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ABSTRACT / While external factors (drivers) detarming the net
heat energy and water delivered to a stream, the nternzl
structure of a stream determines how heat and water will be
distributed within and exchanged among a stream’s compo-
nents {channel, aluvial aquifer, and riparian zonefioodplain).
Therafore, the interaction between external drivers of stream
temperature and the intemal structure of integrated stream
systerns ullimately determines channel water temperalure,
This paper presents a synoptic, ecologically based discussion

of the extemal drivers of stream temperature, the internal
structures and processes that insulate and buffer stream tem-
peratures, and the mechanisms of human influence an stream
temperatura, It provides & holistic perspactive on the diversity
of natural dynamics and human activities that influence stream
ternperature, inclueding discussions of the role of the hyporhsic
zone. Kay management implications include: (1) Protecting or
reestablishing in-stream fiow is critical for restoring desirable
thermal regimes in streams. (2) Modifisd riparian vegetation,
groundwater dynamics, and channel morphology are all im-
porant pathways of human influence on channel-water term-
perature and each pathway should be addressed in manage-
ment plans. (3) Stream temperature ressarch and monitaring
pragrams will be jeopardized by an inaccurate or incomplete
concepiual understanding of complex termporal and spatial
siream temperature responzse patterns to anthropogenic influ-
ences, (4) Analyses of land-use history and the historical vs
contemporary structure of the stream channgl, riparian zone,
anvd alluvizal aguifer are important prerequisites for apglying
mechanistic temperature models to devslop management
prescriptions to meet in-channel temperature goals,

Stream temperature directly influences the meta-
holic rates, physiology, and life-history traits of aguatic
species and helps to determine rates of important com-
munity processes such as nutrient eycling and produc-
tivity (Allen 1995). Fluctuations in water temperature
induce behavioral and physiological responses in
aquatic organisms and permanent shifts in stream tem-
perature regimes can render formerly suitable habitat
unusable for native species (Holtby 1988, Quigley and
Arbelbide 1997, Wissmar and others 1994b). Because of
the ecological importance of stream temperature, pre-
venting or mitigating anthropogenic thermal degrada-
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ton is a common concern for resource managers {Cou-
tant 19997,

Perhaps because of the widespread use of quanti-
tative models (and associated simplifying assump-
tions), management actions seldom consider the
multitude of interacting environmental processes
that determine stream temperature regimes or the
wide variety of pathways by which humans may affect
stream temperature, In this paper, we attempt to
succinctly describe a number of these important pro-
cesses and pathways. Our most detailed discussions
focus on heat energy exchange and transport within
stream systems because, in our opinion, these pro-
cesses provide great promise for successful stream
temperature management, yet are most often over-
looked during the development of management
plans. Although the discussion and examples in this
paper focus on the Pacific Northwest, USA, the eco-
logical principles and processes discussed are appli-
cable to lotic systems in general.

© 2001 Springer-Verag Mew York Inc,



788 G. C. Poole and ©. H. Barman

Y 3
Preferential Hy &g
Flow Pach one

(Palenchannel)

Streambed

Figure 1. Structural components of a stream system (not all
features exist in all streams.)

Fluvial Systemn Structure

At least three integrated and interdependent com-
ponents determine stream structure: the channel, ri-
parian zone, and alluvial aquifer (Findlay 1995, Gibert
and others 1994, Stanford and Ward 1988, 1993, Ward
19849, 1998a,b). Thus, the edge of a river is not its
channel margin, but the edge of the riparian zone
{Gregory and others 1991). Similarly, the bottom of a
river is not the streambed, but the bottom of the alluvial
aguifer (Ward 1998b) (Figure 1). Interactions between
external drivers of stream temperature and the internal
structure of the integrated stream system ultimately
determine channel water temperature. The relative im-
portance of various drivers and structures varies spa-
tially. Together, drivers and siructures interact to pro-
duce heterogeneity in stream temperature at a variety
of spatial and temporal scales.

Although other factors also affect stream tempera-
ture, the primary determinants of stream temperature
are climatic drivers (such as solar radiation, air temper-
ature, and windspeed), stream morphology, groundwa-
ter influences, and riparian canopy condition (Sullivan
and Adams 1991). Therefore, this paper focuses on the
importance of stream morphology, groundwater influ-
ences, and riparian canopy conditions as factors that
markedly influence stream temperature and that are
substantially altered by various human activities.

The stream channel is the portion of a stream system
that transports water across the earth’s surface. The
channel boundary is approximately the typical annual
high water level on each streambank. Stream channels
may be discontinuous in cross section and comprised of
the main channel, side channels, and channels that are
active seasonally during high flow. On floodplains, the
locations of channels change over time (Leopold and
others 1964, Naiman and others 1992). Changes occur
gradually over decades (as in meandering systems) or

suddenly as streams cut new channels or recapture
previously abandoned channels during floods {as in
anastomosed systems) (Nanson and Enighton 1996).
Dynamic channels create and maintain floodplain com-
plexity and habitat diversity, thus directly influencing
important in-stream dynamics (e.g., nutrient and car-
bon cycles, natural floodwater storage, and water tem-
perature buffers) and enhancing biological diversity
{Abbe and Montgomery 1996, Creuzé des Chitellicrs
and others 1994, Harvey and Bencala 1993, Sedell and
Froggatt 1984).

