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Meteorological drivers of interannual variation in transparency of mountain lakes
Mark H. Olsona, Janet M. Fischer a, Masaki Hayashib, and Craig E. Williamsonc

aDepartment of Biology, Franklin & Marshall College, Lancaster, Pennsylvania, USA; bDepartment of Geoscience, University of Calgary, Calgary, 
Alberta, Canada; cDepartment of Biology, Miami University, Oxford, Ohio, USA

ABSTRACT
In mountain lakes, water transparency is regulated primarily by materials loaded from the surrounding 
catchment. Consequently, transparency within a lake can vary over time due to meteorological condi
tions that affect hydrologic inputs. Furthermore, lake responses to these inputs may depend on 
catchment characteristics. We examined the relationships between meteorological conditions and 
interannual variation in transparency over thirteen years in a set of four lakes in Yoho National Park, 
British Columbia, Canada. We measured mid-summer transparency as the attenuation coefficient of 
320 nm and collected meteorological data daily with an automatic weather station located near the 
study lakes. Despite their close proximity, lakes varied in the strength of associations between transpar
ency and cumulative precipitation across a range of durations. Specifically, transparency in non-glacially 
fed Lake Hungabee was most strongly correlated with cumulative precipitation in the fifteen days 
preceding sampling, whereas glacially fed Lakes Opabin and Oesa were most strongly affected by 
longer periods of cumulative precipitation. Consequently, there was relatively little temporal synchrony 
in interannual transparency variation among lakes. Our results suggest that both the timing and amount 
of precipitation as well local hydrology must be considered when predicting effects of climate change 
on mountain lake ecosystems even within a single region.
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Introduction

Water transparency plays a key role in structuring lake 
ecosystems through effects on thermal regime, photic 
zone depth, and ultraviolet radiation exposure (reviewed 
in Williamson et al. 2009). The transparency of lakes in 
human-dominated landscapes is often regulated by phy
toplankton blooms caused by nutrient loading from agri
cultural, industrial, and residential sources (Portielje and 
Van der Molen 1999; Bigham Stephens et al. 2015). 
Though seasonal patterns of transparency in lakes with 
minimal human impacts can also be influenced by phy
toplankton (Laurion et al. 2000; Sommaruga and 
Augustin 2006), transparency is determined primarily 
by materials loaded from the surrounding catchment, 
including chromophoric dissolved organic matter 
(CDOM) derived from terrestrial vegetation and sus
pended inorganic particles (Gallegos, Davies-Colley, and 
Gall 2008; Read and Rose 2013; Olson et al. 2018). 
Consequently, transparency can vary among lakes across 
local and regional scales due to differences in catchment 
characteristics, particularly topography, extent and com
position of vegetation coverage, and the presence of 

wetlands (Ankers, Walling, and Smith 2003; Winn et al. 
2009; Lottig et al. 2014).

Within a given system, transparency can also vary 
temporally due to meteorological conditions that affect 
hydrologic inputs (Jassby, Reuter, and Goldman 2011; 
Williamson et al. 2014, 2016; Rose et al. 2017). For 
example, transparency often decreases after rainfall 
events that deliver pulses of CDOM and inorganic par
ticles to a lake (Sadro and Melack 2012; Perga et al. 
2018). Conversely, transparency increases between pre
cipitation events as material inputs decrease, photo
bleaching and bacterial consumption reduce 
absorbance of resident CDOM, and suspended inor
ganic particles gradually settle (Yan et al. 1996; Reche, 
Pace, and Cole 1999; Mosely 2015). At an interannual 
timescale, fluctuations in the frequency and magnitude 
of precipitation events can generate longer-term varia
tion in transparency (Fee et al. 1996; Pace and Cole 2002; 
Gaiser et al. 2009).

Much of our understanding of the temporal dynamics 
in water transparency is based on low-elevation tempe
rate lakes. These lakes are generally characterized by 
highly vegetated catchments and annual hydrological 
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inputs dominated by spring and summer precipitation 
(Kratz et al. 1997; LaBaugh et al. 1997). However, lakes 
in mountainous regions differ from these systems in 
several ways. Catchments of mountain lakes can have 
much lower vegetation coverage and a high proportion 
of talus slopes, moraines, and barren rock (Kamenik 
et al. 2001). In addition, hydrologic inputs to these 
systems are often highest during spring snowmelt and 
decline as the season progresses (Hood, Roy, and 
Hayashi 2006; Parker, Vinebrooke, and Schindler 
2008). Finally, some lakes have glaciers in their catch
ments that can provide significant hydrological inputs to 
lakes in summer when melting rates are highest 
(Leeman and Niessen 1994; Jost et al. 2012). These 
differences may have important implications for tem
poral variation in water transparency of mountain lakes.

