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Abstract Transparency is a fundamental characteristic of aquatic ecosystems and is highly responsive
to changes in climate and land use. The transparency of glacially-fed lakes may be a particularly sensitive
sentinel characteristic of these changes. However, little is known about the relative contributions of glacial
flour versus other factors affecting light attenuation in these lakes. We sampled 18 glacially-fed lakes in Chile,
New Zealand, and the U.S. and Canadian Rocky Mountains to characterize how dissolved absorption, algal
biomass (approximated by chlorophyll a), water, and glacial flour contributed to attenuation of ultraviolet
radiation (UVR) and photosynthetically active radiation (PAR, 400-700 nm). Variation in attenuation across lakes
was related to turbidity, which we used as a proxy for the concentration of glacial flour. Turbidity-specific
diffuse attenuation coefficients increased with decreasing wavelength and distance from glaciers. Regional
differences in turbidity-specific diffuse attenuation coefficients were observed in short UVR wavelengths

(305 and 320 nm) but not at longer UVR wavelengths (380 nm) or PAR. Dissolved absorption coefficients, which
are closely correlated with diffuse attenuation coefficients in most non-glacially-fed lakes, represented only
about one quarter of diffuse attenuation coefficients in study lakes here, whereas glacial flour contributed
about two thirds across UVR and PAR. Understanding the optical characteristics of substances that regulate
light attenuation in glacially-fed lakes will help elucidate the signals that these systems provide of broader
environmental changes and forecast the effects of climate change on these aquatic ecosystems.

1. Introduction

Glaciers are receding globally, with important implications for downstream lakes [Casassa et al., 2009;
Hirabayashi et al., 2010; Slemmons et al., 2013]. Early stages of glacial retreat are typically characterized by
increased discharge of meltwater, while later stages are characterized by lower water yields due to shrinking
upland glaciers [Casassa et al., 2009]. Glacial melting may temporarily increase the release of glacial flour,
nutrients, and dissolved organic carbon (DOC) to downstream lakes [Saros et al., 2010; Stubbins et al., 2012]. In
turn, these changes may affect the transparency of downstream lakes and the organisms that inhabit them
[Hylander et al., 2011; Laspoumaderes et al., 2013; Slemmons et al., 2013]. Complete ablation can amplify the
impact of global warming, shifting lakes from cold and turbid to warm and clear [Vinebrooke et al., 2010].

Because light affects a number of other critical ecosystem processes [Williamson and Rose, 2009, 2010],
identification of the material-specific diffuse attenuation coefficients for dissolved substances,
phytoplankton, and nonalgal particulates (such as glacial flour) is essential to accurately parameterize lake
ecosystem models that link lake physics, chemistry, and biology. Attenuation of incident solar ultraviolet
radiation (UVR, ~290-400 nm) and photosynthetically active radiation (PAR, 400-700 nm) regulates
numerous physical, chemical, and biological processes and characteristics in aquatic ecosystems, including
the depth of the euphotic zone, thermal stratification, and exposure to biologically damaging UVR [Kirk, 1994;
Williamson and Rose, 2009; Read and Rose, 2013]. Attenuation of solar radiation is a result of absorption and
scattering by a range of substances, including chromophoric dissolved organic matter (CDOM),
phytoplankton, and other nonalgal particulates [Kirk, 1994]. Changes in climate, land use, and recovery from
acidification all have the potential to alter light attenuation, thereby making the attenuation of UVR and
PAR sensitive sentinel indicators of environmental change [Williamson et al., 2009]. Glacially-fed lake
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ecosystems may be particularly sensitive to climate change because they are typically located at high
elevations and latitudes where climate change is occurring rapidly [Immerzeel et al., 2010]. However,
compared to non-glacially-fed lakes, little is known about the variation in processes and optical
characteristics of substances regulating UVR and PAR attenuation. Thus, it is difficult to predict the effects of
environmental change on glacially-fed lakes.

Variations in DOC and CDOM have been identified as the primary regulators of variation in diffuse attenuation
coefficients (K,) across a wide range of temperate lakes [Morris et al., 1995; Rose et al., 2009al. In contrast,
glacial particulates (hereafter “glacial flour”) can play an important role in regulating attenuation of both UVR
and PAR in glacially-fed lakes [Modenutti et al., 2000; Rae et al., 2001; Gallegos et al., 2008]. Thus, while these
lakes often have low DOC, they are not necessarily highly transparent [Sommaruga et al., 1999]. Further,
glacial inputs can cause optical heterogeneity within single systems, with higher light attenuation near glacial
inflows [Modenutti et al., 2000; Hylander et al., 2011]. Currently, the degree to which the quantity and
optical qualities of glacial flour vary among sites is unknown due to the lack of comparative studies across
multiple glacial regions. Consequently, we are limited in our ability to predict how changes in glacial
coverage and discharge affect UVR and PAR attenuation.