The riparian zone is the land area influenced by
stream-tlerived moisture. For small streams, it extends a
short distance (from meters to tens of meters) laterally
from the channel margin. However, for large streams,
the riparian zone extends further (from tens to thou-
sands of meters), at least to the edge of the active
floodplain (Gregory and others 1991). For rivers like
the Mississippi and Amazon, the riparian zone may
extend even further (from kilometers to hundreds of
kilometers) (Salo and others 1986). Periodic flooding
of the riparian zone encourages the exchange of water,
nutrients, sediments, and energy between the stream
channel and riparian zone, creating unique habitats,
enhancing natural productivity, and driving biological
processes that contribute to the ecological integrity of
streams {Ward 1998a).

A stream's alluvium (sediments that have been de-
posited by the stream) along with the groundwater
contained therein form the alluvial aquifer (Creuzé des
Chitelliers and others 1994) The alluvial aquifer un-
derlies both the stream channel and the riparian zone
(or floodplain). In streams flowing across bedrock, the
alluvial aquiter may consist of pockets of sediment
trapped in bedrock depressions. In most large rivers,
however, the upper substrate of the floodplain is built
entirely from alluvial deposits that can be meters thick.
Stream channels and their alluvial aguifers may rapidly
and frequently exchange substantial amounts of water
and in both dircctions (Gibert and others 1994), Hy-
porheic groundwater is water that enters the alluvial
aquifer from the stream, travels along localized subsur-
face flow pathways for relatively short periods of time
(perhaps from minutes to months), and reemerges into
the stream channel downstream without leaving the
alluvial aquifer, The portion of the alluvial aguifer that
contains at least some hyporheic groundwater (White
1993) is referred to as the hyporheic zone (Brunke and
Gonser 14997, Jones and Holmes 1996, Stanford and
Ward 1988). Therefore, two wypes of groundwater in-
fluence streams: hyporheic groundwater and phreatic
groundwater (water derived from the catchment aqui-
fer). Phreatic groundwater feeding a river enters the
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bottom of the alluvial aquifer and, as it moves towards
the stream, mixes with hyporheic groundwater. De-
pending on  localized subsurface flow dynamics,
groundwater entering the stream channel may be pre-
dominantly phreatic, predominantly hyporheic, or a
mixture of both. The hyporheic zone can exert an
extremely strong influence on the biological, chemical,
and physical processes that occur in a rver (Brunke
and Gonser 1997, Findlay 1995, Stanford and Ward
1993},

Water Temperature in Stream Channels

Water temperature is not a simple measure of the
amount of heat energy in water, Instead, temperature is
proportional to heat energy divided by the volume of
water:

Water temperature = heat energy/ water volume

Conceptually, water temperature is a measure of the
concentration of heat energy in a stream. All water
contains heat energy, warmer water simply contains a
higher concentration of heat energy than does cooler
water,

The heat load is a measure of heat energy added to
a stream; any increase or reduction in heat load will
affect stream temperature by aliering the amount of
heat energy in the system, Discharge is a measure of the
volume of water flowing in a stream channel. Substitut-
ing heat load and discharge into the above equation
results in:

Water temperature = heat load/ discharge

Therefore, stream temperature is dependent on
both heat load and stream discharge; any process that
influences heat load to the channel or discharge in the
channel will influence channel water temperature and
can be considered a driver of stream temperature.

A stream channel gains heat energy any time water is
added and loses heat energy any time water is removed,
When cool water enters a stream, the temperature falls
not because heat energy is lost, but because the con-
centration of heat energy in the stream is diluted.
Although heat energy is lost when water leaves a stream,
the loss of energy does not affect temperature because
the concentration of heat energy in the stream remains
the same. (Note that evaporation is an exception ta this
rule. Water absorbs additional heat energy as it evapo-
rates thus altering the stream’s heat-energy to water-
volume ratio.)

Streams also gain or lose heat encrgy without adding
or removing water. Heat flows between the stream and
atmosphere in ways that do not require water move-
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Table 1. Examples of natural drivers of channel water
temperature

Topographic shade

Upland vegetation

Precipitation

Air temperature

Wind speed

Solar angle

Cloud cover

Relative humidity

Phreatic groundwater temperature and discharge
Tributary temperature and flow

ment (Naiman and others 1992). Heat energy is trans-
ferred from the sun to the stream via radiation. Atmo-
spheric heat reaches the stream surface via convection,
conduction, and advection and then enters the stream
channel via conduction. When heat enters or leaves a
stream channel without altering stream discharge, only
the heat load changes. An increased heat load applied
to the same stream discharge will increase stream tem-
perature, By extension, the same heat load applicd to a
lesser discharge will also increase water temperatures.
This illustrates the importance of discharge in deter-
mining the stream temperature response to a given
heat load.

