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ARTICLE INFO ABSTRACT

Anthropogenic activities have significantly increased the movement of nitrogen (N) from land to freshwaters and
to coastal waters and have led to severe environmental consequences. The flow of N is moderated by retention
processes in terrestrial, freshwater and marine ecosystems. Freshwater ecosystems have the highest areal N
retention rates. The proportion of N retained in aquatic ecosystems depends on the areal hydraulic load and is
described by relatively simple semi-empirical or strictly empirical models. Here I compared the predictive power
of several models, that predict the annual mean proportion of total N (TN) and dissolved inorganic N (DIN)
retained in lakes and reservoirs and developed an improved version of the models currently in use by inclusion of
additional relevant parameters. The study shows that models derived from mass balances describing the pro-
portion of annual mean retention of TN and DIN as a sigmoid function of the areal hydraulic load can be
approximated by a linear function on the logarithm of the areal hydraulic load. Stepwise multiple linear re-
gression analyses identified the logarithm of the areal hydraulic load as the main explanatory variable for the
proportion of retained TN, followed by the ratio between the DIN and the TN load and the ratio between in-lake
concentrations of TN and total phosphorus (TP). The logarithm of the areal hydraulic load, the ratio between the
DIN and the TN load and the logarithm of the in-lake concentration of TP explained the largest proportion of
retained DIN. Addition of the second and third explanatory variable decreased the normalized root mean square
deviation between the observed and predicted proportion of retained TN from 37%, to 31% and to 30% and
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between the observed and predicted proportion of retained DIN from 39%, to 35% and to 32%.

1. Introduction

The global cycling of nitrogen (N) has almost doubled over the last
century due to the large increase of anthropogenic N fixation through
production of fertilizers, cultivation of legume crops, and combustion of
fossil fuels (Galloway et al., 2004). Almost all N originating from land-
based sources is retained from the three main ecosystem types: terrestrial
(soils: 40%), freshwater (groundwater, lakes and reservoirs, rivers: 35%)
and marine (estuaries, continental shelves, oxygen minimum zones: 25%);
with rates per unit area in rivers/lakes that are up to 10 times higher than
in soils (Seitzinger et al. 2006). Understanding and quantifying N retention
processes is extremely important for managing and mitigating the severe
environmental consequences associated with N pollution (Boyer et al.,
2006). The main N retention processes are microbial-mediated emissions
of N gas, permanent storage in soils and sediments and uptake by primary
producers. In aquatic ecosystems uptake of N by macrophytes and algae is
usually only temporary as most nutrients assimilated during the growing
phase are mineralized and released again in autumn (Clarke, 2002). The
primary permanent N retention mechanism in aquatic systems is generally
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denitrification (Nixon et al., 1996; Saunders and Kalff, 2001a; Seitzinger,
1988), although more recently anaerobic ammonium oxidation (ana-
mmox) has been reported to contribute significantly to N retention (Lu
et al., 2018). Denitrification occurs at oxic-anoxic interfaces. In aquatic
systems these are located in the anaerobic layer of the sediments, in the
suboxic bottom waters (Seitzinger et al., 2006) and in biofilms of sub-
merged macrophytes or other substrates (Weisner et al., 1994). Nitrate can
be supplied either from the overlaying water or produced in the sediment
by nitrification of ammonium (coupled nitrification-denitrification). The
first pathway may prevail in waters with a high external input of nitrate,
the second when water column nitrate becomes limiting (de Klein, 2008).
Measurements of denitrification rates in lakes show that nitrate con-
centration in the water above the sediment is the most important factor for
predicting denitrification at variable geographical scales (McCrackin and
Elser, 2012; Rissanen et al., 2013), but dependence on temperature
(Ahlgren et al., 1994, Saunders and Kalff, 2001b, Veraart et al., 2011) and
organic matter (Saunders and Kalff, 2001b) have also been reported. Be-
cause of the complexity of the N cycle, before N is finally retained from the
aquatic ecosystem, it can undergo numerous reactions (assimilation,
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mineralization, nitrification, dissimilatory nitrate reduction to ammo-
nium), that depend on a variety of environmental parameters such as
concentrations of N, P, carbon (C) and oxygen, hydrology, morphology,
and temperature. N occurs in different forms and oxidation states (nitrate,
ammonium, nitrite, nitrous oxide, dinitrogen, organic nitrogen). Given this
complexity, it is surprizing how well relatively simple empirical models
are able to predict the proportion of TN retained in aquatic ecosystems (%
R1n). Most such models have been derived from N input-output budgets
(Kelly et al., 1987; Alexander et al., 2002). Basically two main approaches
for modelling %Ry have been applied: models that predict directly %Ry
(Alexander et al., 2002; Jensen et al., 1990; Molot and Dillon, 1993) and
models that are based on the assumption that most N is retained on ac-
count of the imported nitrate and estimate %Ry indirectly from models
that predict the proportion of retained dissolved inorganic nitrogen (%
Rpv) (Hindar et al., 2001; Seitzinger et al., 2002). Both %Ry and %Rppny
correlate positively with the water residence time (7) and negatively with
the mean depth of the water column (Z) (Molot and Dillon, 1993). 7 and Z
affect the duration and the extent of the contact between the water column
and the sediment surface influencing the N uptake by the sediment
(Coppens et al., 2015).

Some of these relations have been used to make predictions of N
retention rates at regional and global scales (Alexander et al. 2002;
Beusen et al., 2016; Harrison et al., 2009; Seitzinger et al., 2010;
Wollheim et al., 2008). Several studies suggested that parameters other
than 7 and Z may significantly influence the proportion of N retained in
lakes: in-lake concentration of P (Berge et al., 1997; Coppens et al.,
2015; Kaste and Lyche-Solheim, 2005) and nitrate (Mulholland et al.,
2008), the TN:TP ratio (Guildford and Hecky, 2000), temperature
(Coppens et al., 2015; Rissanen et al., 2013), the presence of organic
matter and the quality of the N loads (i.e. less easily recyclable in-
organic N; Rissanen et al., 2013).

