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Abstract

Natural lakes are generally assumed to stabilize thermal regimes of downstream rivers. This conceptual

model does not account for the potential destabilizing effects that wind has on the surface temperatures of

thermally stratified lakes and, therefore, on thermal regimes of outflowing rivers. We examined the thermal

variation in streams and rivers from 24 watersheds without lakes and 15 draining lakes that varied in surface

area (0.3–101 km2) and thus, their potential exposure to wind. Rivers draining large lakes (> 10 km2 surface

area) had summer thermal regimes with 1.8 times more variation (expressed as the coefficient of variation)

than both rivers draining smaller lakes and watersheds lacking lakes. Statistical decomposition of thermal

regimes revealed that � 3% (range: 1–5%) of the thermal variability in rivers below large lakes was from diel-

scale variation, compared to 31% (14–48%) in streams lacking lakes and 24% (6–34%) in those draining

smaller lakes. Instead, rivers downstream of large lakes had distinct summer thermal regimes characterized by

abrupt cooling events involving drops in temperature of 5–10�C that lasted 1–3 d. These events were gener-

ally synchronous across space and not observed in watersheds without lakes or in watersheds draining small

lakes. Cooling events in rivers were coordinated with high velocity winds that passed thresholds for upwell-

ing of cool hypolimnetic water to lake outlets. Wind driven upwelling may be a common source of thermal

variation in rivers draining large stratified lakes and reservoirs, making them more thermally variable than

previously appreciated. The ecological responses to this thermal instability remain unexplored.

A central challenge for river ecologists is to understand

how the thermal regimes of rivers are controlled by atmos-

pheric, hydrologic, and geomorphic processes at multiple

spatial scales (Caissie 2006). Temperature is fundamental for

organizing ecological processes in ecosystems (Brown et al.

2004), directly modifying a variety of biological processes

such as reproduction, metabolism, and behavior in ectother-

mic aquatic animals (Poole and Berman 2001), and ecosys-

tem processes such as nutrient cycling and primary

production (Allan and Castillo 2007). Thermal variation, like

many physical attributes of rivers, is often hierarchically

controlled by the geomorphic template that filters climate

signals through various physical features along the river con-

tinuum (Vannote et al. 1980; Frissell et al. 1986; Benda et al.

2004). Vannote et al. (1980) provided a conceptual model to

describe how thermal variation in rivers was regulated by

their watershed size (Fig. 1—solid line; also see Ward and

Stanford 1983; Caissie 2006). Short, narrow, and often

shaded headwater streams draining small watersheds should

display less thermal variation relative to larger downstream

rivers. As rivers grow in size, they typically become relatively

shallow and wide, exchanging energy rapidly with ambient

air temperature fluctuations and solar irradiation. Large

higher order rivers are expected to show less diel variation as

they are buffered by more thermal mass (Ross 1963). Still,

empirical data are lacking that describe the various physical

mechanisms producing thermal variation through discontin-

uous river features, such as in river systems that drain

through lakes (Jones 2010). This knowledge gap is likely wid-

ened because rivers and lake systems are often studied sepa-

rately despite their physical connections.

Lakes are common features of river networks in some geo-

graphic regions, (e.g., glaciated and permafrost regions) with

substantial influence on the structure and function of rivers

that drain them (Malmqvist and Rundle 2002; Jones 2010).

Lakes can influence downstream morphology (Arp et al.

2007), water chemistry (Kling et al. 2000), primary produc-

tivity (Stockner et al. 2000), invertebrate communities (Rob-

inson and Minshall 1990), and fish communities (Degerman

and Sers 1994) of rivers that drain them. Many of these eco-

logical dynamics at lake outlets are determined by seasonal
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variation in water temperature that are controlled by lake

circulation, stratification, and mixing (Wetzel 2001; Jones

2010). Conventional wisdom suggests that longer water resi-

dence times in lakes relative to free-flowing rivers allows

source water from lake inflows to warm at the surface during

summer months in lakes that thermally stratify (Wetzel

2001; Marcarelli and Wurtsbaugh 2007). Lakes typically

warm and cool more slowly than streams due to longer resi-

dence times and greater thermal mass of water. Therefore,

streams downstream of lakes outlets are generally thought to

be more buffered from variation in air temperature and solar

radiation, reducing annual and daily amplitude of stream

water temperature fluctuations relative to comparable

streams with no upstream lakes (Wetzel 2001; Jones 2010).

