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Abstract
Aims We explore the potential effect of plant diversity
on yield and greenhouse gas exchanges in forage mix-
tures, identifying potential co-benefits between
functions.
Methods Using the biodiversity-ecosystem function
(BEF) modelling framework (Connolly et al. 2013),
we analyse results from a field experiment where the
relative sown proportion of three forage species (a grass,
a legume, and a non-legume forb) was varied to obtain a
gradient in species proportions and evenness. The

exchange rates of N2O, CH4, NH3 and CO2 were mea-
sured, together with forage yield and soil inorganic N
content. We conducted gas measurements 4 years after
sward establishment during the expected period of
highest emissions.
Results Results support the hypothesis that emission
rates are affected by plant diversity. Sown evenness
was found to decrease N2O exchange rates, and some
evidence was found for a similar negative effect on CH4.
Plant composition affected gas exchanges, with legume
monocultures showing the highest emission rates for all
gases. Diversity also increased yield and modulated
NO3

− and NH4
+ soil concentrations.

Conclusions The integrated analysis of yield and emis-
sion response to species diversity allows the identifica-
tion of a range of species proportions for which both
functions are optimized. Diversifying forage legume-
based systems could contribute to mitigation while im-
proving ecosystem productivity.

Keywords Diversity effect . Foragemixtures . GHG
emissions . N2O, NH3, CO2 and CH4 exchange .

Mitigation

Introduction

The increasing awareness of human impact on biogeo-
chemical cycles at global scale (IPCC 2007) has drawn
attention to the need for strategies to control nutrient
cycles and influence the resulting gas balance. Because
of the tight link between the carbon (C) and nitrogen (N)
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cycles, strategies to increase plant production and car-
bon dioxide (CO2) sequestrationmay affect, directly and
indirectly, the balance of other gases, including methane
(CH4) and nitrous oxide (N2O; Baggs 2011; Singh et al.
2010). Although increased N fertilization can en-
hance productivity and thus C sequestration, in-
creased CO2, N2O and CH4 emission that may
follow N addition (Mosier et al. 1991) may off-
set the aimed sequestration potential (Liu and
Greaver 2009). New management options must
take into account the trade-offs between ecosystem
functions, such as productivity and gas regulation,
in order to optimize ecosystem goods and services.
Most management strategies have focused on con-
trolling the N cycling through a tighter use of
reactive N in agriculture, mostly by matching N
needs and supply, both at the plant and animal
production levels (e.g. de Klein and Monaghan
2011; Johnson et al. 2007; Mosier 1994; Oenema
et al. 2009; Snyder et al. 2009). But the challenge
remains to manage agro-ecosystems to enhance
self-regulating mechanisms of N cycling, and the
manipulation of plant and microbial diversity may
offer tools in such direction.

Although the CO2 balance is the most important
driver of the atmospheric global warming potential
(representing c. 77 % of total annual GHG emissions,
IPCC 2007), the contribution of trace gases may have
important effects on the global GHG balance due to their
high warming potential: CH4 contributes 14.3 % and
N2O 7.9 % in CO2 equivalent (IPCC 2007; Saggar
2010). Agricultural systems contribute 13.5 % to total
annual GHG emissions (Erisman et al. 2011; IPCC
2007) and can behave both as GHG sources and sinks
(IPCC 2007). In addition, the emission of other non-
greenhouse gases linked to agricultural activities, such
as short-lived NH3, may affect tropospheric and strato-
spheric gases, having an indirect climate forcing effect
(IPCC 2007).

The main natural sources of CO2 are aerobic respira-
tion and decomposition, and its major sink is global net
primary productivity (Sabine 2006). Methane is gener-
ated in anoxic soils, while aerated and drained soils play
a role in the CH4 cycle as oxidizers (Bodelier 2011;
Mosier et al. 1998). Nevertheless, methanogenesis
may also take place in oxic drained soils (Conrad
2007). Soil redox potential and substrate availability
determine the balance between methanogenesis and
CH4 oxidation.

Nitrate availability, and thus the addition of reactive
N, is considered one of the main factors determining
N2O emission (Erisman et al. 2011). The main N2O
source in moist soils is considered to be denitrification,
which is enhanced by low aeration and high labile
organic C availability (Bremner 1997; Firestone et al.
1979;Wallenstein et al. 2006). Nitrous oxide can also be
produced through NO3

− ammonification and NH3 oxi-
dation, the latter competing with CH4 oxidation (Baggs
2011; Mosier et al. 1998; Steudler et al. 1989). In
Mediterranean conditions both oxidation and reduction
paths may be important in N2O production (Menéndez
et al. 2008).

The balance between assimilation and emission of
CO2 and other gases may be ecosystem dependent
(Macdonald et al. 2011), being greatly influenced by N
and C availability and the resulting microbial
(copiotrophic or oligotrophic) communities associated
with nutrient pools and recalcitrance (Singh et al. 2010).
Carbon assimilation is highly dependent on N availabil-
ity, nevertheless, at high N levels sequestration may be
offset by increased soil organic matter mineralization
(Singh et al. 2010).

Plant communities, being at the interface bet-
ween the soil and the atmosphere, regulate gas
exchange through different pathways: first, by de-
termining the balance between assimilation and
respiration; second, by determining the quantity
and quality of organic matter returned to the soil;
third, by regulating the form and amount of N
present in the soil throughout the year (basically
through N uptake); and fourth, by affecting the
soil physical conditions, which influence gas dif-
fusivity, aeration and drainage. All these effects of
plant communities determine the composition, di-
versity and dynamics of the microbial community,
therefore behaving as a long term or distal control of
emission, but also as a proximal control by influencing
the immediate – physical and chemical – environment
(Wallenstein et al. 2006).