The aim of this study was to compare the predictive power of ex-
isting simple empirical annual mean TN and DIN retention models for
lakes and reservoirs and to develop an improved version of the models
currently in use by inclusion of other relevant parameters. The purpose
is to predict the amount of annual mean TN and DIN that is retained.

2. Material and Methods
2.1. Derivation and calibration of the models currently in use

Existing empirical N retention models can basically be divided into
semi-empirical and strictly empirical models. Semi-empirical models
are derived from N mass-balance equations of lakes or river sections,
they are calibrated with measured environmental variables, and they
describe the proportion of retained N as a function of 7 and Z. Empirical
models are a based on statistical relationships between %Ry and 7, Z.

2.1.1. Semi-empirical model
According to the mass balance of a lake/reservoir, at steady-state
retention of TN (TN,,,) can be expressed as (see Fig. 1):

TNyet = TNy, - TNy (1)
with TNy, and TN, referring to the TN input and output, respectively,
%Ry corresponds to (Kelly et al., 1987):

_ TNout TNout

%RTN =—=1 =1-
TNin TN TNret + TNout (2)

Assuming completely mixed conditions and considering N retention
a first-order reaction, Eq. 2 can be rewritten as follows (with volumetric
units per unit area):
R 2c
%Ry = SN — ATIN 1.4 _ 9w~
dint+t4q  dnt4g )

LTN qTNCTN + %CTN

where Rpy is the areal TN retention rate, Ly the areal load, Q is the
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Fig. 1. A conceptual diagram illustrates the N mass balance used in this study.

outflow discharge (m> yr''), A the area of the lake/reservoir (m?), Cqy
the in-lake concentration of TN (mg N m>). q (=Q/A) is the water
discharge height or areal hydraulic load, and corresponds also to the
ratio between Z and 7. qpy represents the biological activity in the form
of the uptake velocity (Wollheim et al., 2008) and is also called “mass
transfer coefficient” (Kelly et al., 1987) or “apparent settling velocity”
(Alexander et al., 2002). In addition to being proposed for modelling
retention of TN (Molot and Dillon, 1993), Eq. 4 has also been used for
predicting retention of DIN (%Rppy) (Kaste and Dillon, 2003; Kelly
et al., 1987; Molot and Dillon, 1993):

Row — Yo
Lpy piv + 4 4)

According to Eq. 3 and Eq. 4, for very low and very high q, %Ry
and %Rpyy approach 1 and 0, respectively.

A sigmoid dependence of %Ryy from q is also described by mathe-
matically different functions, first used to model retention of TN in rivers
(Alexander et al., 2002; Wollheim et al., 2008) and then adapted to lakes/
reservoirs (Alexander et al., 2002; Harrison et al., 2009). These functions
were derived from the solution of the differential equation that describes
changes of Cpy along a river assuming a first-order reaction for TN re-
tention, steady-state conditions and a completely mixed river section:

—qN
%Rrn=1-exp(———)
5)
and likewise for DIN:
%RpiN= l—exp(M)
(6)

2.1.2. Strictly empirical models

For not too small and not too high values of q, Eqs. 3-6 can be
approximated by a linear equation describing %Ry and %Rpy as a
function of log;oq (Fig. 2A and Fig. 2B, respectively):

%RTN = a + bllogwq (7)

%Rpiv = 2 + bylogq (8)

Power function regressions between %Ry and g and between %
Rpiy and g were proposed by Windolf et al. 1996 and Seitzinger et al.
2006, respectively:

%RTN = a3qb3 (9)

%Rpy = asqbs (10)

With a;, a,, a3, a4 and by, by, bs, by being the constants derived from
the regressions.



S.M. Steingruber

Ecological Modelling 416 (2020) 108853

%Ry

0.1 1 10 100 1000 10000

—Fq. 4
w—EQ. 6
Eq.8
Eq. 10

%RDIN

0.1 1 10 100 1000 10000

Fig. 2. The proportion of TN (A) and DIN (B) retained as a function of the areal hydraulic load g in lakes and reservoir. The fit of the models described by Egs. 3-10 is
also shown. The dotted extentions of Eq. (9), (10) correnspond to the ranges of q not used in the calibrations. Note the logarithmic scale of the x axes.

2.1.3. Calibration

Egs. 3,5 and 9, describing %Rry as a function of q, were calibrated
using annual mean %Ryy assessed from TN mass balances of 158 lakes
and 20 reservoirs compiled from literature (Appendix: N° 1-178), while
Egs. 4,6 and 10, describing %Rp;y as a function of g, were calibrated
using DIN input-output data of 85 lakes and 10 reservoirs (Appendix: N°
141-235,). Lakes that are listed more than once, represent different time
periods. Mass balances made for periods shorter than one year were
excluded. TN and DIN input included transport from the surrounding
watershed and atmospheric deposition directly to the surface of the
lake/reservoir. N fixation can also contribute to the N budget. For most
published input-output mass balances, however, N fixation was negli-
gible or low (< 10% of the TN input). Budgets with significant N
fixation (> 10% of the TN input) were excluded from the analysis,
because estimates of N fixation could often not be indicated with suf-
ficient precision. We also excluded lakes/reservoirs with very high g
(> 1400 m yr‘l), as these are more representative for river ecosystems.
For meromictic lakes Z and q refer to the mixed lake volume (Appendix:
lakes N° 39, 153-156, 199). Models of Egs. 3-6 were calibrated by
minimizing the normalized root mean-square deviation between ob-
served and predicted values (NRMSD), while for the calibration of the
models of Egs. 9-10, the equations were first linearized and the cali-
bration parameters determined by linear regression of log,c%Rmy and
log10%Rpin, respectively, on log0q.

Since Egs. 7 and 8 are valid only for intermediate values of g, only
lakes and reservoirs with values of g higher than 1m yr' and lower
than 100 m yr! were considered (138 lakes and 16 reservoirs for Eq. 7
and 75 lakes and 9 reservoir for Eq. 8). The range of acceptable g was
estimated visually from the data in Fig. 2.