In order to develop a predictive understanding of the effects of these substances on UVR and PAR
attenuation, we sampled a series of glacially-fed lakes on New Zealand’s South Island, the U.S. and Canadian
Rocky Mountains, and the Chilean Andes. In this study, we hypothesized that the optical characteristics of
attenuating substances in these lakes would be relatively uniform across regions, with glacial flour
contributing a majority of the total diffuse attenuation coefficient. This approach highlights the utility of a
simple model of diffuse attenuation coefficients and the absorption and scattering estimates used to
estimate these coefficients. Our results yield new insights into the relative importance of these substances in
regulating light attenuation in glacially-fed lakes and provide a framework for predicting the effects of
changing glacial flour inputs on transparency in receiving lakes.

2. Description of Sites

We sampled a total of 18 glacially-fed lakes across several major glaciated regions around the world (Table 1).
Seven lakes were on the South Island of New Zealand (Aviemore, Benmore, Ohau, Pukaki, Ruataniwha,
Tekapo, and Waitaki), two in the northern United States Rocky Mountains (Grinnell in Glacier National Park,
Montana and Rainbow in the Absaroka-Beartooth Wilderness, Montana), two in the Chilean Andes (Lo
Encafado and Negra), and seven in the Canadian Rocky Mountains (Amiskwi, Hamilton, Oesa, O'Hara, and
Opabin, Vice President, and Secretary Treasurer).

The New Zealand lakes form a lake chain. Ohau, Tekapo, and Pukaki are at the head of this chain and are fed
by glaciers in Aoraki/Mount Cook National Park. Outflows from all three lakes have been modified by an
extensive hydropower scheme. These three lakes drain into Lake Ruataniwha, a reservoir, before flowing into
the Haldon (north) arm of Lake Benmore, another reservoir. The other arm of Benmore, the Ahuriri (west) arm,
receives input from its catchment in the National Park and a predominantly pastoral landscape to the
southwest. Lake Benmore drains into Lake Aviemore which then drains into Lake Waitaki. The outlet of Lake
Waitaki forms the Waitaki River which flows to the Pacific Ocean. All of these lakes are low in DOC, have
optical characteristics dominated by glacial flour, and are noted for their turquoise color [Vant and Davies-Colley,
1984; Hamilton et al., 2004; Gallegos et al., 2008] with bedrock composed mostly of granite, greywacke,

and metamorphosed schists [Hamilton et al., 2013].

The geology of Absaroka-Beartooth Wilderness, USA, is characterized by slow-weathering bedrock
dominated by Precambrian granite and crystalline metamorphic rock and contains some of the oldest
exposed crust on the North American continent [Slemmons and Saros, 2012]. Glacier National Park has an
unusual geologic setting as a result of the Lewis Overthrust Fault with carbonate-rich sedimentary rocks over
much younger deposits [Slemmons and Saros, 2012]. Study sites in the Canadian Rocky Mountains are located
in the Bow (O'Hara Oesa and Opabin) and President (Amiskwi, Hamilton, Secretary Treasurer, and Vice
President) Ranges. Bow Range bedrock is composed of relatively insoluble quartzite and quartzose
sandstone with some carbonate material present in the talus and moraine debris, whereas relatively soluble
dolomite limestone dominates the bedrock in the President Range [Mudry and Anderson, 1975; Roy and
Hayashi, 2009].
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Table 1. Summary of Glacially-Fed Lake Characteristics®

Lake

K;305 K;320 K380 KyPAR

a3z0 04380 d440

asos

b)

DOC (mgL

Region Chla(ugL™")  Turbidity (NTU)

Longitude

Latitude

0.27
0.60

0.35

0.58
1.24

0.70
1.40

0.05
0.08

0.09
0.13

0.20
0.23

0.28
0.31

03

2.8
8.4
22

Canadian Rockies
Canadian Rockies
Canadian Rockies

—116.6440
—116.5781
—116.3055
—116.3310
—116.3119
—116.5430
—116.5226

51.5924
514553
51.3553
51.3548
51.3409
51.5155
51.5077
—33.6715
—33.6572
—44.6211
—44.5411

Amiskwi

1.05

0.3

Hamilton
Oesa

0.21
0.20
047
1.35
1.07
0.97
0.09
1.16

1.29
2.10
2.28
1.97
1.54
0.96
0.46
0.35

0.31
033
091
3.41
238
2.57
272
3.19
438
494
3.99
3.25
235
0.89
1.12

0.11

0.42
0.70
1.26
487
335
439
0.21
4.82
5.59
6.42
7.87
6.34
5.03
4.23
1.51
2.67

0.49
0.85
144
5.78
3.91
425
0.26
5.84
6.57
7.18
9.48
7.70
6.05
5.10
1.82
3.40

0.02
0.07
0.09
0.07
0.11
0.13
0.03
0.12
0.16
0.08
0.04
0.06
0.05
0.11
0.08
0.31

0.10  0.05
042 0.16
033 0.17
029 0.14
040 0.21
1.04 039
0.10 0.06
065 0.26
099 039
037 0.15
0.12  0.06
021 0.09
0.14  0.07
063 0.25
065 0.23
222 083

