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Abstract

European managed grasslands are amongst the most productive in the world. Besides tem-

perature and the amount and timing of precipitation, grass production is also highly con-

trolled by applications of nitrogen fertilizers and land management to sustain a high

productivity. Since management characteristics of pastures vary greatly across Europe,

land-use intensity and their projections are critical input variables in earth system modeling

when examining and predicting the effects of increasingly intensified agricultural and live-

stock systems on the environment. In this study, we aim to improve the representation of

pastures in the dynamic global vegetation model LPJ-GUESS. This is done by incorporating

daily carbon allocation for grasses as a foundation to further implement daily land manage-

ment routines and land-use intensity data into the model to discriminate between intensively

and extensively used regions. We further compare our new simulations with leaf area index

observations, reported regional grassland productivity, and simulations conducted with the

vegetation model ORCHIDEE-GM. Additionally, we analyze the implications of including

pasture fertilization and daily management compared to the standard version of LPJ-

GUESS. Our results demonstrate that grassland productivity cannot be adequately cap-

tured without including land-use intensity data in form of nitrogen applications. Using this

type of information improved spatial patterns of grassland productivity significantly com-

pared to standard LPJ-GUESS. In general, simulations for net primary productivity, net eco-

system carbon balance and nitrogen leaching were considerably increased in the extended

version. Finally, the adapted version of LPJ-GUESS, driven with projections of climate and

land-use intensity, simulated an increase in potential grassland productivity until 2050 for

several agro-climatic regions, most notably for the Mediterranean North, the Mediterranean

South, the Atlantic Central and the Atlantic South.
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1 Introduction

Managed grassland is one of the dominant forms of land-use in Europe, covering 80 million

hectares or 22% of the EU-25 land area (EEA, 2005). At the same time, European managed

grasslands are amongst the most productive in the world. It is estimated that grassland biomass

harvested for forage production, which is a fraction of net primary productivity (NPP), is in

the range of 2-8 t C ha−1 yr−1 [1] and approaches NPP of European temperate forests [2].

While the productivity of natural grasslands is regulated mostly by temperature and the

amount and timing of precipitation [3], grass production in Europe is to a large extent also

controlled by applications of nitrogen (N) fertilizers and land management in general to sus-

tain a high productivity. The evaluation of regional and country-specific fertilizer data has

shown that the comparatively high productivity of European grasslands is also accompanied

by high applications of mineral fertilizer [4]. The dominant role of management practices has

also been demonstrated by [5] who analyzed 38 manipulative grassland experiments and

found that combinations of land management practices remained the dominant set of factors

in determining the growth of grassland plant communities.

Similar to cropland and forest management intensity [6, 7], grassland management inten-

sity is not uniform across Europe since agricultural grasslands include silage and hay fields,

pastures under intensive production, as well as semi-natural grasslands [8]. As with arable

systems, ecological problems are mostly associated with the most productive grassland types.

Impacts resulting from intensively managed grassland include nutrient leakages from inade-

quate nutrient management, soil erosion due to high stocking densities, and particularly

poor biodiversity. Since the character of agricultural areas and land-use vary greatly across

the world, land-use intensity becomes a critical variable and characteristic of managed land

systems for use in earth system modeling when examining and predicting the negative effects

of increasingly intensified agricultural and livestock systems on the environment [9, 10].

Since land management may be critical for projected responses to future climate change

and elevated CO2 in models of ecosystem function and primary production, projections

of land-use intensity need to be considered [5, 11]. For grasslands for example, recent

changes to the Common Agricultural Policy (CAP) are likely to lead to a continuing trend

towards intensification of dairy farming. The area of grasslands instead is projected to

decrease [12].

One of the tools to estimate the ecosystem functions of grasslands in the future are dynamic

global vegetation models (DGVMs). They are used for exploring and predicting the coupled

dynamics of ecosystem functioning, climate-carbon cycle interactions and biome distributions

[13]. Recent development strands in some DGVMs are now addressing more advanced large-

area representations of land-use change, land management functionalities and N cycling [14,

15]. However, while different land cover types such as croplands, pastures and forests and

their historical and scenario-based fractions are represented now in many DGVMs and earth

system models, land-use intensity is still neglected in many models or for certain land cover

types [10]. This is also true for the DGVM LPJ-GUESS [15, 16].