Orivers of Stream Temperature

Stream  temperature drivers are external to the
stream system and help form the stream’s physical set-
ting. Drivers control the rate of heat and water delivery
to the stream system and therefore have the ability to
raise or lower stream temperature, Some examples are
listed in Table 1. While all stream discharge derives
from precipitation, precipitation enters the stream via a
number of pathways: directly, via surface flow, and via
groundwater discharge after infiltrating the catchment
aguifer. Climatic drivers interact with the geographic
drivers (i.e,, topography, lithology, and upland vegeta-
tion) to determine how water enters the stream.

Although some streams in arid climates carry only
surface runoff, many sweams derive the majority of
their discharge from groundwater. Therefore, the tem-
perature of the phreatic aquifer is generally the base-
line temperature from which stream temperature devi-
ates (although streams fed by snowfields and glaciers
are exceptions to this rule). Often, channel water tem-
perature trends away from baseline temperature and
toward atmospheric temperatures in a downstream di-
rection (Sullivan and others 1990). As soon as ground-
water enters the stream channel and is exposed to the
atmosphere, heat exchange begins and the water tem-
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Figure 2. Downstream profile of water surface temperature

in the Morth Fork [ohn Day River. Data are from Torgersen

and others (1999}

perature may begin to change. In the absence of insu-
lating and buffering influences, streams will rapidly
trend away from groundwater temperature and toward
atmospheric temperatures. However, where insulating
and buffering influences are strong, downstream tem-
perature trends are reduced or eliminated, Regardless
of the magnitude of temperature trends, downstream
temperature profiles are punctuated typically by trend
reversals due to changes in local structural characteris-
tics along the stream (e.g, Figure 2}, These reversals
contribute to spatial and temporal heterogeneity often
important to native biota,

Groundwater from the phreatic aquifer influences
channel water temperature when it enters the stream
channel; if the water in the channel has warmed or
cooled while flowing downstream, phreatic groundwa-
ter inputs tend to moderate channel water temperature
year-round (Holmes 2000), although geothermal wa-
ters typically moderate winter temperatures but in-
crease summertime maximum temperatures. Temper-
atures of lateral surface water inputs to the stream
network reflect the seasonal climate and are much less
consistent over a year than that of groundwater inputs.
Similar to groundwater inputs, however, lateral inputs
from tributaries and surface runoff affect water temper-
ature by pulling the channel temperature toward that
of the incoming water.

Temperature Dynamics within Fluvial Systems

Unlike external stream temperature drivers, the
stream’s physical structure (channel and floodplain
morphology, riparian vegetation structure, and the al-
luvial aquifer stratigraphy) exeris internal control over
water temperature. While drivers determine heat and
water delivery to the stream, stream structure deter-
mines stream channel resistance to warming or cooling.
Additionally, stream structure determines the means

and rates of heat and water entry into, flow through,
storage within, and release from the stream system and
its components. The physical dynamics occurring
within a stream and the interaction between a stream
and its catchment strongly influence stream structure.
{Beschta and Plates 1986, D'Anpgelo and others 1997,
Hawkins and others 1997, Vannote and others 1980,

A wide variety of stream characteristics (i.e., descrip-
tions or measures of stream structures) affect channel
water temperatiure response to cxternal temperature
drivers {Table 2). Some characteristics influence insu-
lating processes by controlling the rate of heat flux into
or out of the channel. Other characteristics influence
buffering processes by removing heat/water from the
channel when temperature/discharge is high and re-
leasing heat/water to the channel when temperature/
discharge is low.

Insulating Procasses

Stream characteristics that influence the rate of heat
flux into and out of a stream insulate the stream. These
characteristics include the channel width and the ripar-
ian vegetation height, density, and proximity to the
channel. Riparian wvegetation blocks solar radiation
from reaching the channel and reduces the stream's
heat load (Davies and Nelson 1994, Hostetler 1991, Li
and others 1994, Naiman and others 1992). Vegetation
also reduces nearstream windspeed and traps air
against the water surface, This action reduces heat ex-
change with the atmosphere by decreasing convection
and advection of heat energy to the water surface
(MNaiman and others 1992). Channel width influences
channel surface area across which heat is exchanged; a
greater surface area allows for more rapid heat conduc-
tion and radiation. Under the same climatic conditions,
narrower, deeper channels will not absorb as much
heat as shallow, wide channels. Similarly, riparian veg-
etation more effectively shades a narrower channel,

Buffering Processes

Buffering processes may either heat or cool a stream
channel, but buffers differ from drivers in several ways.
First, bufters operate by storing heat already in the
stream system rather than by adding or removing heat.
For instance, buffers may transfer water and heat be-
tween the components of the stream (i.e., from the
alluvial aquifer to the stream channel), but water and
heat are not added to nor withdrawn from the system.
Secondly, buffers operate by integrating variation in
discharge and temperature over time. If water and heat
flow regimes in a stream are constant, buffers can have
no effect on channel water temperature.

