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Influence of littoral periphyton on whole-lake metabolism relates

to littoral vegetation in humic lakes
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Abstract.  The role of littoral habitats in lake metabolism has been underrated, especially in
humic lakes, based on an assumption of low benthic primary production (PP) due to low light
penetration into water. This assumption has been challenged by recent recognition of littoral
epiphyton dominance of whole-lake PP in a small highly humic lake and of epiphyton as an impor-
tant basal food source for humic lake biota. However, as these studies have mostly concerned single
lakes, there is a need to test their wider generality. We studied the whole-lake PP and community
respiration (CR) in eight small humic lakes in southern Finland during July 2015 using 'C incor-
poration to measure pelagic PP and the changes in dissolved inorganic carbon in light and dark
in situ incubations to measure CR and littoral PP by epiphyton. Changes in O, concentration in
both pelagic and littoral surface water were measured periodically from each lake and, additionally,
continuously with a data logger from one lake during the study period. The results revealed that
the littoral dominated whole-lake net primary production (NPP) in five of the eight lakes, which
was supported by observed O, supersaturation in the littoral surface water in most of the lakes.
Calculated pelagic:littoral ratios by area correlated negatively with both littoral NPP and littoral
contribution to whole-lake NPP. Moreover, there was a significant positive relationship between lit-
toral proportion of whole-lake NPP and the fraction of lake surface area covered by littoral aquatic
vegetation. This demonstrates that increased aquatic littoral vegetation cover increases the overall
importance of the littoral to whole-lake PP in highly humic lakes. Littoral NPP also correlated
strongly with littoral O, saturation, and the continuously measured O, revealed substantial tempo-
ral variation in O, saturation, particularly in the littoral zone. Whole-lake gross primary produc-
tion:community respiration (GPP:CR) ratios revealed that accounting for littoral metabolism
produced a marked shift towards lake metabolic balance, although all the eight lakes remained net
heterotrophic. This study emphasizes that littoral metabolism needs to be accounted for when

estimating whole-lake C fluxes in all lakes, even in highly colored humic waters.

Key words:
primary production.

INTRODUCTION

Most studies of production in lakes have concerned only
the pelagic habitat without measuring littoral autotrophic
production and metabolism (Vadeboncoeur et al. 2002,
Cantonati and Lowe 2014). Of the few studies covering
both habitats most have focused either on eutrophic or
clear oligotrophic lakes (Vadeboncoeur et al. 2003, Ander-
sson and Brunberg 2006, Ask et al. 2009a, Devlin et al.
2015), where littoral autotrophy can make a substantial
contribution to whole-lake primary production (PP). If
lakes are steep-sided, general models of benthic algal pro-
duction, based on variables such as light, basin morphom-
etry and nutrients, yield a negligible benthic contribution
to whole-lake PP (Vadeboncoeur et al. 2008). However,
these models do not account for the surrounding aquatic
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and submerged terrestrial vegetation which varies greatly
between lakes and is important for many interactions in
lake communities (Jeppesen et al. 2012).

In highly humic lakes the role of the littoral zone in
whole-lake PP has been particularly underrated based on
an assumption of low benthic PP due to the very low light
penetration into water. Many boreal lakes have high con-
centrations of allochthonous dissolved organic matter
(DOM) rich in humic substances, which restrict light pen-
etration to the uppermost water layers and absorb heat
very efficiently, resulting in steep vertical temperature and
O, gradients. While allochthonous DOM directly con-
trols light and temperature conditions, it also affects PP,
metabolic rates and several other fundamental functions
in lake ecosystems (Solomon et al. 2015). Besides con-
straining intrinsic PP (Karlsson et al. 2009), incorpora-
tion of allochthonous organic carbon into lake food webs
increases community respiration (CR), which is often
reported to exceed gross primary production (GPP) and
make lakes net heterotrophic (Del Giorgio and Peters
1994, Duarte and Agusti 1998). Small boreal lakes are
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predominately shallow due to flat topography, and
allochthonous inputs are diluted in a small volume of
water, resulting in higher water color than in deeper lakes
(Kortelainen 1999). Many surface waters of glaciated
landscapes across North America and Europe have expe-
rienced an increase in dissolved organic carbon (DOC)
concentration, which is expected to continue in the future
(e.g. Monteith et al. 2007, Solomon et al. 2015). As this
lake “browning” further limits light availability in lakes, it
presumably has a negative effect on benthic PP (Brothers
et al. 2014).

However, small humic boreal lakes often have surround-
ing floating moss stands among other emergent, floating
and submerged aquatic macrophytes, and this surrounding
vegetation has been reported to have expanded over recent
decades in Finnish lakes (Rintanen 1996). These vegeta-
tion stands can provide extensive substrata for epiphyton
growth in relatively well-illuminated conditions just under
the water surface. Particularly lakes surrounded by float-
ing moss stands tend to have treeless shores and, thus, neg-
ligible shading. Vesterinen et al. (2016) recently reported
that PP of epiphyton on the littoral vegetation dominated
the summer whole-lake PP in a small humic lake. Concur-
rent measurements of CR revealed that the littoral was
strongly net autotrophic, to the extent of being able to
balance the whole-lake metabolism and even make the
lake net autotrophic occasionally during the open water
period. As lakes of similar size are very common through-
out the boreal zone, while globally the estimated total
number of lakes with surface area from 0.1 to 1 ha is
2.77 x 10® (Downing et al. 2006, Messager et al. 2016),
these findings can be expected to have wider applicability.

