Chapter 26
Influence of Climate Change on Reservoir
Water Quality Assessment and Management

Effects of Reduced Inflows on Diel Ph and Site-Specific
Contaminant Hazards

B.W. Brooks, T.W. Valenti, B.A. Cook-Lindsay, M.G. Forbes, R.D. Doyle,
J.T. Scott, and J.K. Stanley

Abstract Climatic changes are commonly recognized to alter freshwater ecosystems.
This chapter provides a unique perspective on the implications of climate change for
reservoir inflows, water quality assessment, and management of aquatic contaminants
influenced by site-specific pH. The various physical, biological, and chemical
dynamics of reservoir zones are reviewed and a case study of four reservoirs in Texas
demonstrates that reduced inflows and daily pH variability have direct implications
for the collection, analysis and interpretation of water quality data. The chapter
concludes with recommendations for reservoir water quality assessment and manage-
ment, particularly given the prospect of increased frequency and duration of drought
conditions in the southwestern and south-central U.S.

26.1 Introduction

Climatic changes are commonly recognized to alter the structure and functions of
freshwater ecosystems [18]. In fact, a recent special issue of Limnology and
Oceanography focused on lakes and reservoirs as sentinels [1], integrators [68], and
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regulators of climatic change [127]. From impacts on shortening ice cover
[117] to increased risks from harmful algal blooms [91, 100, 136] and anthropo-
genic contaminants [7, 63, 75, 87], understanding the implications of climate
change on environmental assessment and management is critical [104, 141].

Climate change can result in strong shifts in precipitation patterns that alter
instream flows [4, 8]. Cayan et al. [16] recently projected sustained periods of
drought for the twenty-first century in the southwestern U.S., which will challenge
water resource management efforts [47, 74]. In fact, drought conditions occurred
during late 2005 and 2006 in Texas, resulting in elevated temperatures, reduced
precipitation and decreased freshwater inflows to reservoirs. In Sect. 26.5 of this
chapter we present a case study of the influence of drought on instream flows, res-
ervoir pool levels, and implications for site-specific environmental assessments.
Similar increases in temperature and decreases in precipitation, inflows, and reser-
voir pool levels have been observed [22, 78] and predicted elsewhere [92] during
summer and autumn months. Our previous efforts in Texas reservoirs focused on
developing an approach to support water quality assessments in different reservoir
locations during drought conditions [11]. We further highlighted the importance of
impoundment and sampling location depth during studies of reservoir carbon and
nitrogen dynamics [40, 41, 108]. Valenti et al. [133] identified the importance of
such drought conditions on reduced instream flows, diel pH variability, and result-
ing site-specific uncertainty associated with aquatic risk assessments of ionizable
contaminants.

In this chapter we provide a unique perspective on the implications of climate
change for reservoir inflows, reservoir water quality assessment and management of
aquatic contaminants influenced by site-specific pH. Understanding these relation-
ships is critical given the recent linkage among El Nifio Southern Oscillation to
decreased inflows and decreased dissolved oxygen levels in a reservoir near
Barcelona, Spain [78]. Thus, an objective of this study is to explore how reduced
inflows to reservoirs can influence site-specific hazards of aquatic contaminants.
Before we do so, however, it is important to first recognize that the unique hydrology
of reservoirs classifies them as intermediates between river and lake ecosystems [64].
Therefore, we begin with a review of the effects of reservoir inflows on the physical,
chemical, and biological factors that influence reservoir water quality. We then
provide a case study that emphasizes the impacts of drought and reduced reservoir
inflows on pH-related contaminant hazards to aquatic life.

26.2 River and Lake Hybrids: The Importance
of Considering Reservoir Zones

Early investigators knew that reservoirs differed from lakes and detailed the measur-
able physical, chemical, and biological gradients that developed along the axis of
impoundments [5, 48, 60, 102]. Similarly, stream ecologists have documented
impoundment effects on the hydrology, chemistry, and biology of downstream and
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upstream systems [138, 139]. Focusing on this early descriptive work, Thornton
et al. [122] proposed a heuristic model of reservoir zonation based on morphology
(width and depth), hydrology (flow velocity and turbulence), and sedimentation
rates. The model described three reservoir zones—riverine, transition, and lacus-
trine—that respectively exhibit decreasing downgradient advective energy associ-
ated with turbulence from river inputs. The zonation model proposed by Thornton
et al. [122] remains the most widely used descriptor of reservoir spatial patterns,
although locating reliable boundaries between riverine-transition and lacustrine
zones has remained a challenge [40]. Not surprisingly, this reservoir zonation model
has been expanded in numerous reviews to include a variety of other limnological
characteristics (Table 26.1).

Numerous authors have used Thornton’s heuristic model as a basis for interpreting
observed gradients in water quality parameters. Allochthonous inputs from water-
sheds are often major sources of nutrients to a reservoir; thus, riverine zones are gener-
ally high in nutrient concentrations, particularly during higher inflows [61]. The
influence of the watershed on up-reservoir water quality is also evident from increased
turbidity due to suspended sediment loadings of allochthonous organic matter [124]
(Table 26.1). These patterns are exemplified in a study by Pickett and Harvey [94] that
demonstrated decreasing total nitrogen and phosphorus concentrations and increasing
Secchi transparency along the longitudinal axis of a South Carolina reservoir. Similarly,
Doyle et al. [24] observed decreased turbidity along the riverine-lacustrine gradient of
Lake Waco, an impoundment in Texas.

The deepening and widening of reservoir basins often causes a dissipation of
advective energy in the water column and increases in the sedimentation of fine par-
ticulates [125]. These trends result in the development of transition zones with increas-
ing water transparency. The reservoir basin eventually deepens and widens to a point
of maximum volume, where advective energy due to river inflow is minimized and
water transparency is maximized (Table 26.1). Within the lacustrine zone, advective
nutrient input is minimal and nutrient cycling is dominated by internal processes [61].
Mean chlorophyll a concentrations respond to such transparency gradients along the
reservoir gradient. Specifically, water column chlorophyll a values have been shown
to be relatively low in the riverine zone and then increase significantly in the transition
zone before again falling in the lacustrine region [65]. A decreasing trend in particle-
associated parameters (total Kjeldahl nitrogen, total phosphorus, ammonium, and
total iron concentrations) along the riverine-lacustrine gradient has been reported
for seven Kentucky reservoirs [20]. Filstrup and Lind [35] recently defined similar
sedimentation patterns and quantified sediment resuspension along the riverine-
lacustrine continuum in Lake Waco, Texas.