While in LPJ-GUESS, cropland management intensity has been incorporated recently [17],

this is not the case for pastures, which are merely driven by climate, CO2 and nitrogen deposi-

tion. In this study, we aim to improve the representation of pastures in LPJ-GUESS by incor-

porating a recently developed daily allocation for grasses as a foundation to further implement

daily land management routines as well as land-use intensity data to discriminate between

intensively and extensively used regions. We further compare simulations of this updated ver-

sion (from this point called LPJ-GUESS-LUI) with leaf area index (LAI) observations, reported

regional grassland productivity and simulations conducted with ORCHIDEE-GM [18].
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Additionally, we analyze the implications of including pasture fertilization and daily manage-

ment for the present and for future projections.

2 Material & methods

2.1 LPJ-GUESS

LPJ-GUESS is a well-established, process-based ecosystem model designed for regional to

global applications. Vegetation is modeled via plant functional types (PFTs) which represent

the globally most abundant growth strategies. These can be distinguished in terms of e.g.

growth form, phenology, life history strategy, allometry, photosynthetic pathway and a limited

set of bioclimatic limits. Soil C and N dynamics are based on the CENTURY model [19] which

contains eleven soil organic matter (SOM) and litter pools differing in their C to N (C:N) ratios

and decay rates. A detailed description of the model is given by [16] while the N cycle imple-

mentation including the N allocation algorithm is described in [15]. Recent model develop-

ments include the incorporation of land-use change dynamics together with a crop module

[14] which is based on approaches by [20] and [21]. [17] updated this version of the crop mod-

ule by incorporating nitrogen dynamics and C-N interactions also for crops. Managed grass-

lands are represented in the standard version of LPJ-GUESS by removing 50% of the above-

ground carbon [14]. This is meant to represent a 90% removal in intensively grazed pastures

and a 50% re-entering of this carbon back to the litter pool as manure. The carbon allocation

for grasses is done at the end of the year in the standard version of LPJ-GUESS.

2.1.1 Daily carbon allocation for grass PFTs. To implement daily pasture management

regimes and allow realistic feedbacks between management and vegetation, we incorporated

the daily carbon allocation routine for natural C3 and C4 grasses developed by [22] into

LPJ-GUESS (described above). The implemented functions and model modifications are

based on theory from [23]. Carbon assimilated by photosynthesis on a daily time step is allo-

cated dynamically to one root and four different shoot biomass compartments (growing leaves,

first fully expanded leaves, second fully expanded leaves, senescing leaves), or is respired by

autotrophic processes (see Fig 1). At the end of each simulation day, 10% of NPP is transferred

Fig 1. Flowchart describing the carbon pools used for the daily carbon allocation model for grasses on a daily time

scale. G denotes the carbon flux from leaf storage while Gs denotes the carbon flux from the start storage.

https://doi.org/10.1371/journal.pone.0201058.g001
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into the reproduction pool while the rest is separated into leaf storage, roots and start storage.

Thereby, the start storage enables growth when the grass has a low LAI but the conditions are

favorable. Carbon moves from leaf storage to the four biomass compartments differing in leaf

age classes based on a temperature dependent growth factor and daily phenology. The daily

phenology is calculated as the minimum value of the ratio between water supply and water

demand for full leaf cover, and the ratio between growing degree days above 5 degree Celsius

(gdd5) and the lifeform specific gdd5 sum for full leaf cover. The movement between the four

shoot biomass compartments is controlled by a PFT specific transfer rate and temperature.

2.1.2 Pasture management. After incorporating daily carbon allocation for pastures in

the crop and land-use version of LPJ-GUESS, we added the management routines grazing,

mowing and fertilization with both mineral N and manure on a daily basis. We assume that in

a given grid cell, grasslands are either cut or grazed, and do not consider mixed management

(mowing and grazing).

Mowing can be triggered either by providing specific harvest dates or is calculated dynami-

cally as a function of LAI, and occurs every 30 days or more. After mowing, the LAI value is

decreased to a fixed value of 0.5. Immediately after each of the first three cuts in a year, pas-

tures are fertilized with mineral N and manure. We assume that mineral N fertilizer is distrib-

uted equally to the three mowing events (33% each). Manure is only applied after the first cut.

100% of harvest goes to the atmosphere while 10% of biomass not harvested goes to litter (bio-

mass loss during harvest).