Integrated approaches to improve management of the
plant-soil system, considering both aboveground and
belowground diversity (Baggs 2011), should shed light
on possible strategies to manipulate emission (Singh
et al. 2010). On the other hand, findings in the last
decades confirm plant diversity effects on several eco-
system properties (Hooper et al. 2005; Zavaleta et al.
2010), including enhanced productivity (Finn et al.
2013; Hector et al. 1999; Kirwan et al. 2007); increased
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soil C and N contents (Fornara and Tilman 2008;
Steinbeiss et al. 2008); improved N use efficiency
(Nyfeler et al. 2011; Oelmann et al. 2007); and enhanced
microbial activity and diversity (Eisenhauer et al. 2011;
Loranger-Merciris et al. 2006). However, little emphasis
has been given to the study of plant diversity effects on
emission (but see Niklaus et al. 2006 and Sun et al.
2013).

With this study we tackled this last question by
measuring exchange rates of four gases (CO2,
CH4, N2O and NH3) along a growing season of
forage swards where we manipulated plant diver-
sity, through changes in sown plant species pro-
portions and thus in evenness, at field conditions.
We hypothesize that (i) sward composition in
terms of species identity will affect the exchange
rates of the measured gases; (ii) interactions be-
tween species at increased evenness levels will
result in increased sward forage production and
decreased GHG exchange rates; and iii) these ef-
fects will interact with N fertilization. Our purpose
was to assess if sown plant diversity can be used
as a win-win strategy to increase co-benefits be-
tween yield and GHG emissions in forage crops,
overcoming the trade-offs of the technologies pro-
posed to the moment to reduce emission or/and
enhance yield.

To test those hypotheses we used the methodology
developed by Kirwan et al. (2007, 2009). This approach
allows studying the importance of pairwise species in-
teractions, disentangling those from individual species
effects, and thus overcoming the difficulty to segregate
the sampling effect from the real interaction effect when
increasing the number of species in diversity manipulat-
ed communities.

Methods

Site description and experimental design

In spring 2008 we established a BEF (Biodiversity-
Ecosystem Functioning) experiment in which we ma-
nipulated plant species composition and relative propor-
tions, to study the plant identity and evenness effects on
several ecosystem functions including forage yield, soil
inorganic N content and gas exchange rates of N2O,
NH3, CO2 and CH4. The measurements presented in
this paper took place in 2011, in the fourth year after

the establishment of the plant swards. During the vege-
tation growth period, we conducted measurements bet-
ween harvests and canopy closure, close to management
activities, to capture periods of highest emissions,
where the potential for mitigation would also be
highest. Table 1 summarises the relevant manage-
ment and sampling activities during the 2011
growing season.

The experimental field was established in Castellnou
d’Ossó (41° 46′ N, 1° 8′ E, 353 m.a.s.l.), in a semi-arid
irrigated agricultural area in the Catalan Central
Depression. The region is characterized by a mean an-
nual precipitation of 428.4 mm and a mean annual
temperature of 13.9 °C (data from the Catalan
Meteorological Service). The field is located on an
alluvial terrace, and has a carbonated soil (25–30 %
carbonates) with a silt-loam texture and high water
retention capacity (Xerofluvent) and a relatively high
organic matter content (4.5 % in the first 15 cm of soil),
compared with agricultural soils in the area. The main
crops grown in the area are cereal and forage monocul-
tures, with Festuca arundinacea and Medicago sativa
being the most important forages.

The seed mass of the sown species was varied in
different plant communities to obtain a gradient in their
relative proportion resulting in a range of evenness of
the communities. The plant communities included
monocultures and three-species mixtures of a grass
(Festuca arundinacea), a legume (Medicago sativa)
and a non-legume forb (hereafter we refer to it as forb,
Cichorium intybus), following a simplex design (Kirwan
et al. 2007, 2009). Mixtures consisted of swards dom-
inated in turn by each of the components (80 % sown
proportion of the dominant species and 10 % of each
of the minor components) and a centroid mixture
with an equal proportion of each of the sown species.
These seven plant communities were sown at two levels
of overall sowing density, with the lowest density being
60 % of the highest, which corresponded to the density
prescribed in the area of the study. Seeding rates con-
sidered appropriate in the region for each species
in monoculture are 40 kg ha−1 for the legume and
the grass and 25 kg ha−1 for the forb. This whole
set of plots was sown in triplicate to allow three N
fertilization levels, yielding a total of 42 (7×2×3)
completely randomized plots (12 m×12 m each).
The fertilization treatment started in 2011 together
with emission measurements (see Irrigation and
fertilization section).
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Vegetation and soil sampling

The plots were harvested twice in 2008 (establishment
year) and every 5 to 6 weeks during the following
growing seasons, with four harvests per season. At each
cut, total yield was determined by harvesting 9.6 m2 and
weighing in-situ the fresh plant material. Plant compo-
sition was determined by cutting 0.5×0.5 m subplots to
a height of 5 cm (always located at a fixed point). For
every annual spring harvest, the collected material was
then separated into species, oven-dried at 60 °C and
weighed to estimate individual species yield. Moisture
content was determined through the difference between
fresh and oven-dried weight.

In 2011, soil inorganic N concentration was deter-
mined in May and June, within the second vegetation
regrowth and coinciding with the two first gas exchange
measurements (Table 1). The first sampling took place

just after restarting irrigation following the first harvest
and previous to slurry application and, the second sam-
pling after slurry application just before the second
harvest. Six soil samples were extracted from each of
the 42 plots using probes (3 cm diameter and 10 cm
depth) and mixed into composite samples. Ammonium
(NH4

+) and nitrate (NO3
−) concentrations were deter-

mined by colorimetric methods following Baethgen and
Alley (1989) and Cataldo et al. (1975) respectively.

During emission measurements soil moistures were
measured gravimetrically from three monocultures and
one centroid mixture (Table 1).

