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Abstract

Earths’ nitrogen (N) cycle is imbalanced due to excessive anthropogenic inputs. Freshwater lakes
efficiently remove N from surface waters by transformation of NOs™ to atmospheric N2 and/or N2O
(denitrification; DN) and by burial of organic N in sediments (net sedimentation; NS). However,
relatively little is known about the controlling environmental conditions, and few long-term
measurements on individual lakes are available to quantify conversion rates. We report N-elimination
rates in 21 Swiss lakes estimated from whole-lake N budgets covering up to ~20 yr of monitoring. The
NOs™ concentration in the bottom water was the main predictor of DN. Additionally, DN rates were
positively correlated with external N load and the area-specific hydraulic loading rate (mean
depth/water residence time; Qs). Net sedimentation of N was strongly related to total phosphorus (P)
concentration. Nitrogen removal efficiency (NRE), the fraction of the load of dissolved N to a lake
removed by DN and NS, was strongly negatively related to Qs. This previously unconsidered variable
improves predictability of NRE and does not require knowledge of N and P loading rates or
concentrations. We conclude that P management alone intended to oligotrophy lakes only slightly

increases N export unless it is accompanied by N management.

Keywords:
Nitrogen removal efficiency, net sedimentation, nitrogen load, phosphorus management,

oligotrophication

Synopsis-statement:
A new quantitative relationship can be used to predict nitrogen removal efficiency from lakes and

thereby predict potential eutrophication of nitrogen-limited downstream ecosystems.
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1. Introduction

Freshwater lakes are efficient sinks for reactive nitrogen (N) that is excessively applied as an
agricultural fertilizer and adversely affects N-limited downstream costal environments.'3 Removal
from surface waters is mainly due to (1) deposition and burial of particulate N in lake sediments [i.e.,
net sedimentation (NS)], and (2) denitrification [DN; microbial transformation of NOs™ to N2 and/or N20,
among several other lower-magnitude, alternative pathways such as dissimilatory nitrate reduction to
ammonium, denitrification via sulfur or iron oxidation, and anaerobic ammonium oxidation
(anammox)].*5 However, efforts to reverse past eutrophication of lakes (referred to as
oligotrophication) that make anaerobic N-removal processes less favorable have led to speculation

that “cleaner lakes are dirtier lakes”.®

Increasing concern about the anthropogenically-enhanced natural N cycle has resulted in many
studies of N transformation in past decades. However, data are amazingly scarce in view of the
importance of the subject, and relatively few studies of N-elimination processes in lakes are
available.”® The broad variety of aquatic systems, the variability of processes in time and space, and
the limited number of measurements hinder development of a clear picture of the controlling variables
on a representative scale. Two compilations of DN rates measured in individual lakes cover a wide
range of 5.2t0 21 g N m?2yr' ® and 0.2 to 38 g N m?2 yr'."% In a review of a selected dataset, the
latter authors concluded that seasonality and the concentrations of NO3™ and Oz explained the
majority of variations in DN rates of lakes. Global average DN rates estimated by Harrison et al.'" are
3.6 g N m?2 yr' for small lakes (<50 km?) and 3.1 g N m2 yr for larger lakes, emphasizing the
importance of small lakes for the removal of N because the combined area of small lakes is more than

twice that of large lakes."’

More-recent studies supported and extended these quantitative findings. However, most studies that
have used the isotope-pairing technique or the acetylene-inhibition method are site-specific and
document DN rates determined from isolated sediment cores.'?'5 Alvarez-Cobelas et al.8 reported a
range of denitrification rates of 3.5 1019 g N m? yr in a chain of flow-through lakes, and Bruesewitz
et al."® reported a similar range (4.4-15 g N m2 yr') at 40 sites in the shallow Gull Lake, Michigan
(USA). Mdller et al.,"” investigating benthic nitrate fluxes in an oligotrophic lake and a eutrophic lake,

reported a weak seasonality with ~2-fold higher DN rates in spring than in fall, but no significant
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differences at various locations within the two lakes. They observed distinctly different average DN
rates of 20 + 6.6 g N m? yr' and 3.2 + 4.2 g N m? yr' in the eutrophic and oligotrophic lake,
respectively, supporting earlier results (e.g.,'®) that indicated DN rates were higher in eutrophic than in

oligotrophic lakes.

Li and Katsev'® and Small et al.?° concluded that in oligotrophic lakes, DN is negligible due to a thick
oxygenated sediment layer, in which nitrification exceeds DN and thus the sediment may become a
net source instead of a sink for NOz", resulting in a hypolimnetic NO3™ accumulation above the
sediment during lake stratification. On the other hand, meromixis quenches DN in the anoxic part of
the water column due to a lack of nitrification.?! Meromixis is the lack of annual, complete mixing in a

lake, an increasingly frequent phenomenon as climate warming increases lake temperatures.??