Hence the prevailing view of a very low contributions
of littoral production to whole-lake PP in humic lakes is
being challenged by recent studies. However, as the evi-
dence derives largely from studies of individual lakes
there is a clear need to test the wider generality of the
findings. In this study we investigated the prevalence of
highly productive littoral habitats in several small humic
lakes in southern Finland. We studied the magnitudes of
autotrophic production and respiration in both the pela-
gic and littoral habitats of the lakes during July 2015,
extrapolated results to the whole-lake scale and related
the values to different environmental variables. We pre-
dicted that the littoral epiphyton would make a substan-
tial contribution to whole-lake PP and strongly influence
the apparent whole-lake metabolic balance, and that the
littoral epiphytic contribution to whole-lake PP would
be related to the extent of available substrata in lakes.

METHODS

Study lakes

The study was conducted between 8 and 22 July 2015
and encompassed eight lakes located in the Evo forest
area in southern Finland (an area of ca. 18 km? between
61° 10/ and 61°13 N and 25°5 and 25° 12 E;
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Appendix S1: Fig. S1). This area contains mainly small
humic headwater lakes inter-connected by brooks and
forming a network of lakes in the landscape (Jarvinen
et al. 2002, Vehkaoja et al. 2015). Most of these lakes
have one or more inflows and one outflow and are pre-
dominantly fed by surface runoff, while a smaller fraction
of the lakes are seepage lakes (Arvola et al. 2010).

The study lakes are small (mean + SE surface area
1.0 £ 0.2 ha) and highly humic (mean + SE water color
280 4+ 57 mg Pt L™"). The lakes are surrounded by conif-
erous forest with patches of deciduous trees. Except for
Lakes Horkkajirvi, Tavilammi and Keskinen Rajajarvi,
trees do not grow directly along the shores of the lakes,
making littoral areas well-lit. Some shading by trees does
occur at those three lakes in places where trees extend clo-
ser to the shoreline. There is no agricultural activity
remaining in the study area, and the development of the
forests in Evo is strongly influenced by commercial for-
estry. The lakes have ice cover usually from early Novem-
ber until the beginning of May. Being highly colored,
light penetration is restricted to the uppermost water lay-
ers, and steep temperature and O, gradients form very
rapidly in the water column after ice-off in spring, with
anoxia developing in the hypolimnion in every study lake.
Most of these lakes are steep-sided and have very little
illuminated benthic area, but some do have some shal-
lower areas close to the lake edges, where light can pene-
trate to the bottom. Littoral areas consist mostly of
aquatic vegetation (macrophytes and bryophytes) and
associated epiphytes, which both vary among the lakes. A
peripheral floating moss mat (mostly of Warnstorfia and
Sphagnum species) is a predominant characteristic in
Lakes Mekkojarvi, Molakka and Nimeton. Littoral areas
in these lakes also comprise sedges (Carex sp.), which
grow on the lake bank and are partly fallen into the lake
and often in various stages of decay, along with some
other floating, emergent and submerged macrophytes,
such as Menyanthes trifoliata, Phragmites australis and
Utricularia sp. Lakes Horkkajirvi and Tavilammi have
the most bare rocky shore and the least aquatic vegeta-
tion with some patchy appearance of emergent and float-
ing macrophytes. Lakes Haukijarvi, Huhmari and
Keskinen Rajajarvi can be considered as intermediate in
terms of vegetation cover, which consists mostly of some
floating, emergent and submerged plants, but without
such an extensive moss bed as in Mekkojarvi and
Nimeton. All the study lakes, except for Keskinen
Rajajarvi, have been monitored ca. twice per year (in
spring and in autumn) by staff from nearby Lammi Bio-
logical Station so that some additional chemical and
physical parameters not measured in this study were
available. More characteristics of the study lakes are
presented in Table 1 and Appendix S2: Table S1.

Physical parameters

Light attenuation was measured at 0.5 m intervals
from the surface to the bottom in the pelagic area of
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TABLE 1.
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Some characteristics of the eight study lakes. All the presented chemical parameters except chl a were provided by

Lammi Biological Station. SA = Surface area, CA = Catchment area, P:L ratio = Pelagic:Littoral ratio by area, * = Sampled on
3.11.2015, ** = Sampled on 27.-28.11.2014, *** = sampled from epilimnion.