In this study, we examined interannual variation in 
water transparency over thirteen years in a set of four 
lakes in the Canadian Rocky Mountains. These lakes 
were in close proximity to one another but differed in 
catchment characteristics, particularly in the extent of 
vegetation coverage and the presence of glaciers, and in 
the relative importance of surface and groundwater 
inputs (Roy and Hayashi 2008). We examined trans
parency of 320 nm because this is an ecologically 
important wavelength (Williamson 1995; Williamson 
et al. 1999) and attenuation rates are highly responsive 
to both CDOM absorbance and turbidity (Rose et al. 
2014). Concurrent daily meteorological data collected 
nearby enabled us to relate variation in transparency 
among years to precipitation and temperature condi
tions over a range of intervals prior to sampling each 
lake. Our objectives were to identify the meteorological 
factors that affected transparency in each lake and to 
determine whether transparency varied synchronously 
among lakes. We expected that transparency in gla
cially fed lakes in a single region would be regulated 
by turbidity inputs following snowmelt and extreme 
events like avalanches and storms. In contrast, we 
expected transparency in the non-glacially fed lake be 
affected by summer rain events that deliver fresh 
CDOM into the lake. Due to these differences in trans
parency regulation, we did not expect to find a high 
level of synchrony in transparency among lakes with 
different catchment types.

Methods

Study sites

Our four study lakes were located in the Lake O’Hara 
region of Yoho National Park, British Columbia, Canada 
(Figure 1). This region is in the Main Range of the Rocky 

Mountains, on the west side of the Continental Divide. 
Mountains in this range are composed of primarily of 
quartzite and quartzose sandstone of the Cambrian Gog 
Group with carbonate rocks at the summit of most of the 
peaks (Price et al. 1980; Lickorish and Simony 1995). 
Lakes Hungabee, Oesa, and Opabin are all alpine head
water lakes (>2,200 m a.s.l.; Table 1) that feed into 
subalpine (2,012 m a.s.l.) Lake O’Hara via surface and 
groundwater inflows. In addition to the three headwater 
lakes in our study, O’Hara is fed by subalpine Mary Lake 
and several small tarns located on the Opabin Plateau. 
The outflow of Lake O’Hara feeds into the Kicking 
Horse River, a tributary of the Columbia River.

Annual precipitation in the study region typically varies 
from 1,100 to 1,500 mm, depending on elevation. Much 
(60–70 percent) of this precipitation comes in the form of 
snow, which falls between mid-September and mid-June. 
Consequently, lake catchments are snow-covered for eight 
months a year and snowmelt typically occurs in late May to 
early July (Hood and Hayashi 2015). The lakes themselves 
are ice-covered from October to June.

Study lakes differed in morphometry and catchment 
characteristics (Table 1). Hungabee was the shallowest 
lake and the only one without a glacier in its catchment. 
Hungabee also had the highest vegetation coverage, con
sisting of alpine meadows and small stands of larch 
(Larix lyallii). Oesa and Opabin both had glaciers in 
their catchments and <5 percent vegetation coverage. 
As the only lake below treeline, O’Hara’s catchment 
included extensive coniferous forest and the glaciers 
that fed Opabin and Oesa.