Irrigation and fertilization

The water supplied during the study was obtained from
local river and well waters. Due to the fact that the
experiment included fertilization levels and that it

Table 1 Dates of harvest (H1, H2, H3), fertilization (F), soil sampling (S1, S2) and emission measurements (E1, E2, E3) along the growing
period of 2011. We indicate the sampled number of plots (n) for each variable

Fertilizer N Irrigation
Samplings & n  (irrigation N) (total irrig. N) Precipitation  Tair Soil moisture

Dates fertilization (H/S/E) kg ha-1 mm mm (ºC) (%)

11-Apr Io

3-May H1 42 (H)

17-May E1
18-May E1 42/42/8
19-May E1 (H/S/E)

20-May E1+S1

10-Jun F
14-Jun F+E2 42/42/8 23.7 20.1
15-Jun F+E2 (H/S/E)

17-Jun H2+S2

7-Jul F+E3
8-Jul F+E3 28 (E) 37.0 (6.0) 240.2    (17.5)
9-Jul F+E3

21-Jul H3 42 (H)

18.7

25

15.1

20.5

3r
d 

re
gr

ow
th

0

104.2     (7.6) 0

1s
t r

eg
ro

w
th

50.2   (3.7) 30

2n
d 

re
gr

ow
th 8.7    (0.6) 14

311.3  (22.6) 6023.3 (4.1)

The table includes: i. the total (ammoniacal and organic) slurry fertilizer N (corresponding to the high fertilization level) per regrowth; ii. the
irrigation N, which corresponds to the nitric-N applied with irrigation water during fertilization; iii. irrigation; iv. the total accumulated nitric-
N applied with cumulative irrigation amounts per period between two consecutive samplings; and v. precipitation. Irrigation and precipitation
amounts were accumulated by periods (dotted squares) since restarting irrigation after winter (Io). Dashed lines indicate periods within
regrowths up to each emissionmeasurement, thus, indicated amounts of water and N refer to such periods. The table includes average 24 h air
temperature during measurement periods and average soil moisture from three monocultures and one centroid mixture
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required a completely randomized plot distribution, wa-
ter and fertilizer were applied through an automatized
sprinkler fertigation system. Fertilizer was mixed with
the irrigation water at a 2 % volumetric ratio by injec-
tion. The used fertilizer was filtered pig slurry and
contained 2.2 kg of total N per m3, with 48 and 52 %
corresponding to the organic and inorganic
(ammonium) forms respectively. Fertilization started in
June 2011, within the second regrowth and was applied
during two consecutive inter-harvest periods, fractionat-
ed into six applications, three per period (Table 1). For
the highest N treatment 23.3 and 36.9 kg ha−1 were
applied in the second and third regrowth periods respec-
tively, corresponding to an annual application of c. 100–
150 kg ha−1 (if a similar dose had been applied to each
of the four vegetation regrowths). For the intermediate
N treatment these rates were halved, and no slurry was
applied in the lower N level. The same irrigation doses
were applied to the three fertilization levels irrespective
of the slurry applied volumes, irrigating all plots with
the same amount of water that would be needed to apply
the higher fertilizer doses.

In early spring, up to the first harvest, all plots re-
ceived 50 mm irrigation, and during the two following
regrowths all plots were irrigated with c. 330 L m−2

applied per regrowth (Table 1). High N content found in
the irrigation water resulted in an extra NO3

−-N input.
We estimate that during the two regrowth periods in
which emission measurements took place the extra
amount of N coming from this source was around
48 kg ha−1 NO3

−-N. Before the first measurements in
May, we estimate that only c. 4 kg NO3

−-N had been
applied with the irrigation water. At each fertigation,
taking into account the slurry:water dilution ratio, the
NO3

−-N coming from the irrigation water represented c.
14 % of the total (nitric, ammoniacal and organic)
applied N.

Measurement of greenhouse gas exchange

In May, June and July 2011, exchange rates of carbon
dioxide (CO2), nitrous oxide (N2O), methane (CH4) and
ammonia (NH3) were measured in selected plant com-
munity types. In May and June, the three monocultures
and the centroid mixture corresponding to the high-
density level and to the high and nil N levels (4 plant
community types x 1 sown density x 2 N levels) were
sampled. In July, 28 plots (7×2×2) were sampled in-
cluding the seven plant community types at two

densities and two N application levels (nil and high).
The first fertilizer application took place just before the
second gas sampling (June).

Within each month we sampled over a 2–4 day period,
once or twice per day between 9:00 and 17:00 h.
Consecutive measurements took place after each of the
fertigation events to capture expected maximum gas emis-
sions, starting from 1 to 12 h after slurry application
(Table 1). The gas exchange measurement system
consisted of opaque static chambers connected to a photo-
acoustic field gas-monitor (INNOVA 1412, LumaSense
Technologies, Denmark) with a multiplexor system
allowing for up to twelve simultaneous or sequential mea-
surements. PVC chambers (height: 60 cm, to allow mea-
suring during the vegetation growth period; internal diam-
eter: 25 cm) were placed above the soil and vegetation and
fittedwith a rubber joint on top of PVC rings (height: 7 cm,
diameter: 25 cm). The limitations (e.g., discontinuity of
measurements, lack of spatial integration, system distur-
bance) regarding the use of chambers have been discussed
widely (de Klein and Harvey 2012; Flechard et al. 2007;
Hutchinson and Livingston 2002; Rochette and Eriksen-
Hamel 2008; Schrier-Uijl et al. 2009; etc.), and are
accounted for when interpreting the results, although it is
not our purpose in this study to give absolute gas balance
values for the studied system.

The rings were inserted into the ground (3–4 cm
deep) several days before the measurements to ensure
reasonable sealing of the system and to limit soil distur-
bance during measurement. The chambers were con-
nected to the gas monitoring equipment with Teflon
tubing (2 mm internal diameter). To improve spatial
resolution, chambers were connected in pairs in each
sampled plot using Teflon tubing and three-way valves
(surface sampled area=0.098 m2); the combined ex-
change rates were measured by the photoacoustic equip-
ment. Concentration measurements were compensated
for cross-interferences with water vapour and the other
measured gases. The detection limits of the photoacous-
tic gas sensor were 3.4, 0.02, 0.2 and 0.2 ppm for CO2,
N2O, NH3 and CH4 respectively.

The recording duration was 20–40 min with the
chambers closed, during which accumulated gas con-
centrations were measured at regular time intervals (c.
every 7–10 min). Gas exchange rates were calculated
from the change in concentration in the chamber over
the sampling time. Since during the closure the gas
concentration changed linearly with time, gas exchange
values can be obtained from the slope of the linear fit to
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the concentration values (Jones 1992). Positive values
denote emission and negative denote uptake.

