. Salinity, major ions
Salinity has been observed to increase in most lakes and reservoirs

during droughts (Fig. 3). This has been attributed to reduced flushing/
outflows and evapoconcentration (Flanagan et al., 2009; Mosley et al.,
2012; Jirsa et al., 2013). In contrast, Barros et al. (1995) found that
despite significant reductions of water levels in reservoirs, salinity in-
creases were relatively minor and not significantly correlated with res-
ervoir volume. The reasons for this were unclear and there may have
been salt export from the reservoirs during the drought, or potential
changes in catchment salt inputs. Kratz et al. (1997) found that lakes
high in the landscape decreased in calcium mass during drought,
while lakes low in the landscape increased in mass of calcium due to a
relatively higher groundwater input.

3.3.3. Nutrients
Lakes and reservoirs have shown mixed responses in their nutrient

concentrations during droughts (Fig. 3). Large increases in total nutrient
concentrations have been observed during droughts associated with
large water level declines, although dissolved nutrients can remain at
low concentrations due to rapid uptake by algae (Bouvy et al., 2003;
Mosley et al., 2012; Jirsa et al., 2013). Increased atmospheric dust depo-
sition during droughts was also observed to increase total phosphorus
concentrations in an alpine lake (García-Jurado et al., 2012). In contrast,
Barros et al. (1995) found no significant increase in nutrient levels de-
spite water level decreases in Portugal reservoirs during a drought.
They attributed this to reduced diffuse pollutant input from the catch-
ments which counteracted the concentration effect. Lathrop (2007)
also found that reduced phosphorus loadings during drought reduced
lake total phosphorus and algal concentrations.

Changed internal processing has been identified as contributing to
some of the nutrient trends during drought in lakes and reservoirs.
Ammonia, organic nitrogen and total phosphorus have been ob-
served to increase in the bottom water (hypolimnion) of systems
which have stratified and shown reduced oxygen levels (Bouvy
et al., 2003; Baldwin et al., 2008). Shallowing of lakes can also lead
to more turnover of nutrient-laden bottom water (Baldwin et al.,
2008), and resuspension (Mosley et al., 2012), potentially enhancing
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primary productivity. Dissolved nutrient ratios have also been
observed to change during drought which could influence primary
production via nutrient limitation (Hunt et al., 2005; García-Jurado
et al., 2012; Mosley et al., 2012). Ruley and Rusch (2002) found
that growth of filamentous algae was likely limited by light during
drought due to the high amount of tannins/colour that developed
in City Park Lake (U.S.A.).

3.3.4. Algae
A majority of studies reported significantly elevated chlorophyll-a

and algal species concentrations during droughts in lake and reservoirs
(Fig. 3). This has been attributed to more favourable hydrodynamic
conditions for algal growth, concentration of algal biomass during
water level declines, and changed nutrient dynamics (Naselli-Flores,
2003; Olds et al., 2011; Mosley et al., 2012; Reynolds et al., 2012).
There have also been observations of shifts tomore toxic cyanobacterial
species during droughts. Davies (1978) reported large algal blooms
(Aphanizomenon, Stephanodiscus, Microcystis sp.) from several water
storage reservoirs in the Anglian region of the U.K. in 1975–1976.
Baldwin et al. (2008; 2010) detected an increase in algae and shift to
more toxic cyanobacterial species (principally A. circinalis) under an ex-
treme drawdown situation in Lake Hume reservoir (Australia). The
toxic algae were exported from the reservoir a substantial distance
downstream in a river. Bouvy et al. (2003) found that the decrease in
the reservoir storage volume led to a significant increase in
chlorophyll-a concentrations and a shift in population structure to
toxic cyanobacterial species (Cylindrospermopsis raciborskii). de
Figueiredo et al. (2012) found that drought conditions in Portugal reser-
voirs resulted in dominance of cyanobacteria and actinobacteria.
Flanagan et al. (2009) found that a large shift occurred in the phyto-
plankton community composition and biomass in response to an ex-
treme drought in alpine lakes in Colorado, USA. This response was
most correlated with water quality changes, rather than temperature
and hydraulic residence time. The immediate post-drought period also
showed large community shifts related to atmospheric nitrogen
deposition.