2.2. Improvement of the models currently in use

The linearity of the two strictly empirical models (Egs. 7-8) gives
the opportunity to test the linear dependence of %Ry and %Rp;y on
other possible explanatory variables. In particular, the possibility to
improve the models was tested by performing stepwise multiple linear
regression analyses between the response variable %Ry and %Rppy and
the explanatory variables log;oq, in-lake concentrations of TP (Cyp), its
logarithm (log;oCrp), the TN:TP ratio (TN/TP), the ratio between the
DIN load and the TN load (Lp;n/Lry), and absolute latitude (Lat) as
possible indicator of temperature. As it has been reported that the ef-
ficiency of biotic uptake and denitrification declines with increasing
nitrate concentration (Mulholland et al., 2008), inlet concentrations of
TN (Crnin) and DIN (Cpmpin) and their logarithm (logioCrnin and
log10Cpinin) Were also tested as possible explanatory variables.

The testing of the improvement of Eq. 7 was performed in two steps,
because data for the additional explanatory variables were not available
for all lakes/reservoirs. For most lakes/reservoirs with TN input-output
budgets Crp, TN/TP, Cynin and Lat were available, while Cpynin, and Lpin/

Ly were often lacking. The first step was to carry out stepwise multiple
linear regressions not including Lp;n/Lry and Cpnin as explanatory
variables and using data of a larger subgroup of lakes/reservoirs (134
lakes, 13 reservoirs). The second step involved including Lp;n/Lry and
Cpmvin @s additional explanatory variables using data from a smaller
subgroup of lakes/reservoirs (35 lakes, 2 reservoirs). Similarly, the
possibility to improve Eq. 8 was tested with the explanatory variables
Crp, Cpmvin, Lat on a larger subgroup of lakes/reservoirs (71 lakes and 2
reservoirs), and the additional variables Cryin, Lpiv/Ln, TN/TP on a
smaller subgroup (34 lakes and 1 reservoirs).

The multiple linear regression analyses were performed with the
statistic software SPSS (SPSS Inc., 2012). A stepping criteria of
p < 0.05 was considered. The results were tested for normality,
homoscedasticity and the absence of multi-collinearity.

2.3. Comparison of model performances

To assess model performance the predicted %Ry and %Rppy were
compared with the measured values and intercept and slope of the linear
regression line were compared. Also the NRMSD between predicted and
observed values were calculated and compared (Pifieiro et al., 2008).

3. Results

As expected, %Ry and %Rppy increase with decreasing areal hydraulic
load g, (Fig. 2). The calculated lake/reservoir specific settling velocities
gqry and gppy varied somewhat depending on the model used for their
calculation. In general, qry and gppy calculated with the semi-empirical
models derived from the mass balance of lake/reservoirs (Egs. 3 and 4)
were slightly higher than if calculated with the semi-empirical models
derived from the mass balance of rivers sections (Egs. 5 and 6). According
to Egs. 3 and 5, qry ranged from -19 to 95m yr' (mean: 10.5m yr') and
from -20 to 81 m yr' (mean: 7.7 m yr''), respectively. According to Egs. 4
and 6, qppy ranged from -19 to 104m yr' (mean: 15.2m yr?) and from
-21 to 42m yr (mean: 7.7 m yr'), respectively. A two tail t-test for the
null hypothesis that the means of qry of lakes and reservoirs are equal with
the assumption of unequal variances could not be rejected, indicating that
mean qy in lakes (9.5m yr for Eq. 3 and 6.8 m yr for Eq. 5) and re-
servoirs (18.2m yr? for Eq. 3 and 15.0m yr for Eq. 5) do not differ
significantly (p = 0.11 for Eq. 3; p = 0.07 for Eq. 5). qppy of lakes and
reservoirs was almost identical (15.3m yr' (Eq. 4) and 14.4m yr* (Eq.
6)). The model values of qry and qppy, obtained by minimizing the NRMSD
between observed and predicted values, were 5.9 and 3.9 m yr™ for Egs. 3
and Eq. 5, respectively (qpy in Table 1), and 10.8 m yr* and 6.9 m yr™* for
Egs. 4 and 6, respectively (qpny in Table 2). Differences in the predictive
power of the semi-empirical models derived from the mass balance of a
lake/reservoir (Egs. 3 and 4) and from the mass balance of a river section
were minimal (Egs. 5 and 6). For both %Ry and %Rpy, however, slightly
better results were obtained with the models derived from the mass
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Table 1
%Ry model equations and coefficients.
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model n coefficients R? adjusted
Eq. 3 %Ry —IIN 178 gy =5.9m yr’,
qrN+4q
= -1
Eq. 5 YRy = 1 — exp(iq;N) 178 gqry =3.9m yr
Eq. 7 %RTn = a1 + bilog,q 154 a; = 0.71, b; = -0.31 0.44
Eq. 9 log)g%Rpy = logjpas +bslog;,q 173 az = 0.79, by = -0.39 0.34
Eq. 11a %RTn = a1 + bilogy,q 147 a; = 0.71, b; = -0.31 0.43
Eq. 11b %Rin = a1 + biilogoq +c1110g;oCrnin ai1 = 0.30, by; = -0.30, cgq = 0.12 0.48
N = = - = = -
Eq. 11c %Ry = ai2 + b12logyoq + 12 log;oCrnin + dlz; a;p = 0.39, by, 0.29, ¢15 = 0.10, di» 0.0010 0.50
Eq. 12a %Rry = a + bilogyq 37 a; = 0.68, b, = -0.28 0.50
Eq. 12b %Ry = ay3+bislog,q + 013%’;;’ a1s = 0.44, bys = -0.27, ¢13 = 0.39 0.64
Eq. 12c GRiy = a1s +bualogq + ca@Y 4 d, T a4 = 0.45, by, = -0.26, c14 = 0.43, dy4 = -0.0016 0.67
10 ITN TP
Table 2
%Rpy model equations and coefficients
model n coefficients R? adjusted
Eq. 4 %Ry = —IDIN 95 Qo = 10.8m yr!
aDIN+ 9
_ -1
Eq. 6 GRpy = 1 — exp(_q]q)m) 95 goiv =6.9m yr
Eq. 8 %RpiN = a + balogoq 84 ap = 0.96, b, = -0.45 0.51
Eq. 10 log) %Ry = 1ogjgas +bslogyyq 87 as = 1.16, by = -0.44 0.45
Eq. 13a %RpiN = a2 + balogyq 73 a, = 0.98, by = -0.45 0.56
Eq. 13b %RpIN = a1+ bailog;oq + c21log;(Coinin az = 0.23, by; = -0.41, cx; = 0.24 0.71
Eq. 14a %Rpiv = a3 + balog;pq 35 a, = 0.95, by = -0.39 0.53
Eq. 14b %RpiN = a1 + bailog;pq + c21log;oCpinin az = 0.09, by; = -0.37, ¢ = 0.29 0.73
Eq. 15a %RpIN = ay + bzlogq 35 az = 0.95, b, = -0.39 0.53
Eq. 15b %RpIN = a2 + bxlog;q + c22logy Crnin agy = -0.20, byy = -0.39, ¢35 = 0.36 0.70
Eq. 16a %RpIN = a2 + balogyoq 35 ay = 0.95, by = -0.39 0.53
L = = - =
Eq. 16b ERony = 123 + boslogygq + caslogyy 22 azs = 0.63, byy = -0.39, cz5 = 0.50 0.64
Eq. 16¢ %RpIN = a4 + baalogyq + C2410g1()l£.;:]v + daglog,Crp azq = 0.52, bay = -0.41, 4 = 0.46, dag = 0.11 0.69
Table 3 Table 4

