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Summary

Grasslands are the most widespread habitat in the world, and can play a crucial role in
climate change mitigation. However, predictions about greenhouse gas (GHG) fluxes,
and carbon (C) and nitrogen (N) cycling, are still marked by great uncertainty, which in
good part lies on soil — vegetation interactions. Accordingly, this thesis investigates the
role of vegetation, in terms of phenology, structure, composition and diversity, as a driver
of GHG exchange, C and N cycling. We selected grasslands along a climatic gradient
(from alpine semi-natural grasslands in the Pyrenees to dehesa ecosystems in the
southwest of the lIberian Peninsula), which in addition provided information about
interactions between climate and vegetation. GHG recording was done combining
continuous (eddy covariance) and discrete chamber based measurements. C and N
cycling was assessed using C and N content, and *C and "N isotope ratios as a proxy.
Our results showed that vegetation influenced GHG fluxes and C and N cycling along
the climatic gradient and management regimes. In mountain environments, phenology
determined interactions between CO. exchange, vegetation and environmental
variables, depending on the elevation belt. In dehesa ecosystems, the tree — open
grassland structure drove CO2 and N2O fluxes, with some differences among tree
species. Under the canopy, C and N content, and discrimination against *C and >N
increased compared to the open grassland. The tree —open grassland structure
influenced the plant functional type composition, which presented marked differences in
their C and N acquisition and use strategies. Moreover, vegetation composition
influenced GHG exchange. Legume identity effects enhanced net CO- uptake and N.O
emissions; species composition drove ecosystem respiration and N2O exchange. Cereal
— legume interactions enhanced net CO; uptake compared to cereal monocultures, as
result of higher gross CO; uptake, while respiratory fluxes did not increase. Overall, the
inclusion of vegetation structure, composition and diversity terms improved the

understanding of mechanisms affecting GHG exchange, as well as C and N cycling.



Resumen

Los pastos son el habitat mas extenso del mundo, siendo fundamentales para la
mitigacién del cambio climatico. Sin embrago, las predicciones sobre emisiones de
gases de efecto invernadero (GEI), ciclo del carbono (C) y del nitrogeno (N), todavia
estdn marcadas por una alta incertidumbre, la cual subyace en gran medida en las
interacciones entre suelo y vegetacion. La presente tesis investiga cémo la vegetacion
influye sobre el intercambio de GEl y la dinamica del C y el N, en términos de fenologia,
estructura, composicién y diversidad. Para este fin, se han seleccionado pastos a lo
largo de un gradiente climatico (desde pastos alpinos del Pirineo hasta dehesas en el
suroeste de la Peninsula Ibérica). El intercambio de GEI se determiné combinado
medidas continuas (eddy covariance) y discretas (camaras de suelo). La dinamica del
C y el N, se aproximé mediante el contenido de C y N, y el ratio isotdpico de *C y N.
Los resultados mostraron que la vegetacion influyoé sobre el intercambio de GEl y la
dindmica del C y N a lo largo del gradiente climatico y de gestién. En ambientes de
montafia la fenologia condiciond las interacciones entre intercambio de CO: y
vegetacion, en funcién del estrato altitudinal. En dehesas, la estructura compuesta por
arboles y pasto, condicioné las emisiones de CO. y N2O, siendo importante la especie
de arbol. El contenido de C y N, y la discriminaciéon contra *C y "°N incremento bajo
copa en comparacion con el pasto abierto. Dicha estructura determiné la composicién
de grupos funcionales de plantas, éstos presentando particularidades en la adquisiciéon
y uso de C y N. Asi mismo, la composicion de la vegetacion influyd sobre el intercambio
de GEI. Las legumbres incrementaron la asimilacion neta de CO; y las emisiones de
N20; la composicion de especies influyo sobre la respiracion y el intercambio de N2O.
La interaccién entre cereales y legumbres incrementd la asimilacion neta de CO; en
comparacion con monocultivos de cereal, como resultado de una mayor asimilacién
bruta pero no mayor respiracion. La inclusion de la vegetacion mejoro la comprension

sobre los mecanismos que afectan al intercambio de GEl y la dindmica del C y el N.



Resum

Les pastures son I'habitat més extens del mén, essent fonamentals per a la mitigacio
del canvi climatic. Tot i aixi, les prediccions respecte a les emissions de gasos d’efecte
hivernacle (GEH) i cicle del carboni (C) i del nitrogen (N), estan encara marcades per
una gran incertesa, la qual recau en bona part en les interaccions entre el sol i la
vegetacio. Aquesta tesi investiga com la vegetacié influeix sobre el intercanvi de GEH i
la dinamica del C i el N, en termes de fenologia, estructura, composicio i diversitat. Per
a aquesta finalitat, es van seleccionar pastures al llarg d’un gradient climatic (des de
prats alpins del Pirineu fins a deveses al sud-oest de la Peninsula Ibérica). El intercanvi
de GEH es va determinar mitjangant mesures continues (eddy covariance) i discretes
(cambres de sol). La dinamica del C i el N, es va aproximar mitjancant el contingut de C
i N, i el rati isotopic de 3C i "®N. Els resultats mostraren que la vegetacié va influir sobre
el intercanvi de GEH i la dinamica del C i N al llarg del gradient climatic i de gesti6. En
ambients de muntanya la fenologia va condicionar les interacciones entre el intercanvi
de CO: i la vegetacio, en funcio del estrat altitudinal. A les deveses I'estructura composta
per arbres i pastures, va condicionar les emissions de CO; i N2O, essent important
I'espécie d'arbre. El contingut de C i N, i la discriminacié contra '*C i "®N va incrementar
sota copa en comparaciéo amb la pastura oberta. Aquesta estructura va determinar la
composicié de grups funcionals de plantes, els quals presentaren particularitats en
'adquisicié i us de C i N. Aixi mateix, la composicié de la vegetacio influi sobre el
intercanvi de GEH. Les lleguminoses incrementaren I'assimilacié neta de CO: i las
emissions de N2O; la composicié d’espécies va influir sobre la respiracio i el intercanvi
de N2O. La interaccié entre cereals i lleguminoses incrementa I'assimilacié neta de CO;
en comparaciéo amb monocultius de cereal, com a resultat d’'una major assimilacié bruta
perd no major respiracio. En general, la inclusio de la vegetacié va millorar la comprensio

sobre els mecanismes que afecten al intercanvi de GEH i la dinamica del C i el N.
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Chapter 1 General introduction and objectives

1.1 Climate change and the role of grassland ecosystems

Climate change is mainly driven by an increase in the atmosphere of greenhouse gas
(GHG) from anthropogenic sources, including CO», CH4 and N2O. Such increase in the
atmospheric concentrations of GHG produces an excess of the warming effect, which
has already increased global temperature = 1 °C from pre-industrial times (1880), and
temperature is projected to keep increasing during the incoming years (= 0.1 per decade
following the current tendency). In addition, changes in the precipitation regime and in
the frequency of extreme meteorological events are already ongoing, and are projected
to increase in the future. Such climatic changes are predicted to deeply impact carbon
(C) and nitrogen (N) cycles, which may create feedback effects, aggravating the climatic

situation (Hartmann et al., 2013).

In addition, some world regions are especially vulnerable to climate change.
Mediterranean climatic regions, and especially mountain areas in the Mediterranean
basin, are susceptible to increase their temperatures above the average, and suffer

frequent severe droughts (Garcia-Ruiz et al., 2011).

In this context, the challenge is to keep the global temperature at 1.5 — 2 °C above
pre-industrial times, but important mitigation efforts would be needed to reach that goal
(Allen et al., 2018). In this regard, grasslands may play a crucial role in global change
mitigation, especially in terms of C sequestration (O’Mara, 2012). Grasslands provide
crucial goods and services for human population, and are the most widespread habitat
in the world, including from grazed lands covered with herbaceous plants (< 10 % of tree
or shrub cover) to wooded grasslands or silvo-pastoral systems (10 — 40 % tree and
shrub cover, FAO 2005). In addition, the term grassland includes a wide variety of
species and managements, from semi-natural grasslands to intensively managed

grasslands (Allen et al., 2011).
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Accordingly, each type of grassland will have a specific GHG budget and dynamics,
providing different GHG mitigation possibilities. Generally, extensively managed
grasslands tend to be small CO; sinks, while the CO, uptake capacity of the system
tends to increase in more intensively managed grasslands (Hoértnagl et al., 2018;
Soussana et al., 2007). However, extensively managed grasslands are less productive,
and the amount of exported C through grazing is lower; while intensively managed
grasslands tend to be more productive, and C exported through grazing and/or

harvesting is higher.

In addition, it is crucial to quantify the net biome production (NBP) of the system,
considering all C inputs (fertilizer, sowing) and exports (harvesting, grazing), to fully
account the C that remains in the system, beyond the exchanged CO.. Indeed, many
grasslands and forage crops may be acting as CO; sinks when only assessing the net
ecosystem CO; exchange (NEE), but they become CO; sources when accounting for
the oxidation of total exported biomass (Ceschia et al., 2010; Kutsch et al., 2010; Moors

et al., 2010).

On the other hand, grasslands can emit and uptake CH4 and N2O. CH4 and N2O are
emitted at relatively low magnitudes in grasslands, although emissions tend to increase
with fertilizer applications (Hortnagl et al., 2018; Soussana et al., 2004, 2010). Yet, CH4
and N2O fluxes are very variable throughout time and space, and emissions can offset
the C sink capacity of the system due to their enormous warming potential (Schulze et
al., 2009; Soussana et al., 2004). Moreover, CHs and N2O emission patterns and
mechanisms are poorly understood, and there is an important lack of empirical data,
especially from the Mediterranean basin and from the high elevations, where GHG

datasets are very scare (Oertel et al., 2016).

Thus, the GHG budget of a given grassland will depend on the interaction of many
abiotic, biotic and management factors, and although the role of main abiotic drivers,

such as temperature and soil moisture, on CO (Albergel et al., 2010; Davidson and

24



Janssens, 2006; Yvon-Durocher et al., 2012), CH4 and N2O fluxes (Luo et al., 2013) have
been described to some extent, predicting and modelling GHG fluxes still is marked by
a great uncertainty, which in good part lies in soil — vegetation interactions and how these
influence GHG exchange, and finally C and N cycling (Heimann and Reichstein, 2008).
In addition, vegetation structure and composition may suffer modifications under global
change (Debouk et al., 2015; Sebastia, 2007; Sebastia et al., 2008), increasing the

complexity of GHG exchange predictions.

To this regard, disentangling the vegetation influence on GHG exchange, as well as on
C and N cycling, may provide some insight into the underling mechanisms, and the
possibility to perform better GHG predictions under climate change. Such knowledge can
guide management strategies to mitigate GHG emissions and increase C and N stocks,

while optimizing grasslands productivity and quality.

1.2 The role of vegetation as driver of greenhouse gas

exchange and carbon and nitrogen cycling

Vegetation is the interface between the soil and the atmosphere, and may strongly
influence GHG exchange, and C and N cycling at different levels. Vegetation
ecophysiological characteristics directly influence productivity and gross CO- uptake and
release, as well as organic matter flows. In addition, vegetation influences soil physical
and microbiological conditions, which in turn regulate GHG fluxes, and there is a
continuum C and N turnover between soil and vegetation (De Deyn et al., 2008; Metcalfe

et al., 2011; Oelmann et al., 2007).

Regarding CO; exchange, vegetation may determine both NEE components: gross
primary production (GPP) and ecosystem respiration (Reco) separately (Chen et al., 2017,
Heimann and Reichstein, 2008; Niu et al., 2013). For instance, Chen et al. (2017),

reported that changes in the aboveground biomass and species composition drove a
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GPP increase, while it did not enhance Reco, resulting in a higher net CO, uptake, under

warming induced conditions (Chen et al., 2017).

On the other hand, vegetation can indirectly influence CH4 (Praeg et al., 2017) and N>.O
(Baggs et al., 2000; Lin et al., 2013; Shaaban et al., 2016) fluxes, via modifying soll
conditions. For instance, Praeg et al. (2017) described changes in the soil microbial
community under different plant species, which could drive differences in CHs fluxes. In
addition, the direct role of vegetation as CHs driver still remains controversial, since some
authors have described that vegetation may act as CH4 conduit (Dorodnikov et al., 2011;
Gogoi et al., 2005; Nisbet et al., 2009) and/or source (Butenhoff and Khan Khalil, 2007;
Carmichael et al., 2014; Keppler et al., 2008, 2006; Nisbet et al., 2009; Praeg et al.,

2017; Vigano et al., 2008), even at aerobic conditions.

In any case, it is key to disentangle the mechanisms behind the vegetation influence on
GHG exchange, since such effect may be exerted from different perspectives:

(1) vegetation structure and phenology, and (2) vegetation diversity and composition.
1.2.1 Vegetation structure and phenology

Grassland vegetation is highly dynamic, with a phenology constantly changing, driving
important changes in the proportion of live and dead biomass. Indices of phenological
development related to plant productivity, such as total green biomass, normalized
difference vegetation index, or leaf area index have already been used to estimate CO
gross uptake (Filippa et al., 2015), release (Reichstein et al., 2003; Ryan and Law, 2005),
and CHs and N>O exchange fluxes (Imer et al., 2013). However, when assessing
grasslands under altitudinal and climatic gradients there are differences in phenological
cycles between elevation belts (Debouk et al., 2015), which may result in more complex

vegetation - GHG interactions than expected.

Also, the combination of trees and open grassland in silvo-pastoral systems, will modify

soil and vegetation conditions, and these in turn GHG exchange and C and N cycling.
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Trees increase soil C and N content under the canopy (Andivia et al., 2015; Gomez-Rey
et al., 2013; Howlett et al., 2011; Pulido-Fernandez et al., 2013), and change grassland
vegetation structure (Gea-lzquierdo et al., 2009; Hussain et al., 2009; Moreno et al.,
2007) and composition (Lopez-Carrasco et al., 2015; Marafion et al., 2009; Rossetti et
al., 2015). However, few studies have assessed the canopy influence on GHG exchange,
and those that did found divergent results. Some authors reported an increase of CO;
emissions under the canopy, mainly driven by higher soil C content (Tang and Baldocchi,
2005; Uribe et al., 2015); while others reported higher CO, emissions in the open

grassland, manly driven by increased temperatures (Hussain et al., 2009).

On the other hand, the few studies that have focused on the influence of the tree — open
grassland structure on CHs and N2O fluxes (Shvaleva et al., 2015, 2014), have related
those fluxes to soil water content but dependent on the canopy presence. Yet, how all
the ecosystem compartments interact, including above and belowground biomass and

soil to drive GHG fluxes and C and N cycling still remains unclear.
1.2.2 Vegetation diversity and composition

Vegetation diversity and composition effects on GHG exchange, C and N cycling (or any
other ecosystem function) may be addressed from a species or a functional perspective.
Both approximations are complementary (Zhou et al., 2017), providing the first
information about the species per se, while the latter provides a mechanistic link between

vegetation and the given ecosystem function (Petchey and Gaston, 2006).

Whether assessing the vegetation influence from a species or a functional perspective,
disentangling diversity (species richness, evenness or functional diversity), from
compositional (species/plant functional type identity and interactions) effects, is key to
understand the role of vegetation, since diversity and composition may affect
complementarily ecosystem functioning (De Deyn et al., 2009; Kahmen et al., 2005;
Orwin et al, 2014; Ribas et al., 2015; Schultz et al, 2011). For instance

De Deyn et al. (2009) reported that diversity indexes and composition were both
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important, since NEE increased with species richness but species identity was also
significant. Similarly, Ribas et al. (2015), reported that evenness decreased N2O and
increased CO. emissions, while species identity and interaction effects had also

significant effects on both fluxes.

To this effect, different methodologies have been proposed to unravel those diversity and
compositional effects, as for instance to: (a) test the effect of the dominant species or
plant functional type (PFT) on a given ecosystem function; (b) disaggregate
compositional (identity and interactions) from diversity effects (evenness), using the
diversity-interaction model proposed by Kirwan et al. (2009); and (c) reduce the
dimensionality of the species composition matrix using ordination methods (Kahmen et
al., 2005; Legendre and Legendre, 1998; Sandau et al., 2014), which allow to synthesise
species composition effects, this especially indicated when assessing the effect of a wide

number of species.

Ultimately, understanding the mechanisms through which the vegetation influences GHG
fluxes and C and N cycling can significantly improve management strategies to mitigate
climate change, while optimizing productivity and forage quality in grassland

ecosystems.
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1.3 Major objectives

Chapter Objectives. Investigate the influence of.... | I Study sites
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Figure 1.1 Graphical abstract: Chapter number, main objectives of each chapter, altitude
and management regime of the study sites.

The major objective of this thesis is to increase the understanding about the relationship
among vegetation, GHG exchange and C and N cycling. For that purpose, we selected
grasslands along an altitudinal and climatic gradient, from alpine grasslands in the
Pyrenees to silvo-pastoral ecosystems (dehesas) in the Southwest of the Iberian
Peninsula (see study sites pictures in Section 1.4). These grasslands were in addition
subjected to different management regimes, including extensively managed mountain
grasslands, intensively managed sown forage grasslands, and extensively manged
silvo-pastoral ecosystems (Figure 1.1). The selection of the study sites allowed us to
investigate interactions between climate, vegetation and the given ecosystem function
(GHG exchange and C and N cycling), as well as to validate our results under different

management regimes.