The two-way water exchange between the alluvial
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Table 2. Stream structures that influence insulating and buffering characteristics

Component and
characteristic

Deermined by

Ecological influence over

Channel

Slope catchment topography flow rate

Substrate flow regime, sediment sources, stream power resistance to groundwater flux;
channel roughness and
therefore flow rate and thermal
stratification

Width Mow regime, sediment sources, stream power, surface area for convective heat

bank stability exchange

Streambed wpography

flow regime, sediment sources, stream Power,

gradients that drive hyporheic flux

bank stability, large roughness elements (e,

large woody deliis)
Pattern

valley shape

Riparian zone
Vegetation

form, rocting patiern

Width {same as channel pattern)
Alluvial aquifer
Sediment particle size
Sediment particle sorting

Aquiter depth {same as channel pattern)

flow regime, sediment sources, stream power,
bank stability, large roughness elements,

flow regime, vegetation height, density, growth

(same as channel substrate)
(same as channel substrate)

gradients that drive hyporheic
flux; potendal shade from
riparian vegetation

shade to reduce solar radiation;
windspeed, advective heat
transfer, conductive heat
transfer; bank stability

potential for hyporheic flux;
potential for shade

potential for hypoerheic flux

diversity of subsurface temperature
patterns by determining
stratigraphy; extent of hyporheic
thux

extent of hyporheic Qux

aquifer and stream channel (hyporheic flow) is perhaps
the most important stream temperature buffer. The
stream channel pattern, streambed heterogeneity, allu-
vial aquifer structure, and streamflow variability deter-
mine the magnitude of hyporheic flow in a siream
(Creuze des Chitelliers and others 1994, Evans and
others 1995, Evans and Peus 1997, Hendricks and
White 1999, Henry and others 1994, Morrice and oth-
ers 1997, Poole 2000, White and others 1987, Wandzell
and Swanson 1996).

Hyporheic flow occours at different spatial and tem-
poral scales. At the finest scale (streambed scale), hy-
porheic flow is driven by alternating pool/riffle se-
quences in the stream channel (Vaux 1968, White and
others 1987). Water enters the streambed (ie., the
alluvial aquifer) at the downstream end of pools, flows
through the streambed sediments, and reemerges at a
downstream riffle (Figure 3). Channels with complex
streambed topography have higher rates of streambed
hyporheic flow (Harvey and Bencala 199%). Streams
with relatively little streambed complexity may lack the
pool/riffle sequences that drive streambed hyporheic
flow. Streambed scale hyporheic flow pathways may be
anywhere from minutes to days in duration,

Surface Water

Rilfle

Stream Bed

Figure 3. Downstream vertical profile of a stream showing by
hyporheic flow within the streambecl.

At an intermediate spatial scale (meander-bend
scale) hyporheic flow is driven by the development of
mid-channel bars and meander bends (Wroblicky and
others 1994) and by the presence of side channels,
backwaters, and abandoned channels (Stanford and
others 1994, Poole 2000}, Water enters the upstream
end of a gravel or sand bar, flows through the under-
lying alluvium, and reemerges into the stream at the
downstream end. Similarly, hyporheic water follows
preferential flow pathways underneath abandoned
channels or flood channels and reemerges in backwa-
ters and side channels or as springbrooks on the flood-
plain (Stanford and Ward 1992). Stream sinuosity and
the presence of geomorphic features such as side chan-
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Table 3, Relative influence of stream characteristics on temparature in small, medium, and large straams
Stream characteristics

Stream Riparian Stream Phreatic Hyporheic

Order shade discharge Tributaries groundwater groundwater

1-2 High Low Moderate High Low=Mod
Riparian shade and lateral phreatic groundwater inputs provide thermal stability, Lateral tributaries can
frequently affect overall stream temperature. Large wood stores sediments and creates sireambed
complexity, driving hyporheic flow, (However, hyporheic influence is high and shade moderate in alpine
meadow systems.)

3-4 Moderate Moderate High Moderate Mod-High
Temperature of lateral tributaries has sirong influence on stream temperature. Effects of riparian shade
modest. Thermal inertia due to larger flows becomes more important. Where floodplains form, channels
patterns become more complex, and alluvial aquilers are well developed. hyporheic influence can be
high. Large wood creates habitat complexity and forms channelspanning jams that may provide
significant shade to the stream.

g Loaw High Low=Mod Low-Mod Mod=High

Complex floodplain morphology creates a diversity of surface and subsurface How pathways with
differential downstream flow rates allowing for stratification, storage, insulation, and remixing of waters
with differential temperatures. The resulting mosaic of surface and subsurface water temperatures
continually remix to buffer channel temperature and create thermal diversity, The thermal inertia of
large water volumes allows the stream 1o resist changes in temperature, Where side channels exist, shade

from vegetation can be important

nels, flood channels, and backwaters are critical influ-
ences on the magnitude of hyporheic flow at the me-
ander-bend scale. Hyporheic flowpath duration at this
scale may be anywhere from days to hundreds of days in
duration,

At the coarsest scale (floodplain scale) water tends
to enter the alluvial aquifer at the upstream end of
foadplains, flow laterally through the alluvial aquifer,
and reemerge at the lower end of the floodplain (Stan-
ford and Ward 1993). Valley morphology and sediment
characteristics are the primary drivers of hyporheic flow
at this scale. Where river morphology alternates be-
tween reaches confined by bedrock and those with
well-developed floodplains, floodplain-scale hyporheic
flow is apt to be common. Hyporheic flow duration at
the floodplain scale may be on the order of hundreds
to thousands of days. At this scale, however, the distinec-
tion between hyporheic flow and caichment aquifer
recharge from the stream is blurred. Floodplain seale
hyporheic flow arguably might be better conceptual-
ized as “classic” phreatic aquifer recharge/discharge
dynamics depending on the duration and magnitude of
the flow dynamics.