Two empirical relationships for the removal of bioavailable N in freshwater lakes, rivers, wetlands,
estuaries, and coastal oceans have been proposed in an overarching attempt to generalize individual
observations. First, DN rate increases as areal N load increases®?326 and as in-lake NO3-
concentration increases.'*'® Second, the percentage of N removed by a lake increases with

increasing water residence time.23.25:27.28

Herein, based on whole-lake N budgets extracted from up to ~20 yr of monitoring data collected from
21 Swiss lakes, we estimate annual average DN and NS rates and discuss the controlling factors
such as (1) bottom-water NO3™ concentration above the sediments ([NO3Jbottom), (2) areal N load (Nin),
(3) water residence time (1), (4) mean depth (zmean), and (5) trophic state. Finally, we discuss the
consequences of lake oligotrophication on the removal of N. These results provide insight into
previously unreported relationships that can be used to predict N removal from seasonally-stratified

freshwater lakes.

2. Materials and Methods

2.1. Whole-lake N budgets
We analyzed long-term monitoring data from 21 large Swiss lakes (Figure 1 and Table 1) collected
during the past ~20 yr [made available by the Swiss Federal Office for the Environment (FOEN) or the

responsible cantonal offices] and estimated annual N-removal rates from whole-lake budgets. We
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define DN as including all processes in a lake that convert dissolved N into N2 and N2O gases and

thus remove N from the lake to the atmosphere.' The equation for the whole-lake N budget is:
LN;, = LN, + LNyg + LNpy (1)

where LNin is the annual dissolved N load in the inflowing waters and atmospheric deposition, LNout is
the mass of N annually exported from the lake, LNns is the net mass of N annually deposited in the
sediment, and LNbn is the mass of N annually removed by denitrification. LNon was estimated as the
difference between LNin and (LNout + LNns) in the mass balance equation 1. Because LNin and LNns
were only available for an integrated time range and not annually, we averaged the annual values of
LNout and LNbn over the entire time range of ~20 yr for compatibility. The mass of dissolved N in each
lake was assumed to be at steady state (i.e., V-dN/dt =0). This assumption is justified because the
mass of dissolved N changed little in these lakes (see values of V-dN/dt in Table S-1), and those

changes were negligible compared to LNin.

Figure 1: The 21 Swiss lakes included in the study, with monitoring data

available for the past ~20 yr.

Total N (TN) concentrations for lakes WAL, AEG, NEU, SEM, BAL, ROT and ZUG (abbreviations
identified in Table 1) were not available for the entire time span considered for the whole-lake
budgets. We estimated TN by multiplying the NOs concentration measured in the water column after

winter overturn and before summer stratification ([NO3]mix) by a constant factor (1.23) derived from
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regression of the TN concentration measured in the water column after winter overturn and before
summer stratification ([TN]mix) vs. [NOs]mix in datasets from Swiss lakes in which both concentrations
were measured (Note S-1, Figure S-1). The volume-weighted concentrations of [NO3]mix, [TN]mix, and
the total phosphorus concentration measured in the water column after winter overturn and before
summer stratification ([TP]mix) were averaged from February to April using monthly monitoring data

and bathymetric information (Table 1; see Table S-1 for a characterization of the lakes).

We estimated LNin using the model MODIFFUS of Hurdler et al.?® (Note S-2) that has been calibrated
and verified in Switzerland, incorporating land use, agricultural practices, soil type, ground slopes, and
precipitation. The model only estimates dissolved N inputs from diffuse sources; inputs of particulate
N (PN) are not considered. Thus, LNin underestimates the true N loads because even though the
major fraction of PN inputs settles within the delta regions of tributaries, a relatively small fraction may
become bioavailable and subsequently may participate in the in-lake N cycling. This may cause some
underestimation of the export terms of Equation 1. As most PN does not reach the lakes’ profundal
zone, its deposition rate in the spatially constrained delta region cannot be determined accurately.
Moreover, the temporal distribution of PN may be extremely variable depending on floodwaters and
catchment quality and thus difficult to quantify. In conclusion, we think that the use of dissolved N
loads considers the participation of N in the lakes biogeochemical cycle more appropriately than if the
PN fraction was included. Furthermore, the MODIFFUS model estimates atmospheric N deposition
but not N inputs to surface waters from sewage treatment plant discharges. We obtained data on total
N export from 854 sewage treatment plants in Switzerland, including estimates of storm-water
overflows from FOEN, and allocated the discharges from 652 to their respective lake catchments.
Atmospheric N deposition directly to the lake surface was added separately using data available from

FOEN (https://map.geo.admin.ch).