Max. Mean

Sampling SA CA depth depth P:L Color Tot-N Tot-P DOC Chla
Lake date (ha) (ha) (m) (m) ratio pH* (mgPtL™h* (ugL™")* (ugL hH* (mgL ")** (mgm 3)***
Mekkojarvi  8.7.2015 04 248 43 2.0 3.0 59 429.0 635.0 16.0 24.0 3.0
Horkkajarvi 9.7.2015 1.1 621 12 7.7 198 59 402.0 745.0 21.0 27.0 4.9
Huhmari 13.7.2015 1.1 102.0 8 4.2 5.5 6.4 34.0 265.0 8.0 6.0 6.6
Molakka 14.7.2015 0.7 44 15 6.0 5.4 4.6 233.0 593.0 23.0 16.0 5.4
Nimeton 15.7.2015 04 323 11 8.6 2.9 4.6 449.0 758.0 18.0 30.0 1.5
Tavilammi 16.7.2015 0.8 18.1 7 5.2 8.9 4.6 199.0 680.0 15.0 14.0 10.7
Keskinen 21.7.2015 1.5 109.9 12 6.6 4.0 n/a n/a n/a n/a n/a 15.1
Rajajarvi
Haukijarvi ~ 22.7.2015 23 6613 85 3.8 8.4 6.5 216.0 524.0 13.0 22.0 7.1

every study lake using a single planar LI-COR (Li-192)
Underwater Quantum light sensor (LI-COR Inc., Lin-
coln, Nebraska, USA). Temperature and O, concentra-
tions were measured at 0.5 m intervals from the pelagic
areas and at six randomly selected sites from the littoral
areas with a YSI 55 O, and temperature sensor (YSI
Inc., Yellow Springs, Ohio, USA). In Mekkojérvi, two
miniDO,T data loggers (PME Inc., Vista, California,
USA) were used to record littoral and pelagic surface
temperatures and O, concentrations continuously dur-
ing July. One data logger was placed above the moss mat
(but under the water surface) in the littoral and the other
was in the pelagic ca. 1 m from the edge of the littoral
vegetation. Daily irradiance values (measured with a
Kipp & Zonen B.V., model CM11; Delft, The Nether-
lands) and day lengths were obtained from the Finnish
Meteorological Institute measurement station in Jokioi-
nen, ca. 110 km west from our study area in Evo. The
area of littoral vegetation mat in each study lake was cal-
culated from a satellite image using an area calculator
tool (in Retkikartta.fi, © Metsahallitus, MML, CGI,
2016) and this was used for estimating pelagic:littoral
ratios (P:L ratios) by area for each lake.

Pelagic chlorophyll a, phytoplankton primary production
and community respiration

Chlorophyll a (chl @) was measured from 0.2-0.5 m
depth (representing the epilimnion) from each lake.
Samples were filtered onto Whatman GF/C glass fiber
filters and chl ¢ was measured using a Shimadzu UV-
1800 spectrophotometer (Shimadzu Corporation,
Kyoto, Japan) according to a standard spectrophotomet-
ric method SFS 5772 (Finnish Standards Association,
Helsinki, Finland).

Pelagic PP was measured according to the *C incor-
poration method described by Schindler et al. (1972).
Composite water samples were taken with an acrylic
tube sampler Limnos (Limnos Ltd., Komoréw, Poland)
by combining three pulls from each of four strata corre-
sponding to surface, epi-, meta- and hypolimnion in
each lake, which were determined according to O,

measurements. Subsamples were decanted into 20 mL
glass vials containing NaH'*CO; with four replicates
(one dark sample in each depth) and were then incu-
bated in situ in each stratum for 24 h. The *C activity
was measured with a Packard Tri-Carb® liquid scintilla-
tion counter (PerkinElmer, Waltham, Massachusetts,
USA). 24 h incubations were expected to yield PP values
which approximate most closely to net primary produc-
tion (NPP) (Salonen and Holopainen 1979, Marra
2009). PP of the water column was converted from volu-
metric basis to areal basis by multiplying the values from
each stratum by the total depth of the stratum and then
summing over the whole water column. Whole-lake daily
PP was estimated by multiplying the daily areal values
by the lake surface area.

Pelagic CR was measured concurrently with PP as the
increase of dissolved inorganic carbon (DIC) concentra-
tion during dark incubations. Subsamples (two initials
and two samples for dark incubations) were taken from
the composite water samples from each stratum (surface,
epi-, meta- and hypolimnion) into 50 mL glass BOD
bottles. Half of the bottles were wrapped in aluminium
foil, put into light-impermeable tubes (filled with water)
and incubated in situ in each stratum for 24 h. The other
half (#o ,) were placed on ice and taken immediately to
the laboratory, where DIC was measured with a DIC-
analyzer (Salonen 1981), and this was repeated for 7,4 1,
samples the next day. From each bottle, five replicate
subsamples were used to determine the median DIC
concentrations of each sample. DIC samples were not
acidified in the field, since the time gap between the sam-
plings and measurements were only ca. 30 min. The
areal values for CR were calculated by multiplying the
average volumetric values by the mean depth, and the
whole-lake estimates were calculated as for PP.