The first chapter introduces the state-of-the-art of such vegetation - GHG exchange and

C and N cycling relationships, from different perspectives: vegetation structure, diversity
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and compositional effects. The following chapters (2-6) address main research aspects
posed in the general introduction of this thesis (Figure 1.1). Chapter 6 provides an overall
discussion about the results, and Chapter 7 summarizes the main conclusions of this

thesis.
Chapter 2

Chapter 2 investigates the influence of the vegetation structure and phenology on CO3
exchange. The research was conducted in two climatically contrasted mountain
grasslands along an altitudinal gradient (montane vs. subalpine belt). This climatic
gradient allowed us to assess whether the phenology influence on CO; exchange was
climate - belt dependent. Moreover, we investigated the influence of vegetation

composition, in terms of the dominant PFT on NEE light response.
Chapter 3

Chapter 3 investigates the influence of the vegetation composition on CO, exchange
fluxes, from a perspective of species identity and diversity interaction effects. First, we
assessed differences in the NEE budget between cereal monocultures vs. cereal-legume
mixtures. Second, we investigated species identity and diversity interaction effects on
seasonal NEE. Finally, we compared cereal monocultures vs. cereal-legume mixtures in
their NEE light response and Rec, response to temperature and soil water content. The
study was conducted in an intensively managed sown forage grassland, which in addition
provided the opportunity to assess the influence of management practices associated to
each forage type (cereal monocultures vs. cereal-legume mixtures) on NEE dynamics

and budgets.
Chapter 4

Chapter 4 investigates the influence of the vegetation structure on C and N cycling
between ecosystem compartments. The research was conducted in silvo-pastoral

ecosystems (dehesas), which are characterized by matrix of trees and open grassland.
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Thus, we investigated how the tree — open grassland structure, drove C and N cycling
among above and belowground biomass and soil, and how this ecosystem
compartments interacted. We paid special attention to the vegetation of the herbaceous
layer, assessing separately main PFT (forbs, grasses and legumes). For that purpose C
and N content, and isotopic ratios (*C and '°N) were used as a proxy of C and N

acquisition and processing.
Chapter 5

Chapter 5 combines all the research questions posed in this thesis. The research was
conducted in the same dehesa ecosystems of the fourth chapter. First, we assessed how
the tree — open grassland structure and the different tree species influenced on the
structure, diversity and composition (in terms of species and PFT) of the herbaceous
layer. Second, we assessed the combined influence of: dehesa structure (tree — open
grassland) and herbaceous layer structure, diversity and composition on GHG exchange
(CO, CHs and N2O). We addressed vegetation diversity and compositional effects on

GHG exchange separately from a species and a functional perspective.
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1.4 Study sites overview

Alpine grasslands in the Pyrenees

La Bertolina (BERT)

Source: ECOFUN group

Source: ECOFUN-group

32



Castellar de n’Hug (CAST)

Source: ECOFUN group
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Pla de Riart

. Source: ECOFUN group

/
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Silvo-pastoral ecosystems (dehesas)

Doinana (DN)

Source: Angel Martin

Sierra Morena (SM)
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2.2 Abstract

A better understanding of the mechanisms underlying net ecosystem CO. exchange
(NEE) in mountain grasslands is important to quantify their relevance in the global carbon
budget. However, complex interactions between environmental variables and vegetation
on CO, exchange remain unclear. In addition, there is lack of empirical data, especially
from the highest elevations and the Mediterranean region. To investigate CO, exchange
drivers, we carried out a chamber-based survey of CO, exchange measurements in two
climatically contrasted grasslands (montane vs. subalpine) in the south-eastern
Pyrenees during the whole growing season. We assessed the relative contribution of
phenology and environmental variables on CO2 exchange at seasonal scale, and the
influence of plant functional type dominance (PFT: grasses, forbs and legumes) on NEE,
via PFT-specific light responses. Our results show that phenology plays a crucial role as
CO; exchange driver, suggesting a differential behaviour of the vegetation community
depending on the environment. The subalpine grassland had a more delayed phenology
compared to the montane, being more temperature than water constrained. However,
temperature increased net CO, uptake at a higher rate in the subalpine than in the
montane grassland, and during the peak biomass, productivity (+74%) and net CO
uptake (NEE +48%) were higher in the subalpine grassland than in the montane
grassland. The delayed phenology at the subalpine grassland also reduced vegetation's
sensitivity to summer dryness, and CO; exchange fluxes were less constrained by the
low soil water content. The assessment of PFT-specific light response suggested that
legume dominated plots had higher net CO; uptake per unit of biomass than grasses.
Our study shows that detailed information on phenology and vegetation composition is

essential to understand elevation and climatic differences on CO. exchange.

Key words: Ecosystem respiration (Reco), grasses, gross primary production (GPP),

net ecosystem exchange (NEE), light response, legumes.

38



2.2 Introduction

Grasslands are among the most widespread habitats in the world (FAO, 2005) and they
provide important ecosystem services, including climate regulation and carbon cycling
(Hooper et al., 2005). Extensively managed mountain grasslands in particular, are some
of the most species-rich ecosystems (Wilson et al., 2012), store about 100 t ha™" of soil
carbon (Sjogersten et al., 2011), and their net ecosystem exchange (NEE, Woodwell and
Whittaker 1968) is mostly dominated by assimilation (Berninger et al., 2015; Gilmanov

et al., 2007; Soussana et al., 2007).

However, there is still a lack of empirical data, mainly from the highest elevations and
from some regions, including the Mediterranean basin, in which climate change impacts
are projected to be very severe (Garcia-Ruiz et al., 2011). In the particular case of the
Pyrenees, despite the few corresponding studies (Berninger et al., 2015; Sjogersten et
al., 2012; Wohlfahrt et al., 2008a), NEE datasets are very limited, and knowing the
particularities of these systems may provide some guidelines to adapt and mitigate

climate change effects in this region.

Moreover, mountain grasslands are especially vulnerable to climate and land use
changes (European Commission 2008) and mid- to long-term effects on the carbon
budget still remain controversial (Wu et al., 2011), partly due to complex interactions
between environmental variables and vegetation. Indeed, although the role of main
environmental CO. exchange drivers, such as photosynthetically active radiation
(Wohlfahrt et al., 2008b), temperature and soil moisture (Albergel et al., 2010; Davidson
and Janssens, 2006; Yvon-Durocher et al., 2012) has been widely assessed, how they

interact with the vegetation still needs deeper understanding.

Vegetation in mountain grasslands is highly dynamic, changing its structure and
composition over time and space (Faurie et al., 1996; Giunta et al., 2009; Mitchell and

Bakker, 2016), resulting in a variable patchy configuration of species (Schwinning and
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Parsons, 1996), and generating differences in biogeochemical cycles and CO, exchange
(Reich et al., 1997). While it is known that the aboveground living biomass directly
takes-up (Nakano and Shinoda, 2014; Wohlfahrt et al., 2008b) and releases CO; (Kardol
et al., 2010; Thakur and Eisenhauer, 2015), phenology and vegetation structure may be
also determinant for the NEE. Indices of phenological development related to plant
productivity, including total green biomass and normalized difference vegetation index
(Gao et al., 2016; Zhou et al., 2016) have already been used to estimate gross primary
production (GPP, Filippa et al., 2015) and ecosystem respiration (Reco, Reichstein et al.,

2003; Ryan and Law, 2005).

However, when assessing mountain grasslands there are differences in phenological
cycles between elevation belts, and this may result in more complex vegetation-CO,
exchange interactions than expected. In addition, there are other vegetation fractions,
such as standing dead biomass (dead biomass attached to the plant) and litter (dead
plant material, detached from the plant and laying on the soil surface), which are present
in considerable amounts in grasslands, and whose specific role as CO, exchange drivers

has been barely considered.

On the other hand, vegetation composition has also been reported to drive CO:
exchange fluxes (De Deyn et al., 2009; Metcalfe et al., 2011; Ribas et al., 2015). A
common approximation to assess this vegetation-CO, exchange relationship is to
separate plant species into plant functional types (PFT) that share a common response
to an environmental factor, “response traits”, and/or a common effect on ecosystem
processes, “effect traits” (Lavorel and Garnier, 2002). In the specific case of grasslands,
species are often classified in grasses, non-legume forbs (hereafter “forbs”) and legume
forbs (hereafter “legumes”), classification that is based on nitrogen and light (and
therefore CO,) acquisition and use (Tilman 1997; Symstad 2000; Diaz et al., 2007;
defined as "guilds" in Sebastia 2007). Thus, legumes have the capacity to fix symbiotic

nitrogen, while grasses have some advantages when competing for light as they are
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usually taller than legumes and forbs, and have erect high-density leaves that ensure
good light penetration (Craine et al., 2001). However, there is still some uncertainty about
how these PFT can differentially influence CO» exchange at plot scale and under field

conditions.

Accordingly, in the present study we investigate the interaction between environmental
variables and vegetation on CO, exchange fluxes, and more specifically we aim to: (1)
compare the contribution of vegetation phenology and environmental variables in two
climatically contrasted mountain grasslands in the Pyrenees; and (2) assess the
influence of vegetation composition, in terms of the dominant PFT (forbs, grasses and
legumes), on light response and therefore on NEE. For that purpose, we performed a
survey of CO, exchange measurements with a non-steady state chamber, aboveground
biomass sampling and environmental variables recording in two extensively managed
mountain grasslands in the Pyrenees, located in the montane and subalpine elevation

belts, respectively.

2.3 Material and methods

2.3.1 Study sites

The study sites were two grazed mountain grasslands in the south-eastern Pyrenees:
La Bertolina (BERT), located in Pla de Busa (42° 05' 56.2" N, 1° 39" 41.5" E,
1276 m a. s. |.), and Castellar de n’Hug (CAST) in Plans del Ginebrar (42° 18' 18" N,
2°02' 01" E, 1900 m a. s. I.). Both sites are characterized by a Mediterranean climate
regime, with spring and autumn precipitations and relatively high summer temperatures
(Figure 2.1.A). However, each grassland has its own specific climatic characteristics and

phenological particularities, respective to the given elevation belt.

BERT is a typical montane grassland, with mean annual temperature of 9 °C and mean

annual precipitation of 870 mm (Figure 2.1.A). In BERT, vegetation starts to grow
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(Figure 2.1.C) as soon as soil water content (SWC, Figure 2.1.B) starts to increase, and
senescence starts (Figure 2.1.C) as soon as SWC drops and summer temperatures
become high (Figure 2.1.B). On the other hand, CAST is a subalpine grassland, with
mean annual temperature of 5.1 °C and mean annual precipitation of 1189 mm
(Figure 2.1.A). CAST is more temperature limited, and vegetation does not start to grow
(Figure 2.1.C) until temperatures start to increase, irrespective of the highest spring
SWC, which coincides with the snowmelt period and cold temperatures (Ta < 5 °C,
Figure 2.1.B). Senescence starts later at CAST than at BERT, and progresses more

slowly (Figure 2.1.C), despite the low-mid summer SWC (Figure 2.1.B).

A BERT CAST

T, (°C)
=

Months

Figure 2.1. Climatic and environmental variables of the study sites: Bertolina (BERT)
and Castellar (CAST). (A) Mean climatic (1970—2000) monthly air temperature (T4, solid
symbols and line) and monthly precipitation (bars), source: WorldClim (Fick and Hijmans,
2017); (B) 2012 meteorological data: Ta (grey line), and soil water content at 5 cm depth
(SWC, black line), lines fitted using generalized additive models with integrated
smoothness estimation (gam), mgcv package (Wood, 2004), source: eddy covariance
flux stations; (C) 2012 normalized difference vegetation index (NDVI, black line) and its
0.95 confidence interval (grey band), line fitted using local polynomial regression fitting
(loess), source: eddy covariance flux stations. Vertical black dashed lines indicate the
beginning and the end of the study period.
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Vegetation composition at BERT is characteristic of a montane meso-xerophytic
grassland, dominated by grasses (Festuca arundinacea Schreb., Poa bulbosa L.,
Dactylis glomerata L.) and other species commonly found that include forbs
(Plantago lanceolata L., Plantago media L., Ranunculus bulbosus L.) and legumes
(Trifolium pratense L., Trifolium repens L., Medicago lupulina L.). CAST is a mesic
subalpine grassland, also dominated by grasses (Festuca nigrescens Lam.,
Agrostis rupestris All., Koeleria pyramidata Lam.), and with the presence of forbs
(Endressia pyrenaica (Gay ex DC.) J.Gay, Cirsium acaule Scop., Galium verum L.,
Ranunculus species), legumes (Trifolium pratense L., Trifolium montanum L.,
Astragalus australis (L.) Lam, Astragalus sempervirens Lam.), and some sedges (genus

Carex L. and Luzula DC.). Also is possible to find occasional dwarf-shrubs in both sites.

Both sites are extensively grazed, by cattle at BERT (0.44 livestock units (LSU) ha™)
from May to November, and by cattle and sheep at CAST (0.74 LSU ha™), from late June
to November. The montane grassland (BERT) can only sustain a lower livestock density,
although during a longer time period (~3.1 LSU month ha™" yr™"). On the contrary, the
subalpine grassland (CAST) is highly productive during the summer and can sustain a
higher livestock density, but during a shorter time (~4.4 LSU month ha=' yr~'). Farmers'
expectation of the carrying capacity is ~44% higher at CAST than at BERT. Grazing
calendar and stocking rates were provided by the farmers and later confirmed during
sampling visits. Soil at BERT is udic calciustept and at CAST is lithic udorthent (FAO,

1998).
2.3.2 Sampling design

We established two sampling designs to achieve the aims of this paper: a seasonal and
a diel sampling. In the seasonal sampling, we aimed to record temporal CO- variability
over the growing season and its relationship with environmental variables and vegetation
phenology. The seasonal sampling was carried out from April to December of 2012, at

three-weekly intervals. Every sampling day sampling points of grassland patches (n = 10
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at BERT and n=8 at CAST) were systematically placed within the footprint of the
respective eddy covariance flux stations previously installed at each site (Figure 2.2),

which provided ancillary meteorological variables (Section 2.3.3).

CAST (1900 m a.s.l)
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Figure 2.2. Map of the study sites, Bertolina (BERT) and Castellar (CAST), and scheme
of the seasonal sampling design. White blocks: sampling points, black blocks: eddy
covariance stations. Every sampling day new sampling points were selected. Contour
line interval 10 m.

At each sampling point, we recorded complete CO, exchange measurements (NEE and
ecosystem respiration, Reco, Section 2.3.3), twice during daytime (08:00-16:30 UTC).
After CO2 exchange measurement were done, we harvested total aboveground biomass
at ground level. To characterize vegetation phenological changes we separated total
biomass into the different vegetation fractions: aboveground living biomass (AGLB),
standing dead biomass (SDB, dead biomass attached to the plant) and litter (dead plant
material, detached from the plant and on the soil surface). Afterwards, we determined

the dry weight (DW, g m™) of all vegetation fractions, after oven drying at 60 °C until

constant weight.

44



With the diel sampling, we aimed to assess the effect of the dominant PFT on NEE, via
PFT-specific light response. For this purpose, we carried out a campaign of intensive
CO; exchange measurements at each site, coinciding with the peak biomass (end of
May at BERT, DOY 150-152, and end of June at CAST, DOY 172-173), in order to reduce
the variability related to different phenological stages and/or environmental conditions,
and focusing on the effect of the PFT dominance. Sampling points were selected to
ensure the presence of patches with dominance of forbs (F-dominated), grasses
(G-dominated) and legumes (L-dominated), selecting three replicates for each PFT
(n =9 in both sites). CO2 exchange complete measurements (NEE and Rec) were done
intensively during 48 h at BERT and 24 h at CAST, resulting in 75 complete CO;

exchange measurements in BERT and 46 at CAST.

As in the seasonal sampling, we harvested total aboveground biomass after CO-
exchange measurements, and we processed the vegetation samples in the same way.
Moreover, to verify that the PFT dominance classification (F-dominated, G-dominated,
L-dominated) given in the field was correct, we separated the AGLB of each sample into
PFT (forbs, grasses and legumes) to determine the fraction of each PFT, after oven

drying at 60 °C until constant weight.

Afterwards, we calculated the evenness index according to Kirwan et al., (2007), which
has been defined as a measure of the distribution of the relative abundance of each PFT
or species, and lies between 0, for mono-specific plots, and 1 when all species or PFT
are equally represented (Kirwan et al., 2007). Eventually, we performed a cluster analysis
(Ward’s method) based on the PFT proportions and the evenness index, confirming the
PFT dominance classification given in the field. Generally, plots G-dominated had very
low evenness and very high grass proportion, while F-dominated and L-dominated plots
had higher values of evenness and the proportion of forbs and legumes, respectively,

was not so high (Figure S2.1).
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2.3.3 CO2 exchange flux calculations

CO; exchange measurements were carried out using a self-made non-steady state
chamber, connected to an infrared gas analyser (LI-840, LI-COR, USA). Resulting CO;
mixing ratios (ppm) were recorded at five seconds intervals by a laptop computer

connected to the gas analyser (Figure 2.3).

L
T'_BOOS
|

Figure 2.3. Scheme of the gas-exchange measurement system set-up. (1) metal collars
(height = 8 cm, inner diameter = 25 cm), hammered into the soil around three weeks
before to let the system recover from the disturbance; (2) methacrylate chamber
(height = 38.5 cm, inner diameter = 25 cm), rubber joint at its base to provide sealing at
the chamber-ring junction; (3) multi-logger thermometer (TMD-56, Amprove, USA); (4)
vent to avoid underpressure inside the chamber (Davidson et al. 2002); (5) fan to
homogenize the air in the headspace; (6) batteries; (7) polyethylene liner with ethyl vinyl
acetate shell tube (Bev a Line IV, longitude = 15.3 m, inner diameter = 3.175 mm); (8)
air filter (pore size = 0.1 um); (9) infrared gas analyser (LI-840, LI-COR, USA); (10)
laptop and (11) air pump, output flow set at 1.67-10° m®s~", which is 1 L min™".

CO; exchange measurements were performed closing the chamber during 30 seconds
in light conditions (NEE), and shading the chamber to create dark conditions (Reco).
Gross primary production (GPP) was estimated as the sum of both fluxes. Prior to flux
calculation, mixing ratios were converted to molar densities (in mol m=3, termed as
concentration in what follows) using the ideal gas law. Afterwards, we calculated CO.
fluxes (umol CO. m~2 s™') based on the concentration change, following the mass balance

equation (Equation 2.1, Altimir et al., 2002):
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CO, flux =q 2 +Adt

(Equation 2.1)

Here q is the air flow rate (1.67 10° m®s™, which is 1 L min™"), C, the atmospheric CO,
concentration, C; the CO, concentration inside the chamber at time £ (s), V the chamber
volume (0.019 m3), A the sampling surface (0.049 m?) and (dC/dt) the first derivative of
the CO. concentration in relation to time (mol m=s™). Fluxes from the atmosphere to
the biosphere are considered negative, and from the biosphere to the atmosphere are

positive, according the micrometeorological sign convention (Aubinet et al., 2012b).