Only a fraction of the catchment areas of Lakes Geneva (91.3%), and Constance (51.2%) are located
in Switzerland. The areal loads known from Switzerland (based on MODIFFUS output) for Lake
Geneva were scaled-up for the whole catchment. For Lake Constance, we used a reported

estimate.30

Because N-cycling processes in rivers and streams are very complex, there are many uncertainties
when using models such as MODIFFUS to simulate N inputs to lakes. However, we were able to test

the accuracy of MODIFFUS for the purposes of the current study, because two of the 21 lakes in our

-7-
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dataset (Baldegg and Sempach) have systematic long-term monitoring data from tributaries. The
close agreement of dissolved N loads estimated by the MODIFFUS model and calculated from the
past ~20 yr of chemical monitoring for the two lakes supports the reliability of the modeled N loads

(Note S-3).

Nitrogen export data from the lakes by surface outflow includes dissolved NOs™ and PN bound in algal

biomass. We calculated annual values of LNout as:
LNout = Q X B X [TN]miX (2)

and then averaged across all years. In Equation 2, [TN]mix is expressed as g N m3, Q is the annual

water discharge [m® yr'], and B is a unitless stratification coefficient calculated as:

[TN]epi
[TN]mix

B= (3)

where [TN],,; is the mean annual concentration of TN in the epilimnion.

epi

We calculated t as the lake volume divided by Q. Outflows of these lakes are measured with
automated gauge stations at 10-min intervals and published as daily, monthly, and annual averages

by FOEN (available at: https://www.hydrodaten.admin.ch/en/) or the responsible cantonal agencies.

We determined NS (g N m2 yr") from dated sediment cores. All cores were dated at Eawag (Swiss
Federal Institute of Aquatic Science and Technology). Dating was performed by y-ray measurements
of 21%Pp and "¥"Cs in a CANBERRA Li-Ge borehole detector.3! Details on dating, literature references,
sedimentation rates, and core numbers are provided in Table S-2. No dated cores were available
from Lakes Murten, Lungeren, and Sihlsee. For these lakes, we estimated the N net sedimentation

rate from a regression of NS vs. [TP]mix for lakes with available data (see Section 3.3).

2.2. Data Analyses
We calculated N removal efficiency (NRE; the fraction of the inflowing N removed by DN and NS) as
(NS + DN)/Nin. Thus, the percentage of NRE contributed by NS is 100-NS/Nin, and the percentage

contributed by DN is 100-DN/Nin.

We performed linear and nonlinear regressions of DN, NS, or NRE vs. various physical and chemical

characteristics of the lakes, using the statistical software program Stata Version 14 (StataCorp LLC,
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College Station, Texas, USA). When a linear-regression constant did not differ significantly from zero,
we forced the regression through the origin and calculated a corrected R? value (Equation 10 in
Kozak and Kozak®; see also Spiess and Neumeyer3?). Because in nonlinear regression, R? and p
values are not reliable indicators of the goodness of a regression fit and the statistical significance of
predictor variables,* we also calculated Akaike Information Criteria (AIC) and bias-corrected AIC
(AICc) to aid in model selection.®* To avoid collinearity, predictor variables were not included in the
same regression equation if the absolute value of the nonparametric, Spearman rank correlation
coefficient (rspearman) between them was 20.9. Because most of the chemical data for the lakes are
based on field measurements and thus are subject to more uncertainty than laboratory data, we

inferred significant differences when p > 0.1.

3. Results and Discussion

3.1. Denitrification is controlled by nitrate concentration in the sediment-overlying water
Denitrification rates in our set of 21 lakes were linearly related to the annual average [NO3bottom
(Figure 2; R?=0.87). Although additional variables that are discussed below can improve the
prediction of DN rates, especially in several oligotrophic lakes, the main determinant of DN was
[NOsJbottom. It indicates that DN within the top sediment layer is a first-order process in the
concentration of NOs™. The slope s of 21.3 m yr' is the kinetic rate constant in the following equation

(Model 6 in Table S-7):
DN [g Nm~? yr_l] = Nin - Nout —NS=s X [Nog]bottom —3.88 (4)

The DN rate is limited by the transport of NOs", which is proportional to the concentration gradient
across the diffusive boundary layer and oxic surface sediment layer. Therefore, assuming similar
diffusion lengths, DN rate is proportional to [NOsJbottom. This linkage has been demonstrated for the
consumption of Oz in lake sediments.3® Because NOs", unlike Oz, is not consumed immediately at the
sediment surface but only in the suboxic zone, the thickness of the oxic sediment layer moderates the
proportionality between [NOsbottom and DN rates. Because a greater thickness of the oxic sediment
surface layer lengthens the diffusion path of NOs", DN rates of oligotrophic lakes tend to be lower than

for meso- to eutrophic lakes at similar [NOsJbottom. The oxic surface sediment layers of the meso- to
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eutrophic lakes with oxic bottom waters were measured with microelectrodes to be 1 to 3.5 mm thick,
while diffusion lengths were about 2-fold greater (2.5 to 6 mm) in oligotrophic lakes.*® Annual average
bottom-water Oz concentrations of these oligotrophic lakes were all >8 mg L', whereas for all other

lakes they were between 0.5 and 7 mg L.
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Figure 2: Denitrification (DN) rates in 21 lakes increase as concentrations of NOs™ in the
bottom water increase (DN = 21.3-[NOs Jbottom — 3.88; R? = 0.88, p < 0.0001). Oligotrophic
lakes have [TP]mix < 10 mg P m3, meso- to eutrophic lakes have [TP]mix > 10 mg P m3. Lake
abbreviations are listed in Table 1; additional regression statistics are listed for Model 6 in

Table S-7.