Grazing is simulated only at LAI values above 0.5. In case of LAI values below this thresh-

old, the simulated grazing stops. Grazing resumes again when simulated LAI becomes greater

than the threshold value. This approach is similar to [24] who used a threshold value of shoot

biomass to determine the grazing period. For grazed pastures, a regular, relatively high daily

grazing intensity of 2.5% of foliage was assumed. This means pastures are grazed close to their

carrying capacity. More extensively grazed grasslands are not simulated in this study but this

can easily be done by lowering the grazing intensity. Of each daily feed, 60% of the carbon (C)

is assumed to be lost to the atmosphere directly, 15% C is incorporated into the animals body

mass while the remaining 25% C return to the paddock in dung and urine (similar to [25, 26]).

For N, 75% N is returned to the paddock as part of dung and urine [27–29] while the remain-

ing 25% N is incorporated into the animals body mass. C and N incorporated into the animals

bodies is moved to the slow carbon pool with a turnover rate of five years (representing both C

and N stored in animal biomass during lifetime). Grazed pastures are fertilized three times per

year, every two months with mineral N and manure.

Gridded mineral fertilizer and manure nitrogen application rates for European grasslands

in the European Union (EU27) were estimated by the Common Agricultural Policy Regional-

ized Impact analysis (CAPRI) model (see [30, 31]) based on combined information from offi-

cial and harmonized data sources such as EUROSTAT [32] and FAOstat [33]. It was spatially

dis-aggregated using the methodology described in [34]. The data were estimated at a spatial

resolution of 1 km and were re-aggregated here to a spatial resolution of 0.5˚. For French

regions, more detailed data from the French national statistics were used [35]. We used a set of

rules to rebuild the temporal evolution of gridded nitrogen fertilization from 1901 to 2010.

First, organic fertilizer was assumed to have remained constant over time (due to the lack of

statistical data). Second, the application rate of mineral fertilizer evolved with time following

the total mineral nitrogen fertilizer consumption of the European Union [36]. Third, mineral

fertilizers were set to be applied since 1951, and application rates linearly increased from 0 to

the observed level of 1961 during the period 1951-1960.

Manure is represented by an increase in the metabolic and structural soil organic matter

(SOM) pool with a C to N ratio (C:N) of 30. This value has been chosen to represent the C and
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N content from sources ranging from poultry waste (C:N of ca. 15) to straw-rich manure from

livestock (C:N of 40 or more). Since both metabolic and structural SOM pools have different

turnover rates, N derived from manure becomes available for an extended period in the soil.

Besides nitrogen fertilizer application, nitrogen deposition and nitrogen fixation by soil micro-

organisms were considered as nitrogen addition as well (see [15]). This means that for the grid

cells with no fertilizer application, there were potentially still nitrogen inputs by deposition

and fixation.

To account for changes in land-use intensity in the future, we used data from [37] who pro-

jected intensive and extensive use of pastures until 2040. The authors used grazing intensity of

cattle, goats, and sheep [38] as a proxy for nitrogen inputs on pastures as suggested by [39].

This data were then disaggregated and reclassified into two classes, which were used as a proxy

for low and high grassland intensity. More information can be found in [37]. We aggregated

this data to 0.5˚ and assumed an increase in N application of 50 kg/ha (mean N application cal-

culated over Europe) when a gridcell changed from extensive to intensive. We reduced N

application by 50 kg/ha for the opposite change. For the missing years, we conducted a linear

interpolation.

2.2 Calibration, validation & experimental setup

We calibrated the model using LAI measurements from an intensively managed grassland in

Oensingen (OEN), located in Switzerland (47˚17’N, 07˚44’E) at 450 m above sea level, with an

annual mean temperature of 9˚C and annual precipitation of 1100 mm yr-1. The OEN grass-

land has been newly sown in spring 2001 with grass and clover. The soil type is stagnic Cambi-

sol (eutric) with a soil organic matter content of 3.5%. It is cut four times a year and fertilizers

are applied as solid ammonium nitrate or liquid cattle manure (ca. 200 kg N ha-1 yr-1). Since

the N application rates and dates were not reported, we distributed the 200 kg N ha−1 yr−1 in

equal applications after each harvest for the calibration runs. The calibration was conducted

for 10000 parameter sets of four parameters relevant for daily C allocation and management:

cpft (PFT-specific parameter used for calculating the growth factor), stor (fraction of the root

carbon content), α (transfer rate constant) and froot (fraction of roots dying off after a mowing

event). Each parameter was sampled from a uniform distribution on the interval from 0.001 to