Littoral primary production, community respiration
and periphyton biomass

Periphyton PP and CR in littoral habitats were mea-
sured concurrently with the pelagic measurements from
the difference of DIC during in situ incubations of



December 2017

epiphyton samples in both dark and transparent 20 mL
glass vials, where consumption or production of DIC
over time indicates either production or respiration. Fol-
lowing the methods described by Vesterinen et al. (2016),
we mostly sampled sedges and other plant substrata
which had died, as these were effectively metabolically
inert and easier to process compared to the more complex
moss substratum. Validation of this method is based on
comparison of PP on moss and sedges (conducted in
2011 in Lake Mekkojarvi, Vesterinen unpublished data),
which showed no statistically significant difference. The
samples were collected from six randomly selected sites
around the lake shoreline by clipping randomly chosen
pieces of plant substratum (four replicates per site) into
20 mL glass vials and filling with surrounding littoral
water. The depth from which the samples originated ran-
ged usually from 0.05 to 0.25 m. Trial incubations of bare
littoral water had not revealed substantive changes in
DIC concentrations over time (Vesterinen et al. 2016).
Surrounding littoral water was sampled from each site to
obtain initial DIC concentrations. Periphyton samples
were incubated in situ for 2 h around noon, half of the
samples in the dark conditions and the other half in the
surface water under the same light condition as those
from which the periphyton originated (barely submerged
under the water surface). After the incubations, the sam-
ples were placed on ice in a cool box and taken to the lab-
oratory where DIC concentrations were measured
immediately with a DIC-analyzer (Salonen 1981). Peri-
phyton was then entirely removed from the substrata of
six randomly selected samples by scraping with a spatula
and the samples were filtered onto glass fiber filters
(Whatman GF-F). Chl « contents in these were measured
as described above for phytoplankton, and the periphyton
biomass was estimated as the total chl a per dry weight
(DW) of substratum in a sample. Substrata were dried at
60°C for 24 h and dry mass was recorded.

Gross primary production (GPP) of periphyton was
calculated from the difference in DIC between light and
dark samples (GPP = DICy,—DICjjgp,/incubation time)
and the CR from the differences between dark and initial
samples (DICg,«—DICyja/incubation time). NPP was
then calculated as NPP = GPP—CR, assuming that most
of the CR is attributable to primary producers (Vesteri-
nen et al. 2017). The values of each sample were normal-
ized to mg C g DW substratum™". To estimate the whole-
lake littoral PP, the availability of littoral substrata at
each lake was quantified according to Vesterinen et al.
(2016). The littoral substratum along 50 cm of lakeshore
from six sites around the lake was entirely removed, care-
fully collected and dried at 60°C for 48 h. Light penetra-
tion into each lake was used to determine the depth to
which submerged and emergent macrophytes were
removed (the depth reached by 1% of incident photosyn-
thetically active radiation). Only the illuminated top layer
was removed from those lakes in which the littoral con-
sisted of dense vegetation beds. The average DW of lit-
toral substratum per meter of lake shore was calculated
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for each lake and, as the substratum consists mainly of
flat and horizontally aggregated macrophytes and moss
leaves, the weight was divided by two in order to estimate
the mass of the illuminated side of the substratum. This
method was evaluated by Vesterinen et al. (2016) for
Lake Mekkojarvi and concluded to be conservative. Daily
PP was calculated according to Vesterinen et al. (2016)
using Eq. 1, which is a modified version of the calculation
described by Vadeboncoeur et al. (2008). For whole-lake
estimates, PP per meter of lake shore was calculated and
multiplied by the total shoreline length of each lake. Daily
estimates for periphyton respiration were calculated by
multiplying the mean hourly values around noon by 24.

sunset
Periphyton PP~9% = A¢ Z [PPmaxtani(Z-, /1)) (1)

sunrise

where Atf is the time increment (/1), PP, is the light-
saturated primary production right under the water sur-
face at noon (mg C g dry-weighted substratum™! h™'),
tan/ is the hyperbolic tangent function, I, is the light at
depth z (umol m~2 s™!) and time 7 () and I is the light
intensity for onset of saturation, which was set to
300 pmol m~2 s™! according to Hill (1996). The irradi-
ance data and day lengths were obtained from the
Finnish Meteorological Institute in Jokioinen. To define
I, the photosynthetically active radiation (PAR) on
the surface was multiplied by the fraction of PAR at the
incubation depth in each lake.

Statistical analyses

Welch’s z-test was used to test for differences in pela-
gic and littoral NPP and CR and periphyton chl «a
between the lakes, when sample sizes were unequal. Log-
transformation was used for data with unequal vari-
ances, and the Tukey post-hoc test was used to explore
which means were significantly different from each
other. Regression analysis was used to test the relation-
ships between epilimnetic NPP and chl «a, periphyton
NPP and periphyton chl a, littoral NPP and P:L ratio,
littoral proportion of whole-lake NPP and P:L ratio,
and littoral O, saturation and littoral NPP. All the statis-
tical tests were conducted with IBM SPSS Statistics (ver-
sion 20.0.0.2; IBM, Armonk, New York, USA). The
daily estimates of periphyton PP (Eq. 1) were performed
using R project for Statistical Computing version 3.3.2
(R Core Team, 2016). All the descriptive statistics are
reported as means + SE if not expressly noted.

