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• Seasonality of the stream nitrate concen-
tration was reproduced by the MAGIC.

• Soil temperature constrained modelled
N availability and demand.

• At the N-saturated site it is necessary to
couple N production and immobilization.

• Nitrate leaching is sensitive to ambient
N deposition at N saturated site.

• Nitrate leaching at G2 NITREX does not
follow the “normal” seasonal pattern.
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Nitrogen (N) deposition is globally considered as a major threat to ecosystem functioning with important conse-
quences for biodiversity, carbon sequestration and N retention. Lowered N retention as manifested by elevated
concentrations of inorganic N in surface waters indicates ecosystem N saturation. Nitrate (NO3) concentrations
in runoff from semi-natural catchments typically show an annual cycle, with low concentrations during the sum-
mer and high concentrations during thewinter. Process-oriented catchment-scale biogeochemicalmodels provide
tools for simulation and testing changes in surface water and soil chemistry in response to changes in sulphur
(S) and N deposition and climate. Here we examine the ability of MAGIC to simulate the observed monthly as
well as the long-term trends over 10–35 years of inorganic N concentrations in streamwaters from fourmonitored
headwater catchments in Europe: Čertovo Lake in the Czech Republic, Afon Gwy at Plynlimon, UK, Storgama,
Norway and G2 NITREX at Gårdsjön, Sweden. The balance between N inputs (mineralization + deposition) and
microbial immobilization and plant uptake defined the seasonal pattern of NO3 leaching. N mineralization and N
uptake were assumed to be governed by temperature, described by Q10 functions. Seasonality in NO3 concentra-
tion andfluxeswere satisfactorily reproduced at three sites (R2 of predicted vs.modelled concentrations varied be-
tween 0.32 and 0.47 and for fluxes between 0.36 and 0.88). The model was less successful in reproducing the
observed NO3 concentrations and fluxes at the experimental N addition site G2 NITREX (R2 = 0.01 and R2 =
0.19, respectively). In contrast to the three monitored sites, Gårdsjön is in a state of change from a N-limited to
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N-rich ecosystem due to 20 years of experimental N addition. At Gårdsjön themeasured NO3 seasonal pattern did
not follow typical annual cycle for reasons which are not well understood, and thus not simulated by the model.
Capsule: The MAGIC model is able to simulate NO3 leaching on a monthly as well as an annual basis, and thus to
reproduce the seasonal and short-term variations in N dynamics.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Decades of chronic nitrogen (N) deposition have led to elevated con-
centrations of inorganic N (nitrate— NO3) in surface waters in large re-
gions of Europe and North America (Campbell et al., 2004; Dise and
Wright, 1995; Driscoll et al., 2003; Kaste et al., 2007; Skjelkvåle et al.,
2001; Stoddard, 1994; Wright et al., 2001), and more recently also in
several areas of Asia (Larssen et al., 2011; Mitchell, 2011; Ohte et al.,
2001). As a strong acid anion the increased NO3 concentrations contrib-
ute to acidification of soils and surface waters with adverse effects on
terrestrial and aquatic biota.

N is typically the growth-limiting nutrient in boreal and temperate
forest ecosystems (Tamm, 1991), and usually most of the N deposition
is retained in terrestrial vegetation and soil. Chronically high N deposi-
tion can lead to reduced N retention, a phenomenon commonly termed
“nitrogen saturation” and manifest by increased concentrations of NO3

in the leachate (Aber et al., 1989). The role of NO3 in acidification has be-
comemore important during the past 30 years as sulphur (S) deposition
and sulphate concentrations in surface waters have declined sharply in
Europe and eastern North America (Henriksen and Brakke, 1988;
Henriksen et al., 1997; Oulehle et al., 2008).

NO3 concentrations in runoff from semi-natural catchments typical-
ly show a marked annual cycle, with low concentrations during the
summer and high concentrations during the winter (Stoddard, 1994).
This pattern is clearly related to temperature and to a lesser extent
also precipitation, both climatic factors intrinsically related to vegeta-
tion growth and soil organic matter (SOM) decomposition. The pattern
breaks down in ecosystems receiving chronically high N deposition
(Stoddard, 1994).

NO3 concentrations in runoff are affected by disturbances in the
catchment, such as clearcutting, drought and insect outbreak (Aber
et al., 2002), indicative of close control by soil processes such as uptake,
mineralisation and immobilisation on the N cycle (Butterbach-Bahl
et al., 2011). Forests stressed by acidification due to high S deposition
leach more NO3; retention of N is greater when the S deposition de-
creases, as exemplified by long-term studies in the Czech Republic
(Oulehle et al., 2011).