Intercept, slope and R? of the linear regression between observed and predicted
%Ry values and their normalized root mean squared deviation (NRMSD)

Intercept, slope and R? of the linear regression between observed and predicted
%Rppy values and their normalized root mean squared deviation (NRMSD)

model n intercept slope R? NRMSD model n intercept slope R? NRMSD
Eq. 3 178 0.13 0.67 0.51 49% Eq. 4 95 0.02 0.93 0.61 40%
Eq. 5 178 0.18 0.56 0.49 56% Eq. 6 95 0.11 0.76 0.59 44%
Eq. 7 178 0.06 0.86 0.49 43% Eq. 8 95 0.04 0.90 0.62 40%
Eq. 9 178 0.13 0.71 0.45 50% Eq. 10 95 0.16 0.67 0.48 51%
Eq. 11a 168 0.06 0.84 0.48 44% Eq. 13a 84 0.03 0.91 0.64 38%
Eq. 11b 168 0.08 0.79 0.51 43% Eq. 13b 84 0.03 0.92 0.75 28%
Eq. 11c 168 0.08 0.81 0.52 42% Eq. 14a 38 0.02 0.94 0.55 40%
Eq. 12a 39 0.00 0.99 0.57 37% Eq. 14b 38 0.02 0.92 0.70 33%
Eq. 12b 39 0.00 0.98 0.69 31% Eq. 15a 38 0.02 0.94 0.55 40%
Eq. 12¢ 39 —-0.01 1.03 0.72 30% Eq. 15b 38 0.14 0.82 0.69 37%
Eq. 16a 38 0.02 0.94 0.58 39%
Eq. 16b 38 0.02 0.92 0.66 35%
Eq. 16¢ 38 0.01 0.95 0.72 32%

balance of lakes/reservoirs. This is shown by the fits of the %Ry and %
Rpy predicting models in Fig. 2, but also by comparing the parameters of
the linear regression between the observed and the predicted values: in-
tercepts closer to zero, slopes closer to 1, higher R* and lower NRMSD
(Table 3 and Table 4, respectively). Among the strictly empirical models
approximating the semi-empirical models, the linear relations between %
Ryn, %Rppy and logyoq (Egs. 7 and 8, respectively) gave better results. Both
approximations did not worsen the predictive power of the semi-empirical
models derived from the mass-balance of lakes/reservoirs: the predictive
power of Eq. 8 was similar to that of Eq. 4, while the predictive power of
Eq. 7 was even better than that of Eq. 3.

The first improvement of Eq. 7 resulting from the stepwise multiple
linear regression analysis between %Ry and log;0q, Crp, 10g10C1p, TN/ TP,

Lat, Crpin, l0g10Crnin identified log;oq as the most significant explanatory
variable (Eq. 11a in Table 1), followed by log;oCrnin (Eq. 11b in Table 1)
and TN/TP (Eq. 11c in Table 1). The addition of log;oCrni, and TN/TP to
the model increased the adjusted R? from 0.43 to 0.48 to 0.50 (Table 1).
The improvement of the predictions of %Ry is also shown by the increase
of R? of the linear regression between observed and modelled %Ry from
0.48 to 0.51 to 0.52 and by the decrease of the its NRMSD from 44% to
43% to 42% (Table 3). The second improvement of Eq. 7 resulting from
the stepwise multiple linear regression analysis between %Ry and the
same variables as before plus Cpp, 10g10Cpmvy and Lppy/L1y, identified again
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Fig. 3. Observed vs predicted %Rry calculated by stepwise addition of the explanatory variables log10q (A1), Lpn/Lry (A2) and TN/TP (A3) and observed vs
predicted %Rpy calculated by stepwise addition of the explanatory variables log,0q (B1), Lpin/Lrn (B2) and log;oCrp (B3).

log10g as the most significant explanatory variable (Eq. 12a in Table 1),
followed by Lpn/L1n (Eq. 12b in Table 1) and TN/TP (Eq. 12c in Table 1),
whereby the adjusted R? increased from 0.50 to 0.64 to 0.67 and the R? of
the linear regression between observed and predicted %Ryy increased
from 0.57 to 0.69 to 0.72 and its NRMSD decreased from 37% to 31% to
30%. Changes in the prediction of %Rpy by successive addition of the
parameters logyg, Lpn/Ly and TN/TP to the model are shown in Fig. 3
(A1, A2, A3).