0.13
0.57
041
0.38
0.51
135
0.16
0.83
1.25
047
0.16
0.27
0.18
0.80
0.86
2.79

0.4
0.4
0.3
NA
NA
NA
NA
NA
NA
NA

0.2
0.5
0.2
0.5
03
0.7

13
5.0
335
19.8
8.9
0.3
133
15.0
249
45.5
325
236
9.7
43
1.6

1.1
0.9
1.2
15
1.0
1.2

1.9

3

5

1

4
11.8

04

1.3

1.8

2.6

and
and
and
and
and
and
and

U.S. Rockies
U.S. Rockies

New Zea
New Zea
New Zea
New Zea
New Zea
New Zea

Canadian Rockies
Chile
Chile
New Zea

Canadian Rockies
Canadian Rockies
Canadian Rockies

—70.1325
—70.1219
170.3048
170.1896
169.8703
170.2168
170.0628
170.4766
170.4046
—113.7038
—109.6961

—1

—44.2723
—44.1532
—44.2797
—43.9955
—44.6764
48.7656
45.1337

b

Secretary Treasurer
a

Vice President
Lo Encafado

Negra
Ruataniwha

O’'Hara
Opabin
Aviemore
Benmore
Ohau
Pukaki
Tekapo
Waitaki
Grinnell
Rainbow

. Latitude and longitude are in decimal degrees. One percent depths can be calculated by dividing 4.605 by Kg.

Benmore values are an average of five sampled sites.

Units of Kz and ag4 are in m

b

The catchments of Lo Encafiado and
Negra, Chile, are made up primarily of
volcanics (basalt and andesite) covered
by the Echaurren glacier above 3500 m.
Lahar deposits mark recent to modern
interaction between volcanic and glacial
activities. Residual frontal moraines on
the southern shore of Negra as well as
large blocks deposited at the bottom of
the lake are granodiorite and residual
from the original basin basement that
was excavated by glacial erosion.

3. Methods

All lakes were sampled once during
summer in 2009, 2010, or 2012. Each lake
was sampled in one location with the
exception of Benmore which was
sampled in five locations. These five
samples were averaged to present a
single representative observation.
Temperature and light attenuation
measurements for UVR (305, 320, and
380 nm) and PAR were collected using a
Biospherical Instruments Cosine
submersible radiometer. Diffuse
attenuation coefficients (K, unit: m~")
were estimated estimates for each lake’s
irradiance versus depth relationship,
where irradiance at a given depth (E,) is a
function of irradiance at the surface (Ey),
the diffuse attenuation coefficient (K,),
and the depth interval (2) according to
the relationship

E, = Ege K 1M

The domains of the regressions were
constrained to the log-linear portion of
the upper water column, beginning just
below the surface and ending before
irradiance levels reached detection limits
or before a non-log-linear irradiance
versus depth relationship was observed.
All fits between the In-linearized
irradiance versus depth have a least
squares linear regression R*>0.96,

p <0.01, and the mean R? of all
regressions was >0.99. Regressions over
the upper water column constrained K,
estimates to the depth range above the
parent thermocline. Light attenuators
such as CDOM, chlorophyll g, and
turbidity are relatively uniform across

ROSE ET AL.

©2014. American Geophysical Union. All Rights Reserved.



@AGU Journal of Geophysical Research: Biogeosciences  10.1002/2014JG002674

20

J

305 R2: 097 this depth range. It is noted that by constraining
) 4 estimates to this depth range, processes and

@320 R* 0.98 characteristics that occur deeper in the water

15 4 A380 R2 0.99 column (such as the presence of a deep

® 440 R?

chlorophyll maximum) are not considered.

Chlorophyll a concentrations were measured in
all lakes. In North and South American lakes,
chlorophyll a was measured in water collected
from a depth of 2m. In New Zealand lakes, only
surface samples (0.5 m) were collected. Two
samples were collected from each lake. Water
was filtered through preashed Whatman GF/F
filters, and filters were folded, wrapped in foil,
' and frozen until analysis immediately upon
0 250 500 750 1000 returning from the field. For North and South
fDOM (RFU) American lakes, chlorophyll a was extracted
using an acetone-methanol mixture, clarified by
Figure 1. Measurements of fluorescent dissolved organic mat- ~ centrifugation, and corrected for the presence
ter (fDOM) were significantly related to dissolved absorption of phaeopigments following the methods of
coefficients (ag) across 15 lakes, with R? values ranging from Pechar [1987]. In New Zealand lakes chlorophyll a
0.97 t0 0.99 and p < 0.001 for all comparisons. was determined fluorometrically after correcting
for the presence of phaeopigments using the
methods of Arar and Collins [1997]. Both methods use a 90% acetone solution, but Pechar [1987] includes a
brief hot extraction step, and Arar and Collins [1997] use a grinding step. Both steps are designed to improve
extraction yield. Reported concentrations are the average between the two replicate samples, which differed
on average by < 0.1 pgL™" (compared with a mean chlorophyll a concentration of 1.6 uL™"). DOC
concentrations were measured on water filtered through Whatman GF/F filters using a Shimadzu TOC-Vcpy
total organic carbon analyzer. DOC was measured in standard sensitivity mode, subtracting Milli-Q deionized
water blanks (approximately 0.2 mg C L") from standards and samples and calibrating to dilutions of a
certified DOC standard (Aqua Solutions, 50 mgL ™' potassium biphthalate).