As the focus of our study was assessing the diversity
effect on gas exchange, we integrated the temporal and
environmental variability by averaging consecutive gas
measurements, to give a single value per month, fertiliza-
tion and diversity treatments. Indeed, we did not find
important differences between consecutive measurements
within each month that could mask gas emission peaks
(individual measurements are included in the Online
Resource 1,OR1- Fig. 1). Thus, tomodel the gas exchange
response, for each month all values were averaged for
sampled plots, giving 8, 8 and 28 average values of each
measured gas in May, June and July respectively.

Data analysis

We used the methodology developed in Kirwan et al.
(2007, 2009), later generalized as GDIM (General
Diversity Interaction Modelling; Connolly et al. 2013),
which provides a modelling framework for the
diversity-ecosystem function studies. The experimental
setup followed a simplex design (Kirwan et al. 2007,

2009), with the variables used in the model, namely
species proportions and evenness, ranging between 0
and 1, and the response variable regressed against these.
In this design, estimation was based on regression
methods and inference was based on the residual varia-
tion around the regression model fitted (Draper and
Smith 1998); thus, no replication is needed.

All studied responses, namely yield, soil inorganic N
and gas exchange rates of the four sampled gases, were
modelled as a linear function of the sown proportion of
each species (Pi) and a plant community evenness term
(E), plant sown density and fertilization. Evenness is as
a measure of the distribution of the relative abundance
of species in a community, but it also expresses the
potential magnitude of species interactions. It is given
by the expression (Kirwan et al. 2007):

E ¼ 2S

S‐1

X

i< j

PiP j

where S is the communitymaximum plant species number
and PiPj the species pairwise interactions. Sowing density
was defined as a nominal variable with two levels, and
scaled to have a zero mean, so that all other terms in the

Fig. 1 Harvest dry matter (DM) yield (estimates±SE) averaged
per year over the experimental period (2008–2011) at average
sown density and nil fertilizer application. Values correspond to
the three monocultures and the centroid mixture. The expected
(according to monoculture performances, ◆) and estimated (◇)
centroid values are shown. The evenness effect is the difference
between ◇ and ◆ (dashed line and p-value), and the transgressive

effect compares ◆ with the best performing of the three monocul-
tures (□, ○ or △). The dotted line indicates the best performing
monoculture of each year and it is shown when there is a signif-
icant transgressive overyielding. The number of averaged harvests
is n=2 for the establishment year (2008), n=4 for 2009–2010 and
n=3 for 2011
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model can be read as the results at average sown density.
Fertilization level corresponded to total N application be-
tween two consecutive harvests, scaled to give the re-
sponse per each 25 kg N applied per regrowth. A temporal
factor was included when needed, corresponding to the
consecutive samplings of each variable. The need of a
quadratic evenness term (E2) in the models was also
checked, and incorporated when necessary.

We used sown proportions in order to include carry-
over or historical effects (Connolly et al. 2009), as these
may be responsible for changes in the ecosystem biota
and physical components that may impact gas emission.
An alternative modeling approach could be developed
using the achieved or realized species proportions instead
of the intended sown proportions. Emission models using
realized plant proportions are included in the Online
resource 2 (OR2- Table 2). In these alternative models,
we used average plant proportions since establishment
(mean of the 2009–2011 species proportions in the spring
harvests) in order to capture the effects of the realized
plant composition across the experiment.

Repeated measures analyses of yield and soil inorganic
N concentration variables were carried out across sequen-
tial yield harvests and soil samplings. Regarding exchange
rates, we modelled the spring (May and June samplings)
and July data separately, as they include a different number
of sampled plots (8 in each spring sampling and 28 in

July). July data were fitted with a linear model as an
averaged sampling. For spring data we used a repeated
measures analysis but avoided including temporal effects
and interactions of these and fertilizationwith diversity and
evenness effects, as too many coefficients would be fitted
with a relatively small number of data. All the statistical
analyses were made using the GLM and MIXED proce-
dures in SAS 9.1 (SAS Institute Inc., Cary, NC, USA).

This modelling approach allows the estimation of spe-
cies responses in monoculture and the effect of species
interactions, grouped as an evenness term, for each mea-
surement and each level of N (Kirwan et al. 2007) and
density. The evenness effect is the difference between the
response of a mixture and its expected performance from
the proportional contribution of each species in monocul-
ture.We call transgressive effect the difference between the
centroid mixture and the best performing (i.e. higher yield-
ing or less emitting) monoculture.

Results

Sward productivity and soil inorganic N content

After the establishment of the swards (2008) we
observed a positive, persistent and significant ef-
fect of sown evenness, which increased yield in

Table 2 N2O, NH3, CO2 and CH4 emissions in July. Estimated
coefficients (±SE) for the different variables included in the emis-
sion models of each studied gas, including species identity effects
(Fa: Festuca arundinacea, Ms: Medicago sativa, Ci: Cichorium

intybus), sowing density (defined as a nominal variable with two
levels with a 0 mean), fertilization (defined to give the effect per
each 25 N kg ha−1 applied per regrowth) and evennes. Below, we
show the emission differences between each pair of monocultures

N2O (mg m-2 h-1) NH3 (mg m-2 h-1) CO2 (g m-2 h-1) CH4 (mg m-2 h-1)

Coeff. SE p Coeff. SE p Coeff. SE p Coeff. SE p

Fa −0.15 0.049 0.005 0.36 0.20 0.083 0.99 0.184 <.0001 2.17 1.32 0.114

Ms 0.033 0.052 0.526 0.83 0.21 0.0006 1.85 0.193 <.0001 5.40 1.38 0.001

Ci 0.0020 0.052 0.970 0.36 0.21 0.098 0.81 0.193 0.0004 2.78 1.38 0.058

Density −0.0082 0.021 0.695 0.05 0.082 0.579 0.018 0.077 0.819 0.64 0.55 0.259

Fertilization 0.045 0.028 0.128 0.07 0.11 0.520 0.20 0.105 0.075 −0.085 0.75 0.911