However, there are few empirical examples showing how

river thermal regimes are influenced by upstream lakes (Dor-

ava and Milner 2000; Mellina et al. 2003; Laval et al. 2008;

Fellman et al. 2014). Further, how the size of a lake influen-

ces the thermal variability of lake outlets and associated

downstream rivers remains virtually undescribed.

Most lakes vertically stratify during summer months caus-

ing isolation of cooler hypolimnetic water from entering sur-

face discharge at lake outlets (Wetzel 2001). However, high

velocity winds can push warm surface waters in the direction

of the wind and produce a pronounced tilt in the thermo-

cline along the fetch axis of the lake (Wedderburn 1912;

Wetzel 2001). At the point the wind subsides, the thermo-

cline will move back toward equilibrium, forming an inter-

nal seiche—an oscillation in the tilt of the thermocline

lasting for hours to several days depending on the length of

the lake basin and the density difference between surface

water and the hypolimnion (Monismith 1986; Wetzel 2001).

After particularly large winds, the initial oscillation of the

thermocline may even allow deep cool water to reach the

surface of lake via “upwelling.” If such upwelling occurs at

river outlets, cold water would be transported to downstream

rivers. Upwelling is known to generate abrupt temperature

declines by as much as 10�C at lake outlets in as little as an

hour and remain cool for several hours to days (Stevens and

Lawrence 1997; Laval et al. 2008). Although the mechanisms

behind upwelling and internal seiches in lakes are well

understood, their effects on water temperature at lake outlets

are not incorporated into models of thermal regimes of river

networks (Caissie 2006).

Here, we studied the thermal regimes of streams and riv-

ers in southwest Alaska to evaluate how lakes affect the vari-

ability in thermal regimes of their outlets. We hypothesized

that large lakes are particularly susceptible to wind-driven

upwelling of hypolimnetic water, thereby destabilizing the

thermal regimes of downstream rivers. We expect that rivers

draining large lakes express more thermal variation than riv-

ers without upstream lakes (Fig. 1, dashed line). To test this

conceptual model, we examined the variation of thermal

regimes among a series of streams and rivers with and

without lakes. Specifically, we tested whether temperature

changes in streams are linked with wind driven events that

cause the surface and thermocline of the lakes to upwell

across the region.

Methods

Study site

This study was conducted in southwestern Alaska in three

neighboring basins of the Wood, upper Nushugak, and

Togiak rivers, which all drain south into Bristol Bay (Fig. 2).

These river basins and the surrounding region consist of sev-

eral large, deep, oligotrophic lakes which are fed by numer-

ous tributaries and connected by short rivers. Each of these

rivers has distinct geomorphic features and drains lakes

among which there is also substantial variation in their

bathymetry, orientation, and surface area. Lakes within these

drainages annually stratify within weeks after the lake sur-

face is free of ice in the spring, typically the last week of

May to the first week in June (Schindler et al. 2005). We

monitored summer water temperatures in the mouth of trib-

utary streams and larger main stem rivers of 24 watersheds

lacking lakes and 15 watersheds draining lakes with surface

areas that ranged from 0.3 km2 to 202 km2 and watershed

areas from 1.1 km2 to 1043 km2 (Fig. 2). For the largest lake

(Lake Nerka) we only considered half of the total lake area

(101 km2), because of the distinct articulation between the

upper and lower basins and the outflowing river leaves the

lake near the end of the south arm. Location, physical

Fig. 1. Conceptual diagram showing the proposed relationship

between stream temperature variability and watershed size or stream
order. Solid line indicates the conventional relationship (Vannote et al.

1980; Ward and Stanford 1983; Caissie 2006), which does not include
the effects of upstream lakes. Dashed line is the proposed alternative
relationship for watersheds containing large lakes that are the water

source for downstream rivers. Increased variability at large watershed
sizes would result from wind-driven upwelling in source lakes.
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characteristics, and thermal attributes for each stream have

been included in Table 1.

The majority of stream thermal regimes were monitored

with iButtonVR temperature recorders (Maxim Integrated

Products) programmed to log at hourly intervals (0.125�C to

0.5�C resolution) between early June and early September.