REsuLTs

Physical parameters in pelagic and littoral areas

Light attenuation was rapid in all the lakes (Fig. 1A),
with the depth of 1% of surface irradiance being between
0.5 and 1.0 m. Surface water temperatures in the pelagic
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s~'. (B) Oxygen concentrations in the study lakes in July 2015.

areas were similar in all eight lakes during the study per-
iod (mean 18.0 + 0.3°C) and temperature gradients
were steep in all the lakes (mean temperature at 2 m
depth 9.0 + 0.9°C). Littoral surface temperatures were
similar in all the lakes with a mean of 20.6 4+ 0.3°C),
and on average 2.5 degrees higher than in the pelagic.
Oxygen concentration gradients were also similarly
steep in all the lakes (Fig. 1B). However, Tavilammi,
Keskinen Rajajarvi and Haukijarvi had the highest O,
saturation in the surface water (over 90%) at noon, and
Tavilammi was the only lake in which daytime O, super-
saturation was recorded in the pelagic (Fig. 2A). In con-
trast, clear O, supersaturation at noon was observed in
the littoral areas of all the lakes except Horkkajarvi and
Haukijarvi. Logger data for O, saturation in Mekkojarvi
during July revealed that the littoral was often strongly
supersaturated at noon but O, decreased to almost zero
during night (Fig. 2B). The pelagic logger, which was only
ca. 1 m from the edge of the littoral moss mat, showed a
similar diel pattern but with clearly lower maximum and
higher minimum values, as the O, saturation usually
remained under 80% at noon and above 20% at night.
The calculated P:L ratios for each lake are presented
in Table 1. The mean P:L ratio was 7.2 4+ 1.9. The low-
est P:L ratios, and, thus the most extensive potential
aquatic vegetation cover, were found from Nimeton and
Mekkojéarvi, and the highest P:L ratio and the least
extensive potential vegetation cover from Horkkajéarvi.

Pelagic primary production, community respiration and
chlorophyll a
Pelagic NPP m~> was low in all the lakes (Fig. 3A;

mean 55.6 + 8.5 mg C m—> d™!), and there were no sta-
tistically significant differences between the lakes
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areas (mean = SE, n = 6) in the study lakes at noon in July
2015. (B) Continuously logged data of oxygen % saturation in
the littoral and pelagic areas in Mekkojérvi during July 2015.
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FiG. 3. Pelagic (A) net primary production (NPP) and (B)

community respiration (CR) per unit volume (bars, mean + SE)
and per unit area (lines) in the study lakes in July 2015.

(Welch’s t-test, t7, 205 = 2.2, P = 0.079). The mean areal
NPP was 50.5 + 7.6 mg Cm >d~'.

Pelagic CR m™ was substantially higher than NPP
(Fig. 3B; mean 363 + 137 mg C m—> d™'), and there
were statistically significant differences between the lakes
(Welch’s t-test, 17 220 = 4.4, P < 0.01) which, according
to the Tukey post hoc test, were between Mekkojarvi
and Huhmari, Mekkojarvi and Nimeton and Mek-
kojarvi and Keskinen-Rajajarvi. The mean areal CR
value was 1375 + 364 mg C m~2 d~!, and the highest
values were in Horkkajarvi and Mekkojarvi (Fig. 3B).

Epilimnetic chl a in the lakes (Table 1) ranged from
1.5 mg m? in Nimetén to 15.1 mg m > in Keskinen
Rajajirvi (mean 6.8 &+ 1.5 mg m ). No significant rela-
tionship was observed between epilimnetic NPP and chl
a (linear regression, R>=0.083, Fi6=0.54, P = 0.489).
However, most of the study lakes contain appreciable
quantities of bacteriochlorophyll (BChl), which overlaps
with chl @ in spectrophotometric determination (Karhu-
nen et al. 2013) and may obscure any potential correla-
tion between the NPP and chl a.

Littoral primary production, community respiration
and periphyton biomass

Periphyton NPP in the littoral at noon (Fig. 4A) varied
substantially between the lakes (mean 22.9 + 4.4 mg C (g
DW substratum) ' h™!). The highest values were
observed in Mekkojarvi and Nimeton and the lowest
value in Horkkajéarvi. There was a statistically significant
difference in noon values between the lakes (Welch’s z-test,
17, 232 = 9.810, P < 0.001). Tukey’s post hoc test revealed
that Mekkojarvi differed from Tavilammi, Keskinen
Rajajarvi and Haukijarvi, whereas Horkkajarvi differed
from all the lakes except Tavilammi, Keskinen Rajajarvi

PERIPHYTON AND WHOLE-LAKE METABOLISM

3079

and Haukijarvi. Huhmari and Molakka differed only
from Horkkajarvi, whereas Nimeton differed from Hork-
kajarvi, Tavilammi, Keskinen Rajajarvi and Haukijarvi.
Tavilammi differed from Nimeton and Mekkojarvi, and
both Keskinen-Rajajarvi and Haukijarvi differed from
Mekkojéarvi and Nimeton, Daily NPP values (g DW sub-
stratum)~' (Fig. 4A) were also highest in Nimeton and
Mekkojarvi and lowest in Horkkajarvi (mean daily NPP
251 + 99 mg C (g DW substratum) ' d}).

There was also substantial variation in periphyton CR
between the lakes (Fig. 4A; mean + SE noon value
145 + 2.1 mg C (g DW substratum)~' h™!) with the
highest values in Molakka, Mekkojarvi and Nimeton.
There were statistically significant differences between the
lakes (Welch’s t-test, ¢;, 33, = 8.862, P < 0.001). Tukey’s
post hoc test revealed that Mekkojarvi differed from
Horkkajarvi, Tavilammi and Keskinen Rajajarvi and
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Horkkajarvi differed from Mekkojarvi, Molakka and
Nimeton. Molakka differed from Horkkajarvi and Tavil-
ammi, whereas Nimeton differed from Horkkajéarvi,
Tavilammi and Keskinen Rajajarvi. Tavilammi differed
from Mekkojarvi, Molakka and Nimeton, whereas Kesk-
inen-Rajajarvi differed from Mekkojarvi and Nimeton.