In contrast, Caramujo et al. (2008) found that chlorophyll-a in reser-
voir biofilms decreased during a drought, which was presumed to be
due to lowered nutrient inputs. Despite elevated nutrients during a
drought, increased grazing pressure was found to keep algal levels sim-
ilar to pre- and post-drought levels in a Spanish alpine lake (García-
Jurado et al., 2012).

3.3.5. Dissolved oxygen
Reduced dissolved oxygen has been observed in some drought

studies in lakes and reservoirs, although surprisingly the number of
studies measuring this parameter was low (Fig. 3). Increased water
column stratification and settling and breakdown of organic material
in reservoirs during drought have resulted in very low dissolved ox-
ygen concentrations in the hypolimnion (Naselli-Flores, 2003;
Baldwin et al., 2008), which also extended to surface waters when
one reservoir refilled (Bouvy et al., 2003). Olds et al. (2011) also
found reduced oxygen concentrations throughout the whole water
column of a reservoir which was also linked to demand linked to
the breakdown of algae that increased substantially in the drought,
and reduced fetch during the low water levels that decreased wind-
driven reaeration.

3.3.6. Turbidity/suspended sediment
In some shallow lakes and reservoirs, turbidity markedly increased

during droughts due to increased sediment resuspension and concen-
tration of colloidal material (Ludovisi and Gaino, 2010; Olds et al.,
2011; Mosley et al., 2012). However in some deeper lakes, reduced
nutrient loadings during drought have led to greater water clarity
(Lathrop, 2007). Illinois (U.S.A.) water supplies were noted to show on
average a 50% reduction in turbidity in the 1930 drought (Armstrong
et al., 1931).

3.3.7. pH
pH has shown mixed responses in lakes during drought (Fig. 3).

Mosley et al. (2012) only found a minor pH increase at one site that
experienced seawater intrusion during drought while other sites
remained unchanged despite large salinity and productivity changes.
Lake margins where sulfide-containing sediments have been exposed
have shown severe acidification (pH b 5) during drought (Yan et al.,
1996; Mosley et al., 2014). In acidified lakes in Canada, significant im-
provements in pH and alkalinity have been observed during drought
years but rapid deterioration followed in the subsequent wet year due
to flushing of the sulfide-oxidation products (Mallory et al., 1998).
Ludovisi and Gaino (2010) observed a general trend of increasing pH
and alkalinity in long term data in Lake Trasimeno (Italy) during a
prolonged hydrological drought due to changed ionic inputs and
lowered water levels.

3.3.8. Organic carbon
Increases in organic carbon concentration have occurred in many

lakes/reservoirs during droughts which have been linked to higher pro-
ductivity rates and concentration due to reductions in water volume
(Fig. 3, Bouvy et al., 2003; Jirsa et al., 2013) and in some cases point
source pollution (Armstrong et al., 1931; Davies, 1978). In contrast,
Watts et al. (2001) analysed a long term time series of colour measure-
ments in reservoirs in peaty-type catchments and found generally low
levels of colour during drought, followed by in some cases unprecedent-
ed high and sustained levels post-drought. The colourwas thought to be
released from the peat by enhanced bacterial decomposition of organic
material during more aerobic drought conditions leading to increased
availability of humic and fulvic acids that are subsequently washed
out of the soil post-drought. Similar post-drought soluble carbon
mobilisation trends were observed from Ylla et al. (2010). However,
as noted above some of these observed effects may relate more to hy-
drological processes than increased DOCmineralisation during drought
(Worrall and Burt, 2008).

Yan et al. (1996) reported a DOC decrease during drought, due
to acidification and flocculation as a result of dissolved aluminium
complexation. This greatly increased UV-B penetration into the water
column.

3.3.9. Bacteria
Barbé et al. (2001) found lower faecal coliform concentrations in

Lake Pontchartrain (U.S.A.) during a drought that was likely due to
reduced urban catchment runoff due to the lower rainfall. Bacteria
concentrations in Kentucky (U.S.A.) reservoirs were noted to in-
crease in the post-drought period in the study of Armstrong et al.
(1931).

3.3.10. Metals and metalloids
Dissolved concentrations of redox-sensitivemetals (typically Fe and

Mn) have been observed to increase in the bottom water of reservoirs
which have stratified and shown reduced oxygen levels (Baldwin
et al., 2008). Jirsa et al. (2013) found that evapoconcentration during
droughts was observed to increase concentrations of some metals
(As, Mo), while Fe showed a large and unexplained decrease midway
through the drought. Mosley et al. (2014) observed large scale re-
lease of dissolved metals on acidified lake margins when they were
rewet by rainfall and post-drought water level rise.