NO3 concentrations in runoff are affected by variations in climate,
such as abnormally severe winters (de Wit et al., 2008; Mitchell et al.,
1996; Monteith et al., 2000) or warmer summers (Baron et al., 2009;
Rogora et al., 2013). Future climate change entailing higher mean tem-
perature and changes in precipitation are expected to influence NO3 re-
tention and loss (Groffman et al., 2012; Stuanes et al., 2008).

Process-oriented catchment-scale biogeochemical models arewidely
used to simulate changes in surfacewater and soil chemistry in response
to changes in S and N deposition. MAGIC (Model for Acidification of
Groundwater In Catchments) (Cosby et al., 1985a, 1985b, 2001) is one
such model. Recently MAGIC has been modified (version MAGIC 777
ext.) to include new formulations of N retention and loss; based on car-
bon (C) turnover and decomposer (microbial and fungal) processes in
soil organic matter (Oulehle et al., 2012). This new version was tested
with data from three long-term monitoring sites in the Czech Republic;
results indicated that the new version better simulated the observed
long-term changes in annual NO3 leaching at these sites compared to
previous MAGIC versions (Oulehle et al., 2012).

Here we examine the ability of MAGIC to simulate the observed
monthly as well as the long-term trends of inorganic N concentrations
in streamwaters from four monitored headwater catchments in Europe:
Čertovo Lake inlet in the Czech Republic — one of the sites of (Oulehle
et al., 2012), Afon Gwy at Plynlimon, UK, Storgama, Norway and G2
NITREX at Gårdsjön, Sweden. The first three sites are long-termmonitor-
ing sites under ambient N deposition whereas G2 NITREX is a long-term
experimental addition of N, which has been conducted in an attempt to
induce N saturation in an undisturbed forested headwater catchment
(Moldan andWright, 2011). All sites differ in rates ofNdeposition, degree
of N saturation, vegetation and soil type. Finally we used the calibrated
model to illustrate the effect of a hypothetical sharp decrease in N depo-
sition on streamwater N concentrations at the N-saturated site Čertovo
Lake.

2. Materials and methods

2.1. Site descriptions

The four catchments chosen for this study (Fig. 1) all have extensive
long-term records of N deposition and runoff. Two of the sites are in
spruce forests (Čertovo Lake catchment andG2NITREXGårdsjön),whilst
the other two are in heathlands (AfonGwy, Storgama). Ambient N depo-
sition ranges from 65–139 mmol m−2 yr−1 (9–20 kg N ha−1 yr−1)
(Fig. 2, Table 1). The sites cover a range of N saturation as measured by
inorganic N concentrations in runoff, from high levels (63 μeq l−1) in
the Čertovo Lake (main inlet to the lake), and low levels at Afon Gwy
(9 μeq l−1) and Storgama (7 μeq l−1) (Table 1). G2 NITREX Gårdsjön is
the site of a N20-year experimental whole-catchment addition of N,
in which ambient N deposition of about 10 kg kg N ha−1 yr−1 is aug-
mented by monthly additions of about 40 kg N ha−1 yr−1 of NH4NO3

(Moldan and Wright, 2011). Measurements of water chemistry and de-
position are available for the periods 1998–2009 (Čertovo Lake),
1980–2010 (Afon Gwy), 1975–2010 (Storgama), and 1989–2009
(Gårdsjön).

2.2. Description of the model and required input data

The essence of the MAGICmodel is described by Cosby et al. (1985a,
1985b, 2001) and the most recent formulation of N processes by
Oulehle et al. (2012) (additional information is provided in the Supple-
mentary information). We use a number of assumptions in these appli-
cations of MAGIC, as follows:

a. N gross mineralisation is a function of soil temperature (T). We use
the exponential Q10 function (Ryan, 1991):

RT ¼ R0 � Q10
T=10

where RT is the rate at temperature T, R0 is the rate at 0 °C, T is the
temperature °C, and Q10 is the rate of change with 10 °C change in
temperature

b. N uptake is a function of soil T (Q10)
c. Denitrification and N fixation are either constant or negligible
d. Litterfall enters directly into soil organic matter pool
e. There is a single active soil organic matter pool
f. Dissolved organic N (DON) in runoff is a fixed fraction of organic

matter decomposition.

For the first time in MAGIC, temperature constraints on mineraliza-
tion (a) and N uptake (b) were introduced allowing a representation of



Fig. 1.Map of Europe showing locations of sites in this study.
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decoupling between N demand by plants and soil N availability over the
course of a year.

The model requires specification of two variables associated with
the soil microbial activity. The parameter “C fraction” (Cfrac) sets the
fraction of metabolised soil organic carbon that is re-incorporated into
microbial biomass. This is often termed “C efficiency” of soil microbes.
Similarly the “N fraction” (Nfrac) sets the fraction of metabolised soil or-
ganic N that is reincorporated into microbial biomass.