1. We calculated the log-likelihood for each observed data point yi (where i = 1, . . ., n) under

the assumption of a normal distribution, with the corresponding assessment from model sim-

ulation j, Mij, as mean and a standard deviation σ:

yijMij � N ðMij; s2Þ ð1Þ

where j = 1: 10000 denotes the different model runs given different parameter sets and n is the

length of the time series (here 63). Based on the log-likelihood, we then calculated weights for

each model run by dividing the sum of the log-likelihood of each run by the overall sum of the

log-likelihood:

wj ¼

PI
i¼1

loglikðyijMijÞ
PJ

j¼1
ð
PI

i¼1
loglikðyijMijÞÞ

: ð2Þ

These weights were then used to estimate the posterior distribution of the unknown parame-

ters (given observed data) via importance sampling. We also calculated the Willmotts index of

agreement, the Nash–Sutcliffe model efficiency coefficient, the root-mean-square error and

the Pearson correlation coefficient to assess model-data agreement for the calibration. The

Willmotts index of agreement [40] thereby spans between -1 and +1 with values approaching
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+1 representing better model performance. The Nash–Sutcliffe model efficiency coefficient

[41] ranges from -Inf to 1. Essentially, the closer to 1, the more accurate the model is. The

root-mean-square error is the standard deviation of the residuals and has the same unit as the

dependent variable. Finally, the Pearson correlation coefficient is measure of the linear correla-

tion between observed and simulated values. A coefficient of 1 means a perfect positive corre-

lation while a value of -1 means a perfect negative correlation.

In order to regionally validate the newly extended and calibrated model and assess the spa-

tial pattern of modeled potential (maximum) productivity (defined as annual production of

forage from cut grassland), we compared potential productivity with data from [8]. In this

study, the authors constructed a map of Europe showing the spatial distribution of grassland

productivity by integrating census statistics, literature, and expert judgment using the NUTS

(Nomenclature of Territorial Units for Statistics) classification. The data is provided at NUTS-

2 to country level, depending on data availability. The biological potential of grassland produc-

tivity from LPJ-GUESS (on a spatial resolution of 0.5˚) was averaged over the period 1995-

2004 and aggregated to the NUTS-2 level weighted by the corresponding grassland area in

each grid cell (derived from [42]). Further, we compared our simulated potential productivity

to simulations from ORCHIDEE-GM [43]. ORCHIDEE-GM [18] is a version of ORCHIDEE

[44] that has been recently developed to explicitly represent grassland management (GM) such

as mowing and livestock density. Grassland management was developed by implementing the

management module from PaSim [45, 46], a grassland model developed initially for site appli-

cations, into ORCHIDEE. For the regional validation, we used the N application data derived

from [4] and CAPRI (described above) as well as WATCH climate data [47]. The simulations

(starting 1901) were thereby spun up for 500 model years in order to achieve equilibrium in

carbon pool sizes with respect to the long-term climate. The soil carbon pool size was solved

analytically during spin-up in order to reduce computation time.

For the sake of testing the implications of including land-use intensity (LUI) for pastures,

we selected three variables: net primary productivity (NPP), net ecosystem carbon balance

(NECB) and nitrogen leaching. NECB thereby reflects not only photosynthesis and heterotro-

phic respiration but also other carbon transfers including losses by harvest. In this study, it is

negative in case of C sinks and positive in case of C sources. However, carbon from fossil fuels

used in the manufacture of fertilizer and the use of farmland equipment is not taken into

account here. We conducted ecosystem simulations which included not only pastures, but also

croplands and managed forests for geographical Europe with the Ural Mountains as border in

the east and the Caucasus Mountains as borders in the south-east. On croplands, only maize

and wheat as the dominant crops were simulated. For the NUTS-2 regions, historical N appli-

cations for 1990-2008 were used which were estimated by the CAPRI model based on com-

bined information from official and harmonized data sources. For the remaining regions, we

used N application data derived from [4] which consist of long-term mean N fertilizer cen-

tered on the year 2000 for maize and wheat on a national and subnational level. Historical N

deposition data was taken from [48] as estimated with the CAM model [49]. For pastures, we

used the N fertilizer data described above (data from CAPRI and [4]). We conducted two runs

with mowing and grazing only and mixed them as a post process assuming a fraction of 50%

each.