[9)]
1

T T T

Dissolved absorption coefficients were measured in all lakes. In North and South American lakes, dissolved
absorbance was measured with three replicate samples collected from a depth of 2 m. Samples were collected,
immediately filtered through Whatman GF/F filters (effective pore size of 0.7 um), and stored in the cold

and dark until analysis. Dissolved absorbance (200-800 nm) was measured using a Shimadzu UV/Visible
UV-1650 PC spectrophotometer. Dissolved absorption coefficients (acpom, Unit: m~ ') were calculated at
305, 320, 380, and 440 nm using absorbance measurements (D) and the path length through the quartz
cuvette (r) after subtracting Milli-Q water blanks and the average of absorbance at 775-800 nm:

acpom = (2.303 x D)/r ()

In New Zealand lakes, dissolved absorption coefficients were estimated from fluorescence dissolved organic
matter (fDOM) profiles collected with a Turner Designs C6 fitted with a fDOM sensor, over the depth

range where there was a log-linear relationship between PAR irradiance and depth (i.e., the same depth range
used to estimate PAR diffuse attenuation coefficients). For example, if we calculated PAR K, using data

from 0.2 to 8 m, then we used the same depth range to calculate turbidity and fDOM. Raw fDOM data were
temperature corrected [Watras et al,, 2011; Downing et al., 2012]. Next, temperature-corrected data were
calibrated to dissolved absorption coefficients using a previously collected in situ calibration data set where
fDOM and water for optical scans 200-800 nm were collected simultaneously in 15 lakes (Figure 1). A strong
linear relationship was observed between fDOM data and dissolved absorption coefficients; wavelength-
dependent coefficients of determination ranged from 0.97 to 0.99 for 305-440 nm. This calibrated relationship
between fDOM and dissolved absorption was used to estimate acpom for 305, 320, 380, and 440 nm.

Profiles of turbidity were taken in all lakes with a Turner Designs C6 fitted with a nephelometric turbidity
sensor. Turbidity measurements were calibrated to a series of standards at 0, 10, and 50 nephelometric
turbidity units (NTU). Based on previous studies, turbidity was not high enough to have interfered with the
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Figure 2. Across all glacially-fed lakes, turbidity, a proxy for glacial flour, was a predictor of K (unit: m™ ) for UVR wavelengths
(305, 320, and 380 nm) and PAR (see Table 2 for statistics). Black triangles represent New Zealand lakes, dark gray circles
Canadian Rockies lakes, black circles U.S. Rockies lakes, and light grey diamonds South American lakes. Dashed lines represent
regressions for New Zealand lakes or Canadian Rockies lakes and the solid line a regression using all lakes.

fDOM measurements [Downing et al., 2012]. Values of turbidity were averaged over the depth range where
there was a log-linear relationship between PAR irradiance and depth.

We used an equation of Kirk [1994] to partition K, into multiple constituent attenuation components:

Kd total = Kd water + Kd coom + Ka algal +Ka nap (3)

where Ky 1otal is the total diffuse attenuation coefficient, K, water is diffuse attenuation coefficient due to pure
water, Ky cpom is the diffuse attenuation coefficient due to dissolved materials, Ky aigai is the diffuse
attenuation coefficient due to algal particulates, and Ky nap is the diffuse attenuation coefficient due to
nonalgal particulates. K, is an apparent optical characteristic, meaning that it is dependent on inherent
optical properties and the geometry of the incident light field. Here we estimated component K, values for
UVR and PAR using inherent optical property measurements including the absorption and scattering of
different substances and compare these estimates with in situ K; measurements.

We approximated K, water Dy Using determinations of pure water absorption coefficients (a,,) at the

wavelengths of interest, including 305, 320, 380, and 440 nm [Quickenden and Irvin, 1980; Pope and Fry, 19971.
Dissolved absorption coefficients estimated from either calibration of fDOM measurements or UV/Vis

spectrophotometry were used to approximate Ky cpom.

We averaged measurements of empirically derived chlorophyll a-specific attenuation coefficient estimates from
several published studies to estimate Ky 5iga1 [Morris et al., 1995; Stambler et al. 1997; Hodoki and Watanabe, 1998].