Finally, we checked data quality based on the flux detection limit, calculated from the
standard deviation of the ambient concentration observed over the measuring time, and
on linearity (R?) of the concentration change during the chamber closure. Fluxes with an
adjusted R? < 0.8 and/or below the detection limit were excluded from further analysis

(Debouk et al., 2018).

In addition, the eddy covariance flux stations previously installed at each site provided
30 min averaged meteorological data used in the site description (Section 2.3.1) and
CO, exchange modelling (Section 2.3.4): air temperature (T., HMP45C, Vaisala Inc,
Helsinki, Finland); volumetric soil water content at 5 cm depth (SWC, CS616, Campbell
Scientific, Logan UT, USA); photosynthetically active radiation (PAR, SKP215, Skye
Instruments Ltd, Powys, UK); and normalized difference vegetation index, calculated as
NDVI = (NIR —Red) / (NIR + Red), where “Red” and “NIR” are the spectral reflectance

measurements acquired in the red and near-infrared regions, respectively.
2.3.4 Data analysis
2.34.1 Seasonal CO; dynamics

All data analyses were performed using the R software (R core Team, 2015). To describe

seasonal CO; dynamics, we calculated average daytime CO, exchange fluxes using
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data obtained between 8:00 and 16:30 UTM. Moreover, to investigate the influence of
phenology and environmental variables on CO- exchange fluxes in the two climatically
contrasted mountain grasslands of study, we ran a linear models with the given CO> flux
(NEE, GPP, Reco, pmol CO2, m™2 s7), as function of vegetation fractions as a proxy of
phenological changes (AGLB, SDB and litter, g DW m™2); and abiotic variables: Ta (°C),

SWOC (fraction) and PAR (umol photons m2 s™); in interaction with site (Equation 2.2).
CO, flux = Site - (BagLgAGLB + BspgSDB + BiicterLitter + BraTy + BswcSWC) + &
(Equation 2.2)

Collinearity among variables was tested by the variance inflation factors (VIF) tests,
using the vif function, car package (Fox and Weisberg, 2011). Collinearities between
variables were found to be not relevant (VIF <5, Zuur et al., 2007). Final models were
selected by a stepwise procedure based on the Akaike information criterion (AIC) using
the stepAlC function, MASS package (Venables and Ripley 2002). The relative
importance of each predictive variable was determined by the calc.relimp function,

relaimpo package (Groemping, 2006).
2.3.4.2 Plant functional type dominance on NEE light response

To assess the influence of PFT dominance on NEE, we first fitted NEE vs. PAR using a

logistic sigmoid light response function (Equation 2.3, Moffat 2012).

1
NEE = =2 - GPPgy; - <—0.5 + W) + Reco,day

GPPgqt

(Equation 2.3)

Here GPPsat is the asymptotic gross primary production, a is the apparent initial quantum
yield, defined as the initial slope of the light-response curve, and Recoday the average
daytime ecosystem respiration (Equation 2.3). Two variants of NEE vs. PAR relationships

were fitted to our data: (1) using flux densities per grassland ground area
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(NEE, umol CO2, m™2 s7") and (2) using NEE normalized by aboveground living biomass

(NEEacLs, pmol CO, g7's™).

Afterwards, we tested the PFT dominance effect on light response parameters in both
cases, using nonlinear mixed-effects models (Pinheiro and Bates, 2000), by the nime
function of the nime package (Pinheiro et al., 2015). For that purpose, we performed
corresponding null models in each case (NEE ~ PAR, Model 1.1, and NEEacis ~ PAR,
Model 2.1), with site as random factor and light response parameters (Equation 2.3: q,
GPPsat and Recoday) as fixed effects. Afterwards, corresponding models with PFT
dominance as covariates of the parameters, a, GPPsat and Recoday (Model 1.2 and
Model 2.2) were also run. Null models and models including PFT dominance as

covariates were compared by an analysis of variance (ANOVA).

2.4 Results

2.4.1 Seasonal CO: flux dynamics in montane and subalpine grasslands

Mean daytime NEE was mostly dominated by assimilation at both sites, ranging from
-2+ 1t0-10 + 2 ymol CO, m2s™"at BERT, and from 2 + 1 to =20 + 3 ymol CO, m2s™’
at CAST. Mean daytime GPP showed the strongest seasonal pattern and the highest
differences between sites, ranging from =5 + 1 to =20 + 2 ymol CO, m2s~"at BERT and
form -6+ 1 to —32 + 2 ymol CO, m~2s™"at CAST. Finally, mean daytime Rec, ranged from
30+£04 to 10x1umolCO.m?s”' at BERT and from 3.1+05 to

15+ 5 ymol CO, m™2s~'at CAST (Figure 2.4.A).
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Figure 2.4. Seasonal dynamics (DOY: day of year): (A) Mean daytime CO; exchange
fluxes: net ecosystem exchange (NEE), gross primary production (GPP) and ecosystem
respiration (Reco) £ standard error; (B) 30 min. averaged air temperature (T.) and
volumetric soil water content (SWC) at 5 cm depth, source: eddy covariance stations. A
system failure of the eddy covariance flux station at CAST caused missing
meteorological data from DOY 219 up to the end of the study period; (C) mean litter,
standing dead biomass (SDB) and aboveground living biomass (AGLB). Grey dashed
vertical lines indicate the beginning and end of the grazing period.

CO. exchange seasonal patterns (Figure 2.4.A), evolved according to environmental
conditions (Figure 2.4.B) and phenology (Figure 2.4.C), with some differences between
sites (Table 2.1 and Figure 2.5). The modelling showed that NEE was mainly driven by
AGLB (Figure 2.5), NEE taking more negative values — increasing net CO; uptake —
with increasing AGLB (AGLB effect, t = -4.70, p < 0.001, Table 2.1); while NEE took

more positive values — CO, emissions — with increasing SDB (SDB effect, t = 2.16,
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p = 0.03, Table 2.1) and litter (litter effect, t = 2.30, p = 0.02, Table 2.1). Moreover, NEE
was a priori less negative in CAST than at BERT, lower net CO; uptake (site effect,
t=3.23, p=0.002, Table 2.1), but net CO; uptake increased with temperature at a higher
rate at CAST than at BERT (site x T, effect, t = -2.81, p = 0.006, Table 2.1). Also, NEE
became more negative with increasing litter at CAST (site x litter effect, t =-3.08,
p = 0.003, Table 2.1), and the net CO, uptake capacity of the AGLB was lower in CAST

than at BERT (site x AGLB effect, t = 1.83, p = 0.07, Table 2.1).

GPP behaved similarly to NEE. GPP was mainly driven by AGLB (Figure 2.5), taking
more negative values with increasing AGLB (AGLB effect, t=-5.39, p < 0.001,
Table 2.1), and less negative values with SDB (SDB effect, t = 1.88, p = 0.06, Table 2.1).
GPP was in addition more negative with increasing temperature (T. effect, t = -1.82,
p = 0.06, Table 2.1) and SWC (SWC effect, t = -2.08, p = 0.04). GPP presented the same
interactions between site, environmental variables and vegetation as NEE did

(Table 2.1).

Finally, Reco was also mainly driven by AGLB (Figure 2.5), increasing emissions with
AGLB (AGLB effect, t = 4.37, p < 0.001, Table 2.1), followed by temperature (T, effect,

t=5.76, p < 0.001, Table 2.1), and SWC (SWC effect, t = 5.77, p < 0.001, Table 2.1).
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Table 2.1. CO; exchange linear model results: net ecosystem exchange (NEE), gross
primary production (GPP) and ecosystem respiration (Reco), as function of aboveground
living biomass (AGLB), standing dead biomass (SDB), litter, air temperature (T.), soil
water content (SWC) and site. Site with BERT as reference level. Estimates of the
explanatory variables (Est.), standard error (SE), t and p-value.

CO; flux (umol m=2 s™)

NEE GPP Reco
Est. SE t o] Est. SE t o] Est. SE t p
Intercept -7 3 -246 0.02 4 6 0.60 0.6 -10 2 -4.01 <0.001
AGLB
_ -0.05 0.01 -4.70 <0.001 | -0.06 0.01 -5.39 <0.0010.015 0.004 4.37 <0.001
(g DW m™?)
SDB 0.019 0.009 2.16 0.03 0.018 0.010 1.88 0.06
@DWm3 : ) . . ) : :
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2.4.2 Plant functional type dominance on NEE light response

COz exchange fluxes recorded during the intensive diel campaign confirmed that NEE
was mainly driven by PAR at a diel timescale (Figure 2.6). The logistic sigmoid light
response function (Equation 2.3) explained 69% of the variability, when assessing NEE

per grassland ground area (Model 1.1, Table 2.2).

= F-dominated -° G-dominated & L-dominated

A BERT CAST
20' 7 o
T
'E 0
o'
[ ]
©
E
= 201
L
Ll
z
A0 4 o
B
‘I_m
‘I_CU
o
)]
o
E
=
Q.
Ll
L
Z A
0 500 1000 1500 2000 O 500 1000 1500 2000
PAR (umol photons m™~s™) PAR (umol photons m™~s™)

Figure 2.6. Observed NEE (points) vs. predicted NEE (line) by the logistic sigmoid light
response function (Equation 2.3) per site and per plant functional type (PFT) dominance
— forbs dominated (F-dominated), grasses dominated (G-dominated), and legumes
dominated (L-dominated) — based on (A) NEE per unit of grassland ground area
(NEE, umol CO2 m=2 s7') and (B) NEE per unit of aboveground living biomass
(NEEacLs, pmol CO- 9_1 S_1).
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The inclusion of PFT dominance as covariates of the light response function parameters
(a, GPPsat and Reco,day), Was not significant when assessing NEE per grassland ground
area (Model 1.2, Table 2.2). However, the logistic sigmoid adjustment per site and per
PFT dominance suggested that there were differences between PFT when assessing
the NEE per unit of AGLB (NEEacie, Figure 2.6.B). Accordingly, when assessing the
NEEacLs ~ PAR relationship, there were significant differences between the null model
and the model that included PFT dominance as covariate of the parameters (ANOVA
Model 2.1 vs. Model 2.2, p=0.001, Table 2.2), which also increased the explained
variability, from 66% to 72% (R? Model 2.1 vs. Model 2.2, Table 2.2). Differences among
PFT in the NEEacLs were mainly driven by differences in the GPPsa, G-dominated plots
having significantly lower GPPsx than L-dominated plots (t = —2.29, p = 0.02, Model 2.2,

Table 2.2).
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Table 2.2. Nonlinear mixed-effects models results, by the logistic sigmoid light response
function (Equation 2.3). Net ecosystem exchange (NEE) as a function of
photosynthetically active radiation (PAR): (1) NEE ~ PAR per grassland ground area
(NEE, pmol CO2 m=2 s') and (2) NEE normalized by living biomass (NEEacis,
umol COz g~'s™"). Model 1.1 and 2.1 (null models), parameters as fixed effects: quantum
yield (a), asymptotic gross primary production (GPPsa) and daytime ecosystem
respiration (Recoday). Models 1.2 and 2.2 plant functional type (PFT) dominance as
covariates. PFT dominance with legumes dominated (L-dominated) as reference level.
Estimates (Est.), standard error (SE), t and p-value, R?and ANOVAs comparing models.

Model Parameter Est. SE t p R?
a Intercept 0.035 0.006 5.83 < 0.001
Model 1.1
NEE ~ PAR GPPsat  Intercept 28 4 7.92 <0.001 0.69
Reco,day Intercept 10 2 6.12 < 0.001
Intercept 0.025 0.008 3.00 0.003
a F-dominated 0.00 0.01 0.20 0.8
G-dominated 0.02 0.02 1.44 0.2
Model 1.2 Intercept 25 4 6.76 < 0.001
NEE ~ PAR +
GPPsat  F-dominated 6 6 1.03 0.3
PFT 0.68
G-dominated 6 5 1.31 0.2
Intercept 7 3 2.45 0.02
Reco_day F'domlnated 1 4 041 07
G-dominated 7 4 1.73 0.1
ANOVA model 1.1 vs. 1.2 0.97
Model 2.1 a Intercept 0.00013  0.00004 3.47 0.0007
NEEacLe ~ PAR  GPPsat Intercept 0.12 0.01 10.26 <0.001 0.66
Reco,day Intercept 0.037 0.009 4.34 < 0.001
Intercept 0.00012  0.00004 2.97 0.004
¢ F-dominated 0.00003  0.00004 0.64 0.5
G-dominated 0.00002  0.00007 0.35 0.7
Model 2.2 Intercept 0.14 0.02 7.43 < 0.001
NEEacLe ~ PAR .
0.72
G-dominated -0.05 0.02 -2.29 0.02
Intercept 0.03 0.01 2.58 0.01
Reco.day F-dominated 0.01 0.01 0.68 0.5
G-dominated 0.01 0.02 0.64 0.5
ANOVA model 2.1 vs. 2.2 0.001
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2.5 Discussion

2.5.1 Differential contributions of phenology and environmental variables

on CO2 seasonal dynamics between elevation belts

Contextualizing our CO. exchange fluxes (Figure 2.4.A), these were higher than in other
semi-natural grasslands in the Pyrenees previously reported (Gilmanov et al., 2010,
2007; Sjogersten et al., 2012; Wohlfahrt et al., 2008a). For instance, Gilmanov et al.
(2007) reported in Alinya, a montane grassland (1770 m a.s.l) that might be climatically
comparable to BERT, daily aggregated GPP maximum values of -25.7 g CO, m™2d™".
Whereas in BERT, considering the light response function (Equation 2.3), the estimates
of the parameters subtracted from the NEEacLs ~ PAR relationship (Table 2.2, Model 2.1),
and the AGLB sampled during the peak biomass (190 =21 g DW m=, DOY 150,
Figure 2.4.C), we can estimate daily aggregated GPP = -31 g CO,m=2d~" during the
peak biomass. Such difference may well be because there are important vegetation
differences between both sites, with a maximum productivity at Alinya around
131 £ 12 g DW m2 (unpublished data), while at BERT it is roughly a 45% higher
(190 £ 21 g DW m™2), although other factors, as for instance soil differences — soil at
Alinya is a lithic cryrendoll (Gilmanov et al., 2007), while the soil at BERT is a udic

calciustept — may also be influencing.

Another example is the CO, exchange fluxes reported by Sjogersten et al. (2012) in a
subalpine grassland of the southeaster Pyrenees, very close to our subalpine site CAST.
They reported maximum NEE values of —0.7 + 0.8 ymol CO, m= s~'in June, while our
NEE in a similar date (DOY 172, —20 + 3 ymol CO, m2s™", Figure 2.4.A) amply exceed
this value. Such a huge difference is only realistic if it is the result of a large difference in
AGLB between both grasslands, possibly in combination with different phenological
development stages and grazing pressure. Sjogersten et al. (2012) reported in June an
AGLB of 107 £ 15 g DW m=2, while in our site CAST we had 330 + 40 g DW m2in late

June (+210%, DOY 172, Figure 2.4.C), reaching the peak biomass around that date.
56



Indeed, the AGLB reported by Sjégersten et al. (2012) in June is more similar to our
value in late May (DOY 146, 116 + 33 g DW m~2, Figure 2.4.C). These differences reveal
how dynamic those grasslands are, and exemplify the need for a better understanding

of CO2 drivers in mountain ecosystems to perform accurate predictions and upscaling.

In line with this dynamism, our results emphasize the role that phenology plays as an
important factor influencing CO» exchange fluxes (Table 2.1). The well-known effect of
AGLB as CO, exchange driver was clear (Table 2.1 and Figure 2.5), but our results also
highlighted the relevance of other vegetation fractions, including SDB and litter, which
lowered the gross and net CO2 uptake capacity of the ecosystem (see SDB and litter

effects on NEE and GPP, Table 2.1 and Figure 2.5).

Moreover, there were interesting interactions between site, phenology and
environmental variables (Table 2.1). On one hand, the AGLB at the subalpine grassland,
CAST, was proportionally taking-up CO- (site x AGLB effect on GPP, Table 2.1) at lower
rates than at the montane grassland BERT; resulting in proportionally lower rates of NEE
per unit of AGLB (site x AGLB effect on NEE, Table 2.1). This suggests that
environmental conditions were more constraining in CAST than at BERT, and vegetation
at CAST could proportionally photosynthesize at lower rates than at BERT. However,
although CAST was probably more temperature limited, the gross and net CO; uptake
capacity increased more markedly in CAST than at BERT as soon as temperatures

increased (site x T, effecton NEE and GPP, Table 2.1).

Accordingly, some ecosystem functions, including biomass production and CO:
exchange, in high elevation mountain grasslands have been reported to be more
temperature-limited than water-limited (Sebastia, 2007), being mostly constrained to the
warm months. Thus, the pronounced gross and net CO, uptake (Figure 2.4.A) with
vegetation development at CAST (Figure 2.4.C), is in line with the fact that in the

Mediterranean region high-elevation grasslands are generally highly productive during
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the summer, while montane grasslands have a longer growing season but less

productive (Garcia-Gonzélez, 2008).

On the other hand, our data suggested important site differences in the way that SWC
drove GPP and Reco (Figure 2.4), partly related to phenological differences between both
elevations and vegetation development strategies. SWC enhanced both gross CO.
uptake (SWC effect on GPP, Table 2.1) and release fluxes (SWC effect on Reco,
Table 2.1), in agreement with earlier works (Bahn et al., 2008; Davidson and Janssens,
2006; Flanagan and Johnson, 2005; Imer et al., 2013; Law et al., 2002). However, when
the SWC dropped (Figure 2.4.B), CO, exchange fluxes diminished especially at BERT,
while that diminishment at CAST was not so pronounced (Figure 2.4.A). Hence, although
the SWC during the peak-biomass was clearly lower at CAST than at BERT
(Figure 2.4.B, SWC below 10% indicates a dry period), the low SWC did not cause an

immediate decrease of the CO, exchange fluxes at CAST (Figure 2.4.A).