Temperature loggers were placed above the streambed by

attaching them to steel rebar and tied to features along the

river bank or fixed to the river bottom. In the Nushugak

drainage, we used publicly available river temperature data

from USGS stage gage located on the Allen River below Lake

Chikuminuk (http://waterdata.usgs.gov, Sta. 15301500). In

the Togiak drainage, we used hourly stage gage loggers main-

tained by the US Fish and Wildlife Service in the Togiak

National Wildlife Refuge. Vertical temperature profiles of the

lakes were monitored continuously with iButtonVR tempera-

ture recorders and Hobo ProV2 (Onset Computer Corp.) sus-

pended from the lake surface at 1 m, 3 m, 10 m, 15 m, and

30 m on Lake Beverley, Lake Nerka, Lake Aleknagik, and Lit-

tle Togiak Lake in � 50 m of water near the lake end (Fig. 2).

All loggers were cross-calibrated before the start and at the

end of the study and crossed checked with ambient readings

in the field. Vertical temperature profiles using a sonde

(Yellow Springs Instruments, YSI, model 600LS) every ten days

from 10 June to 10 September on Lake Aleknagik, Lake Nerka,

and Little Togiak Lake and opportunistically on Lake Beverley.

Local weather was monitored by measuring wind speed and

direction and rainfall. Meteorological measurements were

made at a weather station on a small island on Lake Nerka with

a Hobo micro weather station (Onset Computer Corp.) and

compared with a nearby coastal airport weather station in Dil-

lingham Alaska (National Oceanic and Atmospheric Adminis-

tration weather Sta. PADL) at the base of the Wood River.

Data analyses

We used the coefficient of variation (CV; standard devia-

tion relative to the mean) to compare how stream thermal

variation corresponded with its watershed area in watersheds

with and without lakes at both hourly and daily averaged

time steps from 30 June 2012 to 09 September 2012. Using

least squares regression, we tested the hypothesis that the

variation in summer water temperature is associated with

watershed area, but that the strength and sign of this rela-

tionship is different in watersheds with and without lakes.

The conventional expectation would be that larger lakes

buffer diel thermal variation (Wetzel 2001; Jones 2010).

Fig. 2. (A) Map of study region in Alaska and (B) locations of data water temperature loggers in the Togiak and Upper Nushugak drainage. (C)
Enlarged version of the Wood River (WR) drainage. Position of water temperature loggers on streams draining lakes (circles), streams without lakes (tri-

angles), and position of water temperature arrays (plus sign) on Little Togiak Lake (LTL), Lake Beverley, and Lake Aleknagik.
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However, we propose that thermal variation expressed at

daily time scales is higher in rivers draining large, deep lakes

reflecting the episodic disturbances of wind events on ther-

mal structure in lakes.

We used time-series decomposition to quantify how diel

cyclic variation contributed to the total variation in the

thermal regime compared to longer modes of variation. By

“diel cyclic variation,” we are referring to the daily cycle in

temperature that is expressed in hourly scale data. We sepa-

rated these high frequency diel signals from the complete

temperature time-series using seasonal and trend decomposi-

tion based on the Loess procedure (STL, Cleveland et al.

1990). STL is an iterative nonparametric filtering procedure

that decomposes time-series into three main components: a

Table 1. Locations of stream temperature loggers, the upstream watershed area (km2) upstream lake area (km2) and summer time
thermal characteristics expressed as the average summer temperature, the CV (standard deviation 3 mean21) at the daily time step
and the CV the hourly time step.

Stream Latitude Longitude

Watershed

area (km2)

Lake

area (km2)

Average

temp. (�C)