ROSE ET AL.
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Table 2. Relationships Between Turbidity and Ky Across All Lakes (A, n=18) and Separately Across Lakes in New Zealand
(C, n=7) and the Canadian Rockies (E, n=7) and Between Turbidity and the Portion of K; Not Directly Accounted for
by Attenuation Due To Phytoplankton Biomass (as Chlorophyll a), Dissolved Absorption or the Absorption of Water
(K4 total=Kd algal=Kd coom—Kd water) for All Lakes (B), Lakes in New Zealand (D), and the Canadian Rockies (F)

All Lakes All Lakes

A Wavelength  Slope® Intercept  Model Fit (Rz) B  Wavelength  Slope Intercept Model Fit (Rz)
305nm 0.188 1.371 0.76 305nm 0.205 0.183 0.87
320nm 0.157 1.210 0.75 320nm 0.171 0.261 0.88
380nm 0.106 0.648 0.83 380nm 0.111 0.231 0.90
PAR 0.050 0.291 0.84 PAR 0.052 0.053 0.86

New Zealand Lakes New Zealand Lakes

C  Wavelength Slope Intercept  Model Fit (Rz) D Wavelength  Slope Intercept  Model Fit (Rz)
305nm 0.110 4.260 0.90 305nm 0.138 2.767 0.99
320nm 0.091 3.627 0.85 320nm 0.113 2426 0.97
380nm 0.068 1.940 0.85 380nm 0.077 1.436 0.91
PAR 0.037 0.735 0.84 PAR 0.041 0.448 0.90

Canadian Rockies Lakes Canadian Rockies Lakes

E  Wavelength Slope Intercept  Model Fit R) F Wavelength  Slope  Intercept  Model Fit (R?)
305nm 0.165 0.364 0.98 305nm 0.165 —0.135 1.00
320nm 0.139 0.320 0.98 320nm 0.140 —0.069 1.00
380nm 0.099 0.213 0.98 380nm 0.099 0.028 0.99
PAR 0.037 0.213 0.96 PAR 0.037 0.093 0.98

Slopes (unit: m~ ' NTU™) represent estimates of turbidity-specific attenuation coefficients, p < 0.004 for all regressions.

Chlorophyll a-specific attenuation coefficients used were 0.17 for 305 nm, 0.145 for 320 nm, 0.074 for 380 nm,
and 0.07m? (mg Chl @)™ for PAR. These empirically derived measurements of chlorophyll a-specific
attenuation coefficients are higher than laboratory measurements of absorption [Bricaud et al., 1995]
because they incorporate both absorption and scattering components. Using these coefficients enabled
us to estimate the material-specific diffuse attenuation coefficients from nonalgal particulates to UVR
and PAR attenuation by

Ka nap — Kad total — Kad water Kq CDOM — Ka algal (4)

We assumed that attenuation due to nonalgal particulates (K4 nap) Was solely due to glacial flour in
glacially-fed lakes. This assumption allowed us to estimate a glacial flour-specific diffuse attenuation
coefficient from the slope of the K, fraction unaccounted for by other attenuating substances versus
turbidity. We explore the implications of the assumption that K; nap is exclusively a function of glacial
flour in section 5.

Least squares linear regression was used to test relationships between turbidity and diffuse attenuation
coefficients. Regressions were considered significant at p < 0.05. Analysis of Covariance (ANCOVA) tests were
used to detect differences between turbidity-specific diffuse attenuation coefficients in New Zealand lakes
and Canadian Rockies lakes. We also tested if y intercepts from regressions between turbidity and diffuse
attenuation coefficients were different from zero to evaluate whether other unaccounted for sources of
absorption were present in a region. These regions were tested because we sampled a sufficient number of
lakes to provide the statistical power necessary to test for differences in estimates of turbidity-specific diffuse
attenuation coefficients among regions. To evaluate the relative contributions of DOC, algal biomass, and
glacial flour to total diffuse attenuation coefficients, we used estimates of the component attenuation
coefficients (from equation (4)) and calculated a proportion of the total attenuation coefficient contributed
by each constituent.

4, Results

Across lakes, attenuation of both UVR and PAR was a first-order function of turbidity, a proxy for glacial
flour (Figures 2 and 3 and Table 2). Attenuation coefficients were unrelated to chlorophyll a (least squares
linear regression p > 0.289 for all comparisons) or dissolved absorption coefficients (least squares linear
regression p > 0.610 for all comparisons). The range in observed dissolved absorption coefficients was
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305 nm K, not accounted for by
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Figure 3. Turbidity was a predictor of the portion of Ky unaccounted for by dissolved substances (acpom), algal biomass
(aa|gae), and water (ayater) across UVR (305, 320, and 380 nm) and PAR (see Table 2 for statistics). Black triangles repre-
sent New Zealand lakes, dark gray circles Canadian Rockies lakes, black circles U.S. Rockies lakes, and light grey diamonds
South American lakes. Dashed lines represent regressions for New Zealand lakes or Canadian Rockies lakes and the

solid line a regression using all lakes.

relatively narrow and increased with decreasing wavelength (Table 1). The range in K, values also increased
with decreasing wavelength. There was a broad range in turbidity (range: 0.3-45.5 NTU) while chlorophyll a
was low in all lakes except for Lo Encafiado (Table 1; average excluding Lo Encafiado: 1.0 pgL™").