The dynamics of biological communities have also been explored in the context of
Thornton’s reservoir zonation model. Although relatively high levels of available
nutrients are often present in the riverine zone, primary production is predicted to be
low due to light limitation in turbid waters [65]. However, increasing water transpar-
ency results in increased phytoplankton production in the transition zone before a
subsequent decrease in the lacustrine zone as nutrients become the growth-limiting
factor [65]. Buckavekas and Crain [13] demonstrated increasing phytoplankton
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nutrient limitation and occasional spatial shifts in the nutrient limitation of algal
production along a Kentucky reservoir gradient. Some evidence has supported
complex seasonal shifts in phytoplankton nutrient limitation status [26]; however, few
studies have demonstrated similar spatial complexity [49]. Increased nutrient limita-
tion of near-dam stations relative to up-reservoir locations is commonly [49] but not
universally [115] reported. Havel and Pattinson [54] reported strong longitudinal pat-
terns in the densities of algae and zooplankton with cyanobacteria populations being
most abundant in up-reservoir and tributary sites in Bull Shoals Lake, Arkansas. More
recently, Scott et al. [108] and Doyle et al. [24] identified reservoir transition zones as
potential hot spots for nitrogen-fixing cyanobacterial blooms.

Because primary production in riverine zones is relatively low, the ratio of
primary production to respiration (P:R) in this zone has historically been believed to
be less than 1 (Table 26.1). The trend of P<R is usually considered a formula for
anoxia and stress to aquatic life; however, the riverine zone of reservoirs is expected
to maintain some degree of oxygen stability through mixing from turbulent energy
provided by river inflows. In the transition zone, respiration should remain high but
as previously mentioned, primary production is expected to increase, increasing P:R
to approximately 1 (Table 26.1). The lack of turbulent energy in transition zones
decreases reaeration, which may cause high oxygen demand and large diel swings
in dissolved oxygen concentrations [17, 101]. Historically, community respiration
is expected to be minimized in lacustrine zones and P:R is therefore predicted to
increase to a value greater than 1 (Table 26.1).

Predicted spatial trends in reservoir ecosystem metabolism may not hold true
because reservoir age, land use, and reduced inflows impact hydrodynamic and
thus biological processes. For example, we recently demonstrated net heterotrophic
conditions (P<R) for lacustrine zones of seven Texas reservoirs during low-flow
conditions [41]. Such considerations are important because P:R dynamics influ-
ence diel dissolved oxygen patterns and the prevalence of anoxic conditions, which
are critically important for the protection of habitat for aquatic life. The relationships
among P:R, dissolved oxygen, and pH are further explored in Sect. 26.4.

Changes in bacterial communities along reservoir gradients have been less
frequently investigated. However, Simek et al. [109] studied the changes in the
epilimnetic bacterial community of a Spanish reservoir. They found strong longitu-
dinal zonation of bacterial community composition and food web structure that were
driven primarily by hydrology and high localized inputs of river-borne organic
matter [109]. Lind [69] suggested that bacterioplankton production may be high in
riverine zones due to allochthonous dissolved carbon inputs. Production in the tran-
sition zone should also be high, supported by increased production of autochthonous
dissolved carbon (Table 26.1). Finally, production in lacustrine zones may be lower
because phytoplankton productivity is lower and this zone exhibits higher rates of
algal cell loss due to sedimentation. Further, Lind et al. [71] examined data for several
reservoirs and demonstrated a consistent increase in trophic states along the riverine-
lacustrine gradient. Specifically, riverine zones are expected to be more eutrophic than
other reservoir locations, and lacustrine zones should be the least eutrophic [71]. Lind
and Barcena [70] showed that storm events can temporarily shift the trophic relationships
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proposed by Lind [69] as floodwater inflows pass through the impoundment. Again,
this perspective may need to be modified as reservoirs age and watershed develop-
ment occurs, as evidenced by the recent work of McCallister and del Giorgio [80]
and Forbes et al [41].

The longitudinal gradients of morphometry, hydrology, biology, and ultimately
water quality reviewed above and their responses to inflows and droughts are funda-
mentally recognized by researchers working in reservoir systems. Because reservoir
zones represent uniquely different habitats for aquatic life, Brooks et al. [11] ques-
tioned whether water quality criteria and standards should be developed for specific
reservoir zones. However, water resource managers, water board and commission
members, and the general public are much less aware of the spatiotemporal uncer-
tainties related to quantifying the water quality of a reservoir [71]. Therefore, Lind
et al. [71] recommended that reservoir zonation should be considered in sampling,
assessment, and reservoir management. In fact, Lind et al. [71] further recommended
that the normal changes along the longitudinal gradients should form the basis of a
water resource management plan for multiple uses of the reservoir (e.g., aquatic life
use, contact recreation, drinking water withdrawals). Additionally, Hobson et al. [56]
recently demonstrated the effects of stormwater inflows on longitudinal gradients of
natural organic matter and its influence on source water withdrawals for drinking
water treatment.

Unfortunately, consideration of reservoir zones and their responsiveness to
inflows are seldom integrated in water quality regulatory frameworks in the U.S.
For example, in Texas, water quality criteria and standards only exist for water
bodies generically classified as either streams or “lakes,” even though there is only
one naturally occurring lake in the State (Caddo Lake) that is large enough to
qualify for water quality protection. Although delineation of reservoir zonation has
largely been based on qualitative changes, numerous studies have interpreted their
research findings within the framework of Thornton’s zonation paradigm. For
example, Brooks et al. [11] proposed coupling hydrodynamic modeling with
multivariate statistical analyses of physical, chemical, and biological factors to
differentiate various reservoir zones or habitats. This approach would allow for
site-specific determination of reservoir zone locations as they may be influenced
by inflow events and water withdrawals.

26.3 Influence of Inflows on Reservoirs

As previously noted, influences of climate change on river hydrology may have pro-
found effects on reservoir zonation and water quality. Altered inflows can dramati-
cally influence physical, chemical, and biological processes, which may in turn
complicate reservoir water quality assessment and management. Reservoir limnolo-
gists routinely consider the dynamic nature of reservoir gradients and how inflow
variability may cause them to shift in time and space. For example, Wetzel [142] noted
that lakes routinely receive inflows from lower-order streams and more diffuse sources
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because lake watersheds are comparatively smaller than those of impoundments.
Thus, reservoirs generally receive a majority of inflows from higher-order streams and
rivers associated with larger drainage areas [142]. A number of researchers have
commented on the dynamic nature of the riverine and transition zones in particular,
noting that these locations have variable and somewhat unpredictable physical,
chemical, and biological dynamics. Kimmel and Groeger [64] proposed a view of
reservoirs as semi-fluvial environments and pointed out the likely influence of flushing
rate or water retention time on the spatial and temporal heterogeneity of these systems.
As we examine below, others have likewise recognized the importance of hydro-
logic flushing and stressed that the reservoir zonation model, while valuable, is
likely to vary dramatically in space and time, largely depending on inflow patterns.