Daily

CV

Hourly

CV

Agulowak 59.409 2158.910 1043 101.0 9.29 0.18 0.19

Agulukpak 59.576 2158.532 580 90.2 9.32 0.26 0.27

Snake 59.148 2158.889 274 79.9 10.07 0.20 0.22

Allen 60.160 2158.747 896 94.6 6.13 0.25 0.26

Togiak 59.530 2159.710 518 38.8 8.46 0.22 0.24

Wind 59.754 2158.890 427 47.0 10.46 0.17 0.16

Wood 59.270 2158.581 632 87.8 9.53 0.19 0.19

LTR 59.560 2159.080 81 8.1 10.06 0.16 0.17

Gechiak 59.370 2160.350 86 4.8 12.19 0.12 0.13

Grant 59.787 2158.714 124 7.7 10.48 0.10 0.14

Lynx 59.494 2158.896 26 1.6 13.06 0.08 0.10

Peace 59.754 2158.890 38 1.8 10.72 0.15 0.15

Hidden 59.540 2158.767 8.3 0.3 10.56 0.08 0.14

N. Bear 59.470 2158.664 11 1.5 11.29 0.12 0.16

Moose 59.639 2158.584 93 3.6 10.86 0.13 0.16

Allah 59.430 2158.659 10 — 5.90 0.16 0.19

K3 59.797 2158.946 19 — 5.77 0.13 0.16

Cold Trib. 59.500 2158.901 18 — 5.63 0.10 0.15

Sam 59.589 2158.895 10 — 7.28 0.15 0.19

Sixth 59.577 2158.923 1.3 — 6.50 0.08 0.12

Seventh 59.580 2158.914 2.0 — 6.88 0.10 0.15

Ice 59.332 2158.814 94 — 9.03 0.10 0.17

Rainbow 59.665 2159.157 66 — 4.78 0.13 0.16

Uno 59.691 2158.755 18 — 5.53 0.10 0.16

Fenno 59.422 2158.811 38 — 8.23 0.11 0.14

Cabin 59.596 2158.847 4.9 — 5.62 0.16 0.21

Berm 59.599 2158.814 2.2 — 5.86 0.10 0.19

A 59.577 2159.131 1.1 — 3.52 0.10 0.13

C 59.582 2159.154 1.9 — 3.83 0.12 0.15

Mission 59.275 2158.600 3.5 — 4.58 0.10 0.14

Yako 59.275 2158.708 14 — 6.22 0.08 0.16

Pick 59.550 2159.064 20 — 5.82 0.11 0.25

Pike 59.443 2158.588 56 — 9.67 0.11 0.18

Bear 59.296 2158.778 14 — 6.53 0.09 0.16

Youth 59.432 2159.014 79 — 7.02 0.15 0.24

Sunshine 59.459 2159.049 160 — 6.75 0.16 0.19

Kulukak 59.040 2159.780 1010 — 8.90 0.13 0.16

Osviak 58.880 2161.190 639 — 9.89 0.15 0.17

Weary 59.220 2159.130 412 — 8.66 0.13 0.18
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low frequency trend (super-daily), diel cyclic variation (sub-

daily), and a remainder component. We then calculated the

proportion of variance of the original time series (r2) explained

by the trend, diel, and remainder components. The compiled

component variances from all 24 streams were then regressed

against watershed area and lake area to test the hypothesis that

less diel variation is observed in streams draining larger water-

sheds, and that the variance in rivers draining large lakes is

dominated by low-frequency “trend” variation over finer-scale

diel variation that dominates in small streams or rivers without

upstream lakes. Time series decomposition was conducted with

the STL function in R (R Development Core Team 2011).

As a final analysis, we examined three river thermal

regimes below large lakes to understand if their unique

regimes are linked to wind-driven upwelling events and

thus, providing a mechanism to explain the unique variation

observed in thermal regimes in downstream rivers. Potential

upwelling events during stratification are traditionally

described using the parameter W, the Wedderburn number

(Monismith 1986; Stevens and Lawrence 1997; Laval et al.

2008). W is a dimensionless number defined as:

W 5
g
0
h2

1

u2
�L

Here, h1 is the surface layer depth, u* is the shear velocity

induced by wind, L is the length of the basin or lake fetch,

the reduced gravity is g0 5 g(q1 2 q2) q2 1
2 due to difference

in water density of warmer surface and cooler lower layers

(Thompson and Imberger 1980). Wind speed (m s21) was fil-

tered with a simple moving average with a temporal window

spanning one quarter of the internal seiche period; equa-

tions for the seiche period (T1) and shear wind velocity (u*)

are described by Stevens and Lawrence (1997). W does not

take into account the geometry or bathymetry of the lake or

wind direction. For values of W < 1, there is a high probabil-

ity that the thermocline will tilt sufficiently to allow upwell-

ing of hypolimnetic or metalimnetic water to the surface of

the lake. The Wedderburn number provides a scale for the

magnitude of seiching expected from surface winds rather

than an exact estimate of thermocline displacement (Shin-

tani et al. 2010). We calculated W for Little Togiak Lake,

Lake Aleknagik, and Lake Beverley during periods when we

expected upwelling to occur given our continuous record of

the lakes’ surface and hypolimnetic temperatures. All three

lakes of the study lakes generally parallel one another with

the dominant fetch running Northwest–Southeast and the

outlet on the southeast end of the lakes (Fig. 2).

