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Abstract

Many boreal lakes are colored brown due to strong light absorption by chromophoric dissolved organic mat-
ter (CDOM), which reduces light penetration into the water column. However, the influence of CDOM on the
fraction of photosynthetically utilizable radiation (PUR) absorbed by phytoplankton from the photosyntheti-
cally active radiation (PAR) entering the lake (i.e., PUR/PAR) remains largely unknown. Here, we (1) quantified
PUR/PAR values and examined the major water quality parameters determining PUR/PAR from 128 sampled
boreal lakes, (2) predicted PUR/PAR values for 2250 reference boreal lakes, and (3) estimated the response of
PUR/PAR to typical browning trends reported in earlier studies. The PUR/PAR values ranged from 0.4% to 17%
in the sampled lakes, and a logarithmic model including CDOM and chlorophyll a (Chl a) concentration was
the most parsimonious for predicting PUR/PAR values. Applying the model to the reference lakes, PUR/PAR
values ranged from 0.5% to 20% (median 3%). In the model, an increase in CDOM content decreases the
PUR/PAR value, but a concurrent increase in Chl a concentration with the CDOM partly compensates the nega-
tive effect of CDOM on the PUR/PAR values. Assuming that browning increases both CDOM and Chl a con-
tents, as found for our reference lakes, our model suggests that the decrease in light absorption by
phytoplankton in response to a typical degree of browning is only moderate. The moderate response of the
PUR/PAR to browning may be explained by photoacclimation of phytoplankton to lowered light availability,

and/or an increased loading of nutrients to lakes both leading to higher Chl a concentration.

Chromophoric dissolved organic matter (CDOM) has optical
properties which, along with those of suspended particulate
matter and H,O, determine the availability of light in aquatic
environment (Kirk 2011). In many lakes, CDOM is the most
important light-absorbing component, which stains water
brown and reduces the depth of the euphotic zone (Jones and
Arvola 1984; Kallio 2006; Thrane et al. 2014; Ylostalo
et al. 2014). When CDOM reduces the euphotic depth, it
restricts the distribution of benthic primary producers and their
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photosynthesis to shallow water (Chambers and Kalff 1985;
Daniels et al. 2015). In lakes with high CDOM, reduced avail-
ability of light for benthic producers can decrease the overall
primary as well as secondary production of the entire lake eco-
system (Karlsson et al. 2009; Ask et al. 2012). The impact of
CDOM on the light availability for phytoplankton, which is
largely responsible for pelagic photosynthesis, is less known but
often considered negative (e.g., Karlsson et al. 2009; Thrane
et al. 2014). Naumann (1929) categorized brown-colored lakes
as dystrophic and concluded that production of phytoplankton
is generally low in dystrophic lakes. Phytoplankton cannot cap-
ture those photons absorbed by CDOM, but turbulent mixing
even in high-CDOM lakes transports phytoplankton to and
from the well-lit surface layer and hence alleviates potential
light limitation (e.g., Reynolds et al. 1990).

Lakes with high CDOM content have typically elevated con-
centrations of dissolved organic and inorganic nutrients, which
are imported to lake water along with other allochthonous mat-
ter from the terrestrial catchment (Thrane et al. 2014; Hamdan
et al. 2021; Lepistd et al. 2021). The CDOM content in lakes
varies naturally by two orders of magnitude (e.g., between 0.6
and 74m~' in 3549 Finnish lakes) when quantified as the
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absorption coefficient at the wavelength of 400nm
(acpom(400); Kallio 2006). In CDOM-rich lakes, the elevated
concentration of nutrients has the potential to increase Chl
a concentration and phytoplankton biomass, which can help
to compensate for the reduced availability of light caused by
CDOM (Bergstrom and Karlsson 2019; Sherbo et al. 2023). Due
to this compensatory effect, the extent to which phytoplankton
actually experiences reduced light availability in lakes with dif-
ferent CDOM contents remains poorly known.

In recent decades, the CDOM content of surface waters
across the boreal zone has increased and made water darker and
browner (Evans et al. 2006; Monteith et al. 2007; Kritzberg and
Ekstrom 2012; de Wit et al. 2016). This browning is caused by
increased inputs of dissolved organic and inorganic (iron) chro-
mophores (i.e., CDOM) from the terrestrial catchments to sur-
face waters (Xiao et al. 2013; Skerlep et al. 2020). Along with an
increased loading of CDOM, browning is often monitored as an
increase in dissolved (DOC) or total organic carbon (TOC) and
water color (e.g., Tranvik 1990; Thrane et al. 2014; Ylostalo
et al. 2014), while the chromophoric content of DOC/TOC is
variable (e.g., Siegel et al. 2002). In the past three decades, the
increase in water color value or concentrations of DOC or TOC
(i.e., browning) in lakes has been variable (from 8% to over
100%) but typically about 25% (Williamson et al. 2015; Réike
et al. 2016; Kritzberg 2017; Lepisto et al. 2021). The increased
inputs of allochthonous matter seen as browning are caused by
several factors, such as (1) the recovery from anthropogenic
acidification (Evans et al. 2006; Monteith et al. 2007; Strock
et al. 2014), (2) climate change associated increases in air tem-
perature and precipitation (de Wit et al. 2016; Lenard and
Ejankowski 2017), and (3) intensifying land use and forestry
practices (Kritzberg 2017; Skerlep et al. 2020; Finér et al. 2021;
Nieminen et al. 2021). While the browning increases water
color and can reduce light availability, the increased input of
allochthonous matter also provides nutrients, which can pro-
mote phytoplankton biomass and thus help to compensate for
the light limitation (Corman et al. 2018). As brown lakes are
projected to become more common in the future (Yang
et al. 2022), it will be useful to understand the effect of brow-
ning on the light availability to phytoplankton.