A similar regression with a slope of 20.4 m yr' was reported by Hoéhener and Géchter' for data from
10 Swiss lakes. Those 10 lakes are a subset of the 21 lakes in the current study but cover only 1 or 2
yr each between the 1950s and 1980s. Mengis et al.'® determined mass-transfer coefficients for NOs-
of 21.7 and 21.4 m yr' for Lakes Baldegg and Zug, respectively (and which are also a subset of the
21 lakes), for individual years in the 1990s. Lower values of 7.2 to 9.2 m yr' were reported by Kelly et
al.% for acidified lakes in Ontario, Canada. Correlations of DN with NOs™ concentrations in freshwater

lakes have also been reported,®1%131437 glthough no kinetic constants were reported.

-10-
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The relationship between [NOsbottom and DN rate has a mechanistic basis in microbial
transformations at the oxic-anoxic interface of sediments, for which sufficient mineralizable organic
matter is needed. Suboxic conditions are needed for denitrifying microorganisms to switch from Oz to
NOs™ as an electron acceptor. These organisms are mainly heterotrophic and can use either electron
acceptor for the mineralization of organic matter. A threshold of ~0.2 mg Oz L' was suggested by

Seitzinger et al.?®, below which DN can occur.

Several of the 21 lakes developed bottom-water anoxia toward the end of summer stratification (TUR,
MUR, ROT, and GRE; Table S-3). However, DN rates remained unaffected and invariably related to
[NOsbottom, although the bottom-water stratification leading to the depletion of O2 similarly caused
depletion of NOs™. This is also valid for Lake Zirich, which does not mix to the deepest location
annually, and meromictic Lake Zug, which has long-term bottom-water anoxia covering up to one-

third of the lake area.

3.2. Nitrogen load and area-specific hydraulic load also predict denitrification rates
Although [NOs7bottom appears to be a major, mechanistically-based factor controlling DN rate in these
Swiss lakes, [NOsbottom is Not measured in many lakes. Therefore, we tested if more-commonly-

measured physical-chemical variables could also be used to predict DN rate relatively well.

Denitrification rates in coastal oceans, estuaries, rivers, and lakes increase in proportion to the areal
TN load [34% of N load removed across 23 freshwater lakes in Saunders and Kalff?® (R? = 0.80); 26%
of N load removed across 26 freshwater and marine systems in Seitzinger et al.?® (R? = 0.77)]. That
statement is partly mechanistically-based, because [NOsvottom in Our set of lakes is in part related to
the areal dissolved N load to a lake (Nin) [€.G., I'spearmen between [NOsoottom @and Nin in the 21 Swiss
lakes is 0.61; Table S-6, Figure S-2]. However, the overlap between the set of oligotrophic lakes and
the set meso- to eutrophic lakes in Figure 3a indicates that trophic state (which is influenced by

physical characteristics of a lake in addition to Nin) alone is not a good predictor of DN rate.

Our analysis partly supports a relationship between DN and TN (Figure 3a), but not when six of the
deep oligotrophic lakes (THU, WAL, BRI, LUC, CON, and SAR) and Lake Ziirich (ZUE) were included
in a linear regression of DN rate vs. Ni, for all 21 lakes (R? = 0.65; Model 10 in Table S-7). The DN

elimination factor of the remaining 14 lakes (i.e., the slope of DN rate vs. Nin) was 0.56 (R? = 0.97;

-11 -
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Model 25 in Table S-7), meaning that, on average, 56% of the dissolved N load to those lakes was

eliminated by DN.
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Figure 3: a) Denitrification (DN) rate increases as areal N load (Nin) increases in 21 Swiss
lakes. The encircled deep oligotrophic lakes (WAL, THU, SAR, BRI, CON, and LUC) and
meromictic Lake Ziirich (ZUE) were excluded from the regression calculation. b) Comparison
of predicted and measured DN rates in 21 Swiss lakes. Predicted DN = 0.582-Nin — 0.302-Qs,
(R?adjusted = 0.93, p < 0.0001, n = 21). The solid diagonal line is the 1:1 line of perfect
agreement. Lake abbreviations are listed in Table 1, additional regression statistics are listed

for Model 19 in Table S-7.