This may well be because CAST had high SWC during the spring (Figure 2.4.B), which
allowed the development of the vegetation (Figure 2.4.C), once the temperature
increased (Figure 2.4.B). The well-developed AGLB (Figure 2.4.C) was able to cope with
the SWC deficit during the summer drought (Figure 2.4.B), and GPP and Rec, did not
decrease at CAST as much as at BERT (Figures 4.A). This suggests that BERT was
probably more water-limited than CAST, in agreement with some studies that have
highlighted that summer drought effects on productivity (Gilgen and Buchmann, 2009)
and CO; assimilation (Bollig and Feller, 2014) may be more intense at sites with lower

annual precipitation, as is the case of BERT in comparison to CAST.

Accordingly, vegetation may be adopting different development strategies between sites.
Plants at CAST may be taking a “water spending strategy” (Leitinger et al., 2015),
meaning that in no water-limited environments, some of the typical grassland species
may not regulate the stomatal conductance until the SWC approaches the wilting point

under occasional droughts (Brilli et al., 2011). However, it must be considered that long
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term changes in water availability would finally lead to shifts in vegetation composition
towards more opportunistic species in perennial alpine and subalpine grasslands

(Debouk et al., 2015; Sebastia, 2007).

Also, CAST has a less stony soil, which allows the development of a more complex
radicular system (mean belowground biomass in the first 20 cm at the peak biomass
stage in 2012: BERT, 730 and CAST, 3158 g DW m~2, unpublished data), which could be

offsetting superficial SWC deficit.

Ultimately, the inclusion of site could be acting as a proxy of the intrinsic characteristics
of each altitudinal belt (montane vs. subalpine), including information of complex
interactions between biotic and abiotic variables, as well as current and past

management practices (Leifeld et al., 2015).

Finally, AGLB was also an important driver of Reco (Table 2.1 and Figure 2.5), indicating
that CO; release was most likely dominated by the autotrophic than by the heterotrophic
component of Reco. IN agreement, it has been reported that the magnitude of Reco
components changes considerably over the year in grassland ecosystems, and the
autotrophic respiration reaches its maximum during the growing season (Gomez-

Casanovas et al., 2012).
2.5.2 Plant functional type dominance on NEE light response

Our results suggested that PFT dominance influenced on light response parameters,
when accounting for NEE per unit of biomass (Model 2.2, Table 2.2). Grass dominated
(G-dominated) plots had lower asymptotic gross primary production than plots
dominated by legumes (GPPsat, Model 2.2, Table 2.2). This is in agreement with previous
studies that have reported that legumes yield higher CO2 exchange rates than forbs and
grasses, per unit of biomass (Reich et al., 2003). Such differences in CO2 exchange rates
between PFT dominance groups are most likely related to identity effects regarding the

ecophysiological characteristics of each PFT. Legumes have the ability to fix atmospheric
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nitrogen (e.g. Reich et al., 2003, 1997) and have higher leaf nitrogen content, which
results in higher photosynthetic capacity and CO, uptake (Busch et al., 2018; Lee et al.,
2003; Reich et al., 1998, 1997). In addition, legumes have higher specific leaf area than
grasses, a trait that has been related to increased photosynthesis rates (Reich et al.,

1998).

However, L-dominated plots tended to have lower AGLB than G-dominated and
F-dominated plots (Figure S2.2), and although G-dominated plots had lower GPPsat,
resulting in lower NEEacis than L-dominated plots (Figure 2.6.B), their higher biomass
(Figure S2.2) offset this difference at grassland ground scale (Model 1.2, Table 2.2). In
this regard, previous studies showed that different PFT have different strategies to
produce and maintain their biomass and access resources (Craine et al., 2002).
Legumes access nitrogen to avoid nutrient limitation and produce high-nitrogen biomass,
while grasses and forbs produce low-nitrogen biomass. Low-nitrogen species, especially
grasses, have lower rates of physiological activity but generate dense and long-lived
tissues that result in more biomass in the long term compared to high-nitrogen species,
as is the case of legumes (Craine et al., 2002). Moreover, symbiotic fixation of
atmospheric nitrogen by legumes requires additional energy in comparison to nitrogen
acquisition from the soil (Minchin and Witty, 2005; Postgate, 1998), causing more

investment of photosynthates in the nitrogen fixation processes.

In addition, apart from the effects referable to the identity effects of each PFT, we must
consider possible interactions between PFT. L-dominated plots had higher evenness
than G-dominated plots (Figure S2.1), meaning that L-dominated plots had higher
functional diversity. Hence, functional diversity and PFT interactions may be producing
an enhancement of the CO, exchange per unit of biomass in addition to the rates of each
single PFT. This would be in agreement with the “complementarity hypothesis”, which
postulates that trait dissimilarity among species or PFT maximizes resource use

strategies and ecosystem functioning (Tilman et al., 1997). Several studies have
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reported diversity and compositional effects, mainly due to grasses-legumes interactions
on several ecosystem functions, including CO. exchange, yield and/or nitrogen
availability (Finn et al., 2013; Nyfeler et al., 2011, 2009; Ribas et al., 2015). For instance,
Ribas et al. (2015) found the highest COzrespiration rates in plots dominated by legumes
with a certain proportion of grasses, and a positive effect of evenness on respiration,
verifying and disaggregating a coupled effect of the dominant PFT from PFT interaction

(evenness) effects.

In our study case we cannot disentangle dominance from interaction effects, but certainly
our results show that PFT composition was influencing NEE per unit of aboveground
living biomass (Model 2.2, Table 2.2), via PFT-specific light response differences, in

semi-natural mountain grasslands.

2.6 Conclusions

Our study shows that phenology plays an important role as CO, exchange driver at
seasonal scale, driving differences between elevation belts (montane vs. subalpine).
Although the subalpine grassland (CAST) had a later vegetation development, CAST
was clearly more productive (AGLB ~ +74%) than the montane grassland (BERT) during
the peak biomass stage, and yielded higher NEE values (NEE ~ +48%). Thus, at least
in mountain environments, detailed information on phenology is key to understand the a
priori counterintuitive finding that a high-elevation grassland (CAST) is more productive
than a comparable grassland at the montane elevation (BERT), with a longer growing
season and warmer summer temperature. Our results also suggest that there are site
differences in the way that environmental variables and phenology mediate CO.
exchange fluxes. Although CAST was more temperature constrained, temperature
enhanced gross and net CO. uptake at higher rates at CAST than at BERT. Also, both
grasslands experienced a pronounced summer dry period, which substantially reduced

productivity at the lower elevation, from which only a minor recovery could be observed
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in autumn. However, the delayed phenology at the subalpine grassland reduced
vegetation's sensitivity to summer dryness, which did not experience a reduction in CO.

exchange, even though the low SWC.

Moreover, our results showed that vegetation composition, in terms of PFT, influenced
on the CO; exchange. Legume dominated plots presented higher NEE rates than grass
dominated plots per unit of aboveground living biomass; grass dominated plots having
lower asymptotic gross primary production (GPPsa) than legume dominated plots.
Overall, a deeper knowledge of phenology and vegetation ecophysiological responses
under different climatic conditions is key to upscale CO, exchange fluxes in a seasonal

and inter-annual scale in semi-natural mountain grasslands.
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2.7 Supplementary material
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Figure S2.1. Plant functional type (PFT) dominance groups — forbs dominated
(F-dominated), grasses dominated (G-dominated), and legumes dominated
(L-dominated) — after clustering (Ward’s method), based in the proportion of each PFT
and the evenness index (Kirwan et al., 2007). The position in the ternary plot indicates
the proportion of the corresponding PFT and the size of the point corresponds to the
evenness index.
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Figure S2.2. Aboveground living biomass (AGLB) per site and per plan functional type
(PFT) dominance group: forbs dominated (F-dominated), grasses dominated
(G-dominated) and legumes dominated (L-dominated).
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3.1 Abstract

Intensively managed sown forage grasslands provide essential resources for animal
feeding. Assessing the influence of grassland species on the net ecosystem CO,
exchange (NEE) is key to develop management strategies that can help mitigate climate
change, while at the same time optimizing productivity of these systems. However, little
is known about the effect of grassland species on CO, exchange fluxes and the net
biome production (NBP); considering separately growth and fallow periods, and taking
into account the management associated with the given species, and species
ecophysiological responses. Our study assesses the influence of cereal monocultures vs.
cereal-legume mixtures on CO; gross and net uptake, and ecosystem respiration, during
the growth and fallow periods; NBP during the grassland growth period; and potential
sensitivities of CO, exchange related to light, temperature and soil water content in a
sown forage grassland of the Pyrenees. In addition, our study presents the first long term
(seven years) NEE dataset of a sown forage grassland in the Pyrenees. Results provide
strong evidence that cereal-legume mixtures lead to higher net CO; uptake than cereal
monocultures. All cereal-legume mixtures and some cereal monocultures had a negative
NBP (net gain of C) during the grassland growth period, indicating C input to the system,
besides the yield. Management associated with cereal-legume mixtures favoured
vegetation voluntary regrowth during the fallow period, which was decisive for the
cumulative net CO, uptake of the entire grassland season. In addition, increased net CO,
uptake in cereal-legume mixtures resulted from higher gross CO, uptake, while
respiratory fluxes did not significantly increase. Overall, cereal-legume mixtures
enhanced the net CO. sink capacity of sown forage grasslands, while ensuring
productivity and forage quality.

Key words: Diversity-interaction models, ecosystem respiration (Reco), gross primary
production (GPP), legumes, light response, management, net ecosystem exchange

(NEE).
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3.2 Introduction

Forage systems represent 26% of the world’s surface and provide crucial goods and
services for human population (FAOSTAT 2019). Assessing the influence of forage
species on the carbon (C) balance of these systems is essential to develop management
strategies that can mitigate climate change, while optimizing productivity. In this regard,
sown forage grasslands are cropped plant systems used for grazing, hay or silage,
ploughed and harvested/grazed every one to five years (Allen et al., 2011; Huyghe et al.,

2014), combining thus characteristics of both grasslands and croplands.

Sown forage grasslands provide a good opportunity to assess the influence of different
management practices on C dynamics. They combine an alternation of forage species,
including cereals, legumes, or a combination of both; with extensively grazing during the
fallow, the latter especially carried out in Mediterranean mountain regions (Sebastia et
al., 2011). These practices have been traditionally conducted to increase productivity and
keep soil fertility (Sanchez et al., 2013); but only recently research has started to focus
on the effect that those management practices may have on C dynamics, paying special

attention to grassland species selection.

To this regard, cereal-legume mixtures have been generally related to a higher
productivity (De Deyn et al., 2009; Finn et al., 2013; Hector et al., 1999), resulting from the
higher leaf nitrogen of legumes, which means higher photosynthetic capacity (Busch et
al., 2018; Lee et al., 2003; Reich et al., 1998) and gross primary production (GPP). In
addition, legumes can also increase the resource use efficiency of the overall community,
including water (Chapagain and Riseman, 2015; Liu et al., 2016), nitrogen and light
(Hofer et al., 2017; Milcu et al., 2014), enhancing productivity. Accordingly, grassland
species can drive several ecosystem functions via species identity effects, but also via
species interactions, evenness and complementarity effects (Kirwan et al., 2007; Orwin

et al., 2014; Wolfgang et al., 2017).
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However, the NEE is the budget between GPP, and ecosystem respiration (Reco), and
although an increase in productivity has been described to some extent under
cereal-legume mixtures compared to mono-specific stands, how grassland species
influence GPP, Reco, and finally the NEE budget still is not well understood. In addition,
Reco is the sum of autotrophic and heterotrophic respiration, and grassland species are
expected to influence these components in different ways, increasing the complexity.
Therefore, there is a need for a deeper understanding of the role of grassland species
and species interactions on NEE and its components — GPP and Recoc — to assess the

overall C cycle during the grassland growth, but also during the fallow period.

On the other hand, it is also crucial to understand the role of grassland species on net
biome production (NBP), accounting for all C inputs and exports (NBP = NEE — Cinput +
Cexport), t0 assess the final C budget, beyond the NEE. Many grasslands and forage crops
may be acting as net CO, sinks when only assessing NEE, but they become net CO,
sources when accounting for the oxidation (via digestion by animals) of total exported
biomass (Ceschia et al., 2010; Kutsch et al., 2010; Moors et al., 2010). However, species
richness, and especially cereal-legume mixtures, have been reported to increase NBP
via increasing soil C storage (Fornara and Tilman, 2008; Wolfgang et al., 2017), among

other mechanisms.

Finally, the interaction among grassland species, local conditions and management
practices result in high CO, exchange variability (Moors et al., 2010; Oertel et al., 2016).
While information on CO, exchange in grasslands (Berninger et al., 2015; Imer et al.,
2013; Schaufler et al., 2010) and forage crops (Ceschia et al., 2010; Kutsch et al., 2010;
Vuichard et al., 2016) of central and northern Europe is rather abundant, in the
Mediterranean basin such information is very scarce, despite the fact that sown forage
grasslands are crucial for animal feeding in this region. Grassland productivity in
Mediterranean areas is among the lowest in Europe (Smit et al., 2008), due to important

water constraints (Porqueddu et al., 2016); and while direct grazing from permanent
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grasslands fulfils an important part of livestock requirements in north-central Europe,
sown forage grasslands are more important in Mediterranean areas (Smit et al., 2008).
Thus, more information is needed from the Mediterranean region, and especially from
Mediterranean mountain areas, to establish management practices that may enhance C
sequestration, ensuring productivity in this area highly vulnerable to climate change

(FAO, 2010).

Our study presents the first long-term (seven years) dataset of NEE measurements of a
sown forage grassland in the Pyrenees; which in addition has been in a crop rotation
system of three different cereal species grown in monocultures and two different
combinations of cereal-legume mixtures. Accordingly, we assess differences between
cereals grown in monoculture and forage cereal-legume mixtures in (1) NEE, considering
gross CO; uptake (GPP) and respiration fluxes (Reco) separately for the two periods of
(a) grassland growth and (b) fallow; (2) NBP during the grassland growth period; and (3)
potential sensitivities of CO2 exchange related to short-term variations in light,
temperature and soil water content. We hypothesize that cereal-legume mixtures in
comparison tocereal monocultures: (1) show more negative NEE (more net CO, uptake);
(2) show more negative NBP during the grassland growth period; and (3) lead to more

negative NEE due to increased GPP in combination with not increased Reco.

For that purpose, we have been monitoring management events, recording
ecosystem-scale CO: fluxes, and micrometeorological data with an eddy covariance flux

station, from 2011 to 2017, in a sown forage grassland in the Eastern Pyrenees.
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3.3 Material and methods

3.3.1 Study site and experimental design

The study site is a sown forage grassland located in the montane elevation belt of the
Eastern Pyrenees, in Pla de Riart (42° 03'48" N, 1° 30'48" E, Figure 3.1), at 1003 m a.s.l.
Climate is sub-Mediterranean (Peel et al., 2007), typical in mountain areas with
Mediterranean influences, with a mean annual precipitation of 750 mm and mean annual
temperature of 11 °C (Ninyerola et al., 2000), including the summer drought period. The

soil is a petrocalcic calcixerept (Badia-Villas and del Moral, 2016).

Figure 3.1. (A) Ortho-image of the study site (date: May 2013, source: Institut Cartografic
i Geologic de Catalunya, https://www.icgc.cat/es) and contour plot example of the
footprint, based in by the Kljun model (Kljun et al., 2004). Contours show the 10% to 90%
flux contribution areas at 10% intervals. (B) Situation of the study site on the Iberian
Peninsula
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All management events, including fertilizing, sowing and harvesting (Table 3.1) were

reported by the manager of the site and validated by in-situ visits.

Table 3.1. Management events: grassland type, grassland species, fertilizer type (NPK
9-23-30: nitrogen 9%, phosphorus 23%, potassium 30 %; urea; and NAC 27: calcium
ammonium nitrate 27% nitrogen) and rate, sowing date and rate, harvesting date, yield

and C exported through yield.

Grassland Grassland Fertilizer  Sowing Sc')-:?:g Harvesting Yield (dry weight)
type species (kg ha™) date (kg ha™) date (kg ha™) (g C m2)
Cereal NPK
Barley 9-23-30, 01/11/2010 221 07/07/2011 3000 138
monoculture
250
Cereal Tritcale  Urea, 140  01/11/2011 221 01/07/2012 13133 607
monoculture
Cereal-legume Triticale, oat, ~ Not 1105015 205  1906/2013 7500 339
mixture vetch applied
Sq‘f):ﬁﬁ'(;'egume Oat, vetch Urea, 130 01/11/2013 239 01/07/2014 6720 304
NPK
9-23-30,
Cereal Wheat 01/11/2014 212 01/08/2015 2580 18
monoculture 250
Urea, 120
Cereal Barey  NAC27. 04110015 221 01/09/2016 4500 208
monoculture 100
Cereaklegume ., | oich Not " 04/112016 235  01/08/2017 7200 326
mixture applied

The site was managed by a rotation of cereals grown in monoculture and cereal-legume
mixtures (Figure 3.2). Every year the yield was harvested, and during the fallow (from
harvest to next sowing), the voluntary regrowth of the vegetation was extensively grazed
by around 30 cattle (= 0.91 livestock units (LSU) ha™") from late August to late October.
Harvesting practices differed between cereal monocultures and cereal-legume mixtures.
When the grassland was a cereal monoculture, the yield was harvested in July or early
August, while cereal-legume mixtures were harvested when the yield was still fresh for
silage, in late May or early June. Sowing was done in October or early November

(Figure 3.2), after ploughing, which was done in September-October.