Light availability to phytoplankton can be evaluated from
water samples by measuring the spectral absorption coefficient
of phytoplankton pigments (dpnyto(4)) Over the range of photo-
synthetically available radiation (PAR) and comparing it to the
corresponding values of non-algal particles (anap(4)), HoO
(aH>0(2)), and CDOM (acpom(4)) or the sum of all components
(atot(4)). The contribution of phytoplankton to the total absorp-
tion of PAR (dpnyto/dior) has been reported to vary from 12% to
39% in the Sargasso Sea (Smith et al. 1989) and 5-32% in
Greenland fjords (Murray et al. 2015) to 2-28% in Scandinavian
lakes (Thrane et al. 2014) and 3-10% in a Canadian reservoir
(Watanabe et al. 2015). For the same sites, the fraction of PAR
absorbed by CDOM was 0-13%, 6-18%, 37-76%, and 32-55%,
respectively. The lower contributions of phytoplankton to light
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absorption in freshwater systems compared to marine systems
suggest that the higher content of CDOM in lakes than in seas
can reduce light availability to phytoplankton (Kirk 2011).

Another way to evaluate the light availability involves
the calculation of photosynthetically usable radiation (PUR
Morel 1978). PUR, refers to the absorption of photons within
PAR by phytoplankton and accounts for the spectral variability
of both solar radiation and apnyio(4) (Morel 1978). Morel (1978)
introduced a term PUR, for a specific depth z in the ocean, where
the distribution of phytoplankton varies with depth and often
includes a maximum below the mixed layer owing to high trans-
parency of oceanic water (e.g., dcpom(400) often < 0.03 mY).
For the boreal lakes examined in this study, we approximated
PUR over the entire water column. Our approximation of PUR
assumes that PAR is absorbed within the epilimnion, where phy-
toplankton is homogenously mixed among the other absorbing
components as shown for one of our study lakes (Ahonen
et al. 2023). When PUR is divided by the PAR entering to the
lake, the unitless ratio PUR/PAR quantifies the light availability
as a fraction of PAR absorbed by phytoplankton. Our PUR/PAR
ratio in lakes is also comparable to the fraction of absorbed PAR
by the photosynthesizing tissue of the canopy in the forest next
to lakes. For example, in needle-leaf forests characteristic of
boreal catchments, the fraction of absorbed PAR is 40-80% and
hence higher than in aquatic environments, where non-algal
particles, H,O and CDOM absorb a major fraction of PAR
(Majasalmi et al. 2014; Xiao et al. 2015).

In this study, we examined the fraction of PAR absorbed by
phytoplankton (PUR/PAR values) in boreal lakes along a gradient
of CDOM. We hypothesized that in lakes with increasing
CDOM, both decreased light availability due to increased CDOM
and the compensation by increased nutrient availability would
act on the PUR/PAR values. We sampled 128 boreal lakes along a
CDOM gradient and quantified their PUR/PAR values. Compet-
ing models were applied to predict the PUR/PAR values with
commonly measured water quality parameters in the sampled
lakes. The most parsimonious model was used to estimate
PUR/PAR values in 2250 reference lakes based on their water
quality, focusing on typical boreal lakes, i.e., on 90% of the lakes
from Sth to 95th percentile along the CDOM gradient. Finally,
using the most parsimonious model, we estimated how brow-
ning changes PUR/PAR values in scenarios following possible
browning trends (i.e., increase in CDOM content) reported in
earlier studies (e.g., Williamson et al. 2015; Raike et al. 2016;
Kritzberg 2017; Lepisto et al. 2021). Since PUR/PAR values are rel-
atively time-consuming to determine directly, our models pro-
vide a convenient tool to estimate the PUR/PAR values for lakes
using widely available water quality parameters.