For the future climate simulations (ending 2100), monthly climate data from six General

Circulation Models (GCMs) taking part in CMIP5 (Coupled Model Intercomparison Project

Phase 5) were selected: CCSM4 (Community Climate System Model version 4, [50]), MPI-

ESM-LR (Max Planck Institute Earth System Model, [51]), IPSL-CM5A-LR (Institut Pierre

Simon Laplace coupled model version 5A, [52]), NORESM (Norwegian Earth System Model

version 1, [53], GFDL-CM3 (Geophysical Fluid Dynamics Laboratory Coupled Physical

Implications of accounting for management intensity on carbon and nitrogen balances of European grasslands
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Model version 3, [54], GISS-E2-R (Goddard Institute for Space Studies ModelE2, [55]). The

GCM climate data cover the period between 1850 and 2100 and were bias corrected against

Climatic Research Unit (CRU) data [56] for monthly means over the period from 1961 to

1990, as described by [57]. In order to show future trajectories for potential grassland produc-

tivity, we used the agro-climatic regions as defined by [58] to calculate the zonal mean for the

time series 2010 to 2050 (see Fig 2).

3 Results

3.1 Calibration & regional validation

Fig 3 shows the comparison of simulated and observed LAI for OEN over a period of three

years after calibration. The observed LAI values in this period drop abruptly immediately after

mowing and restore to high values of about 3-4 m2m−2 within a relatively short time period

(ca. two weeks) after mowing.

Fig 2. Agro-climatic zones used for zonal statistics in the analysis. 1 = Mediterranean South; 2 = Mediterranean

North; 3 = Atlantic South; 4 = Atlantic Central; 5 = Atlantic North; 6 = Continental North; 7 = Continental South;

8 = Boreal; 9 = Alpine.

https://doi.org/10.1371/journal.pone.0201058.g002
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Overall, the calibrated model follows the observations quite well, especially in the middle of

the growing season. However, LPJ-GUESS-LUI tends to underestimate the first harvest and

cannot reproduce the steep LAI increase observed in early spring. Additionally, the compara-

tively high LAI in 2007 are not captured either. This observed increased LAI is most likely not

generated by climate since there is no significant increase in temperature, precipitation

amount and number of rain days evident (see Fig 3). The mean temperature of 2007 is with

9.6˚C only slightly higher than in 2006 (9.3˚C). Mean precipitation (3.7 mm) in 2007 is less

than in 2006 (4.3 mm) and number of rain days (188 days) is equal to 2006 (185 days) and sub-

stantially less than in 2005 (218 days). The following model evaluation metrics were calculated

over the three years of data: Willmotts index of agreement: 0.70; Nash–Sutcliffe model effi-

ciency coefficient: 0.45; root-mean-square error: 1.1 m2m−2; Pearson correlation coefficient:

0.76; mean bias: -0.37 m2m−2.

When the simulated productivity at the pixel level is aggregated over the EUROSTAT

administrative regions, a significant improvement in fit is obtained between simulated and

Fig 3. Comparison of simulated (red line) and observed (black dots) leaf area index (LAI) for the cut grassland of Oensingen (CH-OEN) after calibration.

Measured precipitation and temperature are given as reference.

https://doi.org/10.1371/journal.pone.0201058.g003
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reported productivity across the 272 regions (see Fig 4). While the standard pasture represen-

tation described by [14] results in a rather homogeneous pattern stretching over France, Ger-

many and eastern Europe, LPJ-GUESS-LUI lines out the hotspots of high productivity in

central Europe, mostly the Netherlands, Germany and France. However, LPJ-GUESS-LUI

tends to simulate a higher potential productivity than the actual productivity (yield) reported

in [8] for the Mediterranean such as Spain, Italy and Greece. This result is logical because the

model simulates the potential (maximum) productivity of permanent cut grassland, whereas

the reported productivity is based on actual harvest data. Exceptions are northern Spain, Nor-

way, and northern Sweden where LPJ-GUESS-LUI simulated lower productivity than reported

from national statistics. The scatterplot (see Fig 4C) clearly demonstrates that the potential

productivity simulations are now more in range with the observations while LPJ-GUESS

mostly underestimates the productivity. Thereby, the spread in simulated output of

LPJ-GUESS-LUI on either site of the 1:1 line is in range with simulations from ORCHI-

DEE-GM [43].

3.2 Implications for C and N fluxes

In order to provide some sort of sensitivity estimations of LPJ-GUESS to the pasture manage-

ment modifications and outline the implications for continental Europe, we simulated pas-

tures, croplands and managed forests. Each land cover type was simulated independently

while land cover fractions were used for weighing the simulation results to provide one com-

bined estimate for Europe. It can be expected that the changes to the model structure have few

effects for gridcells that have small landcover fractions of pastures since cropland and forest

management were not altered between the two LPJ-GUESS versions.