The hydrology of Opabin, Hungabee, and O’Hara has 
been characterized in previous studies (Hood, Roy, and 
Hayashi 2006; Roy and Hayashi 2008). Briefly, Opabin has 
no permanent surface inflows and is fed predominately by 
groundwater from the moraine below Opabin Glacier 
(Figure 1). Inflows peak during snowmelt and decline 
seasonally, with short-term increases during large precipi
tation events or periods of high temperature that accelerate 
late-lying snowpack and glacier melt. Opabin has no sur
face outlet and outflow occurs only through groundwater. 
Hungabee is fed by surface inflows but also receives con
siderable (30–40 percent of total influx) groundwater 
inflow from a vegetated talus slope on the south side of 
the lake. These flow paths are short, shallow, and thus 
highly responsive to precipitation events. Despite their 
close proximity (Figure 1), Opabin and Hungabee are not 
hydrologically connected. Groundwater inflows are also 
significant in Lake O’Hara, often of similar magnitude as 
surface inflows. Like the other lakes, inflow in O’Hara is 
highest during June snowmelt and declines seasonally 
except for short-term increases associated with precipita
tion events. The hydrology of Oesa has not been 
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characterized, but other than surface runoff it does not 
have surface inflow. Therefore, the water input is likely 
dominated by groundwater inflow from the talus on the 
north side of the lake and the moraine below Oesa glacier.

Transparency measurements

We measured midsummer ultraviolet radiation trans
parency in each lake annually from 2006 to 2018 (trans
parency was not measured in O’Hara in 2011). 
Each year, measurements were taken during a nine-day 

index period between 25 July and 3 August at midday 
(between 10:00 a.m. and 2:00 p.m.) from an inflatable 
boat anchored at or near the deepest part of the lake. We 
quantified transparency using a cosine-corrected sub
mersible ultraviolet–photosynthetically active radiation 
radiometer (Biospherical Instruments Inc., San Diego, 
CA) that was lowered slowly through the water column 
to the bottom or a depth of 20 m. While being lowered, 
the radiometer measured downwelling irradiance at 
320 nm (measured as the midpoint of an 8- to 10-nm- 
wide band encompassing >50 percent peak response 

Figure 1. Topographic map of Lake O’Hara catchment showing study lakes and major land cover characteristics. Land cover delineation 
was based on 2006 aerial photography; current glacial extents are smaller than indicated on the map. Gaps in streams represent 
reaches of subsurface flow.

Table 1. Lake morphometry and catchment characteristics of study lakes. Vegetation coverage was calculated from 2009 land cover 
data with a 30-m resolution from the CSC2000 v database (Center for Topographic Information, Earth Sciences Sector and Natural 
Resources Canada 2009). Glacial coverage was based on the Randolph Glacier Inventory (RGI Consortium 2017).

Lake Elevation (m a.s.l.) Surface area (ha) Maximum depth (m) Catchment size (ha) Vegetation coverage (%) Glacial coverage (%)

Hungabee 2,225 2.4 2.4 45 40.2 0
Oesa 2,285 16.2 39.2 468 3.5 4.3
Opabin 2,266 2.6 10.9 262 4.0 4.7
O’Hara 2,012 34.4 42.0 1592 23.7 2.1
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within the band) and depth at a frequency of approxi
mately 4 Hz. We used the diffuse attenuation coefficient 
(Kd320 in m−1), estimated as the slope of the log-linear 
portion of the irradiance vs. depth regression, to repre
sent transparency for each lake-year sample. R2 values 
for all regressions were >0.95 based on a minimum of 
100 measurements.

To evaluate the suitability of analyzing transparency 
at an interannual scale, we quantified autocorrelation in 
Kd320 at a one-year lag separately for each lake. 
Autocorrelation in annual Kd320 values was low for all 
four study lakes. With a one-year lag, autocorrelation 
coefficients ranged from −0.20 in Hungabee to 0.04 in 
Opabin. Box-Ljung tests for all four lakes were not 
significant (Q < 0.65, p > .40 for all four lakes). 
Therefore, Kd320 values for a given year were indepen
dent of values the following year in all lakes.

Meteorological measurements

Daily measurements of precipitation and mean tem
perature were collected with an automatic weather sta
tion located on the Opabin Plateau approximately 
100 m from the shoreline of Hungabee at 2,230 m a.s.l. 
(Figure 1; He and Hayashi 2019). Air temperature was 
measured each minute using a Vaisala HMP35 sensor 
attached to a tripod base and housed within a solar 
radiation shield to reduce effects of direct sunlight. All 
measurements for a calendar day were included in the 
calculation of a daily mean. A tipping bucket rain gauge 
(Hydrological Services CS700) and a weighing cumula
tive precipitation gauge (Geonor T200B) for quantifying 
solid precipitation were used to measure daily precipita
tion. The tipping bucket gauge was placed on the ground 
away from the weather station tripod and the weighing 
gauge was mounted on a freestanding base equipped 
with a windshield to reduce snow undercatch. Daily 
precipitation totals were reported to the nearest 0.1 mm.