The first improvement of Eq. 8 resulting from the stepwise multiple
linear regression analysis between %Rp;y and log;0q, Crp, l0g10Crp, Lat,
Cpmin, 10810Cpiin identified logioq as the most significant explanatory
variable (Eq. 13a in Table 2), followed by log:oCpmin (Eq. 13b in
Table 2). The addition of log;oCpynin to the model increased the ad-
justed R* from 0.56 to 0.71 (Table 2). The improvement of the pre-
dictions of %Rpy is also shown by the increase of R? of the linear re-
gression between observed and modelled %Rppy from 0.64 to 0.75 and
by the decrease of the its NRMSD from 38% to 28% (Table 4). The same

explanatory variables were identified when performing the stepwise
multiple linear regression analysis on a smaller subgroup of lakes/re-
servoirs and by including also Cryin, 10810CTNin, Lpin/Lrn, TN/TP as
possible explanatory variables (Eqs. 14a and 14b in Table 2). If
1og10Cpinvin Was excluded, log;oCrni, Was identified as an additional
explanatory variable after log;oq (Egqs. 15a and 15b in Table 2). If
log10Crnin also was excluded, the identified variables were Lpy/Liy
followed by log;oCrp (Egs. 16a-c in Table 2). Interestingly, the adjusted
R? of the final models 14b, 15b and 16¢ (0.73, 0.70, 0.69, respectively,
see Table 2) did not differ greatly, nor did the R? of the linear regression
between the observed and modelled %Rp;y (0.70, 0.69, 0.72, respec-
tively, see Table 4) and its NRMSD (33%, 37%, 32%, respectively, see
Table 4). On the contrary, the last added model describing %Rpy as a
linear function of log10q, Lpin/L1n and log,oCrp gave the best predic-
tions. Changes in the prediction of %Rpyy by successive addition of the
parameters 1og109, Lpin/Lty and log;0Crp to the model are shown in
Fig. 3 (B1, B2, B3).
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4. Discussion

The analysis in this paper has shown that the areal hydraulic load q
is the key variable for the prediction of both %Ry and %Rpy. This
indicates that %Ry and %Rpjy increase with increasing r and with
decreasing mean depth Z. Longer 7 increases the chance of nutrients to
the be transformed in the water column and lower Z increases the
chance of nutrients to be transformed at the sediment surface where
most denitrification, the main N retention process occurs (Saunders and
Kalff, 2001a; Seitzinger, 1988).

The study has also shown that, although the semi-empirical models
describe quite well the dependence of %Ry and %Rpy from q, lake
specific mass-transfer coefficient qrn and qpn can vary greatly, in-
dicating that other explanatory variables than q must influence %Ry
and %Rpy. Mean qry was comparable to other studies: 6.2 m yr'1 for 75
lakes and reservoirs in the Waitako river basin in New Zealand
(Alexander et al., 2002; Eq. 5), 8.3m yr’! for 16 shallow Danish lakes
(Windolf et al., 1996; Eq. 3), 8.9m yr’1 for 115 lakes and reservoirs
compiled from literature (Harrison et al., 2009; Eq. 5). Different to this
study, Harrison et al. (2009) found a significant difference between
mean qry of lakes and reservoirs (6.8 m yr"1 and 13.7m yr'l, respec-
tively, calculated with Eq. 5) and ascribed it to the increased avail-
ability of highly labile organic matter in the reservoirs because of the
flooding of previously terrestrial soils and ecosystems. Mean qp;y was
slightly higher than reported for 13 oligotrophic P-limited Canadian
and Norwegian lakes (Kaste and Dillon, 1993: 2-8 m yr'l; Eq. 4). The
latter values are recommended for the estimation of in-lake retention of
nitrogen in the calculation of the critical loads of acidity and their ex-
ceedances for lake ecosystems (CLRTAP, 2017).

In the strictly empirical models, linear regressions describing variations
of %Ry and %Rpy as a function of log;oq (Egs. 7 and 8, respectively) gave
significantly better predictions than the power function regressions de-
scribing variations of %Ry and %Rpyy as a function of g (Egs. 9 and 10,
respectively). Eq. 9 has been proposed as a TN retention model by Windolf
et al. (1996) with the calibration constants az = 0.15 and bz = -0.56. They
calibrated the model with hypereutrophic Danish shallow lakes. %Rpy
predicted with this model were on average 17% higher than when cal-
culated with the power function in this study. Seitzinger et al. (2002)
derived calibration constants a, = 0.88 and by, = -0.37 for Eq. 10, very
close to the values of this study. They used data from about 20 oligo-
trophic and eutrophic lakes and about 10 rivers.

The study has also shown that the approximation of the semi-em-
pirical models (Egs. 3-6) by the strictly empirical linear models (Eqs. 7
and 8) did not worsen predictions of %Ry and %Rpy. On the contrary,
predictions with the linear models seemed to be slightly better espe-
cially for %Rpy. This result led to search for other possible significant
explanatory variables related linearly to %Ry and %Rpy.

For %Ry, the most important explanatory variable was, as expected,
log10q followed by Lpp/Lyy and TN/TP. The variable Lp/Lry was not as
important as log;oq but substantially more relevant than TN/TP. The fact
that the %Ry increases with increasing Lp/Lpy indicates that the
“quality” of N entering a lake or reservoir is important for the N retention
mechanisms. In most freshwaters, nitrate and DON are the main N species.
Between the two, nitrate is generally considered to be the most bioavail-
able form, because assimilation of DON by plants, algae and micro-
organisms has been reported, but it seems to become a key resource only
in N-limited oligo- to mesotrophic estuaries or freshwaters (Durand et al.,
2011). Saunders and Kalff (2001a) have shown that retention of TN occurs
mainly by denitrification (80-85%) followed by sedimentation (15-20%).
It is therefore not surprising that the supply of DIN to lakes and reservoirs
greatly influences retention of TN: directly by providing denitrifying or-
ganisms with nitrate and indirectly through uptake by primary producers
(transformation into biomass) that can be permanently incorporated in the
sediment, or supply denitrifying bacteria with nitrate (coupled nitrifica-
tion-denitrification) or anammox bacteria with ammonia from miner-
alization of organic N. The fact, that in the absence of Lpn/L1n, 10810Cnin