Results

Stream and river temperatures varied substantially among

sites and through time, ranging between 2.8�C and 18.1�C

from 30 June 2012 to 09 September 2012 (Fig. 3). Visually,

Fig. 3. Examples of the variation in water temperature regimes from 16 of 39 study streams and rivers. Solid line indicates the daily average temperature, while
gray points indicate hourly temperatures. (A) rivers draining large lakes (watershed area 270–1070 km2); (B) rivers from large lake-less basins (93–1010 km2);

(C) streams draining medium and small lakes with watershed areas (8.5–85 km2), and (D) streams and headwater tributaries lacking lakes (1.1–20 km2).
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temperature regimes of larger outlet rivers displayed 5–7 dis-

tinct temperature excursions that dropped 5�C to 10�C

within 8–20 h. Often these thermal divergences occurred

synchronously among the larger rivers draining larger lakes

(Fig. 3A) but were not observed in streams draining smaller

lakes or streams without lakes (Fig. 3B-D, a representative

subset of study streams). The Agulukpak River, the outlet

below Lake Beverley, showed average daily temperature

excursions that were � 5�C to 6�C cooler compared to the

daily average at the main lake inlet in the Peace River, a

warm river also fed by a smaller upstream lake (Fig. 4). Small

headwater streams that lacked lakes had the coolest average

summer temperatures that were also generally stable through

time. Among watersheds lacking lakes, average summer

stream temperatures was positively correlated with watershed

size (least squares with log10 watershed area, r2 5 0.52, p <

0.01, Fig. 5). In comparison, watersheds containing lakes

showed the opposite pattern. Streams draining small lakes

displayed some of the warmest average temperatures.

Streams and rivers draining lakes were cooler with increasing

watershed size (least squares regression with log10 watershed

area, r2 5 0.46, p < 0.01, Fig. 5).

Do lakes stabilize thermal regimes of streams and rivers?

Stream thermal variation at the hourly scale (calculated as

the CV) varied by 3 3 (0.09–0.27) among streams, ranging

from the lowest CV below the outlet of Lynx lake (lake area

5 1.6 km2) and highest CV below a larger lake outlet at the

Agulukpak River (Lake Beverley area 5 90.1 km2). Rivers

draining large lakes (> 10 km2 surface area) had summer

thermal regimes with 1.8 3 more variation relative to the

mean than both rivers draining smaller lakes and those lack-

ing lakes. Among lake-less watersheds, we found no signifi-

cant association between watershed area and CV of water

temperature (least squares with log10 watershed area, r2 5

0.01, p > 0.2, Fig. 6A). In comparison, CV was positively asso-

ciated with increasing watershed area in watersheds contain-

ing lakes (least squares with log10 watershed area, r2 5 0.59, p

< 0.01, Fig. 6A). In addition, lake area (km2) was correlated

with CV (least squares, r2 5 0.58, p < 0.01, y 5 0.0009x 1

0.14), against the conventional wisdom that large lakes pro-

vide stable stream temperatures to their outlets.

We also quantified temperature variation expressed at

daily average time intervals. If diel-scale variation is impor-

tant, the CV calculated at the daily time scale should be less

than the CV calculated at the hourly scale. For lake-less

watersheds, the seasonal CV calculated at the daily scale was

on average � 30% lower compared to the seasonal CV at the

hourly scale (Fig. 6B). We found some support for a linear

positive association between log watershed area and CV for

lake-less watersheds at the daily scale (r2 5 0.17, p < 0.05).

Smaller streams draining lakes had � 17% less variation rela-

tive to the mean at the daily scale, indicating that some diel

variation contributed to overall summer thermal variability.

In comparison, watersheds draining large lakes only had a

3% reduction in their CV at the daily scale, suggesting that

diel fluctuations were not important in large lakes and likely

buffered by upstream thermal mass (Fig. 6A vs. B). Again, we

Fig. 4. (A) Hourly water temperatures of the outlet (Agulukpak River—

dark line) and the main inlet (Peace River—thin gray line) of Lake Bever-
ley. (B) Temperature difference between outlet at the Agulukpak River

and inlet of the Peace River. Note that the Peace River also drains a
smaller upstream lake.

Fig. 5. Average summer temperature as a function of watershed size

for streams and rivers draining lakes as open circles and shaded as a
function of their lake area (least squares regression with log10 watershed

area, r2 5 0.46, p < 0.01),. Streams lacking lakes are the open triangles
(r2 5 0.52, p < 0.01, least squares with log10 watershed area).
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found a positive linear relationship between log watershed

area and summer CV at the daily scale (least squares with

log10 watershed area: r2 5 0.63, p < 0.001, Fig. 6B).