Periphyton chl a varied substantially between the lakes
(mean 0.55 + 0.11 mg (g DW substratum) "), and there
were statistically significant differences between lakes
(Welch’s r-test, #7155 = 15.525, P < 0.001). The highest
chl a content was recorded from Nimeton (1.8 + 0.6 mg
(g DW substratum)™!) and the lowest from Horkkajdrvi
(0.04 + 0.01 mg (g DW substratum)~'). Tukey’s post
hoc test revealed that Mekkojarvi differed from Hork-
kajarvi, Horkkajarvi from Mekkojarvi and Nimeton,
and Nimeton differed from Horkkajarvi and Tavilammi.
There was a significant positive correlation between the
periphyton NPP and chl a (Fig. 4B; linear regression,
R*=0.7451, F; ;= 17.7, P < 0.01).

Whole-lake primary production, respiration and
production:respiration (GPP:CR) ratios

Whole-lake extrapolation revealed that the littoral NPP
exceeded pelagic PP in five of the eight lakes (Fig. 5A).
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Nimeton and Mekkojarvi had over 90% and Molakka
over 80% littoral contribution to whole-lake NPP, while
in Horkkajdrvi and Tavilammi pelagic was also clearly
dominating with over 80% contribution (Fig. 5B). On
average, the littoral contributed 58% to whole-lake NPP
in the study lakes. The pelagic clearly dominated the
whole-lake CR in every lake, except in Moldkka where
the littoral contribution of 45% almost equaled that of
the pelagic (Fig. 5C, D). On average, the pelagic con-
tributed 79% to whole-lake CR in the study lakes.

GPP:CR ratios demonstrate predominant net
heterotrophy in the pelagic areas and net autotrophy in
the littoral areas (Fig. 6). The mean GPP:CR ratio in
the study lakes was 0.09 + 0.05 in the pelagic and
1.59 £ 0.17 in the littoral. Huhmari had the least het-
erotrophic pelagic area with a GPP:CR ratio of 0.52.
The highest littoral GPP:CR ratios were in Huhmari
(2.33), Nimeton (2.28) and Mekkojarvi (1.93). When
pelagic and littoral were combined, the mean whole-lake
GPP:CR ratio was 0.22 £ 0.09. Huhmari, with a GPP:
CR ratio of 0.78, had the least heterotrophic lake; Hork-
kajarvi and Tavilammi, with GPP:CR of 0.02 and 0.05,
were the most heterotrophic.

A significant negative relationship between whole-lake
littoral NPP and P:L ratio was observed (Fig. 7A; inverse
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linear regression, R* =0.700, Fy ¢=14.01, P =0.01, and
logarithmic  regression, R* = 0.686, F, ¢=13.10,
P =0.011), demonstrating higher littoral NPP with
increasing relative potential vegetation cover. A strong
negative logarithmic relationship was also observed
between the littoral proportion of whole-lake NPP and P:
L ratio (Fig. 7B; logarithmic regression, R*> = 0.754, F
¢ = 18.416. P < 0.01), which demonstrates higher littoral
contribution to whole-lake PP with increasing relative
potential vegetation cover. This was also supported by
the strong positive linear relationship between the littoral
proportion of whole-lake NPP and the fraction of littoral
vegetation cover of the lake surface area (Fig. 7C; linear
regression, R* = 0.744, Fy, ¢ =17.395. P <0.01). There
was a strong and statistically significant logarithmic rela-
tionship between the littoral O, saturation and littoral
NPP [mg C (g DW substratum)~' h™!] for data from
seven of the lakes with Tavilammi excluded (Fig. 7D solid
line; linear regression, R*> =0.853, F, 5=280918,
P < 0.01); with Tavilammi included the relationship was
weaker but significant (Fig. 7D dashed line; logarithmic
regression, R? = 0.540, Fy, ¢ = 7.046, P < 0.05). Periphy-
ton NPP was very low in Tavilammi but the littoral
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surface water was supersaturated with O, as was the pela-
gic, presumably due to relatively high phytoplankton pro-
duction in both habitats. A positive linear regression was
found between the total littoral substratum biomass and
total littoral area (extent of macrophyte cover) (Fig. 7E;
linear regression, R* =0.720, F; = 15.328, P < 0.01.
Furthermore, a positive linear regression was found
between the littoral proportion of whole-lake NPP and
littoral substratum per m> of lake area (dry-weight, g)
(Fig. 7F; linear regression, R* =0.662, Fi6=11.750,
P = 0.014. There was no significant relationship between
the littoral proportion of whole-lake NPP and DOC con-
centration (linear regression, R* = 0.064, Fy5=0.343,
P =0.584).