The transition zone is clearly recognized as the most dynamic of the reservoir
zones [59]. Furthermore, it is widely acknowledged that the position of this zone is
subject to substantial fluctuations related to hydrodynamic forces [27]. Under high-
flow events, the exchange between a cove and the main reservoir may be domi-
nated by advective momentum of the entering stream. However, for most reservoir
tributaries located at lower latitudes in semiarid and arid regions, inflows may be
low enough that the advective momentum dissipates rapidly in the lotic system. In
Lake Lewisville, Texas, for example, fluctuations of riverine and transition zone
locations were related to drought and water withdrawal patterns [120]. Kennedy
et al. [59] suggested that the upstream and downstream boundaries of the transition
zone may correspond to the location of the plunge point under low-flow and high-
flow conditions, respectively. When density of inflowing waters is greater than that
of the reservoir surface layer, then water from the inflowing stream will “plunge
beneath” the surface layer of the reservoir, resulting in an underflow [42]. However,
the position of the plunge point is dynamic and responsive to inflows, reservoir
volumes and water column densities. Accordingly, in reservoirs where a plunge
point is generally detectable, the boundary between the riverine and the transition
zones would be the plunge point under low-flow conditions.

Kimmel et al. [65] discussed the Thornton zonation model and commented on
numerous exceptions resulting from the dynamic nature of reservoir zones. For
example, they cited evidence of numerous rapidly-flushed, run-of-the-river impound-
ments where riverine-like conditions persist throughout most or all of the reservoir.
Additionally, reservoirs with lower inflows and long residence times had highly com-
pressed riverine and transition zones and likely function as “lakes” over most of their
extent, despite changes in morphology in the upstream direction. Changes in reser-
voir zonation were also observed by An and Jones [3] for a Korean reservoir based
on annual monsoon pattern. In years with strong monsoon, there was sharp longitu-
dinal zonation with a turbid, light-limited riverine zone followed by productive tran-
sition and lacustrine zones. However, when the monsoon was weak and inflows were
low, there was little to no apparent riverine zone and the lacustrine zone dominated
the reservoir [3]. Thus, reservoir retention time (R) was strongly influenced by
inflows. Straskraba et al. [114] discussed the likely role of R on the extent of the three
reservoir zones. They speculated that under short retention times (R<10 days) the
whole reservoir may be considered to be within the riverine zone. Conversely, when
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there is little advective inflow, and retention times are very long (R>200 days),
virtually all of the reservoir will be within the lacustrine zone [114].

Zooplankton communities are often found to exhibit spatial trends that are related
to reservoir zonation and responses to inflows. Marzolf [140] pointed out that zoo-
plankton quickly respond to resource gradients. In addition, reservoir gradients
resulted in a pattern of zooplankton distribution with elevated population densities in
the transition zone of a reservoir, though the location of this zone clearly was depen-
dent on inflows [140]. Havel and Pattinson [54] reported pronounced spatial structure
of zooplankton with the highest densities occurring in the transition zone; this obser-
vation is consistent with patterns seen in Kansas [140] and Texas [43]. Soballe and
Threlkeld [112] found that short residence times nullified the stimulation of inflow-
ing nutrients on algal biomass in smaller reservoirs of Oklahoma. Dirnberger and
Threlkeld [21] and Threlkeld [126] further showed that flushing markedly influenced
the structure of reservoir zooplankton communities.

Phytoplankton communities are also strongly influenced by inflow events, primarily
through hydraulic flushing and increased nutrient pulses [100]. As reviewed above,
phytoplankton production is driven by hydrology, nutrient availability, light limita-
tion, and other physical factors in the various zones of reservoir systems [65, 137]
(Table 26.1). Previous authors have also examined how climate change may increase
the likelihood, expansion and severity of harmful algal blooms [7, 90, 91, 98, 99].
For reservoirs, freshwater inflows are increasingly reported to influence harmful
algal blooms. Vilhena et al. [136] predicted development of an observed major
cyanobacterial bloom when an Australian reservoir with drought-induced low pool
levels received a large inflow event. Specifically, river inflows high in nutrients appar-
ently stimulated development of a bloom dominated by Microcystis sp [136].
Conversely, several studies identified how inflows may terminate harmful blooms of
cyanobacteria and other harmful algae. Mitrovic et al. [144] demonstrated how
increased flows terminated a cyanobacterial bloom located upstream of a low-water
dam on the Lower Darling River, Australia. Similarly, Brooks et al. [9] identified that
increased inflows ameliorated a harmful bloom of the haptophyte Prymnesium
parvum in Dunkard Creek, Pennsylvania. This bloom decimated fish and shellfish
in the river, which is impounded by several low-water dams [9].

Such observations are consistent with those of Roelke et al. [98], who documented
how inflows to Lake Granbury, an impoundment of the Brazos River in central
Texas abruptly terminated a large-scale fish kill resulting from bloom formation of
P. parvum. Prior to those inflows, severe drought conditions had promoted increased
salinity and development of a severe P. parvum bloom [98]. With 30% hydraulic
dilution, the harmful bloom was terminated, ambient toxicity was ameliorated, and
zooplankton densities quickly increased by over 200-fold [106]. Roelke et al. [99]
further demonstrated the decade-long impacts of decreased inflows and drought-induced
salinization on harmful blooms of P. parvum among a chain of three impoundments,
which included Lake Granbury. Thus, Roelke et al. [99] and Mitrovic et al. [144]
suggested that managing instream flows represents a potentially useful approach to
minimize harmful blooms. Under drought conditions, Grover et al. [50] predicted
that harmful blooms may initiate in coves that are hydraulically isolated from the
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main channel of a reservoir. Thus, such coves, which may not receive inflows under
non-storm conditions, represent useful management units for preemptive mitigation
of harmful bloom formation using various manipulations [50]. As explored further in
our case study presented below, decreased inflows commonly occur in southwestern
and south-central U.S. reservoirs during or following drought conditions, which are
predicted to increase with climate change [98, 99].