Analyses

To evaluate associations between meteorological condi
tions and measurements of water transparency, we 
divided daily measurements into fifteen-day intervals 
preceding the day a lake was sampled. Following 
Williamson et al. (2014), we calculated cumulative pre
cipitation for each fifteen-day interval and then summed 
consecutive intervals to estimate cumulative precipita
tion for different durations of time prior to sampling. 
We also summed positive degree days (PDD: the sum 
total of daily mean temperatures above 0°C) for the same 
fifteen-day intervals. We were only able to calculate 

cumulative precipitation and PDD up to forty-five days 
prior to sampling each lake in 2018 due to an equipment 
malfunction that prevented daily precipitation and tem
perature measurements from 25 March to 13 June 2018.

Because autocorrelation between Kd320 values among 
years was low (see above), we were justified in correlat
ing annual measures of Kd320 with cumulative precipita
tion and PDD in the 15, 30, 45, 60, 75, 90, 105, 120, and 
135, and 150 days preceding sampling. We did not apply 
Bonferroni corrections when interpreting the ten corre
lation coefficients for each lake in part because correla
tions based on increasing lengths of time are not 
independent of one another. Therefore, our interpreta
tions focused on how correlation coefficients changed 
with increasing duration and what duration was asso
ciated with the strongest correlation.

Temporal synchrony in Kd320 was estimated for each 
pair of lakes using Pearson correlations. We also calcu
lated intraclass correlation coefficients (ri) across all four 
lakes using mean square values calculated in an unrepli
cated analysis of variance with year and lake as main 
effects (Zar 1996). Positive ri values are interpreted as 
with pairwise correlation coefficients, where a value of 
one represents a perfect correlation for all four lakes.

Results

Differences in transparency among lakes

Transparency, as measured by Kd320, varied widely 
among lakes and among years within lakes (Figure 2). 
Hungabee had the highest and most variable Kd320 

(�X � SD: 1.54 ± 0.33 m−1), followed by Opabin 
(0.7 ± 0.27 m−1). Oesa had the lowest mean Kd320 

(0.34 ± 0.21 m−1) over the thirteen-year study period, 
and O’Hara had the lowest interannual variation 
(0.67 ± 0.10 m−1).

Correlations between water transparency and 
meteorological measurements

In non-glacially fed Hungabee, annual Kd320 values were 
positively correlated with cumulative precipitation in 
the 15 days prior to sampling (Figure 3a, Figure 4a; 
r = 0.78, p = .002). This time period started between 10 
and 18 July when precipitation would be in the form of 
rain. However, correlation coefficients decreased in 
magnitude with increasing durations of cumulative pre
cipitation and were not significant for any duration of 
60 days or longer (Figure 3a). In lower elevation O’Hara, 
correlations between Kd320 and cumulative precipitation 
were not significant for any duration (Figure 3a). The 
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strongest correlation was between Kd320 and cumulative 
precipitation in the 120 days preceding sampling but 
was only marginally significant (r = 0.57, p = .065).

The higher elevation glacially fed lakes, Oesa and 
Opabin, exhibited similar patterns of increasingly posi
tive correlations as the duration of cumulative precipita
tion increased (Figure 3b). Correlations were not 
significant for durations of less than 60 days in either 
lake (i.e., periods beginning in late May/early June) 
when precipitation would be rain but became consis
tently significant for durations of 90 days and longer in 
Opabin and 105 days and longer in Oesa. Durations of 
90 days or longer begin in early May when precipitation 
would be in the form of snow. The strongest correlation 
in Opabin was observed for a duration of 105 days prior 
to sampling (Figure 4b; r = 0.77, p = .004) and the 
strongest correlation in Oesa was observed for a 150- 
day duration (Figure 4c; r = 0.84, p = .001). The 

Figure 2. Plot of Kd320 (m
−1) vs. time in the four study lakes over 

thirteen years (2006–2018). Lake O’Hara has no value for 2011.