Thermal diversity in the alluvial aquifer is deter
mined by alluvial aquifer structure, stream channel
morphology (Evans and others 1995, Evans and Petts
1997, Stanford and others 1994, White and others
1987}, and seasonal variations in stream discharge that
drive floodwater storage and release in the alluvial aqui-
fer (Creuzé des Chitelliers and others 1994, Hendricks
and White 1995, Marti and others 2000, Morrice and

others 1997, Wroblicky and others 1998). In sireams
where flood spates occur during winter and spring
months, the highest aquifer recharge period occurs
while the stream channel is coldest. In these sysiems,
hyporheic exchange and floodplain storage of floodwa-
ters may be an especially effective buffer against stream
channel warming because the aquifer is recharged pre-
dominantly with cold water., This cold water is dis-
charged to the stream during basefllow periods when
the highest stream temperatures are apt to occur,
Where hyporheic flow pathways are of short duration
{perhaps ~100 days or less) and spatially distinct from
the phreatic groundwater flow network, hyporheic wa-
ter temperatures can retain much of their original ther-
mal signature before reemerging into the stream, In
these instances, the alluvial aquifer integrates daily and
annual changes in channel water temperature, render-
ing hyporheic flow as an effective stream temperature
buffer (Pringle and Triska 2000). Where hyporheic
flow pathways are long in duration or integrated with
phreatic flow networks, hyporheic flow may be better
viewed as a cooling effect like phreatic groundwater. In
either case, however, hyporheic exchange results in a
horizontal and vertical mosaic of groundwater temper-
ature across the alluvial agquifer that can ameliorate
extremes in water lemperature.

FPathways of Human Influence

The physical structure of siream channels, riparian
zones, and alluvial aquifers changes along the contin-
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uurm from headwaters to river mouth (Creuzé des Chie
elliers and others 1994, Naiman and others 1992, Van-
note and others 1980}). As stream structure changes, the
processes that drive and mediate stream temperature
vary in their relative importance (Table 3). Generally
speaking, as streams become larger, insulating pro-
cesses become less effective and buffering processes
{which are driven by stream morphology) become
more important,

Ower time, humans have substantively altered the
structure of stream systems and the physical context
through which streams flow. It is sometmes difficult to
imagine the complex historical structure of streams
based on an examination of their current state (Sedell
and Froggatt 1984, Triska 1984). A conceptual under-
standing of the processes and structures that influence
stream temperature in unaltered systems can provide a
tramework from which to understand the breadith of
human activities that may influence stream tempera-
ture. Several key conclusions can be drawn by under-
standing how drivers, physical siream characteristics,
and resulting insulating and buffering processes influ-
ence channel temperature:

1. Human activities that alter the ecological drivers of
stream temperature can alfect water temperature
in stream channels by changing the timing or mag-
nitude of the amount of heat energy delivered o
the channel (heat load) or the amount of water
delivered to the channel (flow regime).
The dominant mechanism controlling water tem-
perature differs among stream systems with differ-
ent structural characteristics (e.g., low- vs mid- vs
high-order; constrained vs unconstrained; forested
vs nonforested). Therefore, streams with different
structural characteristics will differ in their sensitiv-
ity to specific human activities that alter ecological
drivers and/or stream system structure,

3. The physical structure of streams influences how
water temperature in a stream channel will respond
to a given heat load and flow regime. Changing the
physical structure of a stream system has the poten-
tial to influence both the heat load o the channel
and the stream’s ability to withstand a given heat
load without substantive increase in channel water
temperature (i.e., the stream's assimilative capacity
for heat).

(L]

Dams, water withdrawals, channel engineering (e.g.,
straightening, bank hardening, diking, etc.), and the
removal of vegetation (upland or riparian) alter the
drivers of stream temperature, the structure of stream
systems, or both. Therefore, they are all potential mech-
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anisms by which human activities can influence stream
temperature. Table 4 provides a summary of many of
these impacts along with their operative mechanisms;
Figure 4 is a schematic representation of the web of
pathways by which temperature may be increased dur-
ing warm periods of the year.

Cams

Dams directly affect downstream temperature de-
pending uwpon their specific mechanism of water re-
lease (top or bottom release). When considering
stream temperature alone, dams can be operated to
provide desirable stream temperature regimes directly
downstream (e.g., through selective withdrawal of water
from varying reservoir depths) (Stanford and Hauer
1992). However, from a broader perspective, other eco-
logically deleterious impacts from flow regulation
(Ward and Stanford 1995), including effects on tem-
perature insulating and buffering processes, may not be
5o casily addressed.