71



Lo - - - . - I
| | Triticale | | | |
! ! ! Vetch ! ! Vetch
[ D?MI_ 1 1 T 1 1 1 1
[ @] 1 1 1 1 ] 1 |
§= | | | | | | |
(@] 1 1 1 1 1 1 |
(=] 1 1 1 I 1 1 |
2 | ' ' | | | |
2 0.50 Barley Triticale Vetch : Wheat: Barley : :
g s s s s s |
2 | | | Oat' | | Oat
0 (25- ! ! ! at, : ! A
| | Oat, I | | |
0.001 | | | | | | |
$ 2 Vo2 PCbo R Ve Yo O {4 R
ITITE I TSI PI T I TS T I TE PIT TS
Date

Figure 3.2. Grassland rotation timeline, species proportions and management events:
black dashed lines indicate harvesting and solid black lines indicate sowing. Top black
bands indicate fallow periods in which there was grazing.

Yield was estimated (Table 3.1) considering the productivity reported by the manager
and in situ samplings after oven drying plant material at 60 °C until constant weight. In
addition, plant material sampled during in situ visits was analysed to determine C content
and forage quality indicators (Table S3.1). Analysis were performed by the Department
of Animal and Food Science, Universitat Autonoma de Barcelona

(https://www.uab.cat/department/animal-food-science) according to standard methods

(Table S3.1). Afterwards, C exported through vyield (Table 3.1) was estimated,
considering the yield, species proportions (Figure 3.2), and species C content

(Table S3.1). C exported through yield was used to account for the NBP (Section 3.3.2).
3.3.2 Eddy covariance measurements

The site is equipped with an eddy covariance flux station, running since August 2010,
and our study period included data from sowing of the first studied grassland season
(barley, sown 01/11/2010) until the end of the fallow period of the last studied grassland
season (oat and vetch mixture, sown 01/11/2017, Figure 3.2). The eddy covariance flux
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station continuously measured the concentration of CO, (mmol m~3) and H2O (mmol m™3)
using an open-path CO; and H,O gas analyser (LI-7500, LI-COR Inc., Lincoln, NE, USA),
and turbulent flux components, including wind direction and speed using a 3D sonic
anemometer (CSAT-3, Campbell Scientific Inc, Logan, UT, USA) to calculate CO,, H,0,

and energy exchange at the ecosystem level.

In addition, the station recorded ancillary meteorological variables, including incoming
and outgoing shortwave and longwave radiation (NRO1, Hukseflux, Delft, the
Netherlands); air temperature (Ta, CS215, Campbell Scientific Inc, Logan, UT, USA);
average soil temperature 1-20 cm (T, TCAV, Campbell Scientific Inc, Logan, UT, USA);
volumetric soil water content (SWC, CS616, Campbell Scientific Inc, Logan, UT, USA);
photosynthetically active radiation (PAR, SKP215, Skye Instruments Ltd, Powys, UK);
and normalized difference vegetation index, calculated as NDVI = (NIR — Red) / (NIR +
Red), where “Red” and “NIR” are the spectral reflectance measurements acquired in the

red and near-infrared regions, respectively.

Raw data provided by the sensors were processed and CO, fluxes were calculated as
30 minutes averages using the EddyPro software (LI-COR Inc, Lincoln, NE, USA). The
sign convention used here uses negative values if the flux was from the atmosphere to
the biosphere and positive values if the flux was from the biosphere to the atmosphere

(micrometeorological sign convention).

Frequency response corrections (Moncrieff et al., 2004, 1997), density fluctuation
corrections (Webb et al., 1980), and determination of data quality using the Foken et al.
(2004) approach were applied. The Foken et al. (2004) approach suggests a quality
scale ranging from 1 (highest data quality) to 9 (poorest data quality). Records with
quality 7 or higher were excluded (Papale, 2012). Also, CO- fluxes outside a physically

realistic range (+x 50 pmol m™2 s™") were rejected.
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Night-time (PAR <5 pumol photons m2 s™') CO, fluxes were inspected, as they are
susceptible to be underestimated under low turbulence (Aubinet et al., 2012a), conditions
that can be frequent at night. We inspected the possibility of a low turbulence effect
assessing the existence of an u- threshold at all recorded Ts classes (Reichstein et al.,
2005), ranging from -3 to 34 °C in 1 °C intervals. Relevant u- thresholds were not
detected. In addition, we inspected night-time CO- fluxes in order to detect possible
outliers and calculated the 0.025, 0.25, 0.5, 0.75 and 0.975 quantiles for each Ts class.
Data below the lowest (0.025) or the highest quantile (0.975) were excluded from further

analysis.

Data were filtered according to the footprint, based on the Kljun model (Kljun et al., 2004),
including all the fluxes in which more than 80% of the contribution came from the study
field (Gockede et al., 2008). After all data cleaning and filtering, retained data for further
analysis were a 65% of all the available data, ranging between 81% and 53% depending

on year (Table S3.2).

Afterwards, NEE data were gap-filled using the sMDSGapFill function (Reichstein et al.,
2005) of the REddyProc package (Wutzler et al., 2018) for R software (R core Team,
2017), which combines the mean diel variation method and lookup tables when
meteorological data are available. The goodness of the gap-filling was also inspected
comparing observed NEE data with their theoretically predicted data by gap-filling (see

an example in Figure S3.1).

To assess NEE, GPP and Re., seasonal patterns, gap-filled NEE data were also
partitioned into GPP and Rec, using the night-time based partitioning approximation,
SMRFLuxPartition equation (Reichstein et al., 2005), also of the REddyProc package
(Wutzler et al., 2018). Afterwards, we performed NEE, GPP and R, budgets (expressed
in g C m™2) for each: (a) grassland season, defined as the time from sowing to next
sowing; (b) grassland growth period, defined as the time from sowing to harvest; and (c)

fallow period, defined as the time from harvesting to next sowing. In 2014 systematic
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data gaps occurred due to energy supply problems, for which NEE, GPP and Rec
budgets could not be calculated. However, 2014 gap-filled data were used to describe

CO, exchange dynamics, and real recorded data were included in all the modelling.

Finally, NBP during the growth period was estimated. NBP can be estimated knowing
the NEE; C exports, including harvest/grazing and other gas emissions such as methane
or volatile organic compounds; and C imports, including organic C fertilizers and sowing.
In our study, C exports through methane were expected to be not very significant,
because methane effluxes require water saturated soils, typically with standing water
(Oertel et al., 2016), which was never the case; and volatile organic compounds were
expected to be negligible (Soussana et al., 2010). C inputs through sowing and fertilizers
(mostly inorganic nitrogen fertilizers) could also be neglected as they only represent a
very small C amount (Table 3.1). Therefore, NBP during the grassland growth was
estimated as the sum of the NEE budget of that period and C exported through the yield

(Equation 3.1).
NBP = NEE + Yield
(Equation 3.1)
3.3.3 CO:exchange modelling
3.3.31 Grassland species influence on NEE: diversity-interaction model

To assess the influence of grassland species on NEE, we modelled observed NEE data
as a function of grassland species composition, main environmental variables and time,
based on a diversity-interaction model (Kirwan et al., 2009, 2007). The modelling
compares a null model, in which a change in the diversity has no effect on the response
variable, to models that address the diversity influence at different levels. In our study we
compared the null model (Equation 3.2), in which NEE (umol CO, m™ s™') depended only
on environmental variables, including Ta (°C), net radiation (Rqet, W m™2), SWC (fraction),

vapour pressure deficit (VPD, hPa), and time — considering time as grassland season —
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to a diversity-interaction model, which included species identity and species interaction

effects (Equation 3.3).
NEE = Br,Tq + Br,,,Runet + BswcSWC + ByppVPD + Biimetime + €
(Equation 3.2. Null model)
NEE = Null model + BgPg + BrPr + BwPw + BovPov + BrovProv + €
(Equation 3.3. Diversity-interaction model)

Here P indicates species proportions and the sub-index B indicates barley, T triticale, W
wheat, O oat and V vetch respectively. The models were run without intercept in order to

test the effect of all the species proportions at the same time.

A preliminary modelling showed that SWC and time could be excluded from the null
model (Equation 3.2), since the inclusion of these variables did not provide a better fitting.
Then, the null model (Equation 3.2) and the diversity-interaction model (Equation 3.3)
were compared by an analysis of variance (ANOVA). The diversity-interaction model was
significantly different from the null model (F = 7.65, p < 0.001). Accordingly, the final
model was the diversity-interaction model, which included the proportion of each
grassland species and its interactions, in addition to environmental variables (T,, Ruet,

VPD).

The modelling was run on all observed data (30 minute averages); on daily averaged
data; and on weekly averaged data. The model performed the best fitting (best
adjusted R?) when using weekly averaged data, probably due to a considerable
day-to-day variability of the environmental variables and CO fluxes. Also, considering
that the main goal of this modelling was to assess the influence of grassland species on
NEE, whose influence is probably more noticeable at a seasonal scale, we present the
model run on the weekly averaged data, as it was able to reduce noise and extract the
influence of grassland species with greater reliability. Finally, we explored differences

between cereal monocultures and cereal-legume mixtures from a mechanistic
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perspective, modelling by separately light response of observed CO, fluxes during
daytime (termed as NEEgay in what follows), and Ts and SWC response of night time

fluxes (termed as Reconignt in What follows) as explained below.
3.3.3.2 Grassland species influence on NEEday light response

In order to assess differential ecophysiological responses between cereal
monocultures and cereal-legume mixtures on the NEEg,,
(PAR > 5 umol photons m™ s™) light response, we used the logistic sigmoid model
(Moffat, 2012), which models NEEgy (umolCO, m™2 s™) as function of PAR

(Equation 3.4).

1
NEEqqy = —2 - GPPsqq - (_0-5 + W) + Reco,day

GPPgqt

(Equation 3.4)

Here GPPsat (umolCO:, m™@ s™) is the asymptotic gross primary production,
a (dimensionless) is the apparent initial quantum yield, defined as the initial slope of the
light-response curve, and Rego,day (WMol CO. m™2 s™) the average daytime ecosystem
respiration. Light response parameters (GPPsat, @ and Reco,qay) Were calculated for each
day and grassland season, using the nisList function of the nime package (Pinheiro et
al.,, 2015). Parameters whose estimates were not significantly different from zero

(p = 0.05) were discarded from further analysis.

Afterwards, we described light response dynamics and assessed differences on the light
response parameters between cereal monocultures and cereal-legume mixtures. For that
purpose we run anovas ANOVAs and tukey post-hoc tests, using the HSD.test function of
the agricolae package (Mendiburu, 2017), with the given parameter (GPPsat, @ and Reco,day)
as a function of forage type (cereal monoculture and cereal-legume mixture) and period

(growth and fallow).
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3.3.3.3 Grassland species influence on Reconight response to temperature and

soil water content

A preliminary overview of Reconight (PAR <5 pmol photons m™ s™') suggested that
Reco nignt increased with Ts at Ts < 20°C, but decreased above this threshold (Figure S3.2).
Therefore, we modelled Reconignt (WMol CO2 m™2 s7') as a function of Ts (°C) and SWC
(fraction) using the equations proposed by Reichstein et al. (2002), which consider

changes in the temperature sensitivity depending on soil moisture (Equations 3.5 — 3.7).
Reco,night = Reco,ref 'f(Ts'SWC) : g(SWC)

(Equation 3.5)

1 1
F(T, SWC) = eE°(5WC)'(m——rs—ro)

(Equation 3.6)

SWC — SWC,

gswe) =
(SWC,y /5 — SWCy) + (SWC — SWCy)

(Equation 3.7)

Here the activation energy, Eo (°C™), is a linear function of SWC (Eo = a+b-SWC); T is
the reference temperature, set as the mean temperature of a given period, here set as
the mean T of the entire measuring period (Trr = 12.12 °C); To the lower limit for Reco nignt,
here set at —46.02 °C, as in the original model by Lloyd and Taylor (1994);
SWC, (fraction) the soil water content below which Reconight Vanishes; SWCi, (fraction)
the soil water content at which maximal Reconight halves; and Recorer (WMol CO; m™2 s7)
the reference ecosystem respiration at standard conditions (Trf) and non-limiting SWC
(Reichstein et al., 2002). Reco,night response parameters (Reco,ref, Eo, SWCo , SWC12) were

calculated for each grassland season, using the nisList function.

Similarly as in the diversity-interaction model (Section 3.3.3.1), we performed the Reco,night
modelling on all observed data (30 minutes averaged), on daily averaged data and on
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weekly averaged data. Afterwards, we calculated R? as the linear relationship between
modelled and measured observations. The modelling performed the best R when using
weekly averaged data, probably due to the high day-to-day variability of Rec,,nignt and Ts.

The model based on weekly averaged data is presented and discussed.
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3.4 Results

3.4.1 Cereal monocultures vs. cereal-legume mixtures: CO2 exchange

dynamics and budgets

Seasonal CO; flux dynamics in the studied sown forage grassland evolved according to
environmental conditions, grassland growing and management events (Figure 3.3). CO;
exchange capacity of the system decreased with harvesting (Figure 3.3.A), also showed
by the drastic decrease of the NDVI (Figure 3.3.D). Maximum net CO, uptake was
achieved during spring, when temperatures were mild, SWC increased, and grassland

development reached its peak biomass (Figure 3.3).
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Figure 3.3. Daily averaged (A) CO: fluxes: net ecosystem exchange (NEE), gross
primary production (GPP) and ecosystem respiration (Rec); (B) air temperature (Tz); (C)
volumetric soil water content (SWC); and (D) normalized difference vegetation index
(NDVI). Titles in the top panel indicate grassland species. Black dashed lines indicate
harvest events and solid black lines indicate sowing events. Top black bands indicate
fallow periods in which there was grazing.
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Reeo (9C M)

The field acted as a net CO; sink throughout all the studied grassland seasons (negative

NEE, Figure 3.4.A). NEE of cereal-legume mixtures was more negative and less variable

(=363 g C m™2, year 2013, and —383 g C m™2 year 2017, Figure 3.4.A) than that of cereal

monocultures (ranging from =70 to -226 g C m™2, Figure 3.4.A).

The system acted as a net sink during the grassland growth (negative NEE, Figure 3.4.B)

and as a small net source during the fallow period (positive NEE, Figure 3.4.C).

Cereal-legume mixtures showed the highest net CO2 uptake during grassland growth,

with a NEE of —359 and -429 g C m™2, in 2013 and 2017 respectively. On the other hand,

cereal monocultures had a NEE that ranged from —128 to =348 g C m~2 (Figure 3.4.B),

with triticale being the cereal monoculture with the highest net uptake (=348 g C m2,

Figure 3.4.B).
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Figure 3.4. Net ecosystem exchange (NEE), gross primary production (GPP) and
ecosystem respiration (Reco) budgets after gap-filling per: (A) grassland season, defined
as the time from sowing to next sowing; (B) growth period, defined as the time from
sowing to harvest; and (C) fallow period, defined as the time from harvest to next sowing.
Solid diagonal line indicates NEE = 0 g C m™, dashed diagonal lines indicate +
200 g C m™2 NEE intervals. Open symbols indicate cereal monocultures and solid

symbols cereal-legume mixtures.
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Moreover, NBP during the grassland growth showed net C input into the system
(negative NBP), except during the cereal monocultures of triticale (year 2012), and barley
(year 2011, Figure 3.5). The most negative NBP was achieved during the wheat
monoculture in 2015 (NBP = -108 g C m™2, Figure 3.5), followed by the oat and vetch

mixture in 2017 (NBP =-67 g C m™2, Figure 3.5).
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Figure 3.5. Net biome production (NBP), net ecosystem exchange (NEE) and yield
during the grassland growth period, defined as the time from sowing to harvest. Solid
diagonal line indicates NBP = 0 g C m™2, dashed diagonal lines indicate + 100 g C m™
NBP intervals. Open symbols indicate cereal monocultures and solid symbols
cereal-legume mixtures.

Finally, Reco was the dominant flux during the fallow period in all cases (Figure 3.4.C),
although there were some differences in the CO, exchange dynamics between cereal
monocultures and cereal-legume mixtures during that period (Figure 3.3.A). During the

fallow of grass-legume mixtures there was a more marked voluntary regrowth of the

vegetation (Figure 3.3.D) that promoted a period of net CO, uptake after the harvest,
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which was especially strong in the triticale, oat and vetch mixture (year 2013), and the
oat and vetch mixture (year 2014, Figure 3.3.A). Note that although gap-filled 2014 data
were not used to account for CO, exchange budgets (Figure 3.4) due to systematic gaps;
2014 gap-filled data could be used to describe CO, exchange dynamics and was
possible to identify this rebound in the net CO, uptake during the fallow period of that

year.

On the contrary, when the grassland was a cereal monoculture there was no voluntary
regrowth during the fallow period (Figure 3.3.D), and gross and net CO, uptake capacity
of the system decreased drastically (Figure 3.3.A). The exception was the wheat
monoculture in 2015, when there was vegetation voluntary regrowth after the harvest

that resulted in net CO, uptake during the fallow period.
3.4.2 Grassland species interaction effects on seasonal NEE

The diversity-interaction model (Table 3.2) confirmed the influence of grassland species

on NEE already detected through the analysis of CO, exchange dynamics and budgets

(Section 3.4.1). The model estimates indicated less net CO, uptake in cereal
monocultures than in cereal-legume mixtures (Table 3.2, negative sign in the estimate
means uptake), again with a high variability within cereal monocultures. Barley was the
cereal monoculture with the lowest net uptake (-1.0 £ 0.3 ymol CO,; m2 s, t = -3.39,
p < 0.001, Table 3.2) and triticale was the cereal monoculture with the highest net uptake
among the monocultures (-1.6 £ 0.4 umol CO, m2 s™', t = -4.40, p < 0.001, Table 3.2).
Cereal-legume mixtures, however, showed significantly higher net CO, uptake rates
(oat x vetch =2.0 + 0.3 pmol CO, m™2 s™', t = =7.44, p < 0.001, Table 3.2) than all cereal
species in monoculture. The addition of triticale in the mixture did not have a significant

effect on NEE (Table 3.2).
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Table 3.2. Diversity-interaction model results. Net ecosystem exchange (NEE) as
function of air temperature (T.), net radiation (Rnet), vapour pressure deficit (VPD), and
species proportions: barley, triticale, wheat, oat and vetch (see grassland species
proportions in Figure 3.2). Model performed on weekly averaged values of all the
variables. Estimates (Est.) of the explanatory variables, standard error (SE), t and
p-value.