Notably, DN rates of the six deep oligotrophic lakes fit relatively close to the regression line for DN vs.
[NOsbottom (Figure 2), thus supporting that the major process in those lakes was DN at the sediment
surface controlled by the NOs™ concentration. But the combination of the large volume of these lakes
relative to their surface area (i.e., large zmean; 34-168 m) and the relatively short t (1.6-4.2 yr)
decreased the probability of the transfer of NOs™ to the sediment-water interface and the subsequent
redox reaction of NOs™ with dissolved organic matter. Thus, a considerable fraction of the dissolved N
load to those six lakes is exported via the lake outlet without interacting with the sediment. This is
supported by the contrasting case of the deep oligotrophic Lake Neuchatel, which has a maximum

depth of 153 m but a much longer 1 of 9.2 yr than the six outlier deep oligotrophic lakes. The relatively

12 -



286  long 1 of Lake Neuchatel may be the reason why this lake lies close to the DN vs. Nin regression line

287  (Figure 3a).

288 Lake Zirich is also a prominent outlier from the DN vs. Nin regression line. Because deep mixing of
289  that lake is infrequent due to warming in recent decades,3®3° the supply of NOs  and Oz to the

290  sediment surface is impeded by the stratified deep water, thus restricting nitrification and subsequent
291  DN. A similar situation occurs in meromictic Lake Idro in northern Italy.?' As a consequence, the NO3"

292 concentration at the sediment surface has become decoupled from the N load to Lake Ziirich.

293  Lake Zug has a two-basin structure, in which the 198-m-deep south basin is meromictic with

294 permanent anoxia below 120 m, but the north basin has oxic deep water throughout the year.4°

295 Because the catchment and thus the water flow feeding the south basin is very small, the north basin
296 receives the main N load. Thus, the DN rate in the holomictic north basin dominates the whole-lake
297 DN rate and plots close to the regression line in Figure 3a, along with the other holomictic eutrophic

298  lakes and three of the nine oligotrophic lakes.

299  Despite their potential importance to DN, t and Zmean alone were poor individual predictors of DN rate
300  across all 21 lakes (R2 = 0.01 and 0.07, respectively; Models 2 and 3 in Table S-7). However, a linear
301  combination of Nin (g N m2yr), t (yr), and zmean (M) as independent variables in a multiple regression

302  improved the overall prediction of DN rate (g N m2 yr') for all 21 lakes:
303 DN = 0.555-Nin + 0.926-t — 0.0824Zmean — 5.14 (5)

304  with R?%agustes = 0.78 and highly significant coefficients for all three predictor variables (p < 0.006;
305 Model 24 in Table S-7). But four lakes (AEG, BRI, SAR, and ZUE) remained as major outliers (i.e.,

306  predicted DN/measured DN ratio was 0.03-0.38 or 3.94-9.51; Figure S-3a).

307  As an alternative to Equation 5, T and zmean can be combined into a single variable we define as the

308  area-specific hydraulic loading rate, Qs (m yr'):

\"4
309 Q = L= 3 .= Zmem (6)

310  where Ao is surface area of the lake (m?), Q is hydraulic flow rate into the lake (m® yr'), and V is the

311  lake volume (m?3). Although Qs alone was a poor individual predictor of DN rate across all 21 lakes (R?

-13-



312  =0.06; Model 1 in Table S-7), a linear combination of Nin and Qs (m yr') as independent variables

313 improved the overall prediction of DN rate in the 21 lakes even more than Equation 5:
314 DN = 0.582-Nin — 0.302-Qs (7)

315  with R?%agjustes = 0.93 and the lowest AIC. of all models tested, and the coefficients for both predictor
316 variables were highly significant (p < 0.001; Model 19 in Table S-7). We forced that regression
317  through the origin because the intercept in a full model was not statistically significant (Model 18 in
318 Table S-7). However, two lakes remained as major outliers (i.e., predicted DN/measured DN ratio
319  after applying Equation 7 was 0.08 for BRI and 6.50 for ZUE; Figures 3b and S-3b). No other

320 physical-chemical variables significantly increased the percentage of variance accounted for by

321  Equation 7 or resulted in a lower AIC. (Table S-7).

322  Therefore, we conclude that at a macroscale, a combination of external N loading and physical
323 characteristics (e.g., depth and lake flushing rate) contribute to DN rate. But at a microscale, DN is
324  more-directly controlled mainly by [NOs]sottom and the thickness of the oxic upper layer of the

325 sediment, both of which are at least partly manifestations of the macroscale characteristics.
326

327 3.3. Total phosphorus concentration predicts net sedimentation of nitrogen
328  For a subset of 12 of the 21 Swiss lakes, [TP]mix (mg P m) was a strong predictor of NS (g N m2 yr
329 Ty

330 NS = 0.137-[TP]mix + 0.798 (8)

331  with R? =0.96, p < 0.0001 (Figure 4 and Model 22 in Table S-8). The four circled oligotrophic lakes in
332 Figure 4 (SAR, WAL, THU, and BRI) were excluded from the regression because they are prone to
333  floodwaters importing high loads of allochthonous erosion material, thus increasing NS excessively
334  (see discussion below). Additionally, three lakes (LUN, MUR, and SIH) could not be included because
335 no sediment data were available. Two other lakes (ZUG and GRE) were excluded from the regression
336  because their [TP]mix Were excessively high and thus might have had a low correlation with

337 productivity [i.e., other physical-chemical factors (e.g., limited light penetration because of shading by
338  near-surface algal mats) probably limited production]. Overall, the relationship in Figure 4 suggests

339 that, for most of these lakes, primary production was the main cause for the generation of PN and its
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net deposition in the sediment (see Table S-2 for details on sediment analyses, including literature

references documenting the values used).