Materials and methods

Study lakes and sampling
Our study used two lake datasets. The first consists of
128 mostly boreal and a few subarctic dimictic lakes in
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Finland (Fig. 1) that were sampled for optical properties and
water quality (hereafter referred to as sampled lakes). The lakes
were sampled in 2014-2018 during the summer stratification
period (May-August), when a significant part of the primary
production in boreal dimictic lakes occurs. The sampling
period excludes the period of spring turnover when the avail-
ability of nutrients can be high, and DOM is less important as
a source of nutrients. Later in the summer, when inorganic
nutrients have been consumed from the epilimnion, the
organic nutrients associated to DOM (and CDOM) may
become more important. Water samples were taken with a
30 or 50 cm long water sampler (Limnos Ltd, Finland) as
a composite sample from the homogenous surface mixed layer
into 1 L high density polyethylene bottles.

The second dataset consists of 2250 regularly monitored
Finnish boreal dimictic lakes and data were retrieved from the
open access Hertta database portal (Open data service)
maintained by the Finnish Environment Institute (https://www.
syke.fi/en-US/Open_information). These lakes were used as a
reference dataset of boreal lakes (hereafter referred to as refer-
ence lakes). 28% of the sampled lakes are included in the refer-
ence lake dataset. The data for the reference lakes were restricted
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Fig. 1. A map showing the location of the 128 sampled lakes. The color
scale indicates the value of acpom(400).
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to the same season (May-August) as for the sampled lakes and a
mean value of each parameter was determined from the data
reported between 2010 and 2022. The Hertta database was also
the source for lake morphometry characteristics for both the
sampled and reference lakes. The parameters gathered for the
reference lakes included lake area and volume, mean and maxi-
mum depths, concentrations of total phosphorus (tot-P,
ug L™1), total nitrogen (tot-N, ug L), and chlorophyll a (Chl q,
ug L™1), and water color value (mg Pt L™'). DOC concentrations
for the reference lakes were converted from color values with
an equation DOC = 0.0872color + 3.55 by Kortelainen (1993).

Water chemistry measurements

Samples for tot-P and tot-N were frozen (—20°C) and ana-
lyzed according to methods in standards ISO/DIS 15681-2
(2005) and SFS-EN ISO 11905-1 (1997) and measured with
Gallery™ Plus Automated Photometric Analyzer (Thermo Fisher
Scientific, USA). Samples for DOC (mg L") were filtered through
a polyethylene sulfone syringe filter (Sarstedt, nominal pore size
0.20 pm), stored in acid washed and precombusted glass vials at
+4°C and in the dark. DOC concentration was measured
according to high-temperature catalytic oxidation method with
a total organic carbon analyzer (TOC-L, Shimadzu, Japan) cali-
brated with standard solutions of potassium hydrogen phthal-
ate. Chl a samples were filtered onto glass fiber filters (Whatman
GF/C nominal pore size 1.2 ym, diameter 47 mm) and the con-
centration (ug L") was spectrophotometrically measured with a
Shimadzu UV-1800 spectrophotometer (Shimadzu, Kyoto,
Japan) after ethanol extraction at 75°C for S min (SFS-ISO
10260 1992). Water color (mg Pt LY was estimated using an
optical comparator (Hellige, Germany) for comparison with
hexachloroplatinate reference disks (SFS-EN ISO 7887 2011). In
those cases where the lake was sampled more than once, an
average value was calculated for each water quality and optical
property parameter. For ~ 10% of the sampled lakes from which
tot-P, tot-N, Chl a, and water color were not measured, the
values were retrieved from the Hertta database as average values
from the data collected in May-August between 2010 and 2022.

Absorption measurements

The water samples for optical properties were filtered
through glass fiber filters (Whatman GF/F, nominal pore size
0.7 ym, diameter 25 mm). The filtrate was stored in a 50 mL
centrifuge tube at + 4°C and in the dark prior to determination
of the spectral absorption coefficient of CDOM (acpom(4)),
which was made within 2 weeks of sampling. The values of
dcpom(?) (m™Y) were calculated as:

Acpom(4)

acpom (/1) = 111(10) L

(1)
where L is the optical length of the cuvette (0.01 or 0.05 m),
Acpom(4) is the absorbance of lake water at wavelength 1
(nm) corrected with a blank (Ultrapure water from Ultra Clear
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UV UF TM system; Evoqua Water Technologies) and measured
with a Shimadzu UV-1800 or PerkinElmer Lambda™ 650 UV/Vis
spectrophotometer. The absorption coefficient of CDOM at
wavelength of 400 nm (acpom(400)) was selected to quantify
the CDOM content of lake water, as has been done in previous
studies (e.g., Kallio 2006; Thrane et al. 2014). The values of
acpom(400) of the reference lakes were converted from water
color values with an equation acpowm(400)=1.14+0.11color
(Supporting Information Fig. S1) derived from the sampled
lakes.