The plant litter flux provides inputs of organic C and N to the soil
pool. Decomposers process the C and N contents of SOM (adjusted pa-
rameters of Cfrac, Nfrac, Decompfrac; Table 2), releasing CO2, NH4, DOC
and DON to soil solution. The plant uptake flux removes inorganic N
from soil solution. MAGIC does not explicitly model plant dynamics,
however, thus uptake fluxes are provided as inputs to the model. The
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Fig. 2. Annual measured and estimated deposition of dissolved inorganic N (DIN) at the
four study sites since 1950. The experimental N additions at Gårdsjön started in March
1991.
seasonal pattern of soil C decomposition is related to soil temperature
using theQ10 function above. Gross Nmineralization ratewas calculated
from soil C decomposition rate based on soil C/N. Processes of N immo-
bilization are described in Oulehle et al. (2012). The seasonal plant up-
take of inorganic N from soil solution is estimated as the amount
necessary to replace the annual plant N losses through litter. Inorganic
N plant uptakewas also related to soil temperature using a Q10 function.

Data inputs required for the calibration of MAGIC comprise catch-
ment characteristics, soil chemical and physical characteristics, input
and output fluxes for water and major ions, and net uptake of base cat-
ions andNbyvegetation (grossN uptake). For the seasonalmodel appli-
cations undertaken here we also required monthly mean soil
temperatures. These were either measured directly in the field, or esti-
mated from air temperature records. Soil and air temperaturemeasure-
ments were available at Čertovo Lake (−5 cm, 2003–2007) and at
Gårdsjön (under the O horizon, 2000–2007). Soil temperatures for the
remainder of the simulation period were estimated from air tempera-
turemeasurements and linear regressions between soil and air temper-
ature at each site. At the Afon Gwy, air temperature was measured on
site. At Storgama, air temperature at Tveitsund meteorological station
was used as proxy for soil temperature for the period 1970–2010, as
soil temperature measured at Storgama in 2003–2006 showed very
good correspondence with the Tveitsund air temperature, except
when the latter was negative. Then the soil temperature was set to
0.4 °C, based on the Storgama soil temperature measurements (Fig. 3).
2.3. Calibration procedure

MAGIC was calibrated to the observed volume-weighted monthly
concentrations and fluxes of NO3, NH4, DON, and dissolved organic car-
bon (DOC) in streamwater, and to the observed C/N ratio in the soil



Table 1
Characteristics of the four sites in this study.

Units Čertovo Lake Afon Gwy Storgama Gårdsjön

Reference for data Oulehle et al. (2012) Evans (2005) Strand et al. (2008) Moldan and Wright (2011)
Latitude Degree 49.16 N 52.45 N 59.05 N 58.06 N
Longitude Degree 13.20 E 3.75 W 8.65 E 12.02 E
Area ha 77 390 60 0.52
Elevation (weir) m.a.s.l. 1028 440 580 135
Vegetation Spruce forest (N120 yr) Acid grassland, blanket mire Alpine heather, scattered birch, pine Spruce forest (N100 yr)
Soil Spodo-dystric Cambisol Histic podsols, Histosols. Lithic Haplosaprists to Typic Haplorthods Podsols and folisols
Bedrock Mica-schist + quartzite Shale Granite Granite-gneiss
Mean annual temperature °C 4.8 (1998–2009) 7.2 5.6 (1970–2012) 7.1 (1991–2009)
Precipitation mm yr−1 1442 (1998–2009) 2480 1018 (1974–2012) 1145 (1989–2009)
N deposition mmol m−2 yr−1 139 (1998–2009) 117 (1984–2009) 65 (1977–2012 ex 1979) 338a (1991–2009)
Mean annual runoff mm yr−1 1380 2367 950 (1975–2011) 513 (1989–2009)
pH 4.3 (1998–2009) 5.6 (1983–2010) 4.6 (1975–2011) 3.9 (1994–96)
NH4 μeq l−1 0.8 (1998–2009) Not routinely determined 1.5 (1987–1988 + 2004–2011) 8 (1994–96)
NO3 μeq l−1 63 (1998–2009) 8.8 (1983–2010) 6.9 (1975–2011) 34 (1994–96)
DOC mg l−1 4.5 (1998–2009) 2.3 (1983–2010) 5.2 (1985–2011) 13.1 (1994–96)
Soil C/N mol mol−1 23 (2000–2001) 20 (2003) 26 (2000) 34 (2001)

a Including fertilizer N input.
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organic matter pool (Table 1). We followed the same set of steps de-
scribed by Oulehle et al. (2012) for the N species.