NEE (umol CO, m2 s™)

Est. SE t o]

T.(°C) 0.19 0.04 5.06 <0.001
Rnet (W m™2) -0.030 0.002 -12.61 <0.001
VPD (hPa) 0.17 0.05 3.56 <0.001
Barley (fraction) -1.0 0.3 -3.39 <0.001
Triticale (fraction) -1.6 04 -4.40 <0.001
Wheat (fraction) -1.5 0.3 -4.42 <0.001
Oat x vetch (fraction) -2.0 0.3 -7.44 <0.001
Triticale x oat x vetch (fraction) 1 2 0.58 0.6

R2agj 0.45 < 0.001

3.4.3 Grassland species influence on NEE4ay light response

All three light response parameters exhibited pronounced seasonality (Figure 3.6), as
result of phenological changes and management events. In addition, GPPsa: exhibited
slightly higher values during the growth of cereal-legume mixtures than of cereal
monocultures (Figure 3.7). Moreover, a and GPPs.: showed a different pattern between
cereal monocultures and cereal-legume mixtures (Figure 3.6 and Figure 3.7), resulting
from the different voluntary regrowth dynamics during the fallow, as described in
Section 3.4.1. Thus, GPPs; and a achieved the highest values previous to the harvest,
but when the grassland was a cereal-legume mixture both parameters significantly
increased again during the fallow period (Figure 3.7), due to the voluntary regrowth of
the vegetation (Figure 3.3.D).On the contrary, cereal monocultures did not show this a
or GPPs, increment during the fallow period (Figure 3.7), except during the fallow of the
wheat monoculture in year 2015 (Figure 3.6), in which there was vegetation voluntary

regrowth after the harvest (Figure 3.3.D).
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Figure 3.7. Light response parameters (Equation 3.4): (A) apparent initial quantum yield
(a); (B) asymptotic gross primary production (GPPsa); and (C) average daytime
ecosystem respiration (Reco,day) Mean + standard error, and Tukey post-hoc test per
forage type (C: cereal monoculture, CL: cereal-legume mixture) and period (crop and
fallow). Letters indicate significant differences among groups (p < 0.05). See ANOVAs
results in Table S3.3.
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3.4.4 Grassland species influence on Reco,night response to temperature

and soil water content

Reco,nignt modelling according to the equations proposed by Reichstein et al. (2002, our
Equations 3.5 — 3.7) presented a satisfactory fitting, with a R? that ranged from 0.19 to
0.75 between grassland seasons (Table 3.3). Moreover, Reco,night Was considerably driven
by Ts and SWC when assessing all grassland seasons together (Figure 3.8). The
activation energy (Eo) was significantly dependent on SWC (Eq~a+b-SWC, a = 76 £ 40
and b = 483 + 259 °C™", Table 3.3), indicating that temperature sensitivity was dependent
on SWC (Equation 3.6). Also, soil water content at which maximal Reco,nignt halves
(SWC+2) was significant (0.06 £ 0.01, Table 3.3), indicating that Reconight decreased to

half-maximum or lower at a SWC <6 +1%.

However, some estimates of the Reco,nignt response parameters were not significantly
different from zero (p = 0.05, see significant estimates in bold, Table 3.3); and when
assessing differences between forage types, nonsignificant estimates were not
considered for comparison. Yet, Eo of barley, in year 2011 (b = 3668 + 1645 °C™,
Table 3.3), and of wheat, in year 2015 (b = 850 + 627 °C™", Table 3.3), were significantly
dependent on SWC, both values being much higher than the average of all grassland

seasons (b = 483 + 259 °C™", Table 3.3).

Also, the reference ecosystem respiration (Reco,ref) Of triticale in year 2012, was also
significantly different from zero (4 + 2 ymol CO, m=2 s~', Table 3.3), exceeding Reco,ref Of
all grassland seasons (2.8 + 0.3 umol CO, m™2 s, Table 3.3). Finally, soil water content
below which Reco night vanishes (SWCo) and SWCy; had a significant influence on Ree in
the triticale, oat and vetch mixture (year 2013), the oat and vetch mixture (year 2014),
and in the wheat monoculture (year 2015, Table 3.3). Both cereal-legume mixtures (year
2013 and 2014), had a SWC;, that was very close to SWC, , indicating that SWC could

reach very low values before Reco,rer halved, although this SWC value was already very
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close to the limit at which Reco,rer vanishes (SWCy). On the contrary, during the wheat

monoculture of 2015, SWC,;, (0.08 + 0.03, Table 3.3) doubled SWC, (0.04 +0.03,
Table 3.3).

eco,night

(Mmol CO, m=2s™)

7
G
]
4
3 .
2 3
1
0.25
0.20 20 30
SWC 0.15 10
(fraction) 0.10 T.(°C)
0.05 0
B

Figure 3.8. Reo,nignt trend surface as a function of soil temperature (Ts) and soil water

content (SWC), by the -equations proposed by Reichstein et al. (2002,

Equations 3.5 — 3.7). Model performed on weekly averaged data of all the variables. The
grid shows the trend surface and dots are observed data.
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Table 3.3. Reco,night SOil temperature and soil water content response parameters by the equations proposed by Reichstein et al. (2002,
Equations 3.5 — 3.7): reference ecosystem respiration (Reco,rer); S0il water content below which Rec, ceases (SWCy ); soil water content at
which maximal Reco,nignthalves (SWCy,); and a and b parameters of the activation energy linear function (Eo=a + b - SWC). Model performed
on weekly averaged values of all the variables. Estimates (Est.) and standard error (SE) of the parameters. Estimates in bold are significantly
different from zero (p < 0.05).

2011 Barley 2012 Triticale 2°; :tT\';';'t‘é‘;‘]'e ZOJ:t;at’ 2015 Wheat | 2016 Barley 20‘:;31“’ grasAsIIIand

Parameters seasons

Est. SE Est. SE Est. SE Est. SE Est. SE Est. SE Est. SE | Est. SE

Zer::ifcoz m2 s1) 1 2 4 2 29 03 | 23 02 | 27 06 9 15 3 2 |28 03

SWC, (fraction) 0.3 0.6 0.01  0.02 | 0.048 0.005| 0.05 0.002 | 0.04 0.03 | 003 0.06 0 0.2 |0.01 0.01

SWC,, (fraction) 0.4 0.9 0.1 0.1 | 0.054 0.003 | 0.052 0.002 | 0.08 0.03 0 1 0.1  0.07 |0.06 0.01

a(°Cc™) -263 221 136 135 | 215 94 | 162 138 64 118 83 140 18 126 | 76 40

b (°C™) 3688 1645 506 1251 | —603 744 | 547 987 | 850 627 | -37 833 | 451 694 | 483 259
R2 0.59 0.61 0.49 0.69 0.75 0.36 0.19 0.35
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3.5 Discussion

Forage species drove CO, exchange responses consistently along the assessed years
and different environmental conditions in the studied sown grassland of the Eastern
Pyrenees. Cereal-legume mixtures had more negative NEE, during the whole grassland
season (Figure 3.4.A) and during the grassland growth (Figure 3.4.B) than cereal
monocultures. Also, cereal-legume mixtures had lower NEE inter-annual variability
(=363 g C m™2, year 2013, and -383 g C m™ year 2017, Section 3.4.1) than cereal
monocultures (ranging from —=70 to —226 g C m™2, Section 3.4.1), suggesting a consistent
diversity effect on NEE along different grassland mixtures and proportions of species in

the mixtures.

Moreover, the diversity-interaction model (Table 3.2) confirmed the capacity of
cereal-legume mixtures to take up more CO,, oat and vetch being the mixture with the
highest net CO, uptake (Table 3.2). The inclusion of legumes was key for promoting this
diversity effect, since the oat and vetch mixture had a significant effect on NEE, while the
triticale addition in the mixture did not significantly increase the net CO. uptake

(Table 3.2).

These results were in agreement with our first hypothesis: cereal-legume mixtures
enhancing the net CO, uptake in comparison to the studied cereal monocultures (barley,
wheat and triticale). Those differences on CO; fluxes between cereal-legume mixtures
and cereal monocultures could be explained by complementary and simultaneous
mechanisms related to management (Section 3.5.1); and ecophysiological responses,
including CO- uptake light response, and CO- respiration response to temperature and

soil water content (Section 3.5.2).
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3.5.1 Management associated with grassland species: influence on NEE

dynamics and NBP

Differences in harvesting time between cereal monocultures and cereal-legume mixtures
resulted in differences in vegetation voluntary regrowth and CO, dynamics. Cereal
monocultures were harvested once the yield was sufficiently dry, while cereal-legume
mixtures were harvested when the vegetation was still fresh for silage; the latter being a

conventional practice to improve forage nutritional value.

The earlier harvesting in cereal-legume mixtures favoured a higher voluntary regrowth
of vegetation during the fallow (Figure 3.3.D), which was decisive for the cumulative net
CO; uptake of the whole grassland season (Figure 3.3.A). Accordingly, the vegetation
could still regrow after a harvest in May or early June because the vegetation still is in
an earlier stage of phenological development. During that time of the season,
environmental conditions are also favourable for voluntary regrowth. On the contrary,
cereal monocultures remained in the field until they were sufficiently dry and had
completed their development cycle. This usually left no room for voluntary regrowth after
harvest (Figure 3.3.D) and hence no net CO; uptake during the fallow period
(Figure 3.3.A). Also, seeds that remain in the field after the harvest do not encounter the
environmental conditions required to germinate, since temperatures are too high and

SWC is too low (Figure 3.3).

On the other hand, all cereal-legume mixtures had a NBP that was negative during the
grassland growth (Figure 3.5), indicating that there was C input into the system during
that period. In this regard, it is worth estimating the optimum amount of biomass that can
be harvested and left in the field, in order to achieve the maximum NBP of the system,
without compromising the yield. Yet, our second hypothesis had to be rejected:
cereal-legume mixtures did not clearly increase NBP as compared to cereal

monocultures during the grassland growth, since some cereal monocultures (wheat, year
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2015, and barley, year 2016) had a similar NBP during the grassland growing
(Figure 3.5). However, we still are convinced that cereal-legume mixtures could have
shown an increase in NBP magnitude (more negative NBP) compared to cereal
monocultures, but if we had assessed the entire grassland season. The especially
pronounced voluntary regrowth of the vegetation during the fallow period during
cereal-legume mixture years (Figure 3.3.D), provided a profitable resource for livestock,
besides providing an important litter input into the system. This combined with a low
grazing intensity (= 0.91 LSU ha™) left an important part of the vegetation in the field,
thereby increasing NBP, and partly offsetting C losses due to the harvest. Thus, for future
studies we recommend to estimate C exports through grazing during the fallow period
(in addition to determining soil C content), to more accurately estimate C inputs and
exports, and consequently NBP during the whole grassland season in the studied sown

forage grassland.

Finally, legumes present in cereal-legume mixtures had higher crude protein, lower
neutral detergent fibre, and higher nitrogen content than all cereals (Table S3.1).
Accordingly, vegetation remaining in the field during the growing of cereal-legume
mixtures could also be increasing soil nitrogen. Soil nitrogen determination would also
be recommendable in further studies to fully assess the effect of grassland species on

soil fertility.
3.5.2 Grassland species influence on gross CO: uptake and respiration

From a mechanistic perspective cereal-legume mixtures had higher light use efficiency
than cereal monocultures, as indicated the higher values of GPPsa achieved during
grassland growth, and the a and GPPss rebound during the fallow (Figure 3.7).
Cereal-legume mixtures have been reported to increase CO. uptake, not only via the
increased photosynthesis of legumes (e.g. Reich et al., 2003, 1997), but also increasing
photosynthesis of the overall community via nitrogen transfer from the legume to the

cereal in the mixture (Kirwan et al., 2009; Mulder et al., 2002; Pirhofer-Walzl et al., 2012).
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On the other hand, Reco,night Was clearly driven by Ts and SWC (Albergel et al., 2010;
Davidson and Janssens, 2006; Yvon-Durocher et al., 2012), although it was limited at the
highest Ts and lowest SWC (Figure 3.8). In agreement, some authors have identified a
temperature threshold at which temperature sensitivity changes, decreasing respiration
(Carey et al., 2016; Hernandez and Picon-Cochard, 2016; Reichstein et al., 2002). This
change in respiration-temperature sensitivity has been explained by (a) changes in
microbial activity (Balser and Wixon, 2009), decreasing the heterotrophic component of
Reco; @and (b) by an indirect effect through limitations on GPP, resulting in limitations on
the autotrophic component of Reco; this particularly affected by the combination of high

temperatures with low SWC (Niu et al., 2012; Reichstein et al., 2002).

In our study, we did not partition Reco into autotrophic and heterotrophic respiration, but
this shift on the respiration-temperature at the highest temperatures and the lowest SWC
mostly happened after harvest (Figure 3.3), which irretrievably decreased GPP and
photosynthesis, and most likely lowered the autotrophic component of Reco (Larsen et

al., 2007).

Moreover, Reconight responded similarly to Ts and SWC in both cereal monocultures and
cereal-legumes mixtures, since differences in CO, respiration response to Ts and/or
SWC were not detected (inconsistent differences between response parameters: Reco,ref,
SWCo , SWCi2 and Eo; see Table 3.3). This may well be because although generally
legumes have higher autotrophic respiration rates, with both higher leaf (Li et al., 2016)
and root respiration rates (Warembourg et al., 2003) than cereals, and there is a strong
nitrogen content — respiration relationship (Reich et al., 2008); this increase in respiration
is largely driven by higher GPP and photosynthetic activity (Larsen et al., 2007). Thus,
although there had been differences in the autotrophic respiration resulting from
differences in photosynthetic rates, this does not necessarily mean that night-time fluxes
(Reco,nignt) Of cereal-legume mixtures had higher temperature and/or SWC sensitivity than

cereal monocultures. In addition, even if there had been differences between legume
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and cereal species in their Reconignt Sensitivity to Ts and SWC, this differences were not

noticeable at the community scale (Table 3.3).

Interestingly, this suggests that the increase in the CO, input favoured by the presence
of legumes in the community overcompensated CO, respiration losses. This is in
agreement with our third hypothesis, cereal-legume mixtures having more negative NEE
(Table 3.2) due to higher photosynthetic rates, but not higher respiration rates. Chen et
al. (2017) found a similar result, with legumes increasing gross CO, uptake (higher GPP),
but not enhancing CO, release, resulting in more negative NEE. Most likely, increased
total nitrogen availability, mediated by legumes, increased photosynthetic activity of the

overall community at a higher rate than respiration losses (Chen et al., 2017).

3.6 Conclusions

Based on the findings of seven years of continuous NEE measurements in a sown forage
grassland in the Pyrenees, we found strong evidence that cereal-legume mixtures
increased net CO, uptake compared to cereal monocultures. Management practices
associated with cereal-legume mixtures, particularly an earlier harvesting time, allowed
higher voluntary regrowth of the vegetation during the fallow period. This provided
additional feed for the livestock, and enhanced net CO, uptake during that period. Thus,

legumes mixed with a cereal were decisive for the net CO, budget of the whole grassland

season. Our results also highlighted the capability of cereal-legume mixtures to enhance
photosynthetic activity and gross CO: uptake, but without significantly increasing
respiration. This resulted in higher net CO, uptake of cereal-legume mixtures.
Cereal-legume mixtures provide important advantages to increase net CO, uptake
capacity of forage systems compared to cereal monocultures, while ensuring productivity

and forage quality.
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3.7 Supplementary material

Table S3.1. Forage quality indicators (mass-% of dry weight). Analysis performed in the
Department of Animal and Food Science, Universitat Autbnoma de Barcelona
(https://www.uab.cat/department/animal-food-science) according to standard methods:
Carbon (C) and nitrogen (N) content (Elemental Analyser EA1108, Carlo-Instruments,
Germany); crude protein (CP, according to Kjeldahl method N x 6.25, on a KjeltecTM
8400 analyser, FOSS, Denmark); neutral detergent fibre (NDF, Van Soest et al., 1991);
acid detergent fibre (ADF) and acid detergent lignin (ADL) according to Goering and
Soest (1970) on an ANKOM analyser (Ankom Thechnology, 2005). Mean + standard
error (SE). Not available (NA) data when there was not enough sample to perform the
corresponding analysis or there was only one sample.

Species
date Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE

Barley 01/07/2011 46.10 0.02 0.815 0.007 5.10 0.05 56.9 NA 325 NA 42 NA
Triticale  26/04/2012 455 05 246 0.01 1541 0.09 372 04 193 04 1.6 0.1

Oat 453 02 164 004 102 02 NA NA NA NA NA NA
Triicale  07/05/2013 450 01 140 005 87 03 488 NA 260 NA 18 NA
Vetch 452 02 318 006 199 04 351 02 252 02 540 0.02
Jnecale osers 466 01 097 002 61 01 55 1 299 08 26 O
Vetch 453 02 263 007 165 04 344 03 257 02 56 03

Barley 20/05/2016 46.2 04 1.200 0.003 7.50 0.02 466 NA 249 NA 20 NA
Barley 16/06/2016 45.79 0.07 1.061 0.002 6.63 0.01 46.1 NA 243 NA 24 NA

Table S3.2. CO, fluxes data coverage and data retained. Estimated over total potential
data (1 value every 30 minutes).