Evenness −0.23 0.057 0.0007 0.21 0.23 0.368 0.75 0.212 0.002 −0.37 1.51 0.809

Ms vs Fa 0.19 0.062 0.007 0.47 0.25 0.070 0.86 0.23 0.0014 3.23 1.66 0.066

Ms vs Ci 0.031 0.064 0.627 0.48 0.25 0.075 1.04 0.24 0.0003 2.62 1.70 0.138

Ci vs Fa 0.16 0.062 0.021 −0.0015 0.25 0.995 −0.18 0.23 0.442 0.60 1.66 0.720

The values shown correspond to the July measurements, when 28 plots were sampled includingmonocultures, 1-species dominated
communities and the centroid mixture at the two levels of density and at two N levels (nil and high). Note that the coefficients for the
species effects give the exchange rates for the monocultures at mean density and at nil N application
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mixtures over that expected from monoculture per-
formances (Fig. 1). Across years, the legume
(Medicago sativa) was the best performing species
(Fig. 1). In the second year, the forb (Cichorium
intybus) showed a production decrease due to its
high mortality in all treatments (Fig. 1), neverthe-
less its biomass partially recovered, reaching yield
values close to the grass (Festuca arundinacea)
monocultures. Along the experiment, mixtures be-
came increasingly dominated by Medicago sativa.
The unsown species proportions remained low for
most communities (<8 % for the grass, and around
1 % in mixtures and legume monocultures) being
important only for the forb monocultures (14 % on
average across years and 38 % in spring 2011
after the high mortality event -see Online resource
2, OR2-Table 1).

Regarding the harvests in 2011, forage yield
increased with sown diversity, with a positive and
significant evenness effect (Fig. 2). The yield in-
crease in the centroid mixture relative to the ex-
pected centroid value according to monoculture
performance, was 1.56, 1.86 and 2.40 respectively
in the three harvests. Estimated yields for the
centroid mixture were higher than the best
performing species (transgressive overyielding) in
two out of the three harvests (Fig. 2). In the first
harvest the three monocultures gave similar values
(non-significantly different; Fig. 2) but after this
first harvest the legume outperformed the other
two species. While in June (second harvest) the
centroid mixture reached yields non-significantly
different from the legume swards, in July (third
harvest), this mixture outperformed the legume
monoculture (p=0.0043; Fig. 2). In 2011, density
and the applied fertilization treatment did not have
a significant effect on forage yield (p=0.36 and
p=0.836 respectively).

Across diversity treatments, soil inorganic N was
higher in the second (June) than in the first (May) soil
sampling (Fig. 3). Although it increased in the second
sampling, soil NO3

− remained low across the two sam-
plings, with values below 0.3 mg NO3

− kg−1 soil
(Fig. 3). Within monocultures, legumes showed the
highest soil NO3

− values, significantly different from
the grass (p=0.0002) and forb (p=0.0011) monocul-
tures in May (Fig. 3). Regarding NH4

+, the forb mono-
cultures showed higher values than the other two mono-
specific swards (with p=0.0003 and p=0.0002 for the

forb-grass and forb-legume differences across sam-
plings; Fig. 3).

Sown diversity significantly increased soil NO3
−

concentration both in May and June (p=0.0114),
with values in the centroid mixture in the range of
those in the legume monoculture (non-significantly
different, Fig. 3). On the other hand, diversity had
a non-significant effect on NH4

+ in May, while it
decreased it in June (p=0.0308), when NH4

+ con-
centration reached peaks in the forb monocultures
(Fig. 3). We did not detect an increase in soil
inorganic N following N fertilization, with a nil
effect on NO3

−, and an effect on NH4
+ that

depended on plant composition (Fig. 3). In fact,
the increase in the applied slurry decreased signif-
icantly the soil ammonium content in the forb
monocultures and mixtures (Fig. 3) through a neg-
ative forb×fertilizer interaction (p=0.0003).

GHG exchange rates

Exchange rates of the sampled gases were affected by
plant diversity, and responded both to plant species
identity and evenness (Tables 2 and 3, and OR2-
Table 2). On the other hand, density and fertilization
did not show a significant effect for any of the 4 sampled
gases (Tables 2 and 3, see also OR2-Table 2 and OR1-
Fig. 1 in Online resources)

Table 2 shows the results for the exchange rates in
July, when all plots included in the experimental design
where sampled. As a result of the significant negative
diversity effect, N2O exchange rates were reduced in
mixtures relative to the expected values according to
monoculture performances (Table 2, Fig. 4b). The le-
gume and forb monocultures showed the highest N2O
exchange rates, with higher values than those found for
the grass monoculture (p=0.007 and 0.021 for the le-
gume and the forb differences with the grass, Table 2).
Regarding ammonia exchange rates, legume monocul-
tures showed higher values as compared with the other
two monospecific swards, but these differences were
only marginally significant (Table 2). On the other hand,
no evenness effects were detected on NH3 exchange
rates (Table 2).

Diversity enhanced CO2 exchange, which
corresponded to total respiration without subtracting
photosynthetic assimilation (Table 2 and Fig. 4c),
resulting in a higher CO2 exchange in mixtures than that
expected according to monoculture exchange values.
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Fig. 2 Dry matter yield
(estimates±SE) per harvest in
2011 for the three monocultures
(G, grass (Festuca arundinacea),
L, legume (Medicago sativa) and
F, Forb (Cichorium intybus)) and
the centroid mixture. We show
values at averaged sown density
and nil N application. The
expected (according to
monoculture performances) and
estimated centroid values are
shown. The difference between
the two, which corresponds to the
evenness effect (Ε□□ is indicated,
relative to the estimated centroid
yield (%). The transgressive
overyielding effect (Tr),
expressed as the difference
between the estimated centroid
and the best performing
monoculture relative to the
estimated centroid yield (%), is
also indicated. Statistically
significant differences are
indicated as * for p<0.05, ** for
p<0.01, *** for p<0.001 and
**** for p<0.0001
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Regarding the different monocultures, the legume
showed a higher CO2 exchange (c. 100 %) than the
other two species (Table 2). In fact, the CO2 exchange
for the centroid mixture was in the range of the one
observed in the legume monoculture (non-significantly
different).