In semi-arid and arid regions, inflows to reservoirs may receive, be dominated
by, or even be dependent on return flow effluents from wastewater treatment plants.
This trend is likely to increase, as the number of permitted discharges increases in
response to urbanization [10]. Effluent-dominated streams present unique chal-
lenges to water resource managers and introduce a variety of chemical stressors to
surface waters [10, 52, 57]. In addition to containing complex mixtures of various
anthropogenic contaminants (e.g., metals, pesticides, pharmaceuticals, other indus-
trial chemicals), effluent-dominated streams are also known to often have elevated
nutrient levels [134]. The quality of discharged effluent varies temporally although
the volume of annual effluent loadings to reservoirs remains relatively stable [10].
What is less understood is how loadings of nutrients and other contaminants from
effluent-dominated streams influence limnological processes and water quality
management in reservoirs, particularly under low-flow conditions. However, with
climate change predictions of increased drought [16], the influence of effluent-dom-
inated streams on base flows of rivers and streams deserves additional study [10].
This is particularly true for streams that were formerly intermittent tributaries, and
during droughts because waste load allocations and ambient water quality monitor-
ing efforts (e.g., for chemical constituents, ambient toxicity, and bioassessment) are
generally performed during low-flow periods (e.g., defined by 7Q2 or 7Q10) [129].
How climate change may introduce uncertainty in environmental assessments that
rely on currently defined low-flow conditions for regulatory compliance also
deserves attention in the future [133].

26.4 Reservoir P:R, Diel Ph and Dissolved Oxygen,
and Site-Specific Contaminant Hazards

As noted above, climatological conditions may affect ecosystem processes that
influence the transportation and redistribution of nutrients in lakes and reservoirs
and therefore determine the nature and intensity of biological and biogeochemical
processes [15]. For example, the ionic composition of surface waters may be
affected by seasonal or annual variability in precipitation that influence hydrology
and transportation of allochthonous nutrients from surrounding watersheds
[14, 36, 96, 113]. Climate also affects successional shifts of phytoplankton and
macrophyte communities that could influence the carbon dioxide demand of
aquatic systems. Maberly [73] described scenarios in which inorganic carbon in
surface waters may become uncoupled from concentrations of carbon dioxide in
the atmosphere due to high rates of biological transformation related to primary
production.
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Fig. 26.1 Diel (24-h) dissolved oxygen and pH data (a) and the relationship between diel dis-
solved oxygen and pH data (b) for a riverine station in Lake Conroe, Texas, during July 2005

Several researchers have noted substantial diel oscillation in pH at both riverine
[12, 44,51, 85, 123] and lacustrine sites [15, 58, 73, 119]. These diel pH patterns are
attributed to assimilation of inorganic carbon for photosynthesis during light hours,
followed by continued community respiration at night. Several studies have noted
that eutrophication of surface waters can potentiate extreme diel pH oscillations due
to high rates of primary production and greater ecosystem biomass [51, 73, 76, 79,
82,145]. Similarly, eutrophication may also spur higher rates of respiration that may
eventually lead to increased oxygen demand due to cessation and decomposition of
species. Figure 26.1 illustrates this perspective by depicting 24-h data for a represen-
tative riverine site in Lake Conroe, Texas, during July 2005, where diel pH values
respond directly to dissolved oxygen dynamics.
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The interplay of community primary production and respiration and their effects
on oxygen dynamics in surface water have been long recognized [88], and the
importance of diel patterns of dissolved oxygen are emphasized by protocols for
current water quality monitoring efforts [121]. Monitoring efforts for dissolved
oxygen recommend that 24-h data profiles are collected, or at minimum, measure-
ments are recorded at multiple intervals throughout the day with at least one target-
ing the early morning hours [121]. The additional effort for these monitoring
approaches is to ensure collection of data representing worst-case scenarios of
anoxia. For example, surface water impacted by eutrophication may have elevated
levels of dissolved oxygen during the day due to high rates of primary production;
however, biological oxygen demand due to community respiration or decomposi-
tion may deplete the available oxygen throughout the night when photosynthesis is
no longer occurring. These same processes can influence surface water pH and
therefore daily discrete measurements may not provide sufficient resolutions for
the accurate definition of site-specific pH conditions (Fig. 26.1). Consequently, the
failure to monitor and account for diel pH oscillations may introduce uncertainty
in environmental risk assessment and management [131, 133].

The potential for contaminants to cause toxicity in aquatic ecosystems is often
influenced by site-specific factors [33, 86, 116, 135]. Surface water pH is particularly
important because it can change the physicochemical properties of compounds or
affect how they interact with other constituents in the water column. Consequently,
predictions of environmental fate, bioavailability, and potency for some contami-
nants can vary appreciably over environmentally relevant surface water pH gradients.
Scientists are cognizant of the biological relevance that such variability in pH has on
ecological risk assessment and substantial effort has been made to accommodate for
site-specific distinctions to reduce uncertainty. Examples of these efforts include the
integration of site-specific pH adjustment factors for the derivation of National
Ambient Water Quality Criteria (NAWQC) for contaminants such as ammonia [130]
and pentachlorophenol (PCP) [128]. The importance of site-specific factors (includ-
ing pH) for regulatory efforts is also emphasized by the development of biotic ligand
models (BLMs) to predict metal speciation and acute toxicity [86].

The completion of bioassays in the laboratory under controlled conditions has
allowed researchers to identify pH-dependent toxicity relationships for various
traditional contaminants such as ammonia [ 132], heavy metals [29, 72, 81, 93, 105],
contaminants of emerging concern such as pharmaceuticals [28, 63, 84, 131], and
harmful algal toxins [46, 134]. However, the effective utilization and application of
pH-dependent toxicity data for regulatory efforts is contingent on appropriate
characterization of site-specific conditions.

Defining site-specific conditions is challenging for surface water pH because it
culminates from various interactions among the atmosphere, hydrology, climate,
geomineralogy, and physical morphology that fluctuate both in time and space on
various scales [2, 38, 55, 97, 103]. Consequently, understanding site-specific pH and
putting it in the context of contaminant hazards for surface waters in general and
reservoirs in particular is thus challenged by the spatiotemporal variability observed
within and between watersheds [25, 38, 55, 97]. As noted above, within a specific
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impoundment, site-specific conditions vary both spatially and temporally in different
reservoir zones. Whereas differences in surface water pH are partially explained by
environmental heterogeneity (e.g., distinctions in geominerology, physical mor-
phology, hydrology, and land use between watersheds), less understood is how the
temporal factors causing pH variability introduce uncertainty in environmental risk
assessments. Below we present a case studying examining the influence of inflows
on diel pH swings in reservoirs and subsequent implications for how sites that are
driven by P:R dynamics may influence hazards of select aquatic contaminants.