4. Discussion

It is evident that hydrological drought results in complex and var-
ied water quality effects which operate at various temporal and spa-
tial scales. Nevertheless there were common findings in many
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Fig. 4. Conceptual diagram summarising common processes that determine water quality outcomes during drought.
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studies that enabled integration and determination of key processes
driving water quality outcomes during drought; (1) hydrological
drivers and mass balance, (2) role of temperature and stratification,
and (3) increased influence of internal processes and resuspension.
A conceptual model of the processes found to affect water quality
during drought is shown in Fig. 4. The relative importance of these
processes, and how their interactions determine water quality out-
comes in freshwater systems, are discussed and where possible
placed in a quantitative framework (as per methods outlined in Chapra,
1997) below.

4.1. Hydrological drivers and mass balance

Hydrological drivers have direct influences on determining water
quality outcomes during drought. Droughts tend to reduce both inflows
to and outflows from freshwater systems, increasing hydraulic resi-
dence time, and in many cases result in water level (system volume)
reductions. At an individual system level the relative proportion of ex-
ternal loadings and how they change during drought is also critical to
determining water quality outcomes (Jarvie et al., 2003). The drivers
of water quality change during drought can be explored by defining
the concentration (c) of a particular water quality parameter in a
well-mixed system at steady state by Chapra (1997):

c ¼ W
Q þ kVþ vAs

ð1Þ

where W is the total mass (M/T) loading from various sources
(e.g. Winflow + Wsurface runoff + Wgroundwater + Wpoint sources),
Q = outflow, losses by biological or chemical reactions are represented
by a first order reaction coefficient, k (1/T) multiplied by the system
volume, V (L3), and losses due to settling represented by the apparent
settling velocity, v (1/T), multiplied by the surface area of the sediment,
As (L2). Concentration is predicted to increase if inflows/outflows and
system volume reduce during drought, while loading is constant or
proportionally decreases less than the flow. In contrast concentration
is predicted to decrease if loadings reduce, and flow and/or volume pro-
portionally decrease less than the loadings.

The predictions of Eq. (1) were generally consistent with the review
findings (Section 3).Mostwater bodies showed concentration increases
during drought that could be attributed to reductions in flow and/or
volume. Firstly this was particularly apparent in rivers and streams
where groundwater provided a significant and more constant loading
and concentrations of associated parameters (salinity and nitrate) in-
creased during drought (Jarvie et al., 2003; Sprague, 2005; Mosley
et al., 2012). Secondly, where point sources made a significant contribu-
tion to total loadings in rivers (and remained relatively constant during
drought but dilution reduced) water quality typically deteriorated.
Thirdly, the increased retention and concentration of mass in lakes, due
to a lack of outflow/flushing and volume reductions, also led to poor
water quality (e.g. increasing salinity, total nitrogen and phosphorus)
and an increase in the severity of eutrophication (Dillion, 1975; Mosley
et al., 2012).

In contrast, in more surface flow dominated rivers and streams,
nutrient and turbidity concentrations often reduced in drought as
catchment loadings were disrupted. However large loads were often
delivered when substantial flows and catchment runoff returned post-
drought and delivered material that had accumulated in the landscape
during the drought. The large catchment loadings (Eq. (1)) caused con-
centrations of certain parameters, in particularly organic carbon, nutri-
ents and turbidity to increase. In some cases post-drought mobilisation
of this material resulted in extreme water quality effects such as deox-
ygenation (Whitworth et al., 2012). It is currently unclear how impor-
tant the length of the drought period is to the severity of these “first
flush” loadings and timescale of system recovery. Reynolds et al.
(2012) found that increased flooding may not necessarily reset water
quality in some lake systems following drought, as nutrients and
other material can be stored in the hypoliminion and other poorly-
flushed zones. Systems that are inherently poorly flushed, such as
many terminal lake systems, are likely to be particularly vulnerable.