The first calibration step was the specification of the C pools and an-
nual fluxes. These were either measured or estimated, and were set as
fixed parameters to MAGIC (Table 2). The C and N pools in the soil or-
ganic matter (SOM) were measured at each of the sites. As noted
above, the annual Cflux in litterwas assumed to enter the SOMpool. Lit-
ter C flux and the C/N ratio in litter have beenmeasured at Čertovo Lake
(Kopáček et al., 2009) and Gårdsjön (Kjønaas and Stuanes, 2008), and
were estimated at the Afon Gwy based on a previous modelling study
at a similar Welsh grassland site (Emmett et al., 1997) and Storgama
(data from similar catchments; Andreassen et al., 2002; Wiker, 2006;
Wright et al., 1998). Annual litter flux C and the C/N ratio were assumed
to be constant over time, except at Gårdsjön where the experimental N
addition has led to an enrichment of theN content in litter (Kjønaas and
Stuanes, 2008). The annual decomposition rate of SOMwas assumed to
be equivalent to the annual litter C flux, such that there was no change
in the soil C pool over time.

The second step involved the specification of N pools and fluxes.
Plant uptake of N from the soil was assumed to be equal to the annual
Table 2
Fixed parameters, calibrated parameters, and temperature-dependent parameters used for the

Units Čertovo
Lake

Fixed parameters
Average soil depth m 0.65
Bulk density kg m−3 345
Porosity % 50
Plant uptake N mmol m−2 yr−1 535
nitrification % of inputs 50
denitrification mmol m−2 yr−1 7
Litter C flux mmol m−2 yr−1 22,693
Litter C/N mol mol−1 42
Org C decomp mmol m−2 yr−1 22,102

Calibrated parameters
Initial C pool soil mol m−2 1351
Initial N pool soil mol m−2 55
Initial C/N soil mol mol−1 24.6
C frac % 25
N frac % 80
Decomp frac % 2.5
Microbial Biomass C/N mol mol−1 10

Parameters set external to MAGIC
Plant uptake N R0 mmol m−2 mo−1 24
Plant uptake N Q10 4.0
Decomp C R0 mmol m−2 mo−1 1028
Decomp C Q10 3.0
N flux in litter, such that there was no net accumulation of N in vegeta-
tion over time except for Gårdsjön. At Gårdsjön starting with the onset
of N addition the N uptake to vegetation exceeded the annual litter flux
by measured average annual accumulation of N in vegetation (Kjønaas
and Stuanes, 2008). The denitrification rate was assumed to be
7mmolm−2 yr−1 at all sites (Gundersen et al., 2006). N fixationwas as-
sumed to be zero (Table 2).

The annual totals for litterfall, plant uptake and SOM decomposition
were then portioned into monthly rates, using Q10 functions and
monthly mean soil temperature. The Q10 for plant uptake was set to 4,
while that for SOM decomposition was set to 3. The reason for the Q10

function approach and the values used for modelling C decomposition
and N uptake will be discussed below. The values for R0 were then ad-
justed such that the sum of the monthly fluxes equalled the long-term
mean annual flux. The resulting input files for MAGIC thus comprised
monthly values for the entire simulation period: monthly observed
NO3 and NH4 deposition fluxes; monthly observed runoff amounts
and monthly Q10-derived fluxes of plant uptake N, litterfall C and N,
and SOM decomposition C flux. DON was simulated based on fitted
DOC concentration and respective C/N soil ratios.
MAGIC simulations at the four sites.

Afon Gwy Storgama Gårdsjön

0.58 0.2 0.35
1247 594 595

50 50 50
200 270 442
50 12 50
7 7 7

11,480 12,157 28,550
57 45 65

11,000 11,735 27,918

1529 886 1335
72 32.3 36
21.2 27.4 37.1
38 31.4 24.3
80 80 80
4.2 3.5 2.4
9 10 10

5.6 7.7 13.5
4.0 4.0 4.0

395 389 1077
3.0 3.0 3.0
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The calibration at each site started from an assumed initial steady-
state condition (here the year 1860) and simulated soil C and N pools
and streamwater NO3, NH4 and DON concentrations for each month
through to the end of the simulation period (here 2009 or 2010depend-
ing on the site). Each calibration involved choosing values for Cfrac, Nfrac,
and the initial soil C andN pools. A trial and error procedurewas used to
strive for best match between simulated and observed present-day soil
C and N pools as well as observed monthly concentrations and fluxes of
NH4 and NO3 in streamwater.
2.4. Model performance evaluation