Similarly to CO2, CH4 emission rates increased in
legume compared to non-legume monocultures
(Table 2). However, contrary to CO2, CH4 emission
rates tended to be reduced with increased sown species
evenness. Nevertheless these differences were not sig-
nificant in July (Table 2).

When the average plant proportions since sward es-
tablishment were use in the models, we found similar
patterns for all gases to those using the sown proportions
(see Online resource 2, OR2-Table 2).

Trends observed for the spring samplings were sim-
ilar to those observed in July, with the legume swards
showing higher exchange rates, although differences in
spring were mostly marginal (Table 3). On the other
hand, no significant evenness effects were detected at
that time, with the exception of a significant negative
evenness effect on the methane exchange rates
(Table 3).

Discussion

The results of this study show that plant diversity pro-
duced both a positive effect on forage production and a
negative effect on N2O emission. Evidences for a neg-
ative diversity effect on CH4 emission were detected for

Fig. 3 Soil nitrate (NO3
−; above) and ammonium (NH4

+; below)
concentrations from 0 to 10 cm depth and for two sampling
periods -May and June. The plots include estimated values±SE,
at average sown density, for the three monocultures (G, grass
(Festuca arundinacea), L, legume (Medicago sativa) and F, Forb
(Cichorium intybus)) and, the estimated and expected values
(monoculture average) for the centroid mixture. Significant even-
ness effects are indicated, corresponding to inorganic N increase or
decrease in the centroid mixture compared to the monoculture

average (expected centroid value) relative to the centroid value
(when Δ) or, to the monoculture average (when ∇). Nitrogen
fertilization did not affect soil NO3

−. In the case of a significant
fertilization effect (given for NH4

+ in June), values for different
levels of N application (N0=0 and N25=25 kg N ha−1 per re-
growth) are shown. Statistically significant differences are indicat-
ed as * for p<0.05, ** for p<0.01, *** for p<0.001 and **** for
p<0.0001
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the spring measurements. Overall, the slurry fertilizer
applied by the fertigation system did not have a signif-
icant effect neither in forage yield nor in emission
(Tables 2 and 3), probably due to the fertilization tech-
nique (see section below). Thus, in our study N dynam-
ics seemed to be drivenmostly by plant composition and
evenness. The high diversity effect on forage yield
suggests that diversity can substitute fertilization, as
concluded from other studies assessing diversity and
fertilization interactions (Nyfeler et al. 2009). In our
case, this fact, linked to the observed diversity
effect on the modulation of gas balances, hints to
the interest of increasing diversity in agro-
ecosystems as a tool to increase co-benefits be-
tween yield and greenhouse gas exchanges, as
suggested by Niklaus et al. (2006).

Species identity effects

Leguminous crops have been reported to show en-
hanced emission of N (Flessa et al. 2002; Kilian and
Werner 1996; Niklaus et al. 2006; Pappa et al. 2011;
Rochette et al. 2004) and C (Niklaus et al. 2006). This
enhancement has been generally associated with higher
soil N availability (Kilian and Werner 1996; Rochette
and Janzen 2005; Niklaus et al. 2006). N-rich non-
legume forb crops can also produce enhanced N2O
emissions after residue incorporation (Baggs et al.

2000). In our study, the forb plots had high soil NH4
+

concentrations (Fig. 2) probably as a result of the de-
composition of the forb residues following high mortal-
ity in the previous years. These high NH4

+ concentra-
tions might be associated with positive N2O emissions
detected in the forb monocultures in the July
measurements.

The used methodological approach provides a tool to
compare the different plant species identity effects on
gas exchanges and the impact of those relative to man-
agement practices such as fertilization. The results sug-
gest the importance of N-rich crops in their contribution
to emission relative to fertilization and, although we
cannot extrapolate the data to year-round estimations,
the model coefficients show an emission increase in
legume vs. grass monocultures (Tables 2 and 3) that
would be in the order of magnitude of the theoretical
N2O-N emission produced by a N fertilization of around
150 kg N ha−1 in the study period, considering an
emission factor of 1.25 % (IPCC 2006).

Diversity effects on the N cycle and GHG emission

In our study, plant diversity affected the soil inorganic N
content and gas emission to a greater extent than the
addition of fertilizer did. Although the soil NO3

− con-
centrations were low in the two soil samplings, this N
formwas enhanced with diversity, and concentrations in

Table 3 Estimated coefficients (±SE) for the different variables
included in the emission models of each studied gas (N2O, NH3,
CO2 and CH4), including species identity effects (Fa, Festuca

arundinacea; Ms, Medicago sativa; Ci, Cichorium intybus), fer-
tilization (defined to give the effect per each 25 N kg ha−1 applied
per regrowth) and evenness

N2O (mg m-2 h-1) NH3 (mg m-2 h-1) CO2 (g m-2 h-1) CH4 (mg m-2 h-1)

Coeff. SE p Coeff. SE p Coeff. SE p Coeff. SE p

Fa 0.73 0.27 0.056 1.63 0.21 0.0015 1.11 0.26 0.012 4.53 1.13 0.016

Ms 1.73 0.27 0.003 2.38 0.21 0.0003 2.21 0.26 0.001 8.61 1.13 0.002

Ci 0.84 0.27 0.037 1.51 0.21 0.002 1.30 0.26 0.007 5.71 1.13 0.007

Fertilization 0.61 0.29 0.103 −0.022 0.28 0.943 0.48 0.24 0.110 −3.08 2.04 0.205

Evenness 0.62 0.31 0.121 −0.23 0.24 0.391 0.37 0.29 0.266 −4.68 1.21 0.018

Ms vs Fa 1.00 0.38 0.060 0.75 0.29 0.062 1.09 0.35 0.036 4.07 1.48 0.051

Ms vs Ci 0.89 0.38 0.082 0.87 0.29 0.041 0.91 0.35 0.061 2.89 1.48 0.122

Ci vs Fa 0.11 0.38 0.785 −0.12 0.29 0.698 0.19 0.35 0.624 1.18 1.48 0.469

The values correspond to the average response for May and June measurements, when eight plots were sampled including the monocultures
and the centroid mixture at two N levels (nil and high). Note that the coefficients for the species effects give the exchange rates for the
monocultures at nil N application. Below, we show the emission differences between each pair of monocultures
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the centroid mixture were in the range of those found in
the legume monoculture, that is to say, higher than
average. Diversity may have increased atmospheric N
fixation (Nyfeler et al. 2011) resulting in enhanced soil
N content and possibly in enhanced nitrifier populations
(as found in legume monocultures by Niklaus et al.
2006). This increase could produce higher N2O emis-
sions with enhanced diversity, as it was the tendency
(not significant; Table 3) found in spring.