Subtracting estimates of the material-specific diffuse attenuation coefficients for phytoplankton, DOC,
and water permitted us to estimate the contributions to attenuation due to turbidity. Overall, the
relationships were highly significant (Figure 3 and Table 2; least squares linear regression p < 0.004 for all
regressions) with turbidity-specific diffuse attenuation coefficients increasing with decreasing wavelength.
There was a regional effect on the relationship between turbidity and the portion of K; not accounted
for by acpoms Gaigalr and dwater for 305 nm and 320nm (ANCOVA p=0.009 and 0.027, respectively),
indicating that there was a significant difference in turbidity-specific diffuse attenuation coefficients
between New Zealand and Canadian Rockies at these wavelengths. However, there was no regional
effect at longer wavelengths (380 nm, ANCOVA p=0.094, PAR p=0.564). In New Zealand lakes, y
intercepts were significantly different from zero across both UVR wavelengths and PAR (p range:
<0.001-0.039). The y intercepts were not different from zero across Canadian Rockies lakes for any UVR
wavelength examined (least squares linear regression p range: 0.137-0.591) or PAR (p=0.057). Y
intercepts were not different from zero across all lakes at any wavelengths when lakes were analyzed
collectively (p=0.197-0.598).
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Estimating turbidity-specific diffuse
attenuation coefficients permitted us
to characterize the relative importance
of phytoplankton, DOC, water, and
glacial flour to total diffuse attenuation
coefficients (Figure 4). Across all lakes,
glacial flour accounted for
approximately two thirds of the total
attenuation coefficient for both UVR
and PAR (63-68%), while DOC
accounted for approximately one
quarter of the attenuation for UVR
wavelengths and 17% for PAR.
Phytoplankton biomass accounted for
8-9% of UVR attenuation and 16% of
PAR. Water accounted for only 1-2% of
the total K4 across all wavelengths.
Using turbidity-specific diffuse
attenuation coefficients derived in New
Zealand lakes (Table 2D) shows that
glacial flour accounted for 77-82% of
the total diffuse attenuation across all
wavelengths in New Zealand lakes
(Figure 4b). Using turbidity-specific
diffuse attenuation coefficients derived
in Canadian Rocky lakes (Table 2F)
shows that glacial flour accounted for
62-69% of the total diffuse attenuation
across all wavelengths in Canadian
Rocky lakes (Figure 4c).

Along the chain of New Zealand
glacially-fed lakes, turbidity-specific
diffuse attenuation coefficients
increased along the chain of lakes
away from those most proximal to
glacial inputs (Pukaki, Ohau, and
Tekapo; Figure 5). There was a
relationship between lake order and
turbidity-specific diffuse attenuation
coefficients at all measured UVR
wavelengths (least squares linear
regression 305 nm R*=0.90, p=0.013;

Figure 4. Percentages of the total diffuse
attenuation coefficients from nonalgal particu-
lates (K4 nap), dissolved substances (K4 cpom)
water (Ky water), and phytoplankton (K aigar)
with turbidity-specific attenuation coeffi-
cients derived in all lakes and applied to all
lakes (A), derived from New Zealand lakes
and applied to New Zealand lakes (B), and
derived from Canadian Rockies lakes and
applied to Canadian Rockies lakes (C).
Glacial flour is assumed to be the dominant
contributor to Ky nap.
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057 305 320nm R*=0.86, p=0.022; 380 nm R*=0.80,
5320 p=0.041) and PAR (R*>=0.84, p = 0.029).

04 —— 380 5. Discussion

03 - —e—PAR Variation in glacial flour was the primary regulator

of variation of both UVR and PAR attenuation in
the glacially-fed lakes (Figures 2 and 4). While
0.2 4 previous studies have identified glacial flour as an
important regulator of light attenuation in isolated
glacially-fed systems [Modenutti et al., 2000; Rae

o1 H./O——."" et al,, 2001; Gallegos et al., 2008], this work is the

first to quantify its relative contribution to total
OPT R B A W auantity
T T

Turbidity specific K, (m!)