The absorption coefficients of total particles (a,(1)) were
determined from filters with particles according to “Measure-
ment of filter pad absorption inside an integrating sphere”-
method (IOCCG 2018). The filters were stored in separate
petri dishes and kept frozen (—80°C) until the analyses of
ay(4). The storage time of the filters varied from a few weeks
up to Syears. The effect of storage time of filters on the
absorption of particles was non-significant according to an
assessment explained in Data S1. The filters with particles and
the blank filters were water-saturated for the measurements of
optical density inside a 150-mm integrating sphere connected
to a PerkinFlmer Lambda™ 650 UV/Vis spectrophotometer
using 2-nm slits at 1 nm-intervals. The absorption coefficient
of phytoplankton pigments (apnyto(4)) (m~') was calculated as
the difference between a,(1) and the absorption coefficient of
non-algal particles (anap(1); mY):

phyto(4) = ap(4) — anar(4) (2)

The values of anap(1) were determined like a,(1) after
extracting algal pigments from particles on filter with hot eth-
anol method (SFS 5772).

The spectral absorption coefficient for pure water (aH,O
(4)) was derived from Neeley and Mannino (IOCCG, 2018)
and interpolated to 1 nm spectral resolution with a spline
function in Matlab. Total absorption coefficient spectrum was
calculated as a sum of the absorption coefficients of CDOM,
NAP, H,O, and phytoplankton:

rot(4) = acpom(4) + anar(4) + dphyto (4) + anzo (1) (3)

Determination of PUR/PAR

The fraction of PUR absorbed by phytoplankton over the
entire water column from the PAR entering the lake (i.e., PUR/
PAR) was determined as:

PUR _ Z Qabs,phyto,z:()foo (’1)
PAR Qa0 (4)

(4)

where ZQaps phyto,-—0- (4) is the absorption of photons by phy-
toplankton in the whole water column (molm 2d ! nm™!)
summed over the PAR spectrum (termed PUR) and £Qg,—o-— (1)
is the daily spectral downward photon flux density right below

Light absorption by phytoplankton

the water surface (molm2d ! nm™!) summed over the PAR
spectrum (termed PAR). Q;,—o_ (1) was the ASTM G173-03 irra-
diance reference spectrum (Apell and McNeill 2019; SMARTS
2020). The absorption of photons by phytoplankton over the
whole water column was calculated as:

Aphyto (/I)

Aot (4) )

Qabs,phyto,z:O—oo (’1) = Qd,z:O— (’1)

The rationale and assumptions for the determination of
PUR/PAR are explained in Data S1. Note that the determina-
tion of PUR/PAR is independent on the intensity of

Qd,z:Of (ﬂ) .

Statistical methods

Statistical analyses were used for three purposes: (1) to
assess the major water quality parameters affecting PUR/PAR
in the sampled lakes, (2) to estimate the variability of
PUR/PAR in the reference lakes based on their water quality,
and (3) to estimate the impact of browning on PUR/PAR in a
typical boreal lake.

We applied a regression analysis to examine the major
determinants of PUR/PAR ratio in the sampled lakes along a
CDOM-gradient. The dependency of the PUR/PAR value on
adcpom(400) and Chl g, tot-P, or tot-N concentrations was
tested with competing logarithmic models (details in Data S1).
We selected logarithmic models because the selected variables
commonly display non-linear relationships (Niirnberg and
Shaw 1998; Webster et al. 2008; Thrane et al. 2014). The eight
competing models included explanatory variables separately,
together, or through their interaction (Data S1). The most par-
simonious model was selected based on the Akaike informa-
tion criterion.

The most parsimonious model was applied to estimate
PUR/PAR values in the 2250 reference lakes based on their
water quality measures. To estimate a change in PUR/PAR
values along a CDOM gradient in typical boreal lakes, we
predicted PUR/PAR-values based on the average water
quality at nine percentile bands of acpom(400): 5-15th,
15-25th, 25-35th, 35-45th, 45-55th, 55-65th, 65-75th,
75-85th, and 85-95th percentile, covering 90% of the refer-
ence lakes.

Finally, we estimated the response of PUR/PAR to browning
expressed as an increase of acpom(400) value by 25%, 50%,
75% and 100%, which are examples of browning detected in
the past decades and what could also happen in the future
(Williamson et al. 2015; Réike et al. 2016; Kritzberg 2017;
Lepistd et al. 2021). For the estimations, we selected a typical
boreal lake according to a median value of acponm(400) in the
reference lakes. The impact of browning was assessed as a typi-
cal development of PUR/PAR-values in the reference lakes
described by the most parsimonious model. All statistical ana-
lyses and data processing were performed using R software
(R Core Team 2022, version 4.2.1).
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Table 1. Min, max, mean, and median values as well as 5th, 25th, 75th, and 95th percentiles of the lake morphometry and water
quality among the 128 sampled lakes. Lakes are characterized by lake area (km?), lake volume (million m®, Mm?), max and mean depths
(m), concentrations of total nitrogen and phosphorus (ug L"), Chl a concentration (ug L™ "), color value (mg Pt L"), acpom(400) value

(m~"), and DOC concentration (mg L™").