26.5 Climate Influences on Reservoir Dissolved Oxygen
and Ph: A Case Study

26.5.1 Study Locations and Approach

For this case study we selected four impoundments in Texas: Cedar Creek Reservoir,
Lake Lewisville, Lake Conroe and Aquilla Lake (Fig. 26.2). Cedar Creek Reservoir
is eutrophic, located in the Trinity River Basin, and has a surface area of 138.8 km?
and a watershed area of 2,589 km?. Lake Lewisville is also located in the Trinity
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Fig. 26.2 Locations of four study reservoirs and sampling stations (®) in Texas
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River Basin and is eutrophic. Lake Lewisville’s watershed is highly urbanized, and
has a surface area of 94.2 km? and a watershed area of 4,299 km?. Lake Conroe is
also a eutrophic reservoir located in the San Jacinto River Basin, and has a surface
area of 84.9 km? and a watershed area of 1,153 km?. Aquilla Lake is mesotrophic
and located in the Brazos River Basin. Aquilla Lake has a surface area of 13.3 km?
and a watershed area of 660 km?.

Land use characteristics associated with drainage basins of each study reservoir
are provided elsewhere [40]. The designated uses under the U.S. Clean Water Act
for each study reservoir include contact recreation, high aquatic life use, and public
water supply. As expected for any reservoir, pool elevations are known to fluctuate
based largely on climatic factors and water use patterns. For example, during the
5-year period of 1999-2003, pool elevations in these reservoirs fluctuated from 6 to
20 ft with 74% and 24% of the total pool observations from the reservoirs reported
below and above the conservation pool elevation, respectively.

We selected monitoring stations along two riverine to lacustrine gradients in
each reservoir to identify the extent of longitudinal changes or gradients of water
quality. In addition, a main lake station was chosen for each study reservoir to
provide water quality information from the lacustrine zone. Continuous measure-
ments of temperature, pH, dissolved oxygen, and conductivity were continuously
monitored at surface depth (~0.3 m) using a YSI 600 XLM® multiparameter data-
sonde configured with a YSI 650 MDS® multiparameter display system [121]. All
water quality data used for statistical analyses passed pre- and post-calibration
checks [121]. Methodology used to calculate community P:R followed common
approaches [62]. Station locations within either riverine, transition or lacustine
zones were further identified using field collected parameters and hydrodynamic
modeling [11]. More information on various methodologies, which were employed
under a U.S. Environmental Protection Agency-approved Quality Assurance
Project Plan, is provided elsewhere [11, 40, 41, 108].

Reservoirs were sampled during summer conditions of 2005 and 2006. During
this period, temperatures were warmer than normal and precipitation was lower than
normal for most of Texas, though coastal areas received an excess of rain. For example,
between April and August 2006 in the Dallas/Ft. Worth region of north-central Texas,
mean temperature was 4.5°F warmer and total rainfall was ~60% lower than normal.
Such precipitation decreases resulted in lower inflows to reservoirs and decreased
reservoir volumes, which is depicted as mean daily pool levels of four reservoirs
during 2005 and 2006 (Fig. 26.3).

26.5.2 Community P:R and Diel Dissolved Oxygen
and Ph Dynamics

As noted above, Forbes et al. [41] previously reported that when both 2005 and 2006
datasets were considered, Lake Conroe, Cedar Creek Reservoir, and Lake Lewisville
were net heterotrophic. In the present case study, we identified that community P:R
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Fig. 26.3 Mean daily pool elevations from 01 Jan 2005 to 31 Dec 2006 for Lake Lewisville (a),
Cedar Creek reservoir (b), Aquilla Lake (¢), and Lake Conroe (d), Texas. Solid reference lines
identify conservation (normal) pool elevations

(Fig. 26.4) did not conform to historic expectations of P:R ratios along the riverine to
lacustrine gradient (Table 26.1). In fact, lacustrine stations were net heterotrophic
(P<R). During the drought conditions of 2006, net heterotrophic conditions were more
pronounced with both transition and lacustrine zones, which were characterized by P:R
less than 1. As noted above, diel dissolved oxygen and pH are coupled (Fig. 26.1).
Thus, we examined the magnitude of dissolved oxygen and pH change over 24 h from
each sampling station (Fig. 26.5). In 2005, relatively limited dissolved oxygen and pH
change was observed in riverine sites, whereas statistically significant relationships
were observed between dissolved oxygen and pH change at transition and lacustrine
sites (Fig. 26.6). However, such observations were not observed in transition or lacus-
trine zones during 2006 (Fig. 26.5). Further, pH and dissolved oxygen variability in
riverine zones during the drought conditions of 2006 resembled transition zone
locations during 2005 (Fig. 26.6). Thus, it appears that reduced inflows during 2006
reduced community primary production relative to heterotropic respiration (Fig. 26.4),
which reduced the magnitude of diel dissolved oxygen and pH variability, particularly
in the transition and lacustrine zones of these reservoirs (Fig. 26.6). In fact, such
observations in these Texas reservoirs are generally consistent with those of Marce
et al. [78], who identified decreasing stream flows over a 44-year period to cause an
approximate 20% decrease in oxygen levels in Sau Reservoir near Barcelona, Spain.
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Below we examine the role of pH on bioavailability and toxicity of metals and
ionizable contaminants. We further examine how the pH variability between more
traditional (2005) and drought conditions (2006) influenced site-specific predictions
of NAWQC values for several model contaminants in riverine, transition and lacustrine
zones of the reservoirs examined in this case study. We specifically estimated acute
NAWQC concentrations for an ionizable weak acid (PCP), a weak base (ammonia) and
copper, using the BLM.

26.5.3 Ph Influences on Metal Speciation, Ionization,
and Site-Specific Water Quality Criteria

26.5.3.1 Ph Influences on Metal Speciation and Aquatic Toxicity

Trace element speciation analysis is an approach in which various forms or phases
of an element (e.g., simple inorganic species, organic complexes, and absorbed to
colloidal particles) are quantified in an environmental sample on an individual basis
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rather than cumulatively as the total measured concentration [39, 118]. Of course,
multiple elemental species may coexist in an environmental matrix simultaneously
and their prevalence is determined by various environmental factors. Therefore,
defining site-specific conditions is often imperative for grasping either biological or
geochemical cycling of elements in the environment [39]. While various factors
influence elemental speciation in surface waters (e.g., cations and anions, dissolved
organic carbon), pH is often critical because it controls the magnitude and intensity
of interactions with other variables.