The four oligotrophic lakes circled in Figure 4 receive high loads of allochthonous particulate material
from their alpine catchments, especially during stormwater events (SAR'"; WAL*'; THU*?; BRI*?). The
mass accumulation rates of N in the sediments of these lakes (3.5-6.9 g N m2 yr') were the highest
of all oligotrophic lakes, but only a small fraction of the high allochthonous input of particulate organic
material to lakes is bioavailable**. The strong relationship between NS and [TP]mix allowed us to
estimate the corresponding autochthonous fraction of NS in those four oligotrophic lakes using
Equation 8. Additionally, we used this relationship to estimate the unmeasured NS rates of Lakes

Murten, Lungeren, and Sihlsee.

.
.
.
.

.
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~— ,'
- .
- e
> ZUE - >
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£ SEM  L*
4 oy.°
4 L2BaL
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Figure 4: Net N sedimentation rate (NS) increases as concentration of total phosphorus at lake
overturn [TP]mix increases, except when lakes receive high loads of allochthonous material from
their catchment (e.g., the four circled lakes), or when [TP]mix exceeds a concentration at which
other physical-chemical factors control primary production. The four allochthonously-dominated
lakes (SAR, WAL, THU, and BRI) and the hypertrophic Greifensee (GRE) and Lake Zug (ZUG)
were excluded from the regression. Lake abbreviations are listed in Table 1; additional

regression statistics are listed for Model 22 in Table S-8.
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3.4. Area-specific hydraulic loading rate predicts nitrogen removal efficiency

In compilations of lakes by Finlay et al.”, Rissanen et al.’®, Seitzinger et al.?®, Saunders and Kalff?°,
and Kelly et al.?8, t was the main predictor of N removal efficiency (NRE; i.e., the fraction of the
imported TN removed by DN and NS). The underlying concept is that longer t increases the
probability for the redox reaction of NOs™ with the sediment organic matter to result in DN; and it also
increases generation of PN in the productive zone, thus enhancing subsequent settling and sediment

burial.

Supporting those studies, NRE was positively correlated with t in the 21 Swiss lakes (rspearman = 0.60;
Table S-6). Additionally, NRE was weakly negatively correlated with Zmean (I'spearman = -0.34), in part

because four deep oligotrophic lakes had much lower DN rates than would be predicted from their N
load alone (Figure 3). Therefore, in order to concurrently capture the contributions of t and zmean, we

modeled NRE as a Michaelis-Menton type function of the inverse of Qs (i.e., as a function of t/Zmean):

1
_ Qs _ 1
NRE= T ~ kot

9)

with K = 0.0705 yr m™" (R?qj = 0.84, and the second-lowest AICc, n = 21; Figure 5 and Model 19 in
Table S-9). According to this function, NRE approaches zero when t approaches zero and/or when
Zmean @approaches infinity, while NRE approaches 1 when t approaches infinity and/or when zmean

approaches zero (consistent with the data in Figure 5).

NRE was not as strongly related with linear models containing any of the other potential predictor
variables alone or various combinations of those variables (Table S-9). Linear combinations of [TP]mix
or [NO3Tbottom With 1/(K-Qs + 1) increased the R%q; by only 1%, and AIC. was lowered by only 0.3 AIC
units (for [TP]mix) or raised by only 0.6 AIC units (for [NO3bottom; Models 23 and 29 in Table S-9).
Thus, because the AIC. values for all three regression models (19, 23, and 29 in Table S-9) are within
2 AIC units of each other, each model has substantial support.3* However, we recommend the simpler
Equation 9 as a predictor of NRE, because it is more parsimonious (i.e., fewer predictor variables)
and does not require measurements of [TP]mix and/or [NOsJbottom; and little additional predictability is

gained by adding an extra variable.