Parameter Min-max Mean Median 5th 25th 75th 95th
Lake area (km?) 0.009-894 61 15.2 1.0 6.1 48 229
Lake vol (Mm3) 2-12195 636 88 6 26 451 2201
Max depth (m) 2.3-94 31 25 6.0 12 44 85
Mean depth (m) 0.6-23 6.4 5.4 1.9 3.3 8.5 16
The tot-N (ug L 115-1503 560 519 290 416 630 1010
The tot-P (ug L 3-173 23 16 5 8 26 78
Chla(ugL™) 1-77 1 7 2 4 14 34
Acpom(400) (m™") 1.2-35.2 9.7 6.9 2.2 4.5 13.3 24.7
Color (mg Pt L") 13-240 77 56 20 38 103 188
DOC (mg L") 1.8-24.4 10.5 10.1 4.9 8.3 12.5 17.0
Results compared to the reference lakes. However, the water quality of

Water quality and morphometry of the study lakes
Regarding water quality, 90% of the 128 sampled lakes from
5th to 95th percentile covered tot-N range 290-1010 ug L ™",
tot-P range 5-78ugL™', Chl a range 2-34ugL~', and
acpom(400) range 2-25 m~! (Table 1; Fig. 1). In addition, DOC
concentration ranged from 5 to 17 mg L™ among 90% of the
sampled lakes. In comparison, 90% of the 2250 reference lakes
covered ranges in tot-N of 255-1032ugL™', tot-P of 5-
66 ug L1, Chl a of 2-40 ug L', acpom(400) of 2-26 m~!, and
DOC of 5 to 22 mg L' (Table 2). Concerning lake morphome-
try, 90% of the sampled lakes represented ranges in lake area of
1-229 km?, lake volume of 6-2200 million m® (Mm?) and
mean depth of 2-16 m (Table 1). Respectively, 90% of the refer-
ence lakes covered lake area range 0.4-30.8 km?, lake volume
range 0.9-287 Mm® and mean depth range 1-9 m (Table 2).
Large lakes were overrepresented among the sampled lakes

the sampled lakes represented well that of the reference lakes,
and hence boreal lakes in general.

Absorption of PAR in the sampled lakes

For each sampled lake, we determined the spectral absorption
coefficient for CDOM, H,O, non-algal particles and phytoplank-
ton as illustrated for Lake Jyvisjdrvi in Fig. 2a. Each absorption
coefficient was divided by the total absorption coefficient as
illustrated for dppyto/aror in Fig. 2b. These ratios were multiplied
with the spectral PAR entering the lake (Fig. 2¢) to calculate the
spectral PAR absorbed by each absorbing component in the
entire water column, as illustrated for phytoplankton in Fig. 2d.
Finally, the photons absorbed by each absorption component
over the wavelength range 400-700 nm were divided by the
PAR entering the lake for the fraction of PAR absorbed by each
absorbing component like shown for phytoplankton as a

Table 2. Min, max, mean, and median values as well as 5th, 25th, 75th, and 95th percentiles of the lake morphometry and water
quality among the 2250 reference boreal lakes. Lakes are characterized by lake area (km?), lake volume (million m*, Mm?), max and
mean depths (m), concentrations of total nitrogen and phosphorus (ug L"), Chl a concentration (ug L™"), color value (mg Pt L™"),

Acpom(400) value (m™"), and DOC concentration (mg L.

Parameter Min-max Mean Median 5th 25th 75th 95th
Lake area (km?) 0.02-1377 10 1.5 0.4 0.8 4 31
Lake vol (Mm?) 0.04-14822 98 6 0.9 3 21 287
Max depth (m) 0.7-94 16 12 2 7 21 42
Mean depth (m) 0.2-23 4 4 1 2 5 9
The tot-N (ug L") 97-2725 542 477 255 369 642 1032
The tot-P (ug L") 1-209 24 18 5 11 29 66
Chla(uglL™) 0.5-310 14 8 2 5 16 40
Color (mg Pt L") 2-375 87 70 17 40 120 208
acpom (400) (m™1) 0.3-46.5 10.8 8.9 2.1 5.0 14.9 25.8
DOC (mg L") 3.7-36.3 1.1 9.7 5.0 7.1 14.0 21.7
5
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Fig. 2. A graphical visualization of determining PUR from the PAR in Lake
Jyvasjarvi. Panel (a) shows the spectral absorption coefficients of phyto-
plankton, CDOM, H,0O, and NAP. Panel (b) shows the ratio of spectral
absorption coefficients, phytoplankton (aphyto(4)) to the total absorption
(atot(4)). Panel (c) shows the spectral photon flux density of PAR just
below the water surface. Panel (d) shows spectral PUR determined over
the whole water column. The PUR summed over the wavelengths of 400-
700 nm was used to calculate PUR/PAR (Eq. 4).

PUR/PAR ratio (Eq. 4). The fraction of PAR absorbed by phyto-
plankton over the whole water column (i.e., PUR/PAR) was 0.4—
17% (median 3%) in the sampled lakes (Figs. 3, 4a). In most of
the sampled lakes, CDOM was the largest absorbing component,
absorbing 33-94% of the incident PAR (Fig. 3a). The fractions of
PAR absorbed by non-algal particles and H,O absorption were
1-40% and 3-43%, respectively (Fig. 3a).