Results of simulated NO3 concentrations and fluxes were com-
pared with measurements for periods of observed data at each site.
The long-term performance of the simulation was calculated by the
Normalized Mean Error (NME) (Janssen and Heuberger, 1995). The
NME compares predictions and observations over the entire time
span, on an average basis. It expresses the bias in average values of
model predictions and observations, and gives a rough indication of
overestimation (NME N 0) or underestimation (NME b 0). Linear
regression was used to assess annual as well as seasonal prediction
of NO3 concentrations and leaching across sites. The accuracy of
simulated monthly NO3 concentrations and fluxes was assessed as
the Nash–Sutcliffe coefficient of determination (NSCD), calculated
as (1 — residual variance/variance of measured data) (Nash and
Sutcliffe, 1970).
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Fig. 4. Annual observed (dots) and simulated (lines) NO3 fluxes at four sites since 1950 (left).
fluxes over the periods with available measurements (squares).
3. Results

3.1. Long-term N dynamics

ThehighestNdeposition over theperiods of observed data (Table 1),
wasmeasured at Čertovo Lake (139mmol m−2 yr−1) followed by Afon
Gwy (122 mmol m−2 yr−1), Gårdsjön (66 mmol m−2 yr−1) and
Storgama (65 mmol m−2 yr−1). At the experimental N addition site
G2 NITREX, total N inputs were 338 mmol m−2 yr−1 since 1991. For
the whole calibration period (1860–2009), estimated N deposition
peaked during the 1980s (Fig. 2). Seasonal variation in N deposition is
rather low, with slightly lower N deposition during the vegetation sea-
son (Fig. 5).

Measured annual NO3 leaching at the three sites was predicted with
reasonable accuracy (Fig. 4): Čertovo Lake: NME=−0.003, R2 = 0.41,
p = 0.025; Afon Gwy: NME = 0.001, R2 = 0.20, p = 0.023; Storgama:
NME= 0, R2 = 0.45, p b 0.001 (Table 3 for NME values). Simulated an-
nual NO3 leaching flux at Gårdsjön did not match the observations
(R2= 0.02, p= 0.55), despite a good overall fit of average NO3 leaching
during the period of observed data (NME=0) (Fig. 4). At Čertovo Lake,
simulated average NO3 leaching was 95 mmol m−2 yr−1 (observed
100mmol m−2 yr−1) which accounted for 69% of average annual N de-
position between 1998 and 2009. At Afon Gwy, simulated average NO3

leachingwas 30mmol m−2 yr−1 (observed 25mmol m−2 yr−1) which
was 25% of annual N deposition over the period 1980–2010. At
Storgama, simulated average NO3 leaching was 8 mmol m−2 yr−1 (ob-
served 8 mmol m−2 yr−1) which was 11% of annual N deposition over
the period 1975–2010. Simulated and observed average NO3 leaching
were 19 mmol m−2 yr−1 which was 6% of N input between 1990 and
2009 at Gårdsjön (Table 4).

The model calibrations indicate that soil retention of deposited N
since the beginning of simulation in 1860 lowered the soil C/N ratios
over time. Initial (1860) soil C/N values were estimated to 24.6, 21.2,
27.4 and 37.1 mol mol−1 at Čertovo Lake, Afon Gwy, Storgama and
Gårdsjön, respectively (Table 2). A rather low annual rate of N soil accu-
mulation (8% of annual N deposition) was simulated for the Čertovo
Lake since 1998. Soil was the most important N sink at Afon Gwy (45%
of annual N deposition since 1980) and at Storgama (54% of annual N
deposition since 1975). Simulations indicate that the soil sink accounted
41% of annual N input since 1990 at Gårdsjön (Table 4). Here, experi-
mental N additions stimulated N accumulation in standing biomass
(Moldan and Wright, 2011), which was explicitly defined during the
site calibration. Simulated DON leaching accounted for 6% to 25% of an-
nual N deposition across sites. Denitrification was equivalent to 2% to
10% of annual N deposition at the three sites (Table 4).
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Table 3
Goodness-of-fit matrix of MAGIC simulations at all sites. All calculations are based on monthly simulations and respective measurements.

Goodness-of-fit measures Čertovo lake Afon Gwy Storgama Gårdsjön

NO3

Conc. Flux Conc. Flux Conc. Flux Conc. Flux

mmol m−3/mmol m−2

Normalized mean error NME 0.003 −0.003 0.007 0.001 0.001 0.000 −0.030 0.000
Nash–Sutcliff NSCD −0.01 0.84 −0.66 0.14 0.05 0.14 −1.60 −1.19

Linear regression
Slope 0.94 1.06 0.86 0.93 0.63 0.64 0.12 0.71
Intercept 4.30 −0.83 3.61 0.57 3.02 0.24 25.26 0.53
R2 0.47 0.88 0.32 0.50 0.33 0.36 0.01 0.19
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3.2. Seasonal N dynamics