Figure 3. Correlograms for correlation coefficients between Kd320 (m−1) and cumulative precipitation (mm) for increasing periods of 
time preceding sampling in (a) Lakes Hungabee and O’Hara and (b) Lakes Oesa and Opabin. Correlations were calculated for fifteen-day 
increments of cumulative precipitation. Coefficients above the solid horizontal lines were significant (p < .05).

Figure 4. Scatterplots of Kd320 (m
−1) vs. cumulative precipitation (mm) in (a) Hungabee for the 15 days preceding sampling, (b) Opabin 

for the 105 days preceding sampling, and (c) Oesa for the 150 days preceding sampling. Each scatterplot represents the strongest 
correlation observed in each study lake. No scatterplot is presented for O’Hara because no correlations were significant in this lake.
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significant correlations in Oesa were driven primarily by 
values for 2012 when an avalanche from Abbott Pass on 
the southeast shore of Oesa deposited large quantities of 
mineral debris on the ice surface (Figure 5). If 2012 is 
removed from analyses, correlations with Kd320 are not 
significant for all durations of cumulative precipitation 
(|r| < 0.54, p > .05 for all intervals).

In contrast to precipitation, we observed no signifi
cant correlations between Kd320 and PDD for any dura
tion in any of the four study lakes. All correlations had 
absolute magnitudes <0.50 and p > .10.

Temporal synchrony in transparency

Among lakes, there was relatively little temporal synchrony 
in annual measurements of Kd320. All four lakes were 
simultaneously either above or below their respective thir
teen-year means in only four years. In addition, intraclass 
correlation ri was only 0.23, indicating little synchrony in 
Kd320 across the four lakes over the time series. Pairwise 
correlation coefficients between non-glacially fed 
Hungabee and the glacially fed lakes Oesa, Opabin, and 
O’Hara were 0.04, 0.12, and 0.14, respectively (p > .50 in 
each case). The two high-elevation glacially fed lakes Oesa 
and Opabin were positively correlated (r = 0.61, p = .027), 
although this result became nonsignificant when values for 
2012 were removed from analysis (r = 0.52, p = .078). 
Opabin and O’Hara were also weakly correlated (r = 0.58, 
p = .049), whereas Oesa and O’Hara were not 
(r = 0.27, p = .39).

Discussion

Our results highlight the idiosyncratic nature of relation
ships between meteorological drivers and water transpar
ency in mountain lakes and point to catchment 
characteristics and hydrology as factors that mediate these 
relationships. Despite their close proximity, our four study 
lakes varied in both the timescale and strength of correla
tions between water transparency and meteorological mea
surements. Specifically, transparency in non-glacially fed 
Hungabee was most strongly correlated with cumulative 
precipitation in the fifteen days preceding our mid- 
summer sample, which corresponds to recent precipitation 
in the form of rain. In contrast, transparency in the glacially 
fed lakes at higher elevation (Oesa and Opabin) was most 
strongly correlated with much longer periods of cumulative 
precipitation that would include significant precipitation in 
the form of snow, and O’Hara’s transparency was not 
correlated with precipitation for any time period. 
Consequently, synchrony in transparency was relatively 
low for over the thirteen-year duration of this study. 
Annual measures of UV320 attenuation were positively 
correlated in Lakes Oesa and Opabin, but that pattern 
was largely driven by a single year, 2012). O’Hara was 
weakly correlated with Opabin but not Hungabee or 
Oesa, despite receiving inflows from all three headwater 
lakes, and transparency in Hungabee varied independently 
of the other lakes.

The low synchrony between Hungabee and the other 
study lakes was likely related to differences in the primary 
regulator of transparency. Unlike Opabin, Oesa, and 

Figure 5. Photo of Lake Oesa on 2 July 2012 showing avalanche debris on ice surface below Abbott Pass. Photo was taken by MHO.
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O’Hara, which are regulated by inputs of glacial flour, 
transparency in Hungabee is regulated by CDOM (Olson 
et al. 2018). CDOM, which is derived from terrestrial 
vegetation, absorbs incoming solar radiation as 
a decreasing function of wavelength (Williamson et al. 
1996; Rae et al. 2001). Specific absorbance is highest 
when CDOM is first loaded into lakes and quickly 
decreases due to bacterial uptake and photobleaching 
(Morris and Hargreaves 1997; Osborn et al. 2001). Hence, 
mid-summer transparency in Hungabee would be most 
strongly influenced by recent precipitation, and earlier 
inputs of CDOM would have relatively little effect. This 
pattern is reflected in the decreasing strength of correla
tions between transparency and increasing durations of 
cumulative precipitation.