Ecological Modelling 416 (2020) 108853

was identified as explanatory variable is probably due to the positive re-
lation between Lp/Lyy and Cryi, in aquatic ecosystems: at low N con-
centrations (< 1 mg1™) in ultra-oligotrophic systems DON is the dominant
species, while at higher N concentrations nitrate becomes dominant
(Durand et al., 2011). Cpni, may therefore have acted as a surrogate of
Lpmn/L1n- The correlation between log;oCrin and Lppn/Lyy is 0.57. TN/TP,
the third explanatory variable identified for predicting %Ry, can be seen
as an indicator for the proportion of the imported N that can be potentially
assimilated into biomass followed by net burial into the sediment, coupled
nitrification-denitrification, but also of the supply of organic material to
denitrifying bacteria. The slight negative relation found between %Rpy
and TN/TP may be the result of all these mechanisms: higher TN/TP infers
a lower proportion of N that is transformed into biomass and indirectly
contributes to retention of TN. The variable TN/TP is also an indicator for
the availability of P relative to N and is often used to discriminate between
N and P limitation. Using the criterion of Kelly et al. (2013), 120 of the
lakes/reservoirs with TN input-output mass balances and TN/ TP data were
probably P-limited (TN/TP > 14), 4 were N limited (TN/TP < 3.5) and
other 45 co-limited by both N and P, meaning that most lakes/reservoirs of
the dataset were at least temporarily P limited. At these conditions we
might expect Crp to be a significant indicator for primary productivity and
to have a significant influence on TN retention. In contrast to other studies
(Berge et al., 1997; Finlay et al., 2013), however, Cp was not identified as
a significant explanatory variable for prediction of %Ryy. Stepwise mul-
tiple linear regression analyses between %Ry and the variables log;oq,
Crp, log10Crp, TN/TP, Lat and Cryi, and log;oCrin to lake/reservoirs with
TN/TP values > 14 did also not indicate that P concentration was relevant
for prediction of %Rpy. Concentration of P (log;0Crp) was significant only
if Z, Conin and TN/TP were excluded from the analyses and %Ry was
expressed as a function of log;p1/7, and log;oCrp (p-value < 0.001, ad-
justed R* = 0.30). The significance of the alternative model, however, was
significantly lower. This, together with the high negative correlation be-
tween log;oZ and log;oCrp (=-0.53), suggests that log;oCrp may in reality
just act as a surrogate of log;oZ. This might explain why Finlay et al.
(2013) indicated a positive dependence of %Ry and Ryy on Crp in the
plots of %Ry vs log101/7 and log;oRyn Vs logioLyn.

For the improvement of predictions of %Rppy, stepwise multiple linear
regression gave the most important explanatory variable as log;oq fol-
lowed by log10Cpmin (Eq. 13b). Excluding Crni, and Cppyi, from the ana-
lyses, after log10q, Lpmw/Ltw and log,oCrp were identified as significant
explanatory variables (Eq. 16¢) and the predicted %Rppy's were closer to
the measured (smaller NRMSD). Again, especially Cry, but also Cppin
might here have acted as a surrogate of another parameter: specifically,
since log1oCrnin correlates positively with Lpp/Lyy (Pearson correla-
tion = 0.57) and log;oC7p (Pearson correlation = 0.69), it might have
acted as a surrogate for both variables. This also explains why Cryg, was
identified as a better significant explanatory variable than either Lpp/L1n
or log;0Crp alone. To understand the reason for the significance of Lpp/
Lz and log;oCrp for the prediction of %Rpyy a closer look to what %Rppy
represents is necessary. %Rpyy is positively influenced by net retention of
DIN by denitrification or sedimentation and by transformation of DIN into
TON and negatively by net retention of TON. From the mass-balance
equations of TN, DIN and TON it follows:

R Oron-L
URppy = IV . ZTON- ZTON

Lpiv Lpiv 17)
with Lron and Oroy being the areal input and output of TON. The equation
indicates that the difference between %Rppy and Ryn/Lppy corresponds to
the areal net production of TON relative to Lppy if Oron — Loy > 0 and to
the areal net retention of TON relative to Lpy if Opon — Loy < 0. The data
in this study show that (Oron-Lron)/Lpmv increases linearly with increasing
Lpin/Lry (Fig. 4A, Pearson correlation = 0.69) and to a lesser extent with
increasing log;oCrp (Fig. 4B, Pearson correlation = 0.41), the two addi-
tional explanatory variables next to log,oq to be identified for prediction of
%Rpy (Eq. 16¢). In other words, from lakes with low values of Lpp/Lry
with elevated percentages of TON in the inlets to lakes with high values of
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Lpn/Lyy with elevated percentages of DIN in the inlets, the areal input-
output TON mass balance changes from TON net retention to TON net
production. More precisely, net production of TON is prevalent in lakes
with Lpn/Ly > 0.8, and, since Lpn/Lry has been shown to correlate
positively with log;oCrnin  and logi0Crp, at Cpyi > 3mg It and
Crp > 0.3mgP -1, while net retention of TON is prevalent in lakes with
Lpin/Ln < 0.6, Crnin < 2mg I'Y, Cyp < 0.05 mg P! and TN/TP > 50. For
lakes with values in between, both TON net retention or net production
can occur.

Several studies estimated %Ry from models that predict %Rp,
assuming that most N is retained on account of the imported DIN and
that there is only minor net transformation of DIN into TON (Hindar
et al., 2001; Mayorga et al., 2010). Under these assumptions Eq. 17
becomes:

Ren

%RpIN ——
PN Lo (18)

and analogously,

%RrN= R = %Rpv Loy
Lyn Lyn (19)

The comparison between measured Rp;y/Lyy and measured %Ry is
shown in Fig. 4C. In the presence of a net retention of TON, however, %
Ry and Cry estimated from %Rp;y are under- and overestimated, re-
spectively. The opposite occurs in the presence of a net production of
TON. In addition, since it has been shown that the net production of
TON is positively correlated with Lp;y/Lyy, and as it is known that in
aquatic ecosystems the ratio between the concentrations of DIN and TN
is positively related to concentrations of TN, at low Cry, (< 2mgl™?),
Cry estimated from %Rpyy is somewhat overestimated and at high Cry;,
(>3mg I'') somewhat underestimated.