Average simulated fluxes within periods of observed data for net N
mineralization, N uptake, N deposition, N leaching, total N retention
and change in N soil pool are shown in Fig. 5. Nmineralization, N uptake
and total N retention follow a seasonal pattern dictated by the Q10 tem-
perature dependence of mineralization and uptake processes used to
drive themodel, whilst (as noted earlier) N deposition lacks a consistent
seasonal cycle. The soil acted as a sink for N all year at Afon Gwy and
Storgama, but at Čertovo Lake the soil was a net source of N during the
winter months (November-March). On the other hand, soil acted as a
N source in simulation during the summer months (July-August) at
Gårdsjön. The balance between N inputs (mineralization + deposition)
and microbial immobilization, plant uptake and soil retention/release
defined the seasonal pattern of NO3 leaching.

Values of monthly NO3 concentration were predicted with reason-
able accuracy at Čertovo Lake (NSDC = −0.01, R2 = 0.47, p b 0.001)
and Storgama (NSCD = 0.05, R2 = 0.33, p b 0.001). The accuracy was
lower at Afon Gwy, although modelled versus observed concentrations
still showed a significant correlation (NSCD = −0.66, R2 = 0.32,
p b 0.001). (Table 3, Fig. 6). The simulations did not match the observed
seasonal NO3 concentrations in stream water at Gårdsjön
(NSDC = −1.6, R2 = 0.01, p = 0.19). Over the period of observed
data, average seasonal variation in NO3 concentrations was predicted
well for the three sites where only N ambient deposition defined N
input (Fig. 7). The NO3 export flux from the catchments was predicted
with high accuracy at Čertovo Lake (NSCD = 0.84, R2 = 0.88,
p b 0.001) and with reasonable accuracy at Storgama (NSDC = 0.14,
R2 = 0.36, p b 0.001) and Afon Gwy (NSDC = 0.13, R2 = 0.50,
p b 0.001) (Table 3, Supp. Fig. 2). A poor fit, albeit still significant using
linear regression, was observed between simulated and observed NO3

export flux at Gårdsjön (NSDC = −1.19, R2 = 0.16, p b 0.001, Supp.
Table 4
Integrated N budgets at the four sites for the period with available measurements.

Čertovo Lake Afon Gwy Storgama Gårdsjön

mmol m−2 /
% of input

mmol m−2 /
% of input

mmol m−2 /
% of input

mmol m−2 /
% of input

N input⁎ 139 122 69 338
N-NO3 leaching
observed

100 25 8 19

Modelled outputs
N-NO3 leaching 95 69 30 25 8 11 19 6
DON leaching 26 19 26 21 17 25 21 6
Denitrification 8 6 7 6 7 10 7 2

Pool change
Biomass 0 0 0 152 45
Soil 12 8 55 45 37 54 140 41

⁎ In respect of Gårdsjön = deposition + fertilizer input; rest of the sites = deposition.
Fig. 2). Average values of simulated NO3 export over the entire period
of streamwater measurements highlighted the overall good perfor-
mance ofMAGIC simulations (Supp. Fig. 3). Highest NO3 exportwas sim-
ulated/observed during the late winter/early spring (March–May),
whereas the lowest NO3 export was simulated/observed during the veg-
etation growth season (June–September).

3.3. Simulated effects of a step decrease in N deposition at Čertovo Lake

The virtual exclusion of N deposition at the most N-saturated site,
Čertovo Lake, resulted in immediate changes, with a sudden decrease
in NO3 leaching in all months, including the winter (Fig. 8). During the
vegetation season (May–September) effective NO3 immobilization
was modelled. However, the decrease of NO3 concentration by 86%
was modelled for dormant season (December–March).

4. Discussion

Long-term trends and seasonality in surface water NO3 concentra-
tions and fluxes at three long-term monitored sites were satisfactorily
reproduced by the MAGIC model. Previous MAGIC calibrations using
an annual time step (Oulehle et al., 2012) have shown a satisfactory
simulation of NO3 leaching as a result of coupled C decomposition and
N mineralization. The seasonal pattern of N uptake, together with mi-
crobial N mineralization and immobilization, determines the balance
of N cycle within the ecosystem, and asynchrony of plant demand and
N availability is a major cause of N leaching in many ecosystems
(Myers et al., 1994). Unlike other soil biogeochemistry models (PnET,
ForSAFE, SMART2, CENTURY), theMAGICmodel does not include a spe-
cific decomposition and vegetation growth model, thus SOM decompo-
sition and N uptake were modelled externally.