Decomposition of thermal regimes with STL was effective

at separating diel cycles from the original temperature time

series (e.g., Fig. 7A). This analysis revealed that diel scale var-

iation explained only 3% (0.01–5%) of the total variation in

rivers below large lakes, confirming that large lakes buffered

diel temperature variation (Fig. 7B). Instead, the trend com-

ponent, that included episodic but large temperature excur-

sions, explained � 94% (90–96%) of total thermal variation

in rivers below large lakes (Fig. 7B). By comparison, diel scale

variation contributed on average 35% (57–14%) of the total

thermal variability in streams without lakes (Fig. 7B) and

16% (2–33%) to those draining smaller lakes with surface

areas less than 10 km2. The trend component explained �
54% (35–80%) of the variation for lake-less watersheds (Fig.

7C). Only 8% (2–16%) of the variation was explained by the

remainder component for all streams and rivers, with more

residual variation associated with headwater tributaries.

Does lake upwelling destabilize temperatures in rivers

below large lakes?

We explored the mechanisms that might explain why riv-

ers below large lakes are the most thermally variable envi-

ronments compared to other drainages even though diel

variation appeared to be buffered by upstream lakes. Here,

we examined thermal variation in the Agulukpak, Little

Togiak, and the Wood River, where lake thermal arrays could

be used to detect periods of lake upwelling and, therefore,

cooling pulses to downstream rivers that characterized the

thermal regimes below larger lakes. We observed several

wind events over the course of the summer (Fig. 8A), with

primarily west to northwesterly winds over the lake surface

(> 4 m s21, Fig. 8B) that were followed by large temperature

swings throughout the water column of each lake (Fig. 8C-E).

For example, on 18 August, heavy winds resulted in an inter-

nal seiche with a period of 3.6 d on Lake Beverley, with tem-

peratures at 30 m of water oscillating between 4�C and 10�C.

Similarly, we observed Lake Aleknagik with a 3.4 d seiche

period and Little Togiak a 1.2 d seiche period. On occasion,

the Wedderburn number was less than one for all three lakes,

indicating that wind events created conditions where upwell-

ing should occur (Fig. 8C-E note figure’s log10W scale). All

three lakes had upwelling conditions (W < 1) in early July

when the epilimnion in each lake was relatively shallow

(7–8 m) and density differences were less distinct between the

surface and hypolimnion.

Temperature conditions at the river outlets were often

linked with surface conditions in the lake during upwelling.

Abrupt drops in temperature occurred for the Agulukpak

River on 29 July, 02 August, 18 August, and 03 September

and these events were associated with periods where W < 1

in Lake Beverley (Fig. 8C). The Wood River did not always

indicate upwelling even on a few occasions when W was < 1

for upstream Lake Aleknagik (e.g., 18 August, Fig. 8D). In

comparison, Little Togiak Lake (lake area 5 8.9 km2), a

much smaller lake than Beverley or Aleknagik, showed stable

river temperatures, supported by conditions where upwelling

was unlikely to occur in August and September (Fig. 8E).

Discussion

We observed that rivers draining large lakes are more

thermally variable than rivers and streams without upstream

lakes. Day to day thermal dynamics in rivers appeared to be

associated with episodic upwelling of cool hypolimnetic

water in large upstream lakes, which episodically destabilize

river thermal regimes. We speculate that upwelling may be a

common source of thermal variation during stratification in

Fig. 6. Summer thermal variation relative to the mean (as CV) of 39 streams as a function of watershed area (km2) at (A) hourly time intervals and

(B) summer CV at daily average time intervals. Streams and rivers draining lakes as open circles and shaded as a function of their size. Streams lacking
lakes are the open triangles.
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temperate river drainages that contain large lakes as part of

the river system. Given the magnitude and frequency of

such thermal variation associated with upwelling events we

postulate that this variation imposes novel but undescribed

perturbations to lotic habitats downstream of large lakes.

Our results contribute to evolving conceptual models

describing how geomorphic characteristics of river basins

translate into variation in water temperatures across land-

scapes. This study confirms much of what is described by

Vannote et al. (1980) for watersheds lacking large lakes.