Elemental speciation is important for environmental risk assessment because the
various physiochemical forms of elements generally have unique potencies to
aquatic life [39]. Furthermore, differences in site-specific conditions may also dra-
matically affect environmental fate, transport, partitioning behavior, bioavailability,
bioconcentration, and ultimately toxicity [23, 95]. The total elemental concentration
in an environmental sample seldom provides sufficient information to accurately
infer hazard [31]. For example, many fish and other aquatic species can effectively
cope with high concentrations of heavy metals in the food chain or sediments due to
their natural defenses against ingested heavy metals, which can be eliminated from
the gut and detoxified by metallothioneins [67]. However, it appears that relatively
seldom have aquatic species evolved mechanisms to defend them against elemental
species that may be rapidly absorbed across the water-gill interface (e.g., free
metal ions or toxic lipid-soluble complexes). Therefore, the site-specific risk that a
contaminant poses to aquatic organisms is often more accurately predicted by the
proportion of that contaminant in a free form [31].

The BLM was developed for heavy metals to support determinations of how
site-specific conditions affect metal speciation, an understanding of ambient
aquatic toxicity, and risk characterization and management [23]. To illustrate the
influence of pH on copper speciation, predictions of the prevalence of free ionic
copper (Cu?") in synthetic waters with varying hardness are illustrated in Fig. 26.7
at 25° C and for a total concentration of 25 png Cu/L. This observation is critical
because ionic copper concentrations are most highly correlated with acute toxicity
to aquatic life [23, 95]. In Fig. 26.7, the effects of pH are clear regardless of hard-
ness concentrations. The greatest magnitude of differences in free Cu?* concentra-
tion is expected in soft water with a predicted 2000-fold difference between pH 6
and 9.5, whereas the predicted differences for moderately hard and hard water
were 1400- and 780-fold, respectively (Fig. 26.7). In the present case study with
various reservoir sites, we modeled acute copper NAWQC values using default
BLM assumptions, hard water conditions, and maintained temperature at 25°C
(the highest possible temperature allowed by the model).

26.5.3.2 Ph Influences on Ionization State and Aquatic Toxicity
Scientists have long recognized that the biological activity of some xenobiotics is

markedly influenced by their ionization state [6, 107, 110, 111]. The physiochemi-
cal properties of ionizable compounds may vary in the environment depending on
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predicted by the BLM, assuming total copper equal to 25 pg Cu/L with either soft, moderately
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their dissociation, which is controlled by structural components intrinsic to the
compound and the pH of the medium in which it resides. Researchers will often
estimate acid dissociation constant (pK,) for compounds based on their structural
attributes, and this value can be related to pH to infer the degree of ionization
(or dissociation). Weak acids are generally ionized in solutions when pH>pK ,
whereas weak bases are more ionized when pK_>pH. The unionized forms of either
weak acids or bases are often considered more bioavailable because they have
greater propensity to cross cellular membranes due to their lower polarity and
greater lipophilicity.

Various chemicals that may be transported or discharged into aquatic systems,
such as pesticides, various metabolites, pharmaceuticals, and personal care prod-
ucts, may be ionizable. In fact, some contaminants are specifically designed to be
ionizable to maximize their efficacy for intended use. For example, approximately
75% of the essential medicinal drugs described by the World Health Organization
and approximately one-third of modern pesticides have ionizable groups [77]. In
the case of pharmaceuticals, many are often administered orally and therefore must
first pass through the digestive tract and then be transported via the blood to the
target area. Because various regions of the body have different pH (stomach: pH 4;
blood: pH 7; CNS: pH 8), the bioavailability of drugs will often change within the
body [32]. Thus, the influences of pH on bioavailability, efficacy, and toxicity are
critical considerations for weak acids and bases found in various environmental or
biological matrices.

The importance of ionization state to environmental risk assessment is empha-
sized by the integration of site-specific pH adjustment factors in NAWQC for
compounds such as ammonia (NH,) [132] and PCP [128]. As expected, both the
weak base NH, (pK =9.3) and the weak acid PCP (pK =4.7) are more toxic to
aquatic life when they occur in the environment predominately as the unionized
forms. To account for pH-dependent effects on potency, pH adjustment factors are



510 B.W. Brooks et al.

derived by relating site-specific pH to laboratory-derived toxicological data from
experiments completed with the compound of interest at various ambient pH levels
(e.g., ranging from pH 6 to 9). Site-specific pH consideration can result in markedly
different acceptable loads in receiving systems; varying by 13-fold for NH, and
60-fold for PCP between sites with contrasting pH values of 6 and 9.

However, analysis of effects during environmental risk assessment is often
traditionally completed by collecting data for laboratory toxicity tests in which
individuals of a single species are exposed to a known concentration of contaminants
[63, 131]. These exposures are typically completed under specific conditions that
are stable to allow for repeatability; however, this approach may not accurately
capture the potential for all contaminants to cause biological effect. For a select
number of ionizable organic contaminants in which their physicochemical properties
are known to change appreciably depending on the pH of the solution where they
reside, including ammonia, PCP, and more recently for some pharmaceuticals
[63, 84, 131] and antimicrobials [89], experiments have quantified the magnitude
of difference in biological responses over environmentally relevant pH gradients.
Kim et al. [63] recently noted greater toxicity at lower pH for several acidic
pharmaceuticals, which was attributed to the ionization of the compounds and
ultimately their bioavailability being pH-driven.

26.5.3.3 Site-Specific Ph Influences on Reservoir Water Quality Criteria

In the present case study, variation in surface water pH profiles led to statistically
significant differences (p<0.05) in acceptable criterion maximum concentration
(CMC) NAWQC for copper, ammonia and the weak acid pesticide PCP among the
reservoir zones between study years (Fig. 26.8; Table 26.2). Using the BLM, the
predicted NAWQC for copper was substantially higher in Cedar Creek Reservoir
and Lake Conroe due to the higher ambient pH observed at these reservoirs com-
pared to Aquilla Lake and Lake Lewisville (Fig. 26.8). Interestingly, predicted
NAWQC varied substantially at similar sites within the same reservoir between
2005 and 2006. For example, there was nearly a 10-fold difference in the NAWQC
for copper between the lacustrine zone stations of Cedar Creek as mean concentra-
tions for 2005 and 2006 were modeled to be 238 and 31 pg/L, respectively. Temporal
effects were less pronounced in some of the other studied reservoirs as mean copper
CMC NAWQC were nearly identical between 2005 and 2006 for transition and
lacustrine zones and only varied by 28% in the riverine zone of Aquilla Lake.