4.2. Role of temperature and stratification

In terms of direct climatic effects, many studies found that water
temperature increases during drought but this was not universal. The
heat budget of water bodies is determined by thermal flux across the
air:water interface, advection of heat via tributary or other inflows,
and losses via outflows (Imberger, 1985). The thermal flux parameter
appears particularly important as increased drought water tempera-
tures occurredwhen local air temperature increaseswere also recorded
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Table 1
Air temperature versus water temperature change (Δ, °C) during droughts (ns = no sig-
nificant change).

Study Type Description Δ Air
Temp.

Δ Water
Temp.

van Vliet and Zwolsman (2008) River Mean summer 1976 1.4 2
River Mean summer 2003 1.9 2

Ziellnski et al. (2009) River Average all sites 1.8 1.5
Hrdinka et al. (2012) River Average all sites 2.5 1.7
Mosley et al. (2012) River Median ns ns
Flanagan et al. (2009) Lake Median 1.8 2.1
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(Table 1). This finding is consistent with previous research that has
shown a strong correlation between air temperature andwater temper-
ature (McCombie, 1959; Johnson et al., 2014). The average 1–2 °C de-
gree magnitude of temperature change observed during droughts
(Table 1) is at the lower end of the range of overall globalmean temper-
ature increase that is predicted to occur due to climate change (1.5–4 °C
high confidence value, IPCC, 2013). Lake temperature increases due to
global climatic warming have already been reported (Schindler et al.,
1996; Coats et al., 2006; Schneider et al., 2009). Hence temperature
effects on water bodies during droughts are likely to increase in the
future to the rising global baseline air temperature.

Another commonly observed drought effect related to temperature
was an increased incidence and persistence of stratification and harmful
algal blooms. Stratification is promoted by conditions often arising dur-
ing droughts, in particular lower flows and increased thermal energy
(Bormans et al., 1997). Many harmful algal species (e.g. Anabaena sp.)
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Fig. 5. (Top) Blue-green algal growth rate (Kg) versus temperature. The dashed line is the
predicted Kg using the model from Chapra (1997, see Supplementary material S2) while
the open circles are the measured growth rate for Anabaena circinalis (from UWRAA,
1995), and (bottom) the potential effects of increasing Kg on algal bloom development
based on at= a0 eKgtwhere a=algal cell number at time t, a0 is the starting algal cell num-
ber (100 in this case), and Kg is as defined above.
can regulate their buoyancy to enable them to obtain nutrients in
the hypoliminion under stratified conditions, and to move into the
epiliminion to photosynthesise (Paerl and Paul, 2012). This capability
and additional aspects of cyanobacteria (salt tolerance, atmospheric ni-
trogen and carbon dioxide fixation ability) may promote their domi-
nance during drought (Paerl and Paul, 2012). There is also a strong
positive relationship between water temperature and cyanobacterial
growth rate that persists up to very high temperatures (N35 °C, Fig. 5
top, and see Chapra, 1997 and Supplementary material S2 for model
description). Hence increased water temperatures during drought can
promote rapid bloom formation (Ha et al., 1999) due to the exponential
nature of algal cell growth (as shown in Fig. 5 bottom, ignoring nutrient
or other limitations). Hence due to the predicted continued increases in
global temperatures, many systems will likely experience increased in-
cidence and severity of harmful algal blooms in future droughts, includ-
ing those which have not had such issues previously.

Temperature increases and increased stratification also promoted
lower dissolved oxygen in a number of studies, particularly in the hypo-
limnion of lakes and reservoirs. Temperature increases directly result in
a lower dissolved oxygen saturation concentration,while lower and less
turbulent flows result in a reduced overall reaeration rate with the
atmosphere (Fig. 6). Proportionally greater reductions in reaeration
rates are predicted to occur in shallow (b5 m deep) systems. There
may also be a higher amount of organic matter (due to increased depo-
sition and algal production) and supply of organic matter to the sedi-
ments during drought (due to increased deposition) that exerts an
oxygen demand. Higher temperatures during drought increase respira-
tion and other rateswhichmay result in increaseddecomposition of this
organic matter and higher sediment oxygen demand (rates approxi-
mately doubling for a temperature rise of 10 °C, Chapra, 1997).
4.3. Increased influence of internal processes and resuspension

Reduced flows in drought increase the residence time of soluble and
particulate material. Several studies noted that this resulted in internal
processes becomingmore dominant in determining surfacewater qual-
ity. This can also be seen in Eq. (1) where the assimilation parameters
(comprising reaction, kV and settling, vAs)will becomemore significant
in determining water quality if internal processing remains relatively
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constant while flow and/or volume reduce. There are several internal
processes which potentially influence water quality during drought:

(1) benthic algae and macrophytes appear to play a more influential
role during drought (Boar et al., 1995; Caruso, 2002; Sprague,
2005). This may be due to a longer timescale for benthic nutrient
uptake and/or increased light penetration due to improvedwater
clarity during droughtwhich enables more benthic algal produc-
tion.