Especially in the western United States, dams often
store spring and summer flows for use in irrgation,
recreation, and to generate hydropower during periods
of peak electrical demand. In basins where water rights
are overallocated, there is a tendency for dams 1o he
opcrated such that summertime flows below dams are
severely restricted. Large reductions in flow (sometimes
to the point of river stagnation) affect water tempera-
ture by reducing or virtually eliminating the stream's
assimilative capacity for heat.

Flow regulation also reduces the magnitude of hy-
porheic flow. For hyporheic flow {o act as a tempera-
ture buffer, differential storage of heat and water over
time must occur, Differential heat and water storage are
driven by variation in stream temperature and flow,
Since flow regulation dampens variation in both flow
and temperature, the potential for hyporheic exchange
to act as a temperature buffer is reduced by flow regu-
lation (Ward and Stanford 1995). Dams also affect
hyporheic flow by altering the downstream morphology
of the channel and geomorphology of the alluvial agui-
fer. The downstream flux of sediment along the river
continuum is disrupted, resulting in downeutting, bed
armoring, and, when combined with reduced peak
flows, channel stabilization. [(Church 1995, Simons
1979). The lack of channel migration and avulsion
disrupts fluvial processes eritical to creating and main-
taining heterogencous channel patterns (Stanford and
athers 1996, Ward and Stanford 1995) and alluvial
aquifer structure {Creuzé des Chatelliers and others
1994} that drive hyporheic flow at the streambed and
meander-bend scales,

Finally, dams are often built at constrictions in rivers
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Table 4.

Mechanism and influences of human Influence on channel water temperature

Process/implication

Influence and mechanizm

Reduced phreatic groundwater discharge results in
reduced assimilative capacity

Reduced stream and tributary flow during low-flow periods
reduces assimilative capacity

Simplified alluvial system structure reduces assimilative
capacity by reducing hyporheic flow,

Simplified channel morphology reduces hyporheic flow
thereby reducing assimilative capacity; wider,
consolidated channels are less easily shaded and have
greater surface area leading to increased heat load

Reduced riparian vegetation reduces shade and increases
heat load,

Removal of upland vegetation decreases infiltration of
groundwater on hillslopes and reduces baseflow in
streams, Pumping wells for irrigation or municipal
water sources can reduce baseflow in nearby streams
and rivers,

Water withdrawals reduce baseflow and draw down the
watertable in the allwial aquifer. Dams alter the flow
regime of a river. Removal of upland vegetation results
in flashy stream flow. Dikes and levies confine fows
that would otherwise interact with the floodplain and
recharge the alluvial aguifer,

Dams reduce peak flows, preventing rejuvenation of
alluvial aquifer structure. Removal of upland vegetation
increases [ine sediment load which clogs gravels and
reduces hyporheic exchange. Dikes and levies confine
peak Hows which eliminates Aoodplain inundation and
rejuvenation of alluvial aquifer structure; channeliza-
tion severs subsurface flow pathways. Riparian
management may remove large woody debris (and is
sources) that contributes to streambed complexity.

Removal of upland vegetation increases peak stream
power and/or increases sediment volumes altering the
interaction between water and sediment regimes and
changing channel morphology. Dams remove peak
flows that maintain channel morphology. Dikes and
levies confine flood flows that maintain channel
morphology and decrease subsurface floodwater siorage
and, therefore, reduce groundwater discharge during
baseflow periods. Riparian management may remove
large woody debris (and its sources) that contributed to
streambed complexity.

Riparian management may reduce shade to the channel
and may reduce the amount of air trapped by the
vegetation, increasing convective and advective heat
transfer from the atmosphere to the riparian zone and
stream surface,

just below large alluvial floodplains to maximize the
reservoir storage capacity while minimizing the physical
size of the dam. Therefore, dams tend to inundate
alluvial river segments where hyporheic buffering is
mast prevalent, thereby reducing the stream's assimila-
tive capacity for heat (Coutant 1999},

Water Withdrawals

Water withdrawals reduce in-stream flow and there-
fore also reduce the assimilative capacity of streams.
Although some of this water is eventually returned to
the stream, the fraction is typically low. Solley and
others (1993) estimated that only approximately one
third of the water withdrawn in the Pacific Northwest
was returned to lakes and streams (as cited in National
Research Council 1996}, Additionally, water returned
to the river after withdrawal is often at a markedly
different temperature than it was when withdrawn,

thereby affecting the heat load to the stream. The water
withdrawals are rypically used for industry, municipal
water supplies, and agriculture. Regulations may some-
times require that the temperature of industrial and
municipal effluent he restored before discharging to
the stream, but the fate of water withdrawn for agricul-
ture is less certain. Water from agricultural withdrawals
that is not transpired or evaporated will eventually re-
turn to the stream. After application, this water some-
times percolates into the phreatic flow network and
returns to the stream as groundwater discharge. Al-
though there is the theoretical potential for irrigation
to moderate stream temperature by increasing phreatic
groundwater inputs to the stream, in practice the im-
pact of the initial reduction in stream flow is not likely
to be overcome by returning a small fraction of that
water through phreatic flow pathways.

Drain tiles are commonly installed in agricultural
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ficlds to remove excess water from the soil after irriga-
tion. Water flowing out of these drain tiles usually
enters a network of artificial ditches, which deliver the
mter back to the stream. The temperature of these
returns can differ substandally from stream tempera-
tures, further exacerbating the temperature affects of
agricultural withdrawals (National Research Council
1996).