Year % Data % [?ata

coverage retained
2011 0.80 0.69
2012 0.93 0.81
2013 0.77 0.67
2014 0.64 0.56
2015 0.68 0.57
2016 0.62 0.53
2017 0.85 0.72
Average 0.76 0.65
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Table S3.3. Light response parameters (Equation 3.4): apparent initial quantum yield (a);
asymptotic gross primary production (GPPsa,); and average daytime ecosystem
respiration (Reco,day) ANOVASs as function of forage type and period. Forage type with
cereal monoculture as reference level, and period with growth as reference level.

a GPPsa Reco,day
(dimenssionless) | (umol CO, m™2s™") | (umol CO, m=2s™)
F p F p F p
Forage type 0.13 0.7 9.41 0.002 0.28 0.6
Period 26.60 <0.001 38.60 <0.001 7.78 0.005
Forage type x period 4.78 0.03 7.13 0.008 3.15 0.08
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Figure $3.1. Example (April of 2012) of observed net ecosystem exchange (NEE) data
(black dots) and their theoretically predicted NEE data by gap-filling (grey line), by the

sMDSGapfFill function (Reichstein et al., 2005).
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4.1 Abstract

Dehesas, also called holm oak meadows or oak savannahs, are the largest agroforestry
system in Europe, providing important goods and services. Traditional uses have shaped
dehesas into a matrix of trees and open grassland, driving carbon (C) and (N) cycling
among ecosystem compartments. However, little is known about how this tree — open
grassland structure may influence C and N dynamics, considering interactions between
soil, belowground biomass and plant functional types (PFT: forbs, grasses and legumes)
of the herbaceous layer, under different environments. Our study provides insight to this
regard, using C and N content and "*C and "N isotope ratios as a proxy. Results show
that changes in the tree — open grassland structure of dehesas will imply deep changes
in C and N storage and cycling. Soil C and N content were higher under the canopy than
in the open grassland. The higher soil N under the canopy, increased N content in shoots
and favoured discrimination against >N by roots. Generally, stomatal conductance and
discrimination against *C also increased under the canopy compared to the open
grassland, especially in forbs. Each PFT presented specific ecophysiological
characteristics, which interacted with the tree — open grassland structure shaping C and
N cycling and storage. The C content in the belowground biomass was higher under the
canopy than in the open grassland, which could be related with the PFT composition of
the herbaceous layer. Grasses had higher N content than forbs and lower 3N,
suggesting that grasses may be more efficient taking-up N, and/or exploiting symbiotic
N sources, fact that could represent an important competitive advantage. Differences
between under the canopy and the open grassland on C and N storage and cycling were
generally more pronounced with increasing environmental constrains, highlighting the
relevance of trees as drivers of ecosystem fertility, and C and N relationships, especially

in more constrained environments.

Key words: 5'3C, 5N, canopy, forbs, grasses, legumes.
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4.2 Introduction

Dehesas, also called holm oak meadows or oak savannahs, are semi-natural
savanna-like systems that result from the thinning of the Mediterranean forest, in which
an herbaceous layer and an arboreal canopy (mostly Quercus species) coexist. Dehesas
are one of the largest agroforestry systems in Europe (Eichhorn et al., 2006), covering
3.5 — 4 million ha, mostly along the South West of the Iberian Peninsula (Olea et al.,
2005), and are also present in other world regions with Mediterranean climate, mainly in
California (Gaman and Firman, 2006; Huntsinger et al., 2013; Maranén et al., 2009).
Also, Mediterranean savannas, with trees belonging to different taxonomic groups can
be found in South Africa, south-western Australia and central Chile (Maranén et al.,

2009).

Dehesas have traditionally provided a wide variety of goods and services, including
production of forage, acorns, timber and cork; being ecosystems of high cultural and
economic value. Such traditional uses have shaped dehesas into a matrix of trees and
open grassland, driving carbon (C) and (N) cycling, among ecosystem compartments.
However, tree coverage in dehesas is changing. Traditional uses are declining towards
intensive farming; plantations of fast-growing trees, mostly Eucalyptus and Pinus
species; shrub encroachment due to land abandonment; and there is a worrying lack of
tree regeneration (Costa et al., 2011; Costa Pérez et al., 2006), with the consequent

implications that this may have on ecosystem functioning.

Yet, little is known about how the tree — open grassland structure of dehesas may
influence C and N storage and cycling between different ecosystem compartments,
considering interactions among soil, above and belowground biomass. Besides, the fact
that the vegetation of the herbaceous layer of dehesas is highly diverse (Marafion, 1985)
increases the complexity in assessing C and N cycling. Indeed, most common plant
functional types (PFT) in grasslands, including grasses, non-legume forbs (hereafter
“forbs”) and legume forbs (hereafter “legumes”), have different N and light (and therefore
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CO,) use and acquisition strategies (Tilman 1997; Symstad 2000; Diaz et al., 2007;
Sebastia 2007), which may result in different responses to tree canopies in their C and

N content and cycling.

To this regard, "*C and '°N isotope ratios (3'3C and &'°N) can be used as a proxy to
assess C and N cycling, providing information about resource acquisition and processing
(Dawson et al., 2002; Ferrio et al., 2005; Kahmen and Buchmann, 2007). On one hand,
photosynthesis, net assimilation and stomatal conductance are directly linked to
discrimination against ®*C in Cs plants, increasing discrimination against *C with
increasing stomatal conductance (Farquhar et al., 1989). Variations in 8'°C are then
controlled by physiological and environmental factors (Farquhar et al., 1989, 1982) and
5'3C has been identified as a useful tool to assess CO, and water exchange relationships
(Ehleringer et al., 1990). Inter-species isotopic variability will be mainly genetically and
physiologically driven (Yang et al., 2015), while environmental factors, including soil
moisture (Korol et al., 1999), irradiance (Zimmerman and Ehleringer, 1990), temperature
(Welker et al., 1993) and atmospheric CO, concentration (Williams et al., 2001), among

others, will influence mainly intra-species isotopic variability.

Tree canopies influence directly light availability, and this in turn controls photosynthetic
activity and C cycling (Bonafini et al., 2013). Light reduction below the canopy increases
stomatal conductance, making possible more discrimination against '*C and generating
organic matter *C depleted (more negative 5'*C values). Several authors have reported
variations in the 8'3C of leaves related to their position in the canopy, being leaves in the
lower parts of the canopy or in the understory more '*C depleted than in the upper parts
(Bonafini et al., 2013; Buchmann et al., 1997; Della Coletta et al., 2009; van der Merwe

and Medina, 1991).

In addition, 8'*C provides also the opportunity to assess carbon-water relationships using
intrinsic water use efficiency (WUE) as indicator. iWUE is defined as the ratio of C

assimilated per water transpired over a period of time, and can be approximated as the
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relationship between '3C isotope discrimination (A'C) during photosynthesis and
atmospheric and sub-stomatal CO, partial pressures ratio (Ci/Ca, Farquhar and Richards
1984). Accordingly, iWUE differences, resulting from differences in the C use, between
trees and PFT (forbs, grasses and legumes), and between under the canopy vs. the

open grassland, are also expected.

On the other hand, &N in the above and belowground biomass will depend mostly on
the type and amount of N sources and N cycling steps (Dawson et al., 2002; Robinson,
2001). At high N availability, denitrification and leaching of inorganic N forms will usually
discriminate against >N, and the remaining source will be more "°N enriched, while the
biomass exploiting the N source will be >N depleted (Yoneyama et al., 2001). On the
contrary, at limiting N conditions, there will be very low N discrimination and the
exploiting biomass will have a 8'°N similar to the source (Evans et al., 1996). Also, at low
N availability, plants will be more dependent on symbiotic N fixed from atmospheric N-

by bacteria (Evans, 2001; Santi et al., 2013).

To this regard, legumes naturally form symbiotic No-fixing associations, and therefore
legume tissues have a 8'°N close to atmospheric N2 (atmospheric N2 has by definition a
0N of 0%, Evans 2001; Robinson 2001). Neighbouring non-legume plants that are
exploiting symbiotic N will be more >N depleted than plants exploiting a non-symbiotic
N source (Pirhofer-Walzl et al., 2012). Such N transfer from legumes to neighbouring
non-legume species has been explained through several mechanisms, including
decomposition of legume root tissues, exudation of soluble N compounds, and transfer

of N mediated by plant-associated mycorrhizae (Thilakarathna et al., 2016).

Accordingly, in dehesa ecosystems the environment generated by trees, with specific
conditions of light and water, will modify CO, and water exchange fluxes, affecting °C
discrimination processes and iIWUE. Also, trees will regulate nutrient availability and
cycling, influencing N sources, and affecting "°N discrimination processes. However,

there are no studies conducted in dehesas assessing specifically how this tree — open
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grassland structure may influence C and N cycling among the different ecosystem
compartments, using C and N content, and 3'3C and &'°N as a proxy. Moreover, little is
known about the effect of different environmental conditions and tree species on those
variables. For these reasons, in the present study we aim to: (1) assess differences
among ecosystem compartments in the C and N content and cycling, considering
separately tree leaves, PFT of the herbaceous layer (forbs, grasses and legumes), litter,
faeces, belowground biomass (BGB) and soil; and (2) assess the influence of plots under
(a) different environmental conditions and (b) dominated by different tree canopies
(Quercus ilex L., Quercus suber L. and Pinus pinea L. or by a combination of Q. ilex and

Q. suber) on the C and N content and cycling of those ecosystem compartments.

4.3 Material and methods

4.3.1 Study sites and sampling design

Field work was carried out in the spring (05/04/2016 — 10/04/2016), coinciding with the
most productive moment of the system. The study sites were distributed in two locations
in the South West of the Iberian Peninsula: Dofiana Natural Park (37° 15' 34" N,
6° 19' 55" W) and Sierra Morena mountains (37° 39' 50" N, 5° 56' 20" W). The location
of Doflana (DN) is at 30 m a. s. |. and is grazed by goat and cattle, with a livestock density
of 0.40 livestock units (LSU) ha™'. The Sierra Morena (SM) location is situated at
296 m a. s. |, and is grazed by cattle, at a livestock density of 0.36 LSU ha™, and by
Iberian pigs, whose livestock density varies depending on the acorns production of the
year, but with a maximum density of 1.25 pigs ha™'. Although grazer animals were
different between locations, grazing intensity was very similar (DN 0.40 and

SM 0.36 LSU ha™), and both can be considered as extensive farming.

Both locations have a Mediterranean climate regime with warm, dry summers, and mild

winters (Peel et al., 2007). Mean annual temperature in DN is 18.1 °C and in SM 16.8 °C,
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and mean annual precipitation in DN is 543 mm and in SM is 648 mm; being SM slightly

fresher and wetter than DN.

Grassland in both locations is dominated by herbaceous annual species, including
grasses (Bromus hordeaceus L., Lolium perenne L.), forbs (Erodium moschatum L.,
Chamamelum mixtum L.) and legumes (Trifolium subterraneum L., Ornithopus sativus

Brot. Medicago doliata Car.), among others.

Study plots were selected according to their tree composition, with representative canopy
types of Iberian dehesas (Costa Pérez et al., 2006): one plot in the SM location, pure
Q. ilex stand (SM-ilex); and three plots in the DN location, one pure Q. suber stand
(DN-suber); one Q. ilex and Q. suber mixed stand (DN-mixed); and one pure P. pinea
stand (DN-pinea), the latter being a common tree plantation replacing traditional stands.

To characterize soil properties of the study plots, soil samples were taken and analysed

by the agronomy service of the Seville University (https://etsia.us.es/), according to

standard methods (Table 4.1).

Table 4.1. Soil characteristics per plot and depth. Soil analysis performed at the
Agronomy Service of the Seville University (https://etsia.us.es/), according to standard
methods: pH (Porta Casanellas et al., 1986), organic C (Walkley and Black, 1934), total
N (Elemental analyser CNS-Trumac, LECO Corporation, MI, USA) and texture (Gee and
Bauder, 1986).

Plot SM-ilex DN-mixed DN-suber DN-pinea
Depth (cm) 0—40 40-80 0-30 30-60 0-30 30-60 0-30 30-60
pH 6.7 7.2 7.9 7.8 7.5 7.8 7.0 7.4
Organic C (%) 0.80 0.30 0.32 0.34 0.60 0.02 1.52 0.51
Total N (%) 0.85 0.60 0.15 0.04 0.06 0.05 0.20 0.11
Clay (%) 18 30 10 11 13 4 16 16
Silt (%) 29 28 25 15 18 9 22 21
Sand (%) 54 42 65 74 69 87 62 63
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Texture in the SM-ilex plot varied from sandy clay loam (0 — 40 cm depth) to clay
(40 — 80 cm depth). All DN soils had a sandy clay loam texture, except the 30 — 60 cm
layer of the DN-suber plot, which was sandy loam. The SM-ilex plot had a slightly acid
pH and DN plots had a neutral-basic pH. Organic C was very low in all the plots, although
the value in the first 30 cm of the DN-pinea plot doubled the average. Finally, total N was

in general quite low, except in the SM-ilex plot (Table 4.1).

Study treatments were therefore established according to: plot (SM-ilex, DN-mixed,
DN-suber and DN-pinea) and canopy (open grassland, OG, and under the canopy, UC).
Trees of the UC treatment were selected with a similar size (see average cross section
at breast height of selected trees, Table S4.1). Also, sampling points of the UC treatment
were always placed at 1 m distance from the selected tree trunk and sampling points of
the OG treatment were placed at a minimal distance of 3 m from the selected tree, clearly
outside the canopy influence. Sampling points were systematically placed following the

north orientation respect to the tree trunks.

At each treatment level we sampled 4 replicates, resulting in 40 sampling points. In the
DN-mixed plot we discriminated between both Quercus species (Q. suber and Q. ilex) to
stablish sampling points. However, we performed preliminary comparative analysis in the
DN-mixed plot on environmental and vegetation characteristics under the canopy of both
Quercus species and relevant differences between Quercus species were not found.
DN-mixed results are then always presented combining both tree species. At each
sampling point we sampled aboveground biomass (Section 4.3.2), belowground biomass
and soil (Section 4.3.3). In addition, microclimatic sampling conditions
(photosynthetically active radiation and soil water content) per plot and under the
canopy vs. the open grassland were extracted from Section 5.4.1, and used to interpret

and discuss our results.
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4.3.2 Aboveground biomass sampling

At each sampling point we sampled tree leaves, litter (dead leaves detached from the
plant and on the soil surface), and main species of each PFT, including forbs:
Calendula arvensis L., Chamamelum mixtum L, Crepis capillaris L.,
Erodium moschatum L., Geranium molle L.; grasses: Bromus hordeaceusL. and
legumes: Ornithopus sativus Brot. and Trifolium subterraneum L. In addition, to
characterize the herbaceous layer composition, in terms of PFT proportions, we
extracted this information from Section 5.4.2 (summarized in Figure S4.1), and used it to

interpret and discuss our results.
4.3.3 Belowground biomass, soil and faeces sampling

Two soil cores of 9 cm? surface and 0 — 10 cm depth were extracted at each sampling
point. In the laboratory, one of the cores was washed and filtered with a 0.2 mm pore
size strainer to obtain belowground biomass (BGB). The second core was used for soil
analysis. In addition, we collected 2 samples of faeces in the SM location and 3 samples

of faeces in the DN location, mainly in order to characterize N sources.
4.3.4 C and N content and isotopic ratio determination

All collected samples (tree leaves, PFT of the herbaceous layer — forbs, grasses and
legumes —, litter, faeces, BGB and soil) were oven dried at 60°C until constant weigh.
Tree leaves, litter, and main species of each PFT (Section 4.3.2) were pooled in one
sample per treatment (4 replicates each), only using leaves. Afterwards, all collected

samples were powdered and tin capsuled.

For determining C content and &'C in all our samples, except in the soil, we used
glutamic acid and acetanilide as standards, both calibrated using glutamic acid from
IAEA, USGS40. For determining the percentage of N and &'°N an additional standard
was also used (N1), calibrated using IAEA-N1. Samples were prepared in the Institut de

Biologie des Plantes (http://www.ips2.u-psud.fr). Afterwards, samples were analysed in
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the Isolab of the Grassland Sciences group at ETH Zurich (http://www.gl.ethz.ch/), with

a Flash EA 1112 Series elemental analyser (Finnigan MAT, Bremen, Germany), coupled
to a DeltaplusXP isotope ratio mass spectrometer (Finnigan MAT, Bremen, Germany) via

a 6-port valve (Brooks et al., 2003) and a ConFlo Il interface (Werner et al., 1999).

For determining C content and &"C in the soil, we used acetanilide and caffeine as
standards, both calibrated using glutamic acid from IAEA, USGS40, and NBS-22. In
determining the percentage of N and &'SN tyrosine was also used as standard, this
calibrated using IAEA-N4. Soil samples were prepared and analysed in the Isolab of the

Grassland Sciences group at ETH Zurich, as described before.

Isotopic ratios (8'°C and 3'°N) were both calculated as deviation of the corresponding
isotope ratio (R = ¥C/™2C or R = ®N/'*N) from their respective international standard
(8 = [(Rsample / Rstandara) — 1] x 1000), Vienna Pee Dee Belemnite, for §'3C and air N for

O"N.
4.3.5 Intrinsic water use efficiency calculation

In order to estimate the IWUE of tree leaves and PFT (forbs, grasses and legumes) per
plot and under the canopy vs. the open grassland, we calculated *C discrimination
(Equation 4.1, AC, Farquhar et al., 1989), which was then used to account for the
atmospheric and sub-stomatal CO, partial pressures ratio (C/C.), using the simplified

model of Cz photosynthetic isotope discrimination (Equation 4.2, Farquhar et al., 1982).