(2) fluxes of material to and from the sediment are likely to be more
influential in influencing surface water quality during low flows.
For example, denitrification has been noted to increase nitrogen
loss during low flow conditions (Harris, 2001; van Vliet and
Zwolsman, 2008). van Vliet and Zwolsman (2008) also noted
that some of the observed ammonia increase during drought in
the Meuse River may have been due to an increased influence
of organic matter mineralisation and nitrogen flux from the
sediment. Increased stratification and low dissolved oxygen con-
centrations in the hypoliminion in some systems during drought
may also result in increased sediment flux, in particular for Fe,
Mn and phosphorus (Di Toro, 2001).

(3) increased hydraulic residence time also enables more time for
settling and removal from the water column of particulate inor-
ganic and organic materials (term vAs in Eq. (1)). This has been
linked to improved water clarity and reduced total nutrient
levels in some river systems during drought.

(4) reduced water levels during drought were noted to increase
wind-driven resuspension and turbidity levels in some lake
systems. This could also increase the mobilisation of nutrients
and organic matter to the water column. To provide some esti-
mates of the depth and size of systems vulnerable to these
effects, the shear stress at the sediment water interface was esti-
mated for different wind (speed and fetch) and water depths
using the equations provided by Kang et al. (1982) and Chapra
(1997). Larger (N10 km wide) and shallow (b5 m deep) lakes
are predicted to be most vulnerable to increased sediment
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resuspension during drought (Fig. 7) which is consistent with
observations (Mosley et al., 2012).

5. Future directions

Some key challenges for research on drought water quality impacts
in the future are, in no particular order (1) at a time of increasing
hydroclimatic variability and uncertainty of system responses, main-
taining long time series of water quality observations remains critically
important to characterise drought impacts (Burt et al., 2014b), also for
(2) studying the resistance of water quality to recurrent droughts
(García-Jurado et al., 2012), (3) additional studies in Asia, South
America and Africa would be beneficial due to the very limited amount
of published literature on water quality impacts of drought in these re-
gions (Fig. 1), (4) further process-specific research on catchment
(Porcal et al., 2009) and internal processeswould be beneficial to reduce
uncertainties on the drivers of water quality change during drought,
(5) further research on links of water quality to higher trophic level
and food web responses during drought including trace element
(e.g. iron) supply and potential limitation (Donnelly et al., 1997)
would be beneficial, (6) increased attention onwater quality impacts
and interactions in riparian areas as they dry during droughts and
rewet post-drought, (7) ongoing development and validation of in-
tegrated catchment and receiving water models to predict future
water quality impacts of drought (Harding et al., 1995; Sahoo et al.,
2013), and (8) improving early warning predictions of hydrological
droughts and water quality effects based on preceding climatic and
catchment conditions.

6. Conclusions

Droughts and are predicted to increase inmany regions of theworld
due to climate change. There is a need to better understand the effects of
droughts on freshwater quality to prevent and/or manage adverse im-
pacts. Over the last 10–20 years there has been an increasing amount
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speed using the equations provided by Kang et al. (1982) and Chapra (1997) for different
ne sediment resuspension begins to occur.
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of observational studies on thewater quality effects of drought in fresh-
water systems, mostly in North America, Europe, and Australia. This re-
view highlighted that a complex variety of water quality responses can
occur during drought in rivers/streams and lakes/reservoirs (Section 3).
Some of these effects appear somewhat counterintuitive, but many
could be explained by consideration of key processes driving water
quality outcomes during drought (Section 4), namely (1) hydrological
drivers and mass balance, (2) role of temperature and stratification,
and (3) increased influence of internal processes and resuspension.
Future directions were outlined for research (Section 5) and mainte-
nance of long termwater quality monitoring programmes is considered
critical for understanding future drought impacts and resilience.
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