Fig 5 shows simulations of NPP, NECB and N leaching from managed forests, croplands

and pastures (in each row). The left panel displays average simulations for 2001-2010 as calcu-

lated with LPJ-GUESS-LUI while the right panel displays the differences between LPJ-GUES-

S-LUI and LPJ-GUESS. NPP reaches values of 600 gC m−2 in the mountainous and moist

regions of central Europe such as the Massif Central in southern France, the Alps and the Car-

pathian Mountains in Romania. Very low values can be found in the cold regions of Norway

and Siberia while low to medium values are estimated for the cool and dry regions north of the

Caucasus mountains in Russia and Ukraine. The comparison of the improved version of

LPJ-GUESS with the standard version points out the implications of including both daily car-

bon allocation for pastures and land-use intensity data in form of fertilizer and manure into

LPJ-GUESS. This affected the simulations in two ways. NPP increased in the range from 50 to

160 gC m−2 in large parts of the Mediterranean, the Atlantic Central and the Atlantic North

such as Spain, France, the Netherlands, Germany and Ireland. However, NPP decreased by

about 50 gC m−2 in eastern Europe, mainly Russia and Romania. The combined NECB from

forests, croplands and pastures displays two opposing patterns across Europe. While there is

an uptake of carbon of up to 40 gC m−2 in large parts of the Boreal, northern Russia and parts

of the Mediterranean (Italy and Greece), there is a source of carbon of about 20 gC m−2 in the

rest of the continent, including the Iberian Peninsula, France, Germany, the United Kingdom

and eastern Europe such as the southern parts of Russia. The comparison between LPJ-GUES-

S-LUI and the standard version of LPJ-GUESS reveals that NECB is uniformly increased by up

to 20 gC m−2 in areas with high pasture fractions, particularly in central France, the United

Kingdom and northern Germany. Combined N leaching from croplands and pastures is high-

est in the Atlantic Central and western parts of the Continental North. The highest values can

be found in the Netherlands and Germany with N leaching of up to 90 kg N ha−1. Including
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Fig 4. Regional validation at NUTS-2 level. Spatial distribution of (A): actual grassland forage productivity from [8], (B): potential grassland productivity from cut

grasslands simulated by the updated LPJ-GUESS version which includes the representation of land-use intensity, (D): potential grassland productivity simulated by the

default LPJ-GUESS version without detailed management regimes. (C): Scatterplot of productivity reported from [8] versus simulated data from the default version of

LPJ-GUESS (blue), the updated version LPJ-GUESS-LUI (black) and simulated data with ORCHIDEE-GM (red) from [43]. The dotted line in the scatter plot indicates

the 1:1 line.

https://doi.org/10.1371/journal.pone.0201058.g004
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Fig 5. Simulated NPP, NECB and NENB from managed forests, croplands and pastures. The first map in each row displays average simulations for 1995-2004 as

calculated with the improved version while the second column displays the difference between improved version and default version of LPJ-GUESS.

https://doi.org/10.1371/journal.pone.0201058.g005
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pasture land-use intensity into LPJ-GUESS increased leaching in mainly in northern Germany

and the Netherlands by up to 60 kg N ha−1.

3.3 Future scenario experiment

The future scenario experiment in which we forced LPJ-GUESS-LUI with climate data from

six different GCMs under two RCPs, changes in CO2 concentration, nitrogen deposition and

future land-use intensity data reveals different trends (see Fig 6) for the specific agro-climatic

regions (see Fig 2).

In the Boreal and the Continental North, LPJ-GUESS simulated a rather constant potential

grassland productivity between 2010 and 2050. In the Continental South, the Alpine and the

Atlantic North, there is a constant productivity for RCP 4.5 while there is a slight increase in

productivity under RCP 8.5. In the Atlantic Central and the Atlantic South, productivity

increases under both RCPs, with productivity crossing 7.5 tonnes ha−1 under RCP 8.5. The

pattern for both Mediterranean North and Mediterranean South are distinctly different to the

other agro-climatic regions. Here, productivity increases rather steep until about 2020 and

then starts leveling off. Overall, the Mediterranean North is the only area where under both

emission trajectories, LPJ-GUESS simulates a clearly diverging potential productivity. While

in 2050, up to 7 tonnes ha−1 are projected under RCP 8.5, productivity under RCP 4.5 does not

reach 5.5 tonnes ha−1. Overall, the variability between GCMs and RCPs is overlapping for

most regions, demonstrating a limited importance of the representative concentrations

pathways.