Headwater streams draining small watersheds displayed less

thermal variation than intermediate sized streams. Large

higher order rivers did appear to show less diel variation rel-

ative to intermediate sized streams, likely as they are buf-

fered by more thermal mass (Ross 1963). However, our

results provide an interesting contrast when considering the

potential effects of lakes on stream temperature regimes. We

found that large lakes are prone to instabilities in their ther-

mal stratification where upwelling of hypolimnetic water

can have effects on the thermal regimes of rivers that drain

them (Fig. 1).

We were limited in the extent to which we were able to

quantify the association between watershed size and thermal

variation in this landscape. The river drainages we sampled

are many times smaller than the watersheds that river ecolo-

gist would consider “large” (e.g., Columbia, Amazon). Yet,

watersheds that we considered large contained lakes that

were 10–101 km2 which represent approximately the upper

0.01% of world lakes. Consequently, this also illustrates that

upwelling events are probably an uncommon phenomenon

in many river drainages that contain only small lakes that

are much less than 1 km2 (Downing et al. 2006). Many of

these temperature recorders were positioned within 2–3 km

of the lake outlet and the lake effect of upwelling is likely

dissipated further downstream (Jones 2010), but was not

quantified here.

Here, we considered lake size as general descriptor of the

sensitivity of lake thermal structure to wind action and,

therefore, the tendency of a lake to upwell deep water to the

river outlet. Other physical features that describe a lake’s

morphology such as lake depth, articulation, bathymetry,

watershed topography, orientation relative to prevailing

wind direction, and outlet position may also produce addi-

tional constraints on the potential for a lake to upwell deep

water to the outlet. Although some of our study lakes varied

in terms of the orientation and outlet position, all the large

lakes > 10 km2 appeared to be susceptible to wind and some

degree of upwelling. We also did not observe repeat upwell-

ing when the lake thermocline seiched; rather, upwelling

occurred only during the initial tilt of the thermocline dur-

ing the maximum wind speeds. It is possible that upwelling

may have occurred on the first deflection of the thermocline

if the outlet was position in the direction of the wind or dur-

ing the initial tilt of the thermocline in the opposite direc-

tion of the wind after the wind subsides.

Wind is known as a potential factor controlling stream

temperatures but often the mechanisms are unclear. Stream

surfaces are positioned low in river valleys and, therefore,

protected from wind by riparian vegetation or high channel

stream banks (Poole and Berman 2001; Caissie 2006). There-

fore, wind is thought to contribute less to the thermal vari-

ability in streams relative to other drivers such as air

temperature, irradiance, and precipitation. Cooler air tem-

peratures, lower light conditions, and precipitation

Fig. 7. (A) Example of seasonal trend decomposition of a temperature

time series in to the diel, trend, and remainder components. (B) “diel,”
and (C) ‘trend’ component contribution to stream thermal regimes.
Streams and rivers draining lakes as open circles and shaded as a func-

tion of their size. Streams lacking lakes are the open triangles.
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associated with low pressure weather likely cooled some of the

streams in the Wood River basin but with only marginal effects

on the surface temperature of lakes. Here, we found that

upstream lakes integrate through diel scale thermal variation

due to their large thermal mass compared to fluctuations found

in nearby shallow streams and rivers without lakes. In addition,

our analyses suggest upwelling of hypolimnetic water to river

outlets following wind events. Taken together, our analyses

suggest that wind events cool rivers through upwelling rather

than via radiative heat loss during inclement weather.

Fig. 8. (A) Hourly wind speed m s21 (gray line) and the daily average (black line). (B) Hourly direction of winds > 4 m s21 (dark points) and < 4 m
s21 (gray points). (C-E) River thermal regimes of the (C) Agulukpak River, (D) Wood River, and (E) Little Togiak River as the dark solid line and each of

their upstream lake temperatures from vertical arrays in each lake. Polygon color corresponds to water temperatures at different depths. White line indi-
cates log10(W) for each upstream lake, where upwelling may be possible during wind events when W < 1, as indicated with white dots above this line.
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To better describe potential upwelling events elsewhere

over a range of lake sizes, we provide a conceptual figure of

the wind speed (m s21) and wind duration (h) necessary to

produce as determined by W 5 1 (Fig. 9). For simplicity, we

assumed that all lakes (fetch length 1 km to 80 km) have a

15-m-deep epilimnion that is 12�C and 4�C hypolimnion.