For three reasons, the inverse relationship between NRE and Qs is conceptually plausible. First, as t

increases, the probability increases that dissolved N is taken up by phytoplankton and then settles as
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PN to the lake bottom, where it can be (1) transformed by sequential nitrification and DN or (2) buried
as refractory N in the sediment. Second, because zmean relates the lake’s volume to its surface area
and thus approximately to its sediment area, decreasing zmean is equivalent to increasing the extent of
DN and/or NS per unit of lake volume. Thus, as zmean decreases, NRE is likely to increase. Third,
assimilatory NOs™ reduction, the key process for the generation of PN from NOs and subsequent N
elimination by burial, is strongly coupled to photosynthesis. Thus, NRE is more likely to decrease as
the lake’s depth increasingly exceeds the vertical extent of its trophic layer, because transient removal
of N from the dissolved phase by photosynthesis is more likely to be reversed as dead organic matter

descends farther through a hypolimnion.

m)
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Figure 5: Nitrogen removal efficiency (NRE, the fraction of the N load removed
by denitrification and burial in the sediments) decreases as area-specific
hydraulic loading rate (Qs) increases. The line is a Michaelis-Menton type function
[INRE = 1/(K-Qs + 1)], with K = 0.0705 yr m" (R?aq; = 0.84, n=21). Zmean is average
depth, and t is water residence time; lake abbreviations are listed in Table 1;

additional regression statistics are listed for Model 19 in Table S-9.

In Figure 5, shallow lakes with long t tend to be eutrophic (red circles) while deep lakes with short t
tend to be oligotrophic (blue circles). But because those two trophic categories overlap, trophic state

does not appear to be the main determinant of NRE. Instead, the combination of t and zmean as an
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inverse function of Qs is a much better individual predictor than traditional determinants of trophic
state such as [TP]mix. As such, the influence of [TP]mix, Nin, and [NO3Jbottom might be subsumed by Qs

as an overall general predictor of NRE.

Finley et al.” reported that eutrophic lakes were almost three times more efficient in the removal of TN
loads than were unproductive lakes. The results from our set of lakes tend to qualitatively support that
observation, because meso- to eutrophic lakes were on average more efficient in removing N from the
water column [NRE was 0.62 + 0.14 (mean + s.d.), with the exception of Lake Ziirich] than
oligotrophic lakes (NRE was 0.35 + 0.22). However, only 29 + 18% and 21 £ 10% of the total N
removal [i.e., mean * s.d. of 100-NS/(ND + NS) for each of the 12 meso- and eutrophic lakes and 9
oligotrophic lakes] could have been influenced by primary production (leading to net sediment burial)
in those two trophic categories, respectively. The major percentage of N elimination was by DN, which
is mainly controlled at the microscale by [NOsbottom (Figure 2). Therefore, we conclude that in these
holomictic lakes, a combination of T and zmean is a better predictor of NRE than trophic state alone.
However, trophic state might play an underlying mechanistic role that is subsumed within Qs, because
at a macroscale, Nin helps to strongly predict DN rate; and [TP]mix is @ major determinant of NS.
Additionally, the importance of Qs in predicting DN rates (Equation 7) also helps to explain why it is

the best predictor of NRE.

3.5. Small decrease of N removal efficiency during oligotrophication

To summarize, two major pathways (DN and NS) are responsible for the removal of N from lakes. In
each of the 21 Swiss lakes, and independent of its trophic state, DN was the more efficient pathway
[DN accounted for 71-79% (average of 75%) of the removed N, while NS accounted for 21-29%
(average of 25%)]. In absolute terms, however, meso- to eutrophic lakes removed more N per unit
area via burial in the sediments than oligotrophic lakes (Figure 4). In contrast, DN was directly related
to [NOsJbottom, Which was not related to trophic state (Figure 2) but is partly related to N loading among

several other physical characteristics of a lake.

Finlay et al.” speculated that P management of lakes aimed at decreasing bioavailable P
concentrations would lead to a net decrease in NRE and thus an increased N export from lakes. Our

results demonstrate a weak tendency for NRE to decrease at lower [TP]mix (R? = 0.22; Model 4 in
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Table S-9); however, this relationship only occurs because of a proportional decrease of the N burial
in the sediments, which in total contributes only 21 to 29% of the total N removal. As a consequence,
N export will not increase substantially even if Nin remains unchanged, because [NO3]bottom (Which is a
major determinant of DN rate) tends to decrease as Nin decreases (Figure S-2). Because (1) Nout
equals (1 — NRE)-Nin and (2) NRE tends to decrease as a lake undergoes oligotrophication, a
decrease or increase in N export from an oligotrophying lake depends on whether the accompanying
decrease in Nin (if any) can at least compensate for the decreased NRE. That is, P management that
only removes P will slightly increase N export to downstream waterbodies. Therefore, we conclude
that P management must be concurrently accompanied by N removal (e.g., decreased application of
fertilizers and/or manure on agricultural lands in the catchment) for the amelioration of the excessive
N loads from catchments to inland surface waters and eventually to coastal ocean waters. That is,
clean lakes can be dirtier or cleaner lakes (sensu Bernhardt ¢), depending on the details of the

oligotrophication efforts.