By keeping the N application data constant (45const and 85const in Fig 7), it becomes clear,

that the strong increase in productivity in the Mediterranean North and South are caused by

the increases in N application. Without changes in land-use intensity, productivity increases

only slightly in the Mediterranean North while it stays constant in the Mediterranean South.

Also the productivity increases in the Atlantic Central and Atlantic South under RCP 8.5 can

be explained by changes in land-use intensity mostly.

4 Discussion

In the present study, we simulate and analyze the implications of accounting for land-use

intensity in the form of N fertilizer and manure and daily pasture management on spatial and

temporal patterns of European grassland processes.

The results of this study demonstrate that potential grassland productivity cannot be ade-

quately simulated by only driving the model with climate and CO2 while ignoring land-use

intensity. However, LPJ-GUESS-LUI simulations which are based on daily carbon allocation

for grasses, land-use intensity data and daily management of pastures prove to strongly

improve the representation of LAI site observations and regionally reported data on grassland

productivity. The site validation shows that calibrated LPJ-GUESS-LUI simulations follow

the temporal observations quite well, especially in the middle of the growing season. However,

the model seems to consistently underestimate the steep increase of LAI in spring while it cap-

tures growth in the second half of the year. The reason for this might be that the root storage

for the early boost in spring is not adequately simulated since LAI is only reduced to 0.5. The

increased LAI in 2007 is not captured either that year. However, neither mean temperature,

nor mean precipitation and number of rain days can explain the increased amount of leaf

material. This indicates that a process other than climate, that we do not account for in our

approach, might be responsible for the increase (e.g. management). This is partially supported

by the fact that ORCHIDEE-GM does not simulate this increased response either [18]. The

regional validation shows that the spatial pattern of grassland productivity are improved
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compared to the standard version of LPJ-GUESS. The grassland productivity simulated by

LPJ-GUESS-LUI represents thereby a potential estimate (in equilibrium with e.g. climate and

CO2 concentration), but still neglects site-specific properties such as terrain, slope, grass spe-

cies and nutrient availability other than N from fertilization, deposition and microbial fixation.

Fig 6. Future trajectory of potential grassland productivity for nine agro-climatic regions between 2010 and 2050. The results for the individual GCMs and RCPs

are given as black lines while the red and blue line indicates the locally weighted regression (loess) averaged over the ensemble for the two RCPs.

https://doi.org/10.1371/journal.pone.0201058.g006
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The reported data from [8] includes actual production (partly estimated from expert judg-

ments) in each region under different types of management, which is often restricted by limit-

ing soil nutrients and low herbage quality. One example of an overestimation is the simulated

productivity in southern France (Fig 4) which has also been observed for ORCHIDEE-GM

Fig 7. Future trajectory of potential grassland productivity for nine agro-climatic regions between 2010 and 2050 for four simulations. The light blue line

(45const) indicates the locally weighted regression (loess) averaged over the simulations under RCP 4.5 conducted with a constant N application rate. The dark blue

line (45scen) displays the loess of simulations under the same RCP with scenario N application rates derived from [37]. The orange line (85const) indicates the loess

under RCP 8.5 with constant N applications while the red line (85scen) displays the loess under the same RCP with scenario N application rates derived from [37].

https://doi.org/10.1371/journal.pone.0201058.g007
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[43]. This is possibly due to the model’s missing representation of soil nutrients as well as to

the low aboveground productivity of specific grass species used in this area. Detailed spatial

data on e.g. soil fertility might improve the model´s capacity to simulate grassland productiv-

ity. Nevertheless, the spatial distribution of modeled potential productivity agrees well with

statistics (Fig 4). LPJ-GUESS-LUI realistically reproduces high productivity in humid and oce-

anic regions and low productivity in dry regions with the Mediterranean climate affected by

drought. The standard version of LPJ-GUESS is not able to simulate the regions of high pro-

ductivity such as UK, the Netherlands and Germany. This confirms the combined role played

by both water limitation and nitrogen limitation in the productivity of managed grassland

ecosystems.