In addition to variability between reservoirs, notable differences in NAWQC for
copper were also observed among the riverine, transition, and lacustrine zones
within the same reservoir, especially during drought conditions (Fig. 26.8). For
example, the magnitude of effect related to longitudinal gradation was evident for
copper in Cedar Creek during drought (2006) as mean NAWQC CMC for riverine and
transition zones were 7—10 times higher compared to the lacustrine zone. Alternatively,
NAWQC for copper in Lewisville Reservoir showed an opposite pattern as the
lacustrine zone had values 1.7 times greater than the riverine zone during 2005.



26

Influence of Climate Change on Reservoir Water Quality Assessment and Management

511

NAWQC NAWQC NAWQC
Ammonia (ng/L) PCP (ng/L) Copper (pg/L)
20 120 500
15 375
80
=
g 10 250
< 40
1 11
5 i l m m B
0 T T | 0 T T | 0 T T )
Riverine Transition Lacustrine Riverine Transition Lacustrine Riverine Transition Lacustrine
20 120 500
Jemem [ |
15 375 +=1 ‘}
3 8011 || — T
S I
- 10 250 1
<
9
3 401 | ‘
5 125
0 I"_"Ifl . l:lil . ] , 0 . . , 0 ; ; ,
Riverine Transition Lacustrine Riverine Transition Lacustrine Riverine Transition Lacustrine
20 120 500
15
. 375
80
3 T
2 10 250 +F 1
[}
@]
40
5 125 1
0 H“‘I B N s Y , , o , , ,
Riverine Transition Lacustrine Riverine TransitionLacustrine Riverine Transition Lacustrine
20 120 500
]
15 375
= 80
>
2] i
-% 10 “ 250
— 5 1 I M TH 12s
[ [ <0 [0 (i
0 T T 0 T | 0 . - )

Riverine Transition Lacustrine

Riverine TransitionLacustrine

Riverine Transition Lacustrine

Fig. 26.8 Mean (+SD) predicted NAWQC CMC values of ammonia, PCP, and copper at riverine,
transition, and lacustrine stations in Aquilla Lake, Cedar Creek Reservoir, Lake Conroe, and Lake
Lewisville, Texas, in summer 2005 and 2006



512 B.W. Brooks et al.

Table 26.2 Influence of reservoir zone (riverine, transition, lacustrine) and
year (2005, 2006) on predicted CMC NAWQC values for ammonia, PCP,

and copper

Reservoir Variable Ammonia Pentachlorophenol  Copper

Aquilla Zone * * *
Year
Zone x Year

Cedar Creek  Zone ok ok ok
Year ek sk ek
Zone x Year ~ F¥* *

Conroe Zone
Year
Zone x Year

Lewisville Zone * “ “
Year

Zone x Year
Empty, p>0.1; “, p<0.1; *, p<0.05; **, p<0.01; *** p<0.001

The predicted NAWQC CMC for ammonia and PCP varied appreciably among the
study reservoirs (Fig. 26.8). For ammonia, a weak ionizable base, NAWQC were mark-
edly lower in Conroe and Cedar Creek due to higher surface water pH. The opposite
was observed for the weak acid PCP and both Aquilla and Lewisville had appreciably
lower acceptable water column concentrations than the other reservoirs (Fig. 26.8). The
effects of flow on the potential hazard of these ionizable contaminants were empha-
sized by substantial differences in predicted NAWQC between 2005 and 2006. For
example, mean ammonia NAQWC values for transition and lacustrine zones of Cedar
Creek were 11 and 2 times higher in 2006 than in 2005 (Fig. 26.8). The effect of year
was also apparent in the mean NAQWC for PCP in Cedar Creek and again the mag-
nitude of effect was most pronounced at the lacustrine sites as the respective means
varied by 4- and 8-fold between the 2 years (Fig. 26.8). However, unlike for ammonia,
the NAWQC for PCP in Cedar Creek was markedly lower in 2006 compared to 2005.

There were also clear distinctions among mean NAWQC values for ionizable
contaminants over longitudinal gradients in several of the reservoirs and magnitude
of these effects appeared related to hydrology. For example, in 2006 the mean ammo-
nia NAWQC was approximately 14 and 7 times lower the riverine and transition
zones, respectively, compared to the lacustrine zone of Cedar Creek (Fig. 26.8).
Longitudinal effects were also apparent for Conroe and Lewisville in 2005 as allow-
able ammonia concentrations were 3—4 times higher and far more variable in riverine
zones compared to the transition or lacustrine zones.

26.5.4 Implications for Site-Specific Reservoir Water Quality
Assessment and Management

Several researchers have demonstrated how diel cycles in pH and dissolved oxygen
at riverine sites may affect surface water concentrations of trace metals if they are
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released from sediments. For example, Nimick et al. [85] recorded minimum metal
concentrations for several metals in the mid-afternoon, but these levels increased by
100-500% during the evening and peaked just before sunrise. Gammons et al. [45]
noted that dissolved concentrations of Fe(Il) and Cu in streams decreased during the
day by 10- and 2.4-fold, respectively. The substantial variability in observed metal
concentrations over the course of the day emphasizes that biogeochemical processes
affecting their environmental behavior are dynamic. Perhaps more importantly,
short-term variability in metal concentrations and speciation associated with hourly
or daily time scales can in fact be of similar or greater magnitude than those previ-
ously attributed to seasonal or yearly variability [83, 123]. For example, Nagorski
et al. [83] describe scenarios in which short-term (daily, bi-hourly) variation of sev-
eral geochemical parameters actually accounted for a majority of the variability once
thought to represent fluctuations due to much coarser seasonal time scales. In other
words, the timing of collection of discrete samples over the course of the day may
introduce more uncertainty to the analysis of exposure phase of environmental risk
assessment than collecting samples at much broader seasonal or yearly intervals.