The major water quality predictors of PUR/PAR in the
sampled lakes

We used regression analyses to explore how the
PUR/PAR values depended on CDOM and Chl g, tot-P or

Light absorption by phytoplankton
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Fig. 3. The percentage of incoming PAR absorbed by (a) the four com-
ponents and (b) phytoplankton in the 128 sampled lakes. In (a) the
barplot shows the relative absorption of PAR by CDOM, H,0O, NAP, and
phytoplankton (phyto, i.e., PUR/PAR) in each sampled lake. In (b) the his-
togram shows the variation in PUR/PAR values, with the vertical red line
indicating the median value.

tot-N in competing logarithmic models (Supporting Infor-
mation Tables S2-S4). Among the competing models, three
models were equally good and each explained 52% of the
variability in logarithmic PUR/PAR values: (1) a model
including acpom(400) and Chl a as individual predictors
(model 5 in Supporting Information Table S2; Fig. 4a,b);
(2) a full model including acpom(400), Chl a and their
interaction term (model 8 in Supporting Information
Table S2); and (3) a model including tot-P and an interac-
tion term of tot-P and acpom(400) (model 7 in Table S3;
model equations in Data S1). In the three best models, the
regression coefficient of acpom(400) was negative and the
regression coefficient of Chl a or tot-P was positive
(Supporting Information Table S2, S3). Model 8 (Supporting
Information Table S2) had one non-significant parameter
and thus was set aside. Among the two remaining, equally
good models, model 5 (Supporting Information Table S2)
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was selected for further examination due to its simpler
structure compared to model 7 (Supporting Information
Table S3).

Estimation of PUR/PAR values in the reference lakes

The model 5 (Supporting Information Table S2) was
selected to predict PUR/PAR values in the reference lakes based
on their acpom(400) and Chl a concentration (Supporting
Information Table S2; Fig. 4a,b). The logarithmic model 5 was
converted to a linear scale:

PUR

m: aCDOM(4OO)—0,645 % Chl aO.SSZ % 673.288 (6)

and illustrated as surfaces in Fig. 4a,b. According to Eq. 6, the
values of PUR/PAR varied from 0.5% to 20% with a median of
3% in the reference lakes (Fig. 5).

To estimate a typical range of PUR/PAR values in most
boreal lakes, PUR/PAR values were calculated (Eq. 6) for the

Light absorption by phytoplankton

reference lakes based on their concentration of Chl a along
a CDOM gradient from 5 to 15th and 85 to 95th percentile
bands of acpon(400). Chl a concentration for each centered
acpom(400) percentile band was determined based on a
logarithmic dependence between the variables in the refer-
ence lakes (Chla=1.80acpowm(400)*7°, adj. R?=0.29; Fig. 4d;
Supporting Information Fig. S2). The PUR/PAR value was on
average 3.8% for the 5-15th percentile band of acpom(400)
centered at 3.8 m~' and decreased to on average 2.5% for the
85-95th percentile band of acpom(400) centered at 20m™*
(Fig. 4b,c; Supporting Information Table S5). Along the same
gradient, the mean concentration of Chl a more than tripled,
as the values increased from 5 to 17 ugL~" (Supporting Infor-
mation Table S5; Fig. S2; Fig. 4b,d). Both total nitrogen and
phosphorus concentrations increased with CDOM content in
the reference lakes (Supporting Information Fig. S3). In
addition, an increase in the CDOM content decreased
PUR/PAR values more in low-CDOM than in high-CDOM
lakes (Fig. 4a—c).
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Fig. 4. Graphs showing the dependency of the fraction of PAR absorbed by phytoplankton (PUR/PAR, %) on acpom(400) and Chl a (a—c), and Chl a (d)
on acpom(400) value. The 3D surfaces in (a and b) show calculated PUR/PAR (model 5 in Supporting Information Table S2) based on acpom(400) and
Chl g, a color scale indicating the PUR/PAR value. Ticks (a) show the datapoints in the sampled lakes, and yellow dots (b) show the predicted PUR/PAR
according to the nine centered percentile bands of acpom(400) from 5 to 15th to 85 to 95th percentile and corresponding Chl a values in the reference
lakes (Supporting Information Table S5; Fig. S2). The red point (b) shows a median boreal lake according to dcpom(400). The dots in (c and d) show the
calculated PUR/PAR values (model 5 in Supporting Information Table S2) and Chl a concentrations based on measured values (Supporting Information
Fig. S2), respectively, with the centered percentile bands of acpom(400) in the reference lakes. The error bars in (c and d) indicate the first and third quar-

tiles of PUR/PAR and Chl a in each percentile band.
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Fig. 5. A histogram of the variation in the percentage of photosyntheti-
cally active radiation absorbed by phytoplankton (PUR/PAR) calculated
using model 5 in Supporting Information Table S2 in the 2250 reference
boreal lakes. The vertical red line indicates the median value.