0.0 : : I diffuse attenuation and to estimate its specific
0 1 2 3 4 5 diffuse attenuation coefficients. The results
X . presented here on a broad range of lakes are also
Chain Location the first to compare the optical characteristics of

Figure 5. Turbidity-specific K45 increased with increasing these ecosystems across multiple continents.

distance (chain location) from glacierszalong the chain of We used turbidity as a proxy for glacial flour.
New Zealand lakes for UVR (305nm R"=0.92, p=0011; Nephelometric turbidity is closely correlated with

320nm R*=0.87, p=0.020; 380 nm R>=0.81, p=0.036) but ) . .
not for PAR (R2 =0.59, p=0.130). Lakes listed are as follows: scattering [Vant and Davies-Colley, 1984]. Detailed

Ohau (0), Pukaki (P), Tekapo (T), Ruataniwha (R), Benmore investigations on the optical characteristics of
(five-station mean) (B), Aviemore (A), and Waitaki (W). Error glacial flour in two of the same South Island lakes
bars are standard errors. sampled in our study show that glacial flour is

highly scattering while very weakly absorbing
[Gallegos et al., 2008]. Additionally, Rae et al. [2001] observed attenuation coefficients in glacial Lake Tekapo
higher than DOC would alone predict and concluded that this discrepancy was a product of the highly
scattering nature of glacial flour. Since the primary mechanism by which glacial flour contributes to
attenuation is scattering and not absorption, nephelometric turbidity sensors should provide relatively
simple, yet accurate, characterization of glacial flour diffuse attenuation coefficients when other sources of
nonalgal particulates are low. However, this type of sensor would not be able to detect whether or not
particles vary in absorbance or scattering-to-absorbance ratios, which may induce some error in estimates of
glacial flour-specific attenuation coefficients.

The glacial flour-specific diffuse attenuation coefficients estimated here were relatively uniform across
lakes and continents, demonstrated by the similar relationships in Figure 3 and the lack of differences
between New Zealand and Canadian Rockies turbidity-specific diffuse attenuation coefficients at longer
wavelengths. The differences at 305 and 320 nm likely resulted from variation in the size, shape, and source
of particulates across catchments and regions. Glacial flour is a product of the underlying local geology in
a lake’s catchment, and different minerals have distinct size distributions [Chanudet and Filella, 2009], which
can differentially affect light scattering and absorption [Kirk, 1994; Jonasz and Fournier, 2007]. Absorption and
scattering by inorganic particulates typically increase with decreasing wavelength [Gallegos et al., 1990].
Thus, regional differences should be most easily detected at the shortest wavelengths in the ultraviolet
range, such as 305 and 320 nm.

We partitioned diffuse attenuation coefficients into multiple components in order to estimate the relative
contributions of DOC, phytoplankton, water, and glacial flour to light attenuation. In estimating the
diffuse attenuation coefficient due to these constituent substances, we made several simplifications. For
example, we assumed that Ky ywater Was approximated by dg water and that Ky cpom Was approximated by
dcpom- The reality is that the attenuation of incoming solar radiation is an apparent optical property
dependent on the geometry of the light field and the inherent optical properties of scattering and
absorption. Scattering can increase the path length of incoming solar radiation, which can increase the
probability of absorption by dissolved or particulate matter [Kirk, 1994]. Thus, K4 cpom is slightly

higher than approximated by acpom. This difference between is likely to be small in our study lakes for
several reasons. First, these glacially-fed lakes had very low concentrations of dissolved and organic
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particulate absorbing substances such as DOC and phytoplankton. Therefore, interactions between
forward scattering, which changes the forward direction of light underwater, and absorbance were likely
minor relative to backscattering, where light is scattered back toward the surface. Additionally, more
complex optical models show that the effect of forward scattering has only a minor effect on diffuse
attenuation coefficients relative to backscattering loss of light [Lee et al., 2005]. Variation in algal biomass
and error associated with K, algal could have contributed to some discrepancy between measured and
modeled K, values. In Figure 3, the lake with the largest residual for PAR was Lo Encafiado, which also had
the highest chlorophyll a concentration (11.8 ug L™"). This might be due to the fact that algae can vary
in their absorption characteristics and chlorophyll a to algal biomass ratios can vary. Some algae also
produce UV-absorbing compounds which can affect K; estimates [Laurion et al., 2000]. Additionally, many
high-elevation lakes form a deep chlorophyll maximum (DCM) [Saros et al., 2005]. While we estimated
light attenuation coefficients in the upper water column, the presence of a DCM would increase the relative
importance of K4 algal deeper in the water column. If unaccounted for processes and substances were
important in regulating light attenuation, we would expect that the intercepts would be significantly
different than zero in our models (Figure 3). Across all lakes and for each wavelength, intercepts were not
different than zero (p ranged 0.197-0.598 for all wavelengths). However, when lakes were assessed
regionally, intercepts were different from zero for all wavelengths across New Zealand lakes (range of p
<0.001-0.039). This suggests that unaccounted for processes, such as nonalgal particulate absorption,
were important at these wavelengths in the New Zealand lakes.