Estimation of %Rpy from modelled %Rppy requires an additional
consideration. From the comparison of Eq. 17 with Eq. 16c and the con-
sideration of the linear relation between the second term of Eq. 17 (Oron-
Lron)/Lpmy and Lppy/Lyy and log;0Crp, it can be derived that Ryy/Lppy can

be approximated by the first part of Eq. 16¢ (a4 + bs4logi0q). Therefore
measured %Ry was compared with values estimated from Egs. 4 and 8
that describe %Rppy as a function of g alone and have been shown to
produce best predictions, and their predictive power compared with that
of Eq. 12c¢ that describe %Ry as a function of log;0q, Lpn/Ly and TN/TP
(Table 3). The comparison could be made for 37 lakes and 2 reservoirs for
which all necessary explanatory variables were known. Almost identical
were predictions of %Ryy from Eqgs. 4 and 8: intercept, slope and R? of the
linear regression between observed and predicted values was 0.09, 0.97,
0.72, respectively and the NRMSD was 37% for Eq. 4 and 36% for Eq.8.
These values suggest just slightly worse predictions of %Ry than obtained
from Eq. 12c for which the values of the same parameters were -0.01,
1.03, 0.72 and 30%. However, the comparison of measured with predicted
%Ry obtained from %Rp;y models, also showed that %Ry were under-
estimated on average by 8% (shown for Eq. 4 in Fig. 4D). The reason is
that the lakes/reservoirs used for calibrating the %Rpp models were
probably not equally distributed regarding their TON net retention and net
production. The analyses of the subgroup of lakes/reservoirs with avail-
able TON input-output mass-balance used for calibration of Eq. 4, showed
that the number of lakes with a net retention of TON was higher than that
with a net production of TON (25 vs 13) and also the absolute average
value of (Oron-Lron)/Lpiv (0.21 vs 0.15). For the other lakes/reservoirs
used in the calibration of Eq. 4 the TON input-output data were not
available. However, as it was shown that TON net retention or net pro-
duction depends also on Crp, the analysis of the representativeness of the
lakes regarding this parameter might give further information: in the
subgroup of lakes/reservoirs with TON input-output data, 59% of the
lakes/reservoirs had Crp values < 50mgP 17, probable indicator for the
occurrence of a TON net retention, 5% had Cyp values > 300 mgP It
probable indicator for the occurrence of a TON net production and the
remaining 36% had values in between, where both TON net production of
retention can occur. In the larger dataset used for the calibration 37% of
the lakes/reservoirs had Crp values < 50 mgP 'Y, 3% had Cyp values >
300mgP 1! and 61% had values in between, indicating that also in the
larger group, lakes/reservoirs with net TON production were probably less
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represented. As a consequence the calibration curve is more representative
for lakes/reservoirs with a TON net retention, leading to an under-
estimation of %Ry, if the %Rp models are used for its estimation. An
underestimation of %Ry (13% on average) was also obtained when it was
estimated from %Rp;y modelled with the empirical equation proposed by
Seitzinger et al. (2002). Thus %Rpy models should be used to predict only
%Rp;y and not %Ryy. The same consideration holds, when calibration of %
Rpyy is made only for oligotrophic P-limited lakes, as has been done by
Kaste and Dillon (2003). The models are fine if used for prediction of %
Rpyy in oligotrophic P-limited lakes, but as at low Cyp, the relative to Ly
areal retention of TON might be considerable, predictions of %Ry from %
Rp;y may lead to an underestimation. For example, using an average qpy
of 5m yr? proposed by Hindar et al. (2001) for estimating retention of
DIN in oligotrophic P-limited lakes, %Ry of a subgroup of 14 oligotrophic
P-limited lakes estimated from %Rppy using Eq. 4 is underestimated on
average by 14%.

Another suggestion for the use of the models presented in this study
is to use the best model for which explanatory variables are available.
For the prediction of %Ry the lowest deviations of the measured from
the predicted values were given by Eq. 12c, describing %Ry as a
function of log;0q, Lpn/Lty and TN/TP. If TN/TP is not known, it can be
neglected with not much loss of precision by the use of Eq. 12b. If even
Lpin/L1y is not known it can be substituted by log;oCrin using Eq. 11b
and if TN/TP is available by Eq. 11c. If only q is known, then Eq. 9 is
recommended, because it has been calibrated with a larger dataset.
Predictions of %Rp;y should be approached in a similar way. Eq. 16¢
that predicts %Rpy as a function of log;0q, Lpin/Lry and log;oCrp gave
the best results. In the absence of log;oCrp, l0g10Crp can be neglected
with not much loss of precision and 16b can be used instead. If Lp;n/Lyy
is not known, it may be approximated by Cppi, and the use of Eq. 13a,
and if q alone is known than Egs. 4 or 8 should be used for prediction of
%Rp-

Interestingly, the variables Cyyi, and Cpjni, were initially introduced
as explanatory variables in the expectation of a negative relation with
%Ry and %Rpyy, reflecting a decline in the efficiency of N retention at
higher N concentrations (Mulholland et al., 2008). Both variables ended
up to be positively related to %Ry and %Rp;y, when other more re-
levant parameters were not available. For the prediction of %Ry,
log10Crnin stood for Lpw/Lyy and for the prediction of %Rpy,
1og10Cpmin stood for both Lpm/Lry and 1log;oCrp.