4.1. MAGIC model performance

Themonitoring sites represent different types of ecosystems (heath-
land vs. forests), N deposition history (high N deposition at Čertovo
Lake; experimental high N input at Gårdsjön; relatively low deposition
site at Afon Gwy and Storgama), and N leaching rates (Čertovo
Lake ≫ Afon Gwy N Gårdsjön N Storgama). Satisfactory simulations of
seasonal trends of NO3 leaching were obtained at Čertovo Lake, Afon
Gwy and Storgama (Fig. 6, Supp Fig. 2).

The model failed, however, to satisfactorily simulate the observed
changes in NO3 leaching at the experimental site Gårdsjön G2 NITREX.
This may be because, whereas the other three sites have not experi-
enced large changes in N deposition during the 20+ years of monitor-
ing, at Gårdsjön the experimental N additions suddenly exposed the
site to a five-fold increase in N inputs. The forest ecosystem at Gårdsjön
has responded by accumulating N in the needles, in the soil and by in-
creased losses of inorganic N to runoff (Moldan and Wright, 2011). In
contrast to the other three sites, the catchment G2 NITREX at Gårdsjön
is in transition from N-poor to N-rich status due to the experimentally
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increased N input. The 20 years of N addition have been insufficient to
allow the N content in vegetation, soils or in runoff to stabilise. The
year-to-year changes in N cycling are thus driven by differences in cli-
matic parameters as on the other three sites, but also by the progression
towards N saturation. The seasonal patterns observed at the site are not
understood, and could not be simulated by the model (Fig. 6).
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Additional reason for the lack of clear seasonality in the measured con-
centrations of NO3 in runoff may be due to i) artefacts introduced by the
N additionprotocol— from1991 to 2010Nwas applied eachmonth by a
sprinkler system, whilst from 2010 onwards application was by means
of backpack sprayer; furthermore between 2005 and 2009 relatively
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adding relatively more N during the summer (Moldan and Wright,
2011); ii) single dose monthly N additions may coincide with rainy pe-
riods, thus allowing part of the N to be washed out by surface or rapid
shallow runoff (Moldan andWright, 1998). Both processesmay obscure
the natural seasonality of N dynamics due to the overwhelming the
short term retention capacity (Lovett and Goodale, 2011).

4.2. Processes controlling N seasonal dynamic

Most coupled climate-carbon cycle models use Arrhenius or Q10

temperature response functions (Todd-Brown et al., 2011) to model
SOM decomposition, often with Q10 ≈ 2 (Jones et al., 2003). Direct
field soil respiration measurements, however, suggest that Q10 might
vary over the year, decreasing when temperatures rise (Janssens and
Pilegaard, 2003). In situ soil respiration measurements in Czech
Republic forests show increases of soil respiration rates by 3.7 in
beech forest and by 2.8 in spruce forest within a soil temperature
range 3–13 °C (F. Oulehle, unpublished data), indicating that substrate
origin may also play a role. TheMAGIC model applications here assume
the same functional temperature dependence for C decomposition and
N mineralization. There is evidence that C decomposition and N
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Fig. 8. Simulated effect N deposition exclusion (dashed line) on NO3 concentration in
stream compared to control simulation (black line) and measurements (dots).
mineralization rates do not follow the same soil temperature responses
(Koch et al., 2007; Quan et al., 2014). Within-year variations in C and N
mineralization could be satisfactorily explained by SOM decomposition
at rates determined by soil temperature, with a Q10 of 3. This value is
higher than Q10 values routinely used in biogeochemical models for
SOM decomposition, and was arbitrarily chosen based on a assumption
of higher Nmineralization sensitivity to temperature compared to C de-
composition (Quan et al., 2014). The first attempt to model N uptake
was based on a growing degree-day (GDD) approach using average
site air temperatures. Model calibration resulted in high simulated de-
mand for N during the vegetation season, leading to highly effective N
retention between May–October. Conversely, lower N demand relative
to N supply (deposition plusmineralization) during the dormant season
permitted partial NO3 leaching, particularly during the late winter and
early spring. These seasonal variations in NO3 leaching fitted the mea-
sured data at Storgama and AfonGwy (where negligible NO3 concentra-
tions were measured in summer), but underestimated NO3 leaching at
the N-saturated Čertovo Lake, where substantial NO3 leaching occurred
also during the vegetation growth season. If the model was fitted to
match the summer NO3 leaching at Čertovo Lake, the result was high
overestimation of NO3 leaching during the dormant season. This sug-
gests that gross N mineralization modelled using a Q10 function causes
in high production of NH4 during the dormant season (relatively high
R0 value together with common unfreezing soil conditions) which has
to be compensated by NH4 immobilization to avoid excess N leaching.
This is in accordance with the observations from alpine ecosystems
where growing season estimates of N fluxes in soils are too low to
account for plant demands for N (Fisk and Schmidt, 1995). The calibra-
tion procedure sets the capacity of decomposers to immobilize N. At the
N-saturated site, where N leaching occurred all year (Čertovo Lake) it is
necessary to tightly couple N production and N immobilization
(decomposer + plant). Therefore N uptake was simulated using a Q10