DiscussioN

Our study addressed the often neglected but important
question of the relative contributions of pelagic phyto-
plankton and littoral periphyton to whole-lake PP in lake
ecosystems (Cantonati and Lowe 2014), focusing on
small and highly humic boreal lakes. Our results test the
generality of the recent demonstration of littoral periphy-
ton dominance of whole-lake PP in Mekkojarvi (Vesteri-
nen et al. 2016) by surveying whole-lake PP in eight small
humic lakes in southern Finland. Our demonstration of
littoral dominance of whole-lake PP in five of the eight
lakes in July 2015 suggests that this is probably a wide-
spread characteristic of such lakes. The recorded O,
supersaturation in the littoral areas in most of the lakes
during the study provides an additional indication of high
littoral PP, which also correlated positively with periphy-
ton NPP in the littoral. The significant negative relation-
ship between littoral NPP and P:L ratio by area
demonstrates how an increase in littoral vegetation cover
and the resulting increase in substrata available for colo-
nization by periphyton can increase littoral NPP and its
contribution to whole-lake PP in highly humic lakes.
Accounting for littoral PP by periphyton can alter the
perceived whole-lake metabolism of these lakes, which
have previously been considered strongly net hetero-
trophic according to pelagic measurements alone, by
shifting them towards autotrophy. Furthermore, as
macrophytes themselves may appreciably increase CO,
uptake (Brothers et al. 2013, Peixoto et al. 2016), their
carbon fixation together with that of associated periphy-
ton may even shift these small humic lakes to net auto-
trophic in summer. Thus increased DOC concentration,
which has been reported to increase net heterotrophy in
lakes through the respiration of allochthonous C and
through the decrease in both pelagic and benthic PP due
to restricted light penetration (Ask et al. 2012, Godwin
et al. 2014), is not always a good single predictor of
whole-lake production and metabolism. Littoral vegeta-
tion cover and the associated periphyton need to be taken
into account, since the periphyton can form highly pro-
ductive biofilms under shallow well-lit conditions even in
highly humic lakes. We did not find any significant
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relationship between DOC concentration and the propor-
tion of littoral of the whole-lake NPP, likely because the
epiphytic algae principally colonized barely submerged
and dense (self-shading) plant substrata, when the
amount of substrata was a more important factor than
DOC (and further, light attenuation). However, our study
encompassed only eight rather similar small humic lakes
and measured only epiphytic PP in the littoral. Data from
a greater range of lakes across a DOC gradient and
including many types of littoral development and also
measurements of benthic algal production will be needed
to make reliable and generalizable conclusions about rela-
tionships between DOC, epiphytic PP and littoral contri-
bution to whole-lake PP in humic lakes.

As the area of our study lakes and their P:L ratios by
area are both small, the littoral in these lakes is a rela-
tively large proportion of the lake surface area and con-
tributes strongly to whole-lake metabolism. When P:L
ratio by area increases together with lake depth, the over-
all net heterotrophy increases and the relative importance
of the littoral in whole-lake metabolism decreases. In this
study we defined the littoral area as the area of vegetation
cover, and greater vegetation cover was associated with
higher littoral NPP by epiphyton. Low development of
both periphyton and littoral vegetation was evident in the
lakes that had most shading by trees. As a few of the
study lakes have some illuminated sediments/rocks, and,
thus likely also some associated benthic algae, our defini-
tion of the littoral is incomplete. Therefore, our estimates
of whole-lake littoral PP are likely underestimates, at least
for some of the lakes. However, any contribution to
whole-lake PP from benthic algae other than those associ-
ated with the shallow littoral vegetation is probably very
small due to the low light penetration into the water in
every lake. Although the eight lakes in this study
remained net heterotrophic when the whole-lake GPP:CR
ratios were calculated, incorporation of the net auto-
trophic littoral into the calculation shifted them towards
metabolic balance. As our study only encompassed PP
and CR on a single summer day in each lake, it does not
account for temporal variation of the PP and CR rates,
which was demonstrated in Mekkojarvi in 2012 by
Vesterinen et al. (2016). However, the logger data from
Mekkojarvi during July shows pronounced weather-asso-
ciated temporal variation in O, saturation, which indi-
cates high variation in PP rates and metabolism during
summer. Comparison of pelagic and littoral loggers also
indicates substantial spatial heterogeneity in PP rates in
the lake, as shown by Van de Bogert et al. (2007). The
remarkable differences in O, saturation between the pela-
gic and littoral loggers only ca 1 m apart, demonstrate
very low horizontal fluxes between the pelagic and littoral
in the small and sheltered Mekkojarvi.

Comparison of metabolism of different lakes can be
misleading when lakes are not sampled simultaneously
and the weather changes during the sampling period.
The days when Mekkojarvi and Horkkajarvi were sam-
pled in this study were cloudier than the rest of the
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sampling days, which were all sunny and almost cloud-
less. This particularly affects the relationship between
PP and CR by reducing PP. For instance, Mekkojarvi
was found to be frequently net autotrophic during sum-
mer 2012 (Vesterinen et al. 2016), but was net hetero-
trophic in this study. This could be a result of lower light
and reduced PP together with higher respiration in the
lake. Indeed, pelagic CR was particularly high in Mek-
kojarvi relative to its smaller lake volume than in the
other study lakes. This illustrates the temporal variation
in metabolism which occurs both within and between
years. However, a considerable difference between this
and the 2012 study (Vesterinen et al. 2016) was in esti-
mation of pelagic GPP. Autotrophic respiration was not
measured directly in either study. In 2012, pelagic GPP
was estimated as the sum of "*C PP values and CR over
the photic zone. Since this can seriously overestimate the
pelagic GPP, we were conservative and used the '*C val-
ues in this study. However, there is also debate about
whether the '*C incorporation technique most closely
estimates NPP or GPP (Marra 2009). The technique has
been widely used in studies of humic lakes, with an incu-
bation time of 24 h considered to approximate NPP, so
our pelagic and whole-lake GPP:CR ratios based on the
technique are likely underestimates.