The influence of late winter and early spring precipita
tion on midsummer transparency can also be affected by 
hydrologic features such as flow path length and hydro
logical residence time (HRT). The short and shallow flow 
paths for hydrologic inputs to Hungabee likely contributed 
to the high responsiveness of the system to recent precipi
tation events. To discern the roles of transparency regula
tion and hydrological features, future studies could 
compare the associations between meteorological condi
tions and measurements of water transparency in a broader 
suite of CDOM-regulated lakes that vary in flow path 
length. Additionally, lakes with shorter HRTs have higher 
export rates of terrestrially derived carbon (Hanson et al. 
2011; Zwart et al. 2017), which would minimize the effect 
of early season precipitation events. However, Hungabee 
was the only lake to be affected by recent precipitation, 
even though nominal HRTs calculated from lake volumes 
and rough estimates of through-flow rates were on the 
order of thirty days for both Hungabee and Opabin. 
Therefore, the effect of HRT on transparency was likely 
much smaller than differences in the primary regulator of 
transparency.

Interannual variation in transparency in Opabin was 
most strongly correlated with cumulative precipitation in 
the 105 days preceding sampling and was also significant 
for longer durations. This window of time extends to mid- 
March and earlier and includes a substantial period of time 
during which precipitation would be in the form of snow. 
On the Opabin Plateau, snow accumulation peaks in early 
May and snowmelt is typically completed by early July with 
the exception of late-lying snowpacks (He and Hayashi 
2019). As snowmelt flows into Opabin via seasonal freshets 
and groundwater inputs, glacial flour would be loaded 
from the surrounding moraine. This glacial flour can 
remain suspended in the epilimnion for extended periods 
of time by overflows above the hypolimnion (Smith 1978; 
Weirich 1986; Chanudet and Filella 2008). Because the 
nominal HRT for Opabin was on the order of thirty days, 

a substantial proportion of this material would likely be 
present at the time of our annual transparency measure
ment. Therefore, our results suggest that snowmelt is an 
important driver of mid-summer transparency in Opabin. 
Conversely, the lack of a correlation with recent precipita
tion suggests that summer rainfall had only minimal influ
ence on transparency. Perga et al. (2018) also found that 
most summer precipitation events did not affect turbidity 
of alpine Lake Muzelle in France. Rather, only storms that 
were preceded by hot and dry spells resulted in significant 
mobilization of glacial flour from land to lake.

An additional factor that could enhance the effect of 
winter precipitation and reduce the effect of recent pre
cipitation on Opabin’s mid-summer transparency is 
groundwater storage. Langston et al. (2011) found that 
the majority of groundwater inflow to Opabin came 
from a deep flow path at the moraine–bedrock bound
ary. Therefore, most of the groundwater was sourced 
from snow and glacier melt and lake level changes in 
response to summer precipitation events were often 
undetectable. Because of this long lag between precipita
tion and groundwater input, winter precipitation and 
subsequent snowmelt play a larger role in summer 
hydrologic inputs that affect turbidity and thus transpar
ency compared to summer precipitation events.

Lake Oesa was similar to Opabin in that transparency 
was most strongly correlated with long windows of 
cumulative precipitation, which suggests that snowmelt 
is the dominant hydrologic force driving transparency. 
However, the significant correlations in Oesa were 
entirely dependent on a single year (2012) when an 
avalanche deposited a large quantity of rock and glacial 
flour on the ice. Avalanches are capable of transporting 
products of glacial abrasion in steep alpine catchments, 
particularly when snow is wet (Moore et al. 2013). In 
2012, 95 mm of precipitation fell in the form of snow on 
June 5–6 when mean air temperatures were just above 0° 
C. This observation, coupled with photographic evi
dence from 2 July (Figure 5), suggests that this late 
season storm triggered a wet snow avalanche that 
entrained the underlying talus slope below Abbott Pass 
(Figure 1). In the other twelve years of our study, Kd320 

values in Oesa were low, stable, and unrelated to any 
duration of cumulative precipitation. The high transpar
ency in this lake reflects minimal inputs of CDOM from 
a catchment that has very little vegetation coverage and 
a small proglacial lake between the lake and Oesa Glacier 
that acts as a settling pond for glacial flour (Olson et al. 
2018). Consequently, inputs of transparency-regulating 
materials in the absence of a large-scale event are likely 
to be low for this lake.