function with Q10 of 4, allowing higher sensitivity of N uptake to the
temperature compared to SOM decomposition (Q10 = 3). The resulting
seasonal NO3 concentrations and NO3 fluxes were then satisfactorily
reproduced for both the unsaturated (Storgama, Gwy) and saturated
(Čertovo Lake) sites. The seasonal course of SOM dynamics permitted
partial NO3 leaching at Gårdsjön G2 especially during the dormant and
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early vegetation seasons. Such seasonality does not reflect themeasured
respective stream NO3 concentrations, which have shown rather limit-
ed seasonal changes during the year.

4.3. Modelling complex interactions

Several simplifications are intrinsically built into the MAGIC model,
such as the assumption that the C decomposition and N mineralization
rates are the same, constant ratio of C and N use efficiencies by decom-
posers (immobilization) and stable decomposer stoichiometry (C/N)
during the year. The soil decomposer N pool is generally one to two or-
ders of magnitude higher than the mineral N pool, with short turnover
times, and thus with high capacity for microbial N immobilization
(Santruckova et al., 2009). Schmidt and Lipson (2004) have shown
high decomposer activity during the dormant season, resulting in
over-winter N immobilization by microbial growth and subsequent re-
lease of immobilized N back to the soil during and after snowmelt.
Decoupling of gross Nmineralization (SOM decomposition) and micro-
bial immobilization sensitivities to soil temperature may help to better
constrain the within year balance of the N soil cycle. Seasonal changes
in the decomposer community (C/N ratio), however, may affect the
temporal patterns of N mineralization and immobilization (Bardgett
et al., 1999;Waldrop and Firestone, 2006). For example, fungi dominat-
ed thewinter soil community compositionwhereas faster growing bac-
teria dominated in the summer (Buckeridge et al., 2013; Lipson et al.,
2002). Decoupling of C decomposition and N mineralization, allowing
seasonal changes in decomposer C/N ratio and C and N use efficiencies
may help to better simulate the processes affecting the balance of N pro-
duction and immobilization. Nevertheless, the introduction of several
other temperature (or moisture) dependent variables inevitably in-
creases the complexity of interactions, thus making more difficult the
interpretation of simulation outputs.

4.4. The effect of actual N deposition on NO3 leaching

The modelling exercise in which the N deposition was sharply re-
duced at the Čertovo Lake resulted in enhanced retention of N with
only minor leaching during the winter months (Fig. 8). This shows
that the model simulates the important role of N deposition in deter-
mining losses of inorganic N to streamwater atN-saturated sites. The re-
sults agree with those from the N exclusion experiments (by roof
structures) at Risdalsheia, Norway (Wright et al., 1990) and Ysselsteyn,
the Netherlands (Boxman et al., 1998). At both these sites, interception
and removal of N inputs resulted in immediate and dramatic decreases
in NO3 and NH4 leached from soil to water. N deposition is an important
component controlling leaching rates in this saturated catchment, de-
spite representing a relatively small flux compared to the internal N
mineralization rate (Fig. 5).

5. Conclusions

Dynamic biogeochemical models provide a valuable tool to support
improved understanding and quantification of the processes, and their
interactions, through which different environmental drivers such as at-
mospheric deposition, climate and land-management influence the abi-
otic conditions within terrestrial and linked freshwater ecosystems.
These abiotic conditions in turn exert a strong influence on a wide
range of ecosystem functions, as well as vegetation composition and
structure. Reliable biogeochemical models are a vital prerequisite for
predicting the development of ecosystemN saturation, and subsequent-
ly both the effects of terrestrial eutrophication on plant species diversity
(through the use of linked biodiversity models) and of freshwater acid-
ification and eutrophication on aquatic flora and fauna. The newMAGIC
model provides the capacity to simulate NO3 leaching on a monthly as
well as an annual basis, and thus to reproduce more of the seasonal
and short-term variations in N dynamicswidely observed inmonitoring
and experimental studies. The use of the Q10 function approach in the
seasonal time-step to constrain SOMdecomposition highlighted the im-
portance of tightly coupled N immobilization in order to reproduce sea-
sonal NO3 leaching dynamics, especially at the N saturated site. General
use of a Q10 of 3 to constrain N mineralization resulted in underestima-
tion of N availability for direct plant uptake during the vegetation
growth season. Thus, microbial dynamics (winter N immobilization
and subsequent N release during the growing season) may play an im-
portant role in determining N availability. This feature would not have
been detected on annual time-step simulations.
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