In addition to the controlling factors identified in this study (g, Lpn/
Ly, TN/TP, Crp) other parameters are likely to influence retention of
TN and DIN. Temperature for the retention of both TN and DIN and the
presence of organic carbon for TN may be relevant as well. Both
parameters could not be investigated in this study, because of the lack
of data. Latitude was tested as a surrogate for temperature, but was not
a significant explanatory variable for %Ry and %Rpy. Although not
object of this study, temperature has been shown to influence season-
ality of %Ry and %Rp;y with generally higher values, especially of %
Rpin, during summer (Kaste and Lyche-Solheim, 2005; Windolf et al.
1996). Little has been reported about the influence of temperature on
annual mean %Ry and %Rpy of aquatic ecosystems. Temperature is
generally known to enhance biogeochemical processes in natural
aquatic systems (Schwoerbel, 1987). As observed by Veraart et al.
(2011), temperature may affect denitrification but also several bio-
geochemical reactions preceding denitrification such as mineralization
and nitrification. As an example, microcosm experiments, field mea-
surements and a simple model approach suggested a doubling of de-
nitrification rates by a temperature increase of three degrees in systems
not N limited, when denitrification of nitrate from the water column is
the main mechanism, because of the decrease of oxygen concentrations
due to lower solubility and due to the steeper increase of respiration
compared to photosynthesis (Veraart et al., 2011). However, in N-
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limited systems, characterized by an increase of the importance of ni-
trification-denitrification as denitrifying mechanism, the influence of
temperature on mineralization and nitrification may be more relevant,
and an increase of temperature can theoretically both stimulate ni-
trification and inhibit nitrification because of lower oxygen con-
centrations (Veraart et al., 2011). In addition, with increasing tem-
peratures, primary productivity stimulates TN retention by supplying
denitrifiers with organic carbon and contributing to net sedimentation,
but might also inhibit denitrification by competing for inorganic N
(Cabrita and Brotas, 2000). All this indicates that the influence of
temperature on N retention might be extremely complex and therefore
not easily included in an empirical model as presented here, also be-
cause other explanatory variables might be more relevant.

5. Conclusion

In summary, this study showed that empirical models derived from
input-output mass balances of TN and DIN describing annual mean %
Ry and %Rpyy in lakes/reservoirs as a sigmoid function of q, can be
approximated by a linear function on log,oq with little loss of in-
formation and can be significantly improved by focusing on the in-
organic N load to the lakes. Nevertheless, the relatively low values of
the adjusted R? of the models (0.5-0.7) suggests that the here presented
models still deliver only estimates of the proportion of retained TN and
DIN. The reasons are various. First, not all assumptions the models are
based on i.e. lakes at steady state, completely mixed water column, no
N, fixation, first-order reaction of the N retention mechanism may have
been fulfilled by the N mass balances used for the calibration. Second,
the mass balances themselves might have been characterized by errors
and uncertainties. Third, the water bodies used for the calibrations
varied in part enormously in their hydrologic, morphologic, hydro-
chemical and climatic characteristics, that the here proposed empirical
functions were not able to fully reflect. It is clear, that more complex
mechanistic models are generally more accurate. However, these
models tend to require extensive data that may be difficult to obtain,
wherefore they are rather used at local scale. For large scale analyses,
the more general empirical models are preferred (Bouwman et al.,
2013). Furthermore, empirical N retention models are also used for the
calculation of the critical loads of acidity and their exceedances for lake
ecosystems (CLRTAP, 2017). That’s why the here presented models are
still useful tools to estimate TN and DIN retention in lakes and re-
servoirs. Moreover, since the DIN load has been shown to influence TN
retention, the TN and DIN retention models can be combined to model
multiple lakes in sequence.

In addition, the accuracy of the presented empirical models might
be improved further by repeating the analysis with subsets of lakes/
reservoirs that are more homogeneous. It can also be attempted to
further improve the models by including N»-fixation in the mass bal-
ance and expressing it as a function of the TN:TP ratio of the external
input as proposed by Ruan (2014). Or it can be tried to adapt the
models to describe seasonality of N retention by including surface water
temperature as proposed by Windolf et al. (1996). Finally, the models
might also be calibrated with input-output mass balance data from
other types of aquatic ecosystems as well.
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S.M. Steingruber

Table A1l (continued)

CTP

Lpmv/Lrn

%RDIN LTN LDIN

%R1N

Location

Period

Type

Name

Reference

N

0.62
0.18
0.09
0.24
0.98
0.88
0.70
0.98
0.99
0.07
0.36
0.84
1.00
0.80
0.93
0.53
0.50
0.26
0.76
0.37
0.00
0.00

1.5
0.2
0.1

3.3

Canada
Norway
Norway
Norway
Canada

1980-1998

Lake
Lake
Lake

Heney

Kaste and Dillon 2003
Kaste and Dillon 2003
Kaste and Dillon 2003
Kaste and Dillon 2003

Kelly et al. 1987

214
215
216
217
218
219

2.4
16.4

1987-1988
1999
1999

Langtjern

22

Rgyravatn

0.3
8.7

4.5

Lake
Lake
Lake

Sandvatn

223
239

7.1
10.9

1976-1984

6.2

Canada

1981-1983
1981-1984
1981-1984

1984

Kelly et al. 1987

5.8
8.3
25.0

5.7

5.1
10.6

Canada

Lake
Lake
Lake
Lake
Lake
Lake
Lake
Lake
Lake

302N
3028

Kelly et al. 1987
Kelly et al. 1987

220

Canada
USA
USA

221
222

0.3

Crystal

Kelly et al. 1987

36

0.06

7.1

Dart's 1982-1984

Kelly et al. 1987
Kelly et al. 1987

223

0.2

41
14.4

2.4
33.0

Norway

1972-1978

Langtjern

224

99
158
80
10

42

Switzerland
Switzerland
Denmark

USA

1989-1990
1995
1989

Baldeggersee
Zugersee
Kvie

Mengis et al. 1997
Mengis et al. 1997

225
226

227

84.0

1.5
100.0

1.2
84.0

Olsen and Andersen 1994

Schelske 1975

0.72

1962-1964

Michigan
Aube

228
229

37

0.6
0.5
0.4

0.8

7.6
7.2

France

1994-1995

Reservoir

Garnier et al. 1999
Garnier et al. 1999
Garnier et al. 1999
Kelly 2001
Kelly 2001

45
104

France

Reservoir 1993-1995

Marne
Seine

230
231
232

8.9
11.2

France
USA
USA
USA
USA

1993-1995

Reservoir

1996-1998

Reservoir

Falcon

1.6
3.7
3.3

47.7

Reservoir 1996-1998

Amistad
Mead

233
234
235

55.9

1996-1998

Reservoir

Kelly 2001

11

93.0

1996-1998

Reservoir

Powell

Kelly 2001
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