Major withdrawals from wells penetrating the
phreatic groundwater network feeding a stream may
reduce flows in a stream channel (Bouwer and Mad-
dock 1997, Glennon 1995, Pringle and Triska 2000,
Wilber and others 1996). Additionally, withdrawals
via wells can draw hyporheic water away from the
stream and into the phreatic groundwater system
{Hibbs and Sharp 1992). Therefore, a substantial
influence on water temperature may precede marked
reductions in surface flows due to changes in the
groundwater flow within the alluvial aquifer and
changes in net water exchange between the hypo-
rheic zone and phreatic groundwater system (Long
and Nestler 1996). In this case, the buffering capacity
of the hyporheic flow network may be substantially
reduced because hyporheic water would not be re-
turned to the stream channel to moderate channel-
water temperature.

Asgimilanve

capacity

Channel Water Temperature |

Channel Engineering

Straightening, diking, dredging, snagging (removal
of large wood), and rip-rapping of channels are all
undertaken in an effort to prevent lateral movement of
stream channels and increase channel efficiency. These
activities focus the erosive energy of soreams toward the
middle of the channel, encouraging downcutting (Na-
tional Research Council 1996), and uldmately decreas-
ing the interaction of stream channels with their flood-
plain in all but extreme flood events. This loss of
ecological connectivity between the channel and flood-
plain can occur through many mechanisms, First, since
engineered channels carry water more efficiently, both
the amount of time floodwaters spend on the flood-
plain and the surface area inundated is reduced during
average annual high-flow events. This action reduces
the opporwnity for floodwaters to penetrate the allu-
vial aquifer (Steiger and others 1998) and, in turn,
decreases baseflow by reducing groundwater discharge
during the low-flow season. Second, engineered chan-
nels typically lack heterogeneity in channel pattern and
streambed topography (Jurajda 1995), thereby reduc-
ing hyporheic flow. This loss of hyporheic potential can
result, in part, from the removal of large wood from the
channel, eliminating major structural elements respon-
sible for creating channel heterogeneity {Abbe and
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Montgomery 1996, Piegay and Gurnell 1997, Sedell and
Froggatt 1984}, Third, when downcutting occurs, the
streambed is lowered; stream water no longer reaches
the floodplain surface, and existing subsurface prefer-
ential flow pathways can be disconnected from the
stream channel (Wyzga 1993). In a manner similar to
flow regulation below dams, channel modifications
sever linkages between the channel and floodplain
thereby reducing groundwater buffering of stream flow
and temperature (Ward 1998a) and may reduce the
efficacy of streamside shade by concentrating flow in
one large channel rather than a series of smaller par-
allel channels.

Upland Vegetation

Whether the catchment of a stream is urban, for-
ested, rangeland, or agricultural, disturbance of upland
vegetation associated with human activities has the ten-
dency to increase sediment delivery, warm lateral water
inputs, alier the relative amount of surface runoff (and
therefore, peak flows), and alter upland water infiltra-
tion and groundwater recharge (Naiman and others
1992, National Research Council 1996). When consid-
ering stream channel temperature, perhaps the most
pervasive and best studied effect of upland land use is
the change in channel morphology (usually widening
and shallowing of channels) in response to increased
sediment load (Dose and Roper 1994, Knapp and Mat-
thews 1996, Richards and others 1996, Sidle and
Sharma 1996). Wider channels have greater surface
area and are not as easily shaded by riparian vegetation,
thereby facilitating the exchange of heat with the atmo-
sphere. Increasing sediment load can also clog coarse
sireambed gravels with fine sediments (Megahan and
others 1992}, thereby decreasing streambed conductiv-
ity and reducing the exchange of groundwater and
surface water across the streambed (Schalchli 1992),
Depending on basin characteristics and the nature of
the land use, upland land use may augment (Harr and
others 1982, Ziemer and Eeppeler 1990) or reduce
(Burt and Swank 1992, Harr 1980) baseflows, thereby
altering the assimilative capacity and erosive power of
the stream. When stream power is altered, the historical
channel morphology is likely to be disrupted, altering
the physical structure of the stream and therefore the
dynamics of heating, cooling, and temperature buffer-
ing. Where shallow phreatic groundwater systems are
important sources of stream water, removal of vegeta-
tion in the catchment can alter upland groundwater
temperatures, increasing the temperature of water de-
livered to the stream (Hewlett and Fortson 19823,

Riparian Vegetation

Removal or alteration of riparian vegetation can
have important implications for stream temperature
{Beschta and Taylor 1988, Hosteder 1991, Naiman
1992, National Research Council 1996). The primary
mechanism by which riparian vegetation controls tem-
perature is through insulation (i.c., shading the stream
and trapping air next to the stream surface). However,
riparian vegetation removal can also destabilize stream-
banks, thereby facilitating erosion, increasing sediment
loads, and ulimately changing the physical structure of
the stream (Li and others 1994). These actions may
alter the rate of heat exchange with the atmosphere
and restrict hyporheic flow by reducing streambed per-
meability. Loss of riparian vegetation may have major
consequences for inchannel processes for forested
streams since riparian vegetation is the primary source
of large wood to the channel. The size of large wood
{Hauer and others 1999, Ralph and others 1994) and
rate of large wood recruitment determine its influence
on the channel; therefore current land-use practices
such as the selective removal of standing riparian veg-
etation may have important ramilications for channel
morphology {(and therefore channel temperature} over
time.