Predicting the impact of browning on PUR/PAR values

The impact of browning on PUR/PAR values was esti-
mated for the median reference lake (PUR/PAR = 3.1%,
dcpom(400) =8.9m™! and Chl a=9.2ugL™!, Fig. 4b-d,
Supporting Information Table S6). Our browning scenario
assumed not only an increase in the CDOM content but also
an increase in the Chl a concentrations as found in the ref-
erence lakes along the CDOM gradient (Supporting Informa-
tion Figs. S2, S3; Supporting Information Table S7). In terms
of nutrients, the browning scenario assumed that water
quality of the median lake will change according to the
ratios 1.4 ug tot-P/m~' acpom(400), 1.8 ug tot-P/mg DOC
and 0.15 ug tot-P/mg Pt with increasing allochthonous
input (Supporting Information Table S7). Browning causing
a 25% increase in the acpom(400) value and an increase in
Chl a concentration to 10.9 ug L™ of the median boreal lake
was predicted to decrease PUR/PAR to 2.9% (Fig. 4c,d;
Supporting Information Table S6). PUR/PAR-values were
predicted to decrease to 2.8%, 2.7% and 2.6% but Chl
a concentrations to increase to 12.4, 14.0 and 15.4 ug L ™"
with 50%, 75% and 100% increases, respectively, in
acpom(400). Thus, although CDOM decreases PUR/PAR
values according to the model 5, the severity of the decrease
was partly compensated by an assumed increase of Chl
a concentration. Due to this compensation, the predicted
decrease in PUR/PAR values was only moderate for a typical
range of browning reported in the recent decades.

Discussion

This study quantifies the decrease in the fraction of PAR
absorbed by phytoplankton over the whole water column
(i.e., PUR/PAR) as a function of increasing CDOM content in
boreal lakes. We show that phytoplankton generally makes a
low contribution to the absorption of PAR in boreal lakes,
whereas CDOM absorbs most of the PAR in the water column.

Light absorption by phytoplankton

The PUR/PAR value in the sampled lakes is best predicted by a
logarithmic model including CDOM content (quantified as
acpom(400)) and Chl a concentration as explanatory variables.
Based on the model, an increase of CDOM content decreases
PUR/PAR but a concurrent increase in the Chl a concentration
with the CDOM partly compensates for the decline of the
PUR/PAR in boreal lakes along a CDOM gradient. Assuming
that browning increases both CDOM content and Chl
a concentration as in the reference lakes, our model suggests
that the reported degree of browning decreases the PUR/PAR
values in typical boreal lakes only moderately.

The fraction of PAR absorbed by phytoplankton

The range (0.4-17%) and median (3%) of PUR/PAR values
in our sampled boreal lakes are lower than values of a similar
parameter dpnyto/dror reported previously for Scandinavian
lakes (range 2.2-28.2% and median 6.6%; Thrane et al. 2014)
and for a Canadian reservoir (range 2-8% and mean 5%;
Watanabe et al. 2015). In our study lakes, the upper ranges
of CDOM content (dcpom(400) 1.2-32.5m™!) and DOC
(1.8-24.4 mg L) exceed those reported for boreal lakes in
earlier studies, such as by Thrane et al. (2014) (acpom(400)
0.1-15 m~! and DOC 0.3-12.3 mg L™ '), by Kutser et al. (2005)
(@cpom(420) 1.2-7.7m™' and DOC 7-12mgL™'), or by
Ylostalo et al. (2014) (acpom(420) ~1-7m~' and DOC
5.1-11.2 mg L™'). Thus, the high content of CDOM and DOC
in our study lakes likely explain the low values of PUR/PAR,
owing to the strong absorption of PAR by CDOM. In general,
PUR/PAR values are low in boreal lakes, where CDOM is the
dominant absorbing component in most lakes (Thrane
et al. 2014; our study).

The impact of CDOM, nutrients, and Chl a on PUR/PAR in
lakes along a CDOM gradient

Our regression models indicate that CDOM affects the
PUR/PAR value negatively, while nutrients and Chl a have a
positive impact on PUR/PAR. In a similar model applied to
Scandinavian lakes, tot-P and DOC increased and decreased
the light absorption by phytoplankton pigments, respec-
tively (Thrane et al. 2014). Several factors can explain the
findings of the models (this study; Thrane et al. 2014). An
increase in CDOM content or the chromophores of DOC
decrease the fraction of PAR absorbed by phytoplankton
because they compete for available photons with phyto-
plankton (Kirk 2011; Solomon et al. 2015). On the other
hand, nutrients, such as tot-P, can increase the biomass of
phytoplankton, Chl a concentrations, and hence the light
absorption by phytoplankton (Marzetz et al. 2020). Nutrients
and DOC often increase concurrently with CDOM in lakes
(Thrane et al. 2014; Seekell et al. 2015; Hamdan et al. 2021;
this study). The carbon in DOC can supply energy and the
carbon metabolites for mixotrophic phytoplankton, increas-
ing their biomass and light absorption in high-CDOM lakes
(Calderini et al. 2022). Further, phytoplankton can increase
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their cellular Chl a content as a response to lowered light
availability and this photoacclimation can increase the light
absorption without a similar increase in biovolume (Fennel
and Boss 2003; Sherbo et al. 2023). All in all, in lakes along a
CDOM gradient, the shading effect of chromophores of
DOM can be partly compensated by higher concentration
of phytoplankton pigments related to better availability of
nutrients (tot-P) and carbon (DOC) or photoacclimation (this
study; Thrane et al. 2014; Calderini et al. 2022; Sherbo
et al. 2023).