Studies have also shown that changes in ionization state due to differences in site-
specific pH can affect bioconcentration factors (BCFs) for some organic compounds
Endo and Onozawa [28], Fisher et al. [37], and others have demonstrated that increased
BCFs correspond to heightened toxicological responses [34, 66, 84]. When the site-
specific differences in pH observed in reservoirs presented in the present case study
are considered, it appears highly probable that the environmental risk of some ioniz-
able contaminants that may be found in these reservoirs vary depending on P:R
dynamics. For a gradient of wadeable streams in central Texas, Valenti et al. [133]
demonstrated the importance of climate change on instream flows, diel pH variability,
and aquatic hazards during the drought conditions of 2006 and extremely wet condi-
tions of 2007. Specifically, Valenti et al. [133] described scenarios in which NAWQC
for ammonia varied 20-fold at a site over the course of the day due to diel pH vari-
ability. Furthermore, the magnitude of difference among site-specific potencies for
ammonia and the weak base pharmaceutical sertraline were actually considerably
greater than the relative difference in mean NAWQC or predicted toxicological
responses between years (2006, 2007) with strikingly different instream flows [133].

Other studies have demonstrated that patterns of diel pH oscillation have poten-
tial water quality implications because internal contaminant exposure scenarios for
individuals may vary over the course of the day. In a study not focused on steady
state concentrations, Hargreaves and Kucuk [53] demonstrated rather that total
ammonia-nitrogen concentrations in the plasma of juvenile hybrid striped bass,
channel catfish, and blue tilapia varied as a result of environmentally relevant daily
oscillations in exposure pH. Similar trends in changing internal doses could occur
for other ionizable contaminants, but less understood is how the magnitude, fre-
quency, and duration of sporadic fluctuations in concentrations at specific target
sites within the body will affect pharmacological or toxicological responses in
aquatic organisms. Thus, how long and how often must site-specific pH be above or
below a specific threshold before it affects estimates of environmental hazard for
ionizable contaminants?
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This question could be answered by examining site-specific pH in relation to
pH-dependent toxicological relationships integrated over the course of a day. For
example, a probabilistic analysis could support determining the duration and mag-
nitude of contaminant hazard exceeding an acceptable threshold of toxicity for
specific proportions of the day. Thus, instead of determining toxicological thresh-
olds (e.g., LC50) as a function of pH, it would also be useful to define time to
adverse responses (e.g., LT50) with diel pH variability. Such an approach deserves
additional consideration.

The question could also be addressed by developing aquatic toxicokinetic models
that take into account rates of uptake and deprivation under stochastic environmental
conditions. These models allow for extension beyond the traditional approaches of
simply measuring contaminant concentrations in a water sample and thus further
support considerations of how site-specific conditions may affect internal body con-
centrations or doses of xenobiotics [19]. Recently, it has become apparent that uptake
of ionizable organic contaminants cannot solely be explained by the availability of
the unionized moiety [30]. While this may be partially attributed to uptake by means
other than passive transport at the gill (e.g., by transporters) or other dermal surfaces,
it may also be caused by an organism’s ability to maintain xenobiotics once they are
absorbed. Wheeler and Hellebust [143] described how differences in the internal pH
of some organelles in plant cells may serve as reservoirs for alkylamines. For exam-
ples, pumping H* into vacuoles could reduce pH and allow some cells to accumulate
amines at concentrations 10*- to 10*-fold higher than external media. Similar mecha-
nisms may be at play for aquatic organisms based on the pharmacokinetic principle
that body compartments may vary in their specific pH. Therefore, by melding toxi-
cokinetic with pharmacokinetic principles and relating modes-of-action to specific
target locations within the body, aquatic scientists could more appropriately deter-
mine the relative and site-specific risks of different ionizable contaminants, including
contaminants of emerging concern [19].

26.6 Conclusions and Recommendations

Here we reviewed the various physical, biological, and chemical dynamics of
reservoir zones, which distinguish them as uniquely different aquatic habitats,
and we examined the role of inflows on reservoir water quality. Further, using a
case study of four reservoirs in Texas, we demonstrated that daily variability has
direct implications for how we should collect, analyze, and interpret site-specific
water quality data, particularly among reservoir zones when inflows are influenced
by climatic variability. Based on our experiences, we provide the following recom-
mendations for reservoir water quality assessment and management, particularly
given the prospects of increased frequency and duration of drought conditions in
the southwestern and south-central U.S [16, 74].

Regulatory, management, and assessment efforts should account for the reservoir-
specific characteristics that constitute the major drivers for water quality. These
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include reservoir morphology, hydraulic retention times, watershed land uses, timing,
quantities and sources of inflows, and resident biological communities that constitute
threats (e.g., harmful algal blooms) or represent sensitive resources (e.g., threatened
and endangered species). Protecting such resources essentially involves managing
worst-case scenarios that, for example, could occur in summer months during periods
of drought. Thus, the timing and location of assessment sampling should be chosen so
as to best evaluate the greatest threats to the site-specific resources.

We specifically recommend the integration of an alternative approach for defin-
ing site-specific pH at riverine, transition, and lacustrine sites using 24-h continuous
monitoring data. This approach would allow researchers to determine the probabil-
ity of encountering a specific pH at a site. Alternatively, we recommend that sam-
ples should be taken both in the early morning before sunrise and in the late afternoon
near sunset, when net community respiration and net community production,
respectively, are expected to be greatest (Fig. 26.1), to identify diel pH variability at
sampling sites. At a minimum, diel pH variability should be considered in the design
of study plan and long-term monitoring efforts. Current approaches for defining
site-specific pH for NAWQC often include using the 15th centile of a minimum of
30 discrete samples [121]; however, as demonstrated here and elsewhere [131, 133],
this approach may introduce substantial uncertainty in environmental risk assess-
ment due to diel variability of pH.

Previously, there has been substantial effort towards defining pH-dependent toxi-
cological relationships for traditional contaminants such as ammonia, PCP, and
heavy metals. However, we advise that similar strides must be taken to better under-
stand the potential hazard of contaminants of emerging concern, such as parent
compounds, metabolites, and degradates of pharmaceuticals and other industrial
chemicals. Often, the effects of pH on the physicochemical properties of pharma-
ceuticals are extensively studied such that pharmacokinetics and environmental
fates can be predicted; however, a similar emphasis should also be made to identify
how pH may affect their potency to aquatic life [131].

As demonstrated in this study, water quality parameters may shift appreciably over
the longitudinal gradients of various reservoir habitats in response to inflows. This pres-
ents an environmental management challenge as changes in site-specific conditions can
alter the aquatic hazard of some contaminants. Monitoring reservoir water quality only
at dam (e.g., lacustrine) sites, for example, fails to provide representative information for
the assessment and management of water quality in riverine and transition zones of
reservoirs, particularly when inflow patterns are modified by climatic changes.
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