For contrast with thermal conditions of lakes in warmer tem-

perate climates, we compared wind speed and wind duration

needed for upwelling in lakes characterized by epilimnetic

and hypolimnetic temperatures of 20�C and 8�C, respec-

tively. Notably, much stronger winds (100–200 km h21) are

necessary for upwelling to occur on short one kilometer

lakes compared to lakes with longer fetches. Wind speeds of

12–40 km h21 are necessary to produce conditions where W

5 1 on lakes with fetches > 20 km (Fig. 9). Stronger winds

are necessary for upwelling to occur on warmer temperate

lakes, where density differences between the epilimnion and

hypolimnion are greater. However, the duration of the wind

necessary for upwelling is a function of the seiche period,

which is shorter on smaller lakes and also shorter where

thermal density differences between the epilimnion and

hypolimnion are greater. This theoretical model provides a

simple conceptual tool for understanding under what condi-

tions upwelling may occur over a range of lake sizes.

We speculate that lake upwelling may have important

ecological consequences for lotic communities. At present,

we know of no research that has assessed the ecological

effects of abrupt changes in river temperatures associated

with abrupt wind-driven drops in river temperature. In addi-

tion to destabilizing river thermal regimes, lake upwelling

could also provide rivers with a midsummer pulse of hypo-

limnetic water, rich in nutrients that may benefit primary

producers downstream. Stratified lakes often have large dif-

ferences in nutrients and dissolved oxygen above and below

the thermocline. Nutrient-rich hypolimnetic water has the

potential to support benthic production during upwelling or

mixing events (MacIntyre and Flynn 1999). Alternatively,

larger eutrophic lakes may develop periods of stressful or

lethal oxygen conditions for fish and other aquatic animals

because anoxic conditions can occur in the hypolimnion of

stratified eutrophic lakes. For example, an upwelling event

on a culturally eutrophic lake (Onondada Lake, New York)

produced surface oxygen concentrations < 1 mg L21 at the

lake end, where typically they are 10 mg L21, creating

“rotten egg” smell from upwelling of H2S and juvenile fish

kills (Effler et al. 2004). At this point, we have a limited

understanding of how upwelling dynamics of lakes influence

the community ecology of downstream rivers, but presume

they may be more important than is currently appreciated.

Across southwest Alaska the majority of rivers drainages

contain lakes that are large enough to be susceptible to

upwelling given their size, length, and outlet position near

the end of the lake at the terminal moraine (e.g., lakes

Illiamna, Becharof, Ugashik, Naknek, Nonvianuk, Kukaklek,

and Ualik in addition to those lakes studied here). These

river drainages, in addition to the study rivers, also support

high quality spawning habitat for sockeye salmon (Oncorhyn-

chus nerka) which support a lucrative commercial fishery,

and recreational fisheries for rainbow trout (Oncorhynchus

mykiss) and other resident freshwater fishes. In this study,

the Agulukpak River alone annually supports over 100,000

spawning sockeye salmon in less than 1.3 km of river length

(University of Washington, Alaska Salmon Program, unpubl.

data). In addition, the Agulukpak River receives � 700–1500

angler days per year with each visitor paying several thou-

sand dollars per week of fishing (Dye and Schwanke 2009).

Local sport fishing guides acknowledge that large wind

storms create unfavorable fishing conditions for rainbow

trout for 1–3 d following a storm and they speculate that

poor fishing conditions may be related to stressful condi-

tions induced by rapid fluctuations in river temperatures.

The physiological and ecological basis for these observations

remains unresolved.

Conceptual models of thermal regimes in rivers often

focus on describing changes to seasonal averages and lethal

limits to specific organisms rather than the conditions that

maintain natural thermal variability in streams and rivers.

However, increasing evidence suggests that the temporal var-

iation that is characteristic of natural thermal regimes is

equally important to the health of fluvial ecosystems and

aquatic ectothermic species (Olden and Naiman 2010; Steel

et al. 2012; Vasseur et al. 2014). Our data reveal how lakes as

Fig. 9. Wind speed m s21 and duration of wind expected by the Wed-
derburn number for upwelling to occur (e.g., W 5 1) across a range in
lake fetch (1–80 km). Epilimnetic to hypolimnetic temperatures of 12�C
and 4�C, respectively, (solid lines) represent thermal conditions in this
study region, while 20�C and 8�C represent conditions typical of warmer

freshwater lakes in temperate climates (dashed lines).
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features within landscapes generate thermal variation in riv-

ers through wind action and upwelling, but the effect may

only be characteristic of rivers with larger lakes. Such varia-

tion highlights the unique complexity of river systems with

natural lakes, with perhaps unappreciated ecological

significance.
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