The effect of browning on the PUR/PAR values

Our study suggests that an increase of acpom(400) by
25-100% in lake water does reduce PUR/PAR values, but only
rather modestly (5-15%) when accounting for the typical devel-
opment of Chl a in 2250 boreal lakes with increasing CDOM
captured in our models. Our browning scenario assumes that
browning increases not only the CDOM content but also
elevates the nutrient and Chl a concentrations in lakes. Our
scenario is consistent with the reported concomitant increase
of nutrient concentrations and CDOM or DOC content associ-
ated with browning (e.g, Corman et al. 2018; Lepistod
et al. 2021). A key feature of our scenario is that it involves the
possible adaptations of phytoplankton (e.g., photoacclimation)
to elevated CDOM as found on average in the 2250 reference
lakes. However, our scenario is based on spatial differences
among lakes and their catchments along a CDOM-gradient
(a space-for-time assumption), rather than on actual temporal
responses of PUR/PAR to an increasing allochthonous loading
in individual lakes because of the lack of such data (Stetler
et al. 2021). Our browning scenario describes a typical response
in PUR/PAR values on average across boreal catchments,
whereas the response of an individual lake may be different
depending on the characteristics of the catchment and the fac-
tors causing browning (e.g., recovery of acidification, changes
in land use or vegetation).

Individual lake responses of PUR/PAR values to browning
may differ from the average modeled response based on our
browning scenario. One factor that influences PUR/PAR-values
in lakes experiencing browning is the nutrient to CDOM ratio
of the increased allochthonous loading (Kelly et al. 2018). In
this study, we assumed that browning in lakes takes place with
the water quality changes characterized by the ratios 1.8 ug tot-
P/mg DOC, 1.4 ug tot-P/m ™' acpom(400), and 0.15 ug tot-P/mg
Pt color as found on average in the 2250 reference lakes along a
CDOM gradient. In our reference lakes, the tot-P/DOC ratio is
higher than that reported elsewhere for allochthonous loading
from terrestrial boreal forest catchments (0.5-1.2 ug tot-P/mg
DOC; Jansson et al. 2012; Finér et al. 2021) but lower than soil
leachates in the catchments of browned lakes in the temperate
region (6-15 ug tot-P/mg DOC; Corman et al. 2018). The load-
ing from Swedish forest streams has been characterized by
0.05 pug tot-P/mg Pt-color (Meili 1992), which is lower than the
corresponding mean ratio in our reference lakes. In boreal lakes,

Light absorption by phytoplankton

browning may decrease PUR/PAR values more than estimated
in this study if their elevated allochthonous loading has lower
nutrient to CDOM ratios than in our reference lakes. However,
it is not simple to predict the responses of PUR/PAR to brow-
ning based solely on the characteristics of allochthonous load-
ing because the responses happen within the receiving lakes.
For example, the cycling of allochthonous tot-P is complicated
in lakes; solar radiation can quickly break down a part of
CDOM (photobleaching) and phytoplankton can adapt
(mixotrophy and photoacclimation) to changing environmen-
tal conditions (Del Vecchio and Blough 2002; Vahitalo and
Wetzel 2004). In this study, we evaluated the response of
PUR/PAR to browning based on changes found in large number
of lakes along a CDOM gradient, but we encourage future
research into the quality of increased allochthonous matter as
an explainer of PUR/PAR values in browning lakes.

Conclusions

Owing to the high content of CDOM in many boreal lakes,
the contribution of phytoplankton to the absorption of inci-
dent PAR in boreal lakes is low, while CDOM absorbs most of
the light over the whole water column. Our results show that
the light absorption by phytoplankton decreases with increas-
ing CDOM content, whereas Chl a concentration tends to
concurrently increase with CDOM, partly compensating the
negative effect of the CDOM on the PUR/PAR values. Assum-
ing that browning increases both CDOM and Chl a contents
of a lake, our model suggests that the decrease in the light
absorption by phytoplankton in response to typical browning
of most boreal lakes is only moderate, owing to either/or a
combination of photoacclimation of phytoplankton to
lowered light supply and increased nutrient concentrations
associated with allochthonous matter in high-CDOM lakes.

Data availability statement
The data that support the findings of this study are avail-
able from the corresponding author upon reasonable request.
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