As shown by Fig 5, accounting for pasture fertilization intensity and management regimes

had three main overall effects on the performance and behavior of LPJ-GUESS. First, NPP in

western Europe, NECB and N leaching are increased. The increase in NPP and N leaching can

be explained by the high amounts of fertilization in western Europe. The overall increase in

NECB is instead more influenced by the (relatively intensive) management regimes that in

turn led to e.g. high harvest fluxes. Second, NPP is reduced in eastern and south-eastern

Europe compared to the default version of LPJ-GUESS. In these regions, N fertilization as

reported by the CAPRI model (for EU27) and [4] is very low or zero while the harvesting and

grazing intensity is still comparatively high. This leads to a depletion of the soil and an overuse

of the pastures so that a high productivity cannot be sustained. One possibility to avoid the

overuse in these parts of Europe is to use further land-use intensity data such as grazing inten-

sity and number of harvests per year. While there is data to quantify global grazing intensity

[59, 60], data on the number of harvests is nonexistent on a continental or global scale. Third,

accounting for daily management also brings the opportunity to simulate harvest of pastures

at specific harvest dates which was not possible in previous modeling studies even though such

data was available (e.g. [61]).

The simulated future increase in grassland productivity for large regions in Europe has also

been shown by [62]. In their study, grassland productivity was simulated to increase with fur-

ther warming, mainly due to rising concentrations of CO2. However, compared to our study,

they found a decrease in productivity in the Atlantic North for which our simulations showed

an increase under RCP 8.5 and no trend for RCP 4.5. Productivity is also suggested to increase

for grassland ecosystems beyond Europe. [3] projected widespread and consistent increases in

vegetation fractional cover (until 2100) throughout most of North America, despite the pro-

jected increase in aridity.

Our study has demonstrated the importance of including land-use intensity data in form of

N applications into simulations with DGVMs for global change studies. While there are some

data sets on current and historical N applications for Europe (e.g. derived from CAPRI) and

the world [4], there is a strong need for more detailed data on a finer spatial resolution since

many regions are currently only represented on a national or subnational level. In general, the

current status of data availability is intermediate. Existing datasets are often model derived and

characterized by large gaps and uncertainties, particularly relating to spatial patterns and live-

stock manure [63]. While fertilization scenario data exists for specific crop types [37, 64], more

efforts need to be done for managed grasslands given their high importance in the landscape

of Europe. Some attempts have been made by [65] which were further processed and used by

[37]. However, the projections developed in the latter study contain only the two classes

“intensive” and “extensive” which is insufficient for further detailed use in ecosystem models.

The importance of N application projections for crops has been recently stressed by [11]. Since

the pasture area is projected to decrease in Europe [12] accompanied with an intensification of

livestock production systems, changes in land-use intensity for grasslands can be expected as
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well. Although our work confirms that climate change and CO2 can affect many ecosystem-

based functional attributes, it also suggests that land management practices remain the domi-

nant drivers in determining the performance of grassland plant communities. Land manage-

ment may thus be critical for influencing projected responses to future climate change and

elevated CO2 in models of grassland function at least for factors relating to primary production

[5].

The incorporation of daily management regimes and N fertilization data does not come

without limitations. One of the benefits over other studies [43] is certainly that we have a full

N cycle implemented in the model and force the model with both N deposition and pasture

fertilization data. The added management routines are kept simple and generic to allow global

simulations while keeping the computational burden low. Trampling by livestock is not taken

into account but can potentially be added via e.g. decreasing biomass and inclusion of livestock

density data from [59]. A limitation of our study is also that a large proportion of the labile

forms of N present in livestock excreta is unable to be taken up by plants and end up being

either volatilized or denitrified [27]. For this study, mowing and grazing runs were mixed with

50% each. This is rather unrealistic, but spatial data is lacking since existing national and

gridded data sets do not separate grazing and mowing. There is however a potential for future

studies to use remote sensing and mowing detecting algorithms to fill that knowledge gap [66].

Another possibility is to optimize the grazing and mowing ratios similar to the PaSim model

[24]. Finally, our study was conducted at a spatial resolution of 0.5˚ which will have an effect

mostly on the mountainous regions in which a finer resolution would improve the result [67].

5 Conclusion

The standard pasture representation of LPJ-GUESS which is mainly driven by climate vari-

ables, CO2 concentration and nitrogen deposition is not able to reproduce the spatial patterns

of potential grassland productivity in Europe. The extended version LPJ-GUESS-LUI which

includes daily carbon allocation, land-use intensity in form of N fertilizer and manure and

daily management regimes instead shows an improved fit to reported data. This stresses the

importance of management variables over climate variables in the context of managed grass-

land productivity. We conclude that even though the current status of data availability is inter-

mediate, it is important to advance with incorporating grassland management intensity in

form of N fertilization in dynamic vegetation models. Incorporating land-use intensity will

improve predictions of terrestrial C sinks and sources as well as N leaching.
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