Supporting Information

Physical characteristics and general description of the state of the lakes considered in this study,
description of the catchment model MOFIFFUS, experimental details on the determination of N net
sedimentation rates from sediment cores, comparison of N loads of two lakes estimated with

MODIFFUS and calculated from up to ~20 yr of monitoring data, and tables of statistical results.
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Table 1: Physical characteristics and chemical monitoring data of the 21 Swiss lakes. @

Lake Abbrev. Timerange  Zmem T [TPlmx  [NOsJmx [NOslootom [TNlmx  LNin  LNou Nin DN NS NRE Qs
m yr mg P m gNm? gNm? gNm®  tNyr' tNyr' gNmZr' gNmZr' gNmyr' - m yr
Aegeri AEG 2000-2018 48 41 5.6 0.409 0.435 0.503 71 39 441 2.94 1.45 0.453 11.7
Baldegg BAL 2000-2018 33 4.5 23.1 1.593 1.494 1.959 202 64 48.7 22.6 4.00 0.686 7.39
Brienz BRI 2000-2017 168 2.6 3.6 0.374 0.377 0.431 1039 784 34.9 7.24 1.30 0.245 65.0
Constance CON 2000-2016 99 4.2 7.6 0.959 0.971 0.959 15176 8861 241 111 1.98 0.416 23.4
Geneva GEN 2000-2016 153 11.9 21.0 0.564 0.500 0.641 10454 4335 9.7 7.78 3.14 0.585 12.9
Greifensee GRE 2000-2017 18 1.1 67.1 1.590 1.758 2.176 620 266 18.6 37.0 5.00 0.572 15.4
Hallwil HAL 2000-2018 29 3.8 15.3 0.800 0.689 1.204 231 81 34.1 12.5 2.58 0.651 7.48
Lucerne LUC 2000-2020 107 3.5 5.2 0.609 0.525 0.691 2683 2099 31.5 3.75 1.50 0.218 30.4
Lungeren LUN 2003-2015 33 4.2 5.7 0.537 0.500 0.784 37 12 28.4 11.2 1.59 0.686 7.93
Murten MUR 2001-2017 23 1.7 21.4 2.483 2.076 2.770 2002 830 18.2 47.2 3.78 0.586 13.9
Neuchatel NEU 2000-2018 64 9.2 10.0 1.230 1.201 1.513 6185 2068 221 16.6 2.30 0.666 6.97
Pfaffikon PFA 2000-2017 19 2.4 16.4 0.801 0.397 1.268 51 31 15.9 3.35 2.85 0.390 7.89
Rotsee ROT 2000-2015 8.8 0.65 38.1 0.499 0.242 0.614 7.5 3.5 17.7 2.60 5.90 0.533 13.5
Sarnen SAR 1994-2018 34 0.79 6.4 0.542 0.497 0.699 245 212 18.0 3.02 1.69 0.137 42.4
Sempach SEM 2000-2018 46 16.8 21.9 0.540 0.619 0.664 165 23 87.0 6.02 4.10 0.862 2.71
Sihlsee SIH 2014-2016 9.0 0.37 10.9 0.232 0.251 0.423 203 104 11.7 6.53 2.31 0.485 24.4
Thun THU 2000-2017 135 1.9 2.4 0.563 0.550 0.645 2135 1883 38.7 413 1.13 0.118 711
Tirlersee TUR 2000-2017 13.1 2.0 16.4 0.618 0.250 0.975 8.8 29 37.8 8.58 3.28 0.670 6.50
Walensee WAL 2000-2018 104 1.6 3.3 0.528 0.527 0.649 1173 929 16.0 8.85 1.25 0.208 66.0
Zug ZUG 2000-2016 84 15.1 87.0 0.304 0.352 0.374 381 72 73.4 5.62 2.46 0.812 5.56
Ziirich ZUE 2000-2017 49 1.1 25.2 0.665 0.437 0.803 2498 2096 9.95 1.33 4.70 0.161 43.5

@ Time range of monitoring data selected, mean depth (zmean), water residence time (t), volume-weighted mean concentrations of total phosphorus after

winter mixing ([TP]mix; calculated as an average of the years 2010-2018), nitrate concentrations after winter mixing ([NOs']mix), nitrate concentration above

sediment surface ([NOsTvottom), total nitrogen after winter mixing ([TN]mix), annual load of dissolved N2° plus the load from sewage treatment plants and
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598 atmospheric deposition on the lake surface (LNin), area-specific annual load of dissolved N (Nin), mean annual export of total N (LNout), denitrification rate
599 (DN), net N sedimentation rate (NS), nitrogen removal efficiency (NRE), and area-specific hydraulic loading rate (Qs = Q/Ao, where Q = hydraulic loading rate
600 and Ao = surface area of lake). Italicized numbers for [TN]mix were estimated as described in Note S-1 and Figure S-1. Italicized numbers for NS are

601 regression-estimated NS values according to Figure 4 (measured values are listed in Table S-2). Additional orographic and hydrologic data are listed in Table

602  S-1.

603
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