We observed an increase in the turbidity-specific light attenuation coefficients along the chain of New
Zealand lakes (Figure 5). This increase may be explained if our assumption that glacial flour was the sole
contributor to Ky nap Was incorrect, especially in lakes lower in this New Zealand chain. The fact that the y
intercepts were significantly different from zero for New Zealand lakes in Figure 3 suggests that unmodeled
characteristics contribute to attenuation in these lakes. Our model did not incorporate scattering by
phytoplankton or absorption by nonalgal particulates. Chlorophyll g, an indicator of algal biomass, did not
change along this lake chain (p =0.922), implying that changes in algal scattering to total attenuation were
probably not the driver of this increase in turbidity-specific attenuation coefficients. Rather, the increase in
turbidity-specific attenuation may be due to a gradual change in the source of particulates away from
upstream glaciers, to sources with higher relative organic content in lakes further along the chain. Lake
Benmore had two major inputs. The Ahuriri arm of Lake Benmore receives input from both the glaciated
Aoraki/Mount Cook National Park and the surrounding pastoral landscape, meaning that inputs there may be
more organic in nature. Organic particles tend to have higher absorption to scattering ratios compared with
inorganic glacial flour [Gallegos et al., 2008]. This could explain the high y intercept and increasing turbidity-
specific absorption along this lake chain. Along this chain of lakes, the ratio of diffuse attenuation coefficients
at 320 nm relative to PAR (320 nm UV K,: PAR K;) increased. Other studies have shown that an increase in
this K, ratio is consistent with increasingly terrestrial organic inputs [Rose et al., 2009b]. Additionally, sorption
of DOC to inorganic particulates may also occur as inorganic particles move along this lake chain, which
would also increase the absorption to scattering ratio of particles [Binding et al., 2008]. Changes in
phytoplankton chl:biomass ratios or particle size as a result of light and nutrient regimes, or differential
settling, or differential zooplankton grazing may also play some role in the changes along this lake chain.

The substances regulating light attenuation in glacially-fed lakes are very different than most non-glacially-
fed lakes. Among the lakes we sampled, glacial flour contributed on average about two thirds of the total
attenuation coefficient, while dissolved absorption coefficients contributed only about one quarter to UVR
and 17% of PAR (Figure 4). This is in contrast with non-glacially-fed lakes, where dissolved absorbance is
typically highly correlated with diffuse attenuation coefficients, especially at short wavelengths [Morris et al.,
1995; Markager and Vincent, 2000; Rose et al., 2009a]. Because glacial flour accounted for about two thirds
of diffuse attenuation coefficients across these glacially-fed lakes, changes in glacial discharge and flour are
likely to have important implications for the transparency of these and other glacially-fed systems. For
example, in extreme cases where glaciers completely ablate and glacial water inputs are reduced to zero, the
portion of the total diffuse attenuation coefficient that is attributable to glacial flour could also be reduced
to zero. In this example, the penetration depth of UVR and PAR would triple. However, it should be noted
that over the longer term, glacial retreat and increasing vegetation should increase terrestrial organic matter
inputs which would likely reduce K values, especially at shorter wavelengths where DOC absorbs more
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strongly [Rose et al., 2009a; Williamson et al., 1996]. Given that glacially-fed lakes are often located at high
elevations and/or latitudes and exposed to high-surface UVR, glacial ablation may result in substantial doses
of UVR penetrating into the water column. Thus, documented glacial recession and ablation in many regions
around the world [Casassa et al., 2009; Hirabayashi et al., 2010] may be producing rapid changes in light
attenuation and the spectral composition of the underwater light field in these lakes [Williamson et al., 2001].
On shorter time scales, extreme events such as avalanches or intense storms may mobilize glacial flour
from the watershed and have the potential to dramatically and rapidly decrease the transparency of glacially-
fed lakes (J. M. Fischer and M. H. Olson, unpublished data, 2012-2013). The longer-term effects of such events
in regulating variability or trends on water clarity are currently unknown.

Increases in transparency can have behavioral and physiological effects on aquatic organisms [Rose et al.,
2009a; Laspoumaderes et al., 2013]. For example, UVR plays a strong role in regulating the diel vertical
migration of zooplankton and can inhibit the colonization of invasive freshwater fish [Tucker et al., 2010; Rose
et al.,, 2012; Williamson et al., 2011]. Thus, changes in glacial coverage may have important implications for
the structure and function of glacially-fed lake ecosystems, the vulnerability of these ecosystems to
colonization by invasive species, and the services these ecosystems provide.

Lakes are sentinels of broader environmental changes, and variations in light attenuation may be a
particularly sensitive indicator of environmental change [Williamson et al., 2009]. Results here provide new
insights into the optical characteristics of glacial flour and the relative contributions of glacial flour, DOC,
water, and phytoplankton to light attenuation in glacially-fed lakes by providing turbidity-specific diffuse
attenuation coefficients and quantifying the proportion of the diffuse attenuation coefficient represented by
glacial flour. These insights provide new tools to better understand and forecast the effects of environmental
change on glacially-fed ecosystems.
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