The spring soil sampling revealed this positive diver-
sity effect on NO3

− availability, but on the other hand,
the amount of this N form was low when compared to
NH4

+, which by contrast globally decreased with diver-
sity. Moreover, cumulative N exported by the plant
biomass in the three previous experimental years
was also enhanced with diversity (data not shown).
The diversity effect on yield observed across the
three 2011 harvests could have produced a reduc-
tion in soil inorganic N content through higher
plant uptake, which could be associated with the
negative diversity effect on emissions found in
July, as found by Niklaus et al. (2006). The
NH4

+ decrease with diversity could have also re-
duced CH4 emission (spring, Fig. 5a), as this N
form in some cases competes with CH4 in its
oxidation by nitrifying bacteria (Baggs 2011;
Mosier et al. 1998; Steudler et al. 1989).

The effect of diversity on the N cycle eventually
reflected in the gas exchange may have been also pro-
duced through different processes related to the micro-
bial communities and to soil physical and chemical
conditions. Plant diversity may have affected not only
inorganic N availability (Mueller et al. 2013; Niklaus
et al. 2006; Oelmann et al. 2007; Tilman et al. 1996,)
and forms (Niklaus et al. 2001) present in the soil
(reduced or oxidized), but also organic C availability
(Fornara and Tilman 2008; Steinbeiss et al. 2008) and
reductive soil conditions, all of them important determi-
nants of the microbial oxidation and reduction processes
involved in the N2O and/or CH4 balances (Baggs 2011;
Bremner 1997; del Prado et al. 2006; Flessa et al. 2002;
Mosier et al. 1991; Wallenstein et al. 2006). The differ-
ences in NO3

− and NH4
+ concentrations found accord-

ing to species composition and evenness may have
determined the relative importance of oxidation and
reduction N2O production pathways. Moreover, a de-
crease in N2O emission could also derive from a com-
plete denitrification of NO3

− to N2 through changes in
soil physical conditions (moisture) and microbial

activities linked to the last reduction step. In a longer
temporal scale, the microbial community composition
d e t e rm i n i n g g a s t r a c e p r o d u c t i o n p a t h s
(methanogenesis, CH4 oxidation, nitrification, denitrifi-
cation, etc.) may have also been determined by plant
diversity in the 3 years since sward establishment prior
to the emission measurements.

Evenness increased respiration through enhanced
productivity

CO2 exchange rates seemed to be linked to higher plant
production and activity in mixtures. Note that, in this
study, due to the use of dark chambers, the CO2 ex-
change values correspond to total dark respiration (plant
and soil respiration of the enclosed system without
subtracting photosynthetic assimilation). It is therefore
reasonable that enhanced yield in mixed swards is
followed by enhanced CO2 efflux values. Indeed, if we
compare the CO2 gas flux and the yield contour plots
(Fig. 4a and c), we find a similar pattern, which may
show the high correspondence in our sampling between
respiration and yield. Other respiration processes may
also be included in the CO2 exchange observed values
apart from plant respiration, with N availability being a
possible factor positively influencing total respiration
(Singh et al. 2010).

Effects of fertigation conditions on emission

In our study fertilization did not produce a significant
increase in GHG emission. In fact, we did not detect an
increase in the soil NO3

− and NH4
+ contents with fertil-

ization, which can be the result of the fractionation,
dilution and N form (around 50 % organic) of the
applied fertigation. Furthermore, the slurry application
was not followed by ammonia volatilization peaks, as
have been commonly found (Chantigny et al. 2009),
which may be due to the dilution of slurry in the irriga-
tion water. This fertigation technique can therefore re-
duce NH3 emission and increase infiltration (Bhandral
et al. 2009) although it could also increase leaching
(Velthof et al. 2009). As for other gases, NH3 tended
to be higher in the legume monocultures (showing
marginal differences; Tables 2 and 3). These differences
between crops might indicate that we captured NH3

production differences (from different microbial paths)
and not ammonia volatilization from the slurry
application.
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Evenness increased co-benefits in ecosystem functions

The integrated effect of diversity on the studied
functions, namely yield and GHG exchanges, re-
sulted in an optimal plant composition for which
yield is maximized and emission minimized.
Variations of these functions as result of a change
in species proportions are illustrated in contour
plots (Figs. 4 and 5). Figure 4a and b shows that

the optimal function area was achieved around the
centre that corresponds to the centroid mixtures
(maximal evenness). According to the models in
our study, only by limiting the legume proportion
to 70 %, N2O emission can be kept in the range
of the least emitting monoculture (grass), while
yield is even higher than the best performing
monoculture (legume), showing transgressive
overyielding (p<0.0001; Fig. 4a and b). A

a) CH4 b) NH4 
+

F F 

GL GL

Fig. 5 Contour plots of CH4 exchange rates and NH4
+ soil con-

centrations in spring, under a fertilization dose of 25 kg ha−1 per
regrowth, as a linear function of the three species relative propor-
tions (Fa, Festuca arundinacea; Ms, Medicago sativa and Ci,
Cichorium intybus) and evenness. In the case of CH4 exchange

rates, data correspond to the spring average values (May-June)
while NH4

+ concentrations correspond to the June soil sampling.
Contour plots are scaled to have a maximum of 1. Grey intensity
shows a gradient from the minimum obtained value (white) to the
highest (black), increasing in 10 % bands

c) CO2
b) N2O a) Yield F F F

G GGL L L

Fig. 4 Contour plots of yield, and N2O and CO2 exchange rates in
July as a linear function of the three species relative proportions
(Fa, Festuca arundinacea; Ms, Medicago sativa and Ci,
Cichorium intybus) and evenness. Data correspond to the July

harvest and gas sampling. Contour plots are scaled to have a
maximumof 1. Grey intensity shows a gradient from theminimum
obtained value (white) to the highest (black), increasing in 10 %
bands
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significant transgressive under-emitting effect
would be achieved when increasing grass propor-
tion to 50 % in the mixture, with 25 % of each of
the other two species (p=0.0451). A similar trend
is found for CH4 emission in spring (Fig. 5),
nevertheless more data are needed to validate the
observed trend.