In contrast to the other study lakes, transparency in 
Lake O’Hara was unrelated to any meteorological 
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measure. This lake receives water from multiple sources, 
including the other three study lakes and subalpine 
Mary Lake as well as considerable groundwater inflow. 
Furthermore, the catchment has substantial forest cov
erage as well as the glaciers that feed into Opabin and 
Oesa (Hood, Roy, and Hayashi 2006). Consequently, 
O’Hara receives both CDOM and glacial flour, and this 
combination of transparency-regulating material inputs 
could complicate the relationship between precipitation 
and transparency. For example, fresh CDOM inputs 
from recent rainfall events could obscure the effects of 
spring snowmelt that delivered glacial flour earlier in 
the year and vice versa. The end result may be 
a relatively constant transparency and little effect of 
precipitation, at least at an interannual timescale.

Across the four study lakes, we found that transpar
ency varied in association with precipitation in two lakes 
(Hungabee and Opabin), whereas the other two lakes 
(Oesa and O’Hara) were less responsive. This variation 
among lakes suggests that catchment characteristics may 
influence not only the timing but also the strength of 
precipitation–transparency relations. These relations 
may be stronger in lakes that are directly connected to 
a single source of transparency-regulating materials (i.e., 
terrestrial vegetation in Hungabee and a glacial moraine 
in Opabin). In contrast, lakes that are connected to 
multiple sources of these materials or lakes that are 
connected to catchment sources via lower order lakes 
higher in the landscape (Martin and Sorrano 2006) may 
have only weak relationships between precipitation and 
transparency. For these lakes, a large-scale event such as 
an avalanche or major storm may be necessary to cause 
a change in transparency.

Temperature can potentially affect transparency by 
modifying the timing of snowmelt as well as rates of 
decomposition and thus availability of CDOM 
(Andersson and Nilsson 2001). In our study lakes, how
ever, spring and summer temperatures did not strongly 
influence water transparency. Correlations between 
transparency and PDD were not significant for any 
lake across all time intervals examined. Temperature 
can also affect the timing and amount of glacial melt
water flowing into lakes, which could potentially affect 
turbidity (Xie et al. 2006; Slemmons, Saros, and Simon 
2013). Indeed, Hannes and Sommaruga (2017) reported 
short-term and seasonal increases in turbidity in a set of 
glacially fed lakes that corresponded to changes in tem
perature. Although Opabin and Oesa are both fed by 
glaciers through groundwater inputs, the extent of gla
cial coverage is relatively small in both catchments 
(Table 1). Consequently, stream inflows peak in June 
and early July during snowmelt and then decline in the 
summer (Hood and Hayashi 2015). As a result, stream 

discharge rates in the region are more strongly related to 
total and winter precipitation levels than to temperature 
(He and Hayashi 2019).

Mountain ecosystems are being disproportionately 
affected by climate change (Beniston 2006; Vinebrooke 
et al. 2010; Rogora et al. 2018). Our results suggest that 
altered precipitation regimes have the potential to influ
ence mountain lakes that have strong connections to 
sources of transparency-regulating materials in their 
catchment. Over longer timescales, mountain lakes will 
also be impacted by climate-mediated glacial loss and 
treeline advance. By 2100, few glaciers are predicted to 
remain in the central Rockies ecosystem, with overall 
reductions of total glacier volume projected at 70 percent 
(Clarke et al. 2015). As glaciers ablate, material inputs to 
lakes can shift over time from proglacial clastic sedi
ments to organic matter (Wolfe et al. 2013), with the 
timing of this transition being more abrupt in lakes with 
direct inputs from glacier melt compared to ground
water flow paths through glacial moraines (Sommaruga 
2015). Consequently, the primary regulator of transpar
ency in some mountain lakes will likely switch from 
glacial flour to CDOM (Olson et al. 2018). This change 
may also lead to a shift in the meteorological driver of 
transparency from winter to summer precipitation. 
Consequently, both the timing and amount of precipita
tion must be considered when predicting effects of cli
mate change on mountain lake ecosystems.
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