The upscaling of rate estimates made in bottle incuba-
tions to the ecosystem level inevitably has marked uncer-
tainties (Hanson et al. 2015). Considering this, our
whole-lake littoral PP and CR estimates from the struc-
turally more complex littoral zones undoubtedly involve
higher uncertainty than those from the more homoge-
nous pelagic. However, as the rates were so high, the
associated uncertainty cannot alter the essential message
of highly important littoral autotrophic production in
most of the lakes. Moreover, as the littoral NPP values
were calculated by subtracting CR from GPP and the
true autotrophic respiration must be less than the mea-
sured total CR, the littoral NPP values must actually be
underestimates. The P:L ratios by area were obtained
using areal calculations from satellite imagery, which
undoubtedly gives only coarse estimates due to rather
low resolution. However, P:L ratios correlated signifi-
cantly with the littoral NPP estimates, demonstrating
the validity of our approach, which nevertheless might
be improved with higher resolution satellite imagery.

The relative contribution of littoral and pelagic habitats
to whole-lake PP is a fundamental ecosystem attribute
that remains poorly explored and is in urgent need of fur-
ther study (Vadeboncoeur et al. 2002, Cantonati and
Lowe 2014). Our study addressed this using a novel
approach to demonstrate the importance of littoral PP in
humic lakes. However, all of our study lakes are small and
shallow, and most of them have relatively large fractions
of the lake surface area covered by littoral vegetation;
therefore whether the reported relationship between
littoral epiphytic NPP and P:L ratio (defined as the extent
of littoral vegetation cover) is also applicable to
larger humic lakes remains to be tested. Depth ratio
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(DR = Z/z,,,) together with light attenuation have been
used for predicting benthic algal contribution to whole-
lake PP, which in deeper oligotrophic and mesotrophic
lakes is predicted as moderate, ranging between 10 and
50% (Vadeboncoeur et al. 2008). DR alone tells us little
about the distribution of illuminated benthic habitat. If
the mean depth is well below the depth 1% of light, the
majority of benthic habitat is not illuminated, and the
benthic algae contributes only little to whole-lake PP
regardless of DR (Vadeboncoeur et al. 2008). Whether
the P:L ratio by area increases along with increasing lake
size depends on light availability and lake morphometry.
Allochthonous DOM is a major factor controlling light
availability in oligotrophic lakes (Ask et al. 2009b), and
DOC concentration is very strongly connected to the light
penetration into water particularly in small boreal lakes
(Jones and Arvola 1984). Larger lakes tend to be less
humic than the small ones due to relatively much smaller
allochthonous DOM loads and faster net sedimentation
rate of humic matter (Eloranta 1999). Thus, the increase
in lake size increases available habitats for benthic algae
and the total area of littoral zone. Lake morphometry
also affects the distribution of macrophytes in lakes. Shal-
low humic lakes with clearly larger surface area than our
study lakes can have very high macrophyte cover provid-
ing extensive substrata for epiphyton under well-lit condi-
tions, as has been demonstrated in some humic lakes in
South American wetlands (Rodriguez et al. 2012). Lakes
with similar characteristics can be found also in the bor-
eal zone, although P:L ratios presumably tend to increase
in larger humic boreal lakes. However, the extent of
macrophyte cover together with illuminated sediments
should be quantified in order to estimate the P:L ratios
and whole-lake PP also in larger humic lakes. The model
fit to our data suggests <10% littoral contribution to
whole-lake PP in lakes with P:L ratio over 20, but empiri-
cal studies are needed to test this for higher number of
lakes including larger ones. Improved satellite imagery
can be an effective tool for such studies, which are techni-
cally challenging, yet necessary. Since our study relates to
a short period during mid-summer, the temporal factor
should be accounted for together with a larger data set to
better understand the relations between the littoral and
pelagic production and their contributions to lake meta-
bolism over the annual cycle. The period of high littoral
production is short whereas respiration potentially takes
place all year round.

As littoral zones are very abundant and are among the
most productive ecosystems in the world (Wetzel 1990),
greater focus on their trophic structure, metabolism and
biogeochemistry is very important. The number of boreal
lakes similar to those we studied is very high globally
(Downing et al. 2006). Thus, their role in regional C bud-
gets is large and they are considered “hotspots” of C
sequestration, receiving high allochthonous inputs, which
shift these systems towards heterotophy (Cole 2013). The
data presented here suggest that many of these lakes are
actually more productive and not as heterotrophic as is
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previously assumed, when the potentially high production
of periphyton on aquatic vegetation is incorporated into
whole primary production models.
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