Documenting Thermal Degradation

Without an understanding of expected patterns of
response, we are more apt to attempt to study and
monitor stream temperatures in the wrong way, at the
wrong location, or at the wrong time. Given a more
comprehensive understanding of stream temperature
dynamics, we can begin to describe the expected re-
sponse of stream temperatures to anthropogenic influ-
ence, Clearly, it is possible for anthropogenic actions to
change the average daily temperature of a stream at any
particular sampling location. However, different mea-
sures (for instance, spatial or temporal variadon in
temperature) may be more sensitive to anthropogenic
influences and therefore may occur long before a mea-
surable change in average stream temperature. Here
we discuss three expected patterns of stream tempera-
ture change that may be ecologically significant, but
could easily fail to be captured by monitoring experi-
ments not designed specifically to detect them: (1)
increased amplitude in diel temperature swings; (2)
loss of spatial temperature variability at the habitat-unit
and stream-segment scales (as defined by Frissell and
oithers 1986); and (3) variable response in stream tem-
perature along the downstream profile,

As is the case with almost any buffer, a reduction in
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buffer efficiency results in larger swings in cyclical re-
sponse patterns within the buffered system. Tempera-
ture is no exception. Anthropogenic reductions in the
efficiency of stream temperature buffers will likely re-
sult in higher maximum and lower minimum daily and
seasonal temperatures in the stream. Monitoring meth-
ods that provide a means of capturing daily maxima
and minima {such as continuous data recording across
days and/or seasons) are necessary to document this
expected change.

Spatial variability in temperature within stream
reaches may provide localized refugia against stream
temperature extremes for fishes and other organisms
{Berman and Quinn 1991, Gibson 1966, Kaya and oth-
ers 1977}, Localized temperature variation is driven by
habitat heterogencity (Cavallo 1997, Hawkins and oth-
ers 1997} and the associated changes in the relative
influence of stream temperature drivers across small
(meters to hundreds of meters) spatial scales. Simplifi-
cation of localized habitat structure (dredging, diking,
bank hardening, etc.) will reduce localized habitat and
therefore temperature variability. Loss of smallscale
refugia will affect an organism’s ability to avoid unde-
sirable temperatures associated with diel temperature
fluctuations, potentially changing good habitat to mar-
ginal, and marginal habitat to unusable. Similarly,
changes in variability along the downstream tempera-
ture profile are likely to affect the spatial variability and
distribution of organisms along the stream (Roper and
others 1994, Theurer and others 1985, Torgersen and
others 1999). If interruption of buffering processes
results in a reduction in thermal stability in stream
segments that act as refugia, habitar quality is apt to be
reduced. Monitoring programs that do not first docu-
ment and then monitor existing thermal variability at
multiple scales will not be able to document changes in
spatal temperature patterns over time. Given aur grow-
ing understanding of the importance of thermal heter-
ogeneity across multiple spatial scales, it scems clear
that monitoring programs may be inadequate if they
cannot capture expected changes in the spatial thermal
variability of streams.

Stream temperatures may respond differently to an-
thropogenic impacis in different parts of the stream,
For instance, where stream temperatures naturally
trend upward along their downstream profile (Sullivan
and Adams 18891), stream temperatures may be domi-
nated by groundwater (or snow melt) temperature in
the stream’s headwaters and by equilibrium tempera-
ture near the stream's mouth (Figure 54). Therefore,
alteration of processes determining heat transfer rates
may not drastically affect stream temperatures at the
top or perhaps even the bottom of the stream, Rather,
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Figure 5. Quantitative depiction of results from a conceptual
model of stream warming. (A) Thinner predisturbance line
derived from data presented by Torgersen and others {1999);
thicker postdisturbance line represents the effects of a hypo-
thetical change in stream structure that resuls in a cumulative
2.5% increase per stream kilometer in the rate at which water
approaches an assumed equilibrium temperatre of 22.5°C.
Zones demarcated by dashed lines show associated habitat
quality of a hypothetical species of concern. (B) Change in
stream temperature resulting from the hypothetical struetural
change. (C) Change in thermal quality of habitat afier the
hypothetical structural change.

the most dramatic (and perhaps most measurable)
change may occur in the middle reaches where the
stream's temperature regime transitions from being
dominated by groundwater temperature to being dom-
inated by atmospheric conditions (Figure 5B). This
could drastically reduce the length of stream that con-
tains usable habitat if the temperature change occurs in
a critical range for stream biota (Figure 5C), even
though the change in temperature at the mouth of the
stream is minimal. In essence, loss of insulating and
buffering processes can reduce the distance that
groundwater temperature dominance extends down-
stream. Similarly, stream temperature drivers may have