Final remarks

Plant diversity has been proved to increase yield (Finn
et al. 2013; Hector et al. 1999; Kirwan et al. 2007) and
use reactive N more thoroughly (Nyfeler et al. 2011;
Tilman et al. 1996), and can affect directly and indirectly
microbial communities (Loranger-Merciris et al. 2006;
Wallenstein et al. 2006). Yet, it has been scarcely pro-
posed as a tool to control gas balances (but see Niklaus
et al. 2006; Pappa et al. 2011) and strategies to decrease
emission havemostly focused on improving fertilization
schemes (Dittert et al. 2005; Erisman et al. 2011; IPCC
2007; Mosier 1994; Saggar 2010; etc.).

The used methodological approach provides a tool to
compare the role of the different species, to segregate
evenness from identity effects, and their impacts relative
to management practices. Our results suggest the impor-
tance of N-rich crops in their contribution to emission
relative to fertilization. On the other hand, these hint to
the interest of using plant diversity as a tool to regulate
nutrient cycles, as suggested by Niklaus et al. (2006).
Although further data will be needed to confirm
the results, these suggest that diversifying forage
legume-based systems could contribute to mitiga-
tion of GHG emission while improving ecosystem
productivity.
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OR1 Figure 1. 

 

OR 1- Figure 1: Individual gas exchange rates measured in grass, legume and forb 

monocultures () and mixtures (). Data are distributed along the x-axis in the order 

in which they were taken, so that peaks or differences between measurements can be 

observed. The observed exchange rates show values within the same order of 

magnitude. Only for CH4 gas emission we find two values that exceed the average 

(3.08 mg m-2 h-1) in one order of magnitude. The figure includes data from the three 

measuring periods: May and June, when eight plots (6 monocultures and 2 centroid 

mixtures) were sampled and July, when a broader set of plant communities were 

included (6 monocultures, 2 centroid mixtures and 6 dominated mixtures). After the 

first fertilizer application in June, the measured rates include data for fertilized (light 

symbols) and unfertilized (dark symbols) plots.  
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average SD average SD average SD average SD
PFa 0.97 0.05 0 0 0 0 0.23 0.26
PMs 0 0 0.99 0.01 0 0 0.61 0.28
PCi 0 0 0 0 0.86 0.12 0.15 0.11
PUs 0.03 0.47 0.01 0.01 0.14 0.12 0.01 0.01

Evenness 0 0 0 0 0 0 0.57 0.26

Mono Fa Mono Ms Mono Ci Mixtures

OR2 Table 1. Average plant composition (± Standard Deviation (SD)) since 

establishment, calculated as the mean of the 2009-2011 species proportions in the 

spring harvests. In the mixtures average, which includes the three dominated and the 

centroid mixtures, the intended proportions are 1/3 of each sown species and the 

evenness average would be 0.63. 

 
 
 
 



OR2 Table 2. Table OR2. Estimated coefficients (±SE) for the different variables included in the emission models of each studied gas (N2O, 

NH3, CO2 and CH4), including species identity effects (Fa: Festuca arundinacea, Ms: Medicago sativa, Ci: Cichorium intybus), sowing density 

(defined as a nominal variable with two levels with a 0 mean), fertilization (defined to give the effect per each 25 N kg ha-1 applied per 

regrowth) and evenness. Realized species proportions, calculated as the mean of the 2009-2011 species proportions in the spring harvests were 

used in this case. The values shown correspond to the July measurements, when 28 plots were sampled including monocultures, 1-species 

dominated communities and the centroid mixture at the two levels of density and at two N levels (nil and high). Note that the coefficients for the 

species effects give the exchange rates for the monocultures at mean density and at nil N application. Below, the emission differences between 

each pair of monocultures are given. 

 

 

coeff. SE p coeff. SE p coeff. SE p coeff. SE p
Fa -0.13 0.06 0.04 0.33 0.21 0.13 1.00 0.19 <.0001 1.54 1.41 0.29
Ms -0.05 0.06 0.41 0.79 0.20 0.0006 1.83 0.17 <.0001 5.15 1.29 0.001
Ci 0.06 0.07 0.42 0.39 0.25 0.13 0.73 0.21 0.003 2.89 1.63 0.09
density 0.001 0.02 0.95 0.07 0.11 0.51 0.20 0.09 0.04 -0.06 0.72 0.94
fertilization 0.04 0.03 0.18 0.08 0.08 0.34 0.08 0.07 0.29 0.91 0.55 0.11
Evenness -0.22 0.07 0.006 0.09 0.25 0.72 0.48 0.22 0.04 -0.74 1.64 0.66

Ms vs Fa 0.09 0.07 0.24 0.46 0.25 0.08 0.83 0.22 0.001 3.61 1.65 0.04
Ms vs Ci ‐0.11 0.08 0.22 0.41 0.29 0.18 1.10 0.25 0.0003 2.26 1.92 0.25
Ci vs Fa 0.19 0.09 0.04 0.05 0.30 0.86 ‐0.28 0.26 0.30 1.35 1.98 0.50

N2O (mg m-2 h-1) NH3 (mg m-2 h-1) CO2 (g m-2 h-1) CH4 (mg m-2 h-1)
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