(813 Ca_813cp)
813Cp)
1000

A3¢c =
1+(

(Equation 4.1)
A3C =a+ (b-a) %

(Equation 4.2)
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Here 8'3C, and &'3C, (Equation 4.1) are the 8'C in air CO, (-8 %o) and plant materials,
respectively; a is the fractionation during binary diffusion in air (4.4 %o); and b is a slightly
reduced value of the fractionation during carboxylation in Cs plants, to account for effect
of neglected terms in the simplified model of C; photosynthetic isotope discrimination
(28 %o, Brugnoli and Farquhar 2000).The relationship A'*C ~ Ci/Ca can be used as an

indicative of the IWUE (Farquhar and Richards, 1984).
4.3.6 Data analysis

All data analyses were performed using R software (R core Team, 2015). To assess C
and N content and isotopic ratios (3'C, &'°N) differences among ecosystem
compartments (tree leaves, forbs, grasses, legumes, litter, faeces, BGB and soil), we
performed one way ANOVAs, and tukey post-hoc tests, using the HSD.test function of

the agricolae package (Mendiburu, 2017).

Also, we run linear models on C and N content and isotopic ratios (5'3C, 8'°N) of each
ecosystem compartment as function of plot (SM-ilex, DN-mixed, DN-suber, DN-pinea)
and canopy (OG, UC). Final models were selected by a stepwise procedure based on
the Akaike information criterion (AIC) using the stepAIC function, MASS package
(Venables and Ripley 2002). Only significant models (p < 0.05) are presented and
discussed, showing the most explicative and parsimonious one. Relationships between
C and N dynamics within or between ecosystem compartments are also presented

(Section 4.4.6) and discussed when applicable.

109



4.4 Results

Ecosystem compartments
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Figure 4.1. (A) C content, (B) 8'°C, (C) N content, and (D) &'°N, per ecosystem
compartments, including tree leaves; forbs, F; grasses, G; legumes, L; litter; faeces;
belowground biomass, BGB; and soil. Mean % standard error, and Tukey post-hoc test
among ecosystem compartments. Letters indicate significant differences among groups
(p < 0.05).

4.4.1 Carbon content

C content presented important differences among ecosystem compartments
(Figure 4.1.A). Tree leaves and litter were the ecosystem compartments with the highest
C content and soil the ecosystem compartment with the lowest C content (Figure 4.1.A).
Moreover, there was a canopy effect on the C content, dependent on the ecosystem
compartment and plot (Figure 4.2). C content in the BGB of all DN plots was higher than
in the SM-ilex plot (Figure 4.2.F), especially in the DN-suber (canopy x DN-suber effect,
t=2.04, p = 0.05, Table 4.2) and DN-pinea (canopy x DN-pinea effect, t = 4.07,
p < 0.001, Table 4.2) plots. On the other hand, C content in the BGB was higher under
the canopy than in the open grassland (Figure 4.2.F), except under P. pinea canopy
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(DN-pinea x canopy effect, t = -2.23, p < 0.003, Table 4.2), in which the C content in the

BGB decreased under the canopy compared to the open grassland (Figure 4.2.F).

Soil C content showed differences among plots (Figure 4.2.G). DN-mixed (t = —2.65,

p = 0.01, Table 4.2) and DN-pinea (t = -1.73, p = 0.09, Table 4.2) were the plots with the

lowest soil C content, especially in the open grassland. In addition, soil C content was

consistently higher under the canopy than in the open grassland in all the study plots

(canopy effect, t = 6.20, p < 0.001, Table 4.2).
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Figure 4.2. C content per ecosystem compartment, plot and canopy: open grassland
(OG) and under the canopy (UC) on: (A) tree leaves; (B) litter; (C) forbs; (D) grasses; (E)
legumes; (F) belowground biomass, BGB; and (G) soil. Mean * standard error.
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Table 4.2. Linear model results. C content in belowground biomass (BGB) and soil, as
function of plot and canopy. Plot with SM-ilex as reference level, and canopy with open
grassland (OG) as reference level. Estimates of the explanatory variables (Est.),
standard error (SE), t and p-value.

C content (%)

BGB Soil
Est. SE t p Est. SE t p

(Intercept) 30 1 2012 <0.001 | 21 04 573  <0.001
Plot (DN-mixed) 2 2 1.03 0.3 -11 04 -265 0.01
Plot (DN-suber) 4 2 204 0.05 -0.2 05 -043 0.7
Plot (DN-pinea) 9 2 407 <0.001| -08 05 -1.73 0.09
Canopy 4 3 137 0.2 1.8 0.3 6.20 <0.001
Plot (DN-mixed) x canopy 2 3 055 0.6

Plot (DN-suber) x canopy -1 3 -0.25 0.8

Plot (DN-pinea) x canopy -8 3 -2.23 0.03

R2aqj 0.41 0.001 0.53 < 0.001

4.4.2 '3Carbon isotopic ratio

O"3C differed among ecosystem compartments (Figure 4.1.B). Soil was the most °C
enriched ecosystem compartment, and legumes and tree leaves the most '*C depleted
(Figure 4.1.B). Also, there was an overall tendency in the herbaceous vegetation to be
more *C depleted under the canopy than in the open grassland (Figure 4.3), but this

effect was dependent on the given PFT and plot (Figure 4.3).

Forbs (Figure 4.3.C) were in general more *C depleted in the DN-mixed plot than in the
other plots (DN-mixed effect, t = -2.34, p = 0 0.02, Table 4.3). Moreover, forbs were more
3C depleted under the canopy than in the open grassland (canopy effect, t = =3.72,
p < 0.001, Table 4.3), but this canopy effect was especially marked in all DN plots
(DN plots effects, Table 4.3), while such effect was not noticeable in the SM-ilex plot
(Figure 4.3.C). Grasses (Figure 4.3.D) were also more *C depleted under the canopy
than in the open grassland (canopy effect, t = -=3.12, p = 0.01, Table 4.3), except in the
DN-mixed plot, where this '*C depleatment under the canopy was not noticeable

(DN-mixed x canopy effect, p = 3.40, t = 0.006, Table 4.3).
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Finally, legumes (Figure 4.3.E) in general presented the opposite canopy effect than

forbs and grasses on &'*C, since legumes tended to be more *C enriched under the

canopy than in the open grassland; this'*C enrichment under the canopy was only

significant in the DN-suber plot (DN-suber x canopy effect, t = 2.32, p = 0.03, Table 4.3).

The exception were the legumes in the DN-mixed plot, which were more *C depleted

under the canopy than in the open grassland (DN-mixed x canopy, effect t = -2.10,

p = 0.04, Table 4.3).
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Figure 4.3. 5'3C per ecosystem compartment, plot and canopy: open grassland (OG)
and under the canopy (UC) on: (A) tree leaves; (B) litter; (C) forbs; (D) grasses; (E)
legumes; (F) belowground biomass, BGB; and (G) soil. Mean * standard error.
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Table 4.3. Linear model results. 8'3C in forbs, grasses and legumes, as function of plot
and canopy. Plot with SM-ilex as reference level, and canopy with open grassland (OG)
as reference level. Estimates of the explanatory variables (Est.), standard error (SE), t

and p-value.
5'3C (%o)
Forbs Grasses Legumes
Est. SE t o] Est. SE t p Est. SE t o]

(Intercept) -282 0.2 -154.92 <0.001|-26.5 05 -49.44 <0.001|-29.9 0.2 -125.36 < 0.001
Plot 05 02 -234 002 |-21 06 -349 0005 | -02 03 -058 0.6
(DN-mixed)
Plot 02 02 -079 04 |-15 07 -236 004 | 08 03 280  0.009
(DN-suber)
Plot

. 04 02 -169 009 |-09 07 -137 02 | -04 03 -137 02
(DN-pinea)
Canopy -05 041 -372 <0001|-20 07 -312 001 | 03 03 083 0.4
DN-mixed 26 08 340 0006 | -0.8 04 -210 0.04
X canopy
DN-suber x 16 08 194 008 | 09 04 232 003
canopy
DN-pinea x 11 08 128 02 | 04 04 106 03
canopy
R2uq; 0.15 <0.001 | 0.39 0.07 | 0.84 < 0.001

When assessing 8'C of dominant species of each PFT (Figure 4.4), differences in the

0"3C already detected among forbs, grasses and legumes (Figure 4.1.B) were confirmed.

Legume species, including O. sativus and T. subterraneum and all forbs, including

C. arvensis, C. mixtum, E. moschatum, G. molle and C. capillaris, were more C

depleted than grass species (B. hordeaceus, see species estimates on Table S4.2). The

canopy effect was confirmed over most of the species (Figure 4.4), species under the

canopy being more "*C depleted than in the open grassland (canopy effect, t = -3.41,

p <0.001, Table S4.2).
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Figure 4.4. 3°C of dominant plant species of each plant functional type: grasses
(B. hordeaceus), forbs (C. arvensis, C. mixtum, C. capillaris, E. moschatum, G. molle),
and legumes (O. sativus, T. subterraneum), per plot and canopy: open grassland (OG)
and under the canopy (UC). Mean * standard error.

4.4.3 Intrinsic water use efficiency

Grasses had the lowest 3C discrimination (A'*C) and the lowest atmospheric and
sub-stomatal CO, partial pressures ratio (C/C.), meaning that they had the highest

IWUE, followed by forbs, legumes and tree leaves (Figure 4.5.A).

Generally, vegetation under the canopy presented higher A*C and C/C,thanin the open
grassland, meaning that vegetation under the canopy had lower iWUE than in the open
grassland (Figure 4.5.A). However, when assessing each PFT per plot, there were some
differences in the way that the canopy influenced the iIWUE of each PFT, similarly to what
happened with the 8'3C. The iIWUE of forbs in all DN plots was lower under the canopy
than in the open grassland, while forbs in the SM-ilex plot did not show this pattern
(Figure 4.5.B). IWUE of grasses in all plots was lower under the canopy than in the open
grassland, except in the DN-mixed plot, where grasses under the canopy had higher
IWUE than in the open grassland. Finally, legumes generally presented the reverse

pattern, with an iWUE under the canopy higher than in the open grassland (Figure 4.5.B).
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Figure 4.5. Intrinsic water use efficiency (IWUE) = A'*C ~ Ci/Ca per (A) ecosystem
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ecosystem compartment, plot and canopy. Mean + standard error.
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4.4.4 Nitrogen content

N content also strongly differed among ecosystem compartments (Figure 4.1.C).
Legumes were the ecosystem compartment with the highest N content, followed by
grasses and forbs, grasses always having a higher N content than forbs (Figure 4.6.A).
On the contrary, tree leaves, litter, BGB and soil were the ecosystem compartments with
the lowest N content (Figure 4.1.C). Note that as the N content in the litter was below
detection limit (Figure 4.1.C), plot or canopy effects on N content and &'N of litter are

not further shown or discussed.

Moreover, the N content was also influenced by the tree canopy, depending on the
ecosystem compartment and plot (Figure 4.7). Forbs (Figure 4.7.B) in the open
grassland of all DN pots had lower N content than forbs in the SM-ilex plot (see DN plot
effects, Table 4.4), but their N content strongly increased under the canopy (see DN plots
x canopy effects, Table 4.4). Legumes (Figure 4.7.D) also had generally higher N content
under the canopy than in the open grassland (canopy effect, t = 3.10, p =0.04,

Table 4.4), except in the SM-ilex plot.

N content in BGB showed a tendency to increase under the canopy compared to the
open grassland (Figure 4.7.E), although there was not a significant canopy effect. Soil N
content (Figure 4.7.F) was consistently higher under the canopy than in the open

grassland in all the study plots (canopy effect, t = 5.39, p < 0.001, Table 4.4).
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Table 4.4. Linear model results. N content in forbs, legumes and soil as function of plot
and canopy. Plot with SM-ilex as reference level, and canopy with open grassland (OG)
as reference level. Estimates of the explanatory variables (Est.), standard error (SE), t
and p-value.

N content (%)

Forbs Legumes Soil

Est. SE t P Est. SE t p Est. SE t o]
(Intercept) 22 02 1070 <0.001 | 40 03 13.28 <0.001 | 0.18 0.03 6.77 <0.001
Plot (DN-mixed) -0.8 0.2 -3.14 0.002 |-1.0 0.3 -3.21 0.003 |-0.10 0.03 -3.31 0.002
Plot (DN-suber) -0.9 0.3 -3.43 <0.001 |-0.7 03 -198 0.06 |-0.02 0.03 -0.68 05
Plot (DN-pinea) -0.6 0.3 -233 002 |-08 03 -226 0.03 |-0.09 0.03 -2.63 0.01
Canopy 0.0 03 017 0.9 06 02 310 0.004 | 011 0.02 539 <0.001
Plot (DN-mixed)
X canopy 09 03 248 0.01
Plot (DN-suber)
X canopy 04 04 1.07 0.3
Plot (DN-pinea)
X canopy 09 04 224 0.03
R?aqj 0.34 <0.001 |0.29 0.004 | 0.51 < 0.001

4.4.5 "SNitrogen isotopic ratio

As expected, an overall assessment of N sources by the 3N (Figure 4.1.D), including
faeces, confirmed clear differences in the &'N among ecosystems compartments,
faeces being the ecosystem compartment most '*N enriched, followed by soil. On the
contrary, legumes were the ecosystem compartment most N depleted (Figure 4.1.D).
When comparing 8'°N of forbs and grasses per plot and canopy, grasses were more >N
depleted than forbs, with a 8'°N closer to 0 (except in SM-ilex OG and DN-mixed UC,

Figure 4.6.B).

The canopy influence on 5'°N was only clearly consistent on BGB (Figure 4.8.E), as BGB
was more '"N depleted under the canopy than in the open grassland

(canopy effect = -0.9 £ 0.3, t = =3.26, p = 0.002, R%xqj = 0.21).
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Figure 4.8. 5'°N per ecosystem compartment, plot and canopy: open grassland (OG)
and under the canopy (UC) in: (A) tree leaves; (B) forbs; (C) grasses; (D) legumes; (E)
belowground biomass, BGB; and (F) soil. Mean * standard error.

When assessing the 8'°N per species (Figure 4.9), differences in 8'°N already detected
among PFT were confirmed. Legume species, O. sativus and T. subterraneum, were the
most SN depleted, followed by grass species and forbs (see species estimates on
Table S4.3). In addition, two forb species were consistently more ®N depleted under the
canopy than in the open grassland: C. arvensis (C. arvensis x canopy effect, t = -2.98,
p = 0.003, Table S4.3) and C. mixtum (C. mixtum x canopy effect, t = -4.31, p < 0.001,
Table S4.3), but the canopy effect on &'°N of the other species was plot dependent

(Table S4.3).
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Figure 4.9. 35N of dominant plant species of each plant functional type: grasses
(B. hordeaceus), forbs (C. arvensis, C. mixtum, C. capillaris, E. moschatum, G. molle),
and legumes (O. sativus, T. subterraneum), per plot and canopy: open grassland (OG)
and under the canopy (UC). Mean * standard error.
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4.4.6 Carbon and nitrogen relationships

Soil C was directly related to soil N (Figure 4.10.A). At plot scale, C content in the BGB
decreased as soil N content increased (Figure 4.10.B). Also, 8'°N in the BGB decreased

with increasing soil N content (Figure 4.10.C).
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Figure 4.10. (A) Soil C ~ soil N relationship, (B) belowground biomass (BGB) C
content ~ soil N content relationship, and (C) BGB &'°N ~ soil N content relationship, per

plot (® SM-ilex, m DN-mixed, ¥ DN-suber, A DN-pinea) and canopy (open dots indicate
open grassland, solid dots indicate under the canopy). Mean * standard error.
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45 Discussion

4.5.1 Tree — open grassland structure influence on carbon dynamics

Ecosystem compartments behaved differently in terms of C content and &'3C, indicating
differences in the C use and cycling. Tree leaves and litter had the highest C content,
and similar C content (Figure 4.1.A) and &3C (Figure 4.1.B) values between each other,
suggesting that most of the litter sampled under the canopy came effectively from tree
leaves. However, litter was on average slightly more *C-enriched. Microbial respiration
tends to discriminate against '*C, emitting CO, depleted in '*C, enriching the remaining
C source in the process (Santruckova et al., 2000). This fact was also noticeable in the
soil, which showed the most enriched C values (Figure 4.1.B), most likely as a
consequence of such *C enrichment of the remaining organic matter through microbial

respiration (Santruckova et al., 2000).

In addition, litter from the tree species of this study (Q. ilex, Q. suber, P. pinea) was
probably more recalcitrant than litter from the herbaceous species, resulting in a slower
C cycling in the soil under the canopy, increasing soil C stocks (Gémez-Rey et al., 2013).
This would explain the higher soil C content under the canopy compared to the open
grassland (Figure 4.2.G). Also, the fact that soil C was directly related to soil N
(Figure 4.10.A), and the relatively similar 8'*C values of soil and above and belowground
biomass (Figure 4.1.B), suggested that soil C came effectively from an organic source,
trees probably being main sources of soil C spatial heterogeneity (Andivia et al., 2015;

Gomez-Rey et al., 2013; Howlett et al., 2011; Pulido-Fernandez et al., 2013).

BGB was naturally a mixture of herb and tree roots, as probably indicated the observed
0"3C (Figure 4.1.B). Thus, 8"*C of BGB was in between the 5'3C of tree leaves and the
herbaceous vegetation (forbs, grasses and legumes, Figure 4.1.B), value that could be
the result of differences during opposite dark respiration between trees and herbs

(Ghashghaie and Badeck, 2014). Leaves tend to be more *C depleted than roots due
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to several discrimination steps, including CO; leaf assimilation and respiration, and C
distribution and storage in the various plant organs (Aljazairi et al., 2014; Aranjuelo et al.,
2009). On the other hand, roots of Cs herbs (most of the species of our plots) respire
enriched CO, compared to root's biomass during dark respiration, while C3 woody
species, such as the trees of our study (Q. ilex, Q. suber and P. pinea), respire depleted
CO, during the same process (Ghashghaie and Badeck, 2014). Hence, dark respiration
generates '*C depleted roots of Cs herbs and *C enriched roots of C3 woody species
(Ghashghaie and Badeck, 2014), fact that could explain the 3C signal that we observed

in our BGB (Figure 4.1.B), a mixture of herb and tree roots.

Moreover, the C content of BGB showed differences among plots, which were probably
related to differences in soil fertility, at least in terms of soil N content (Figure 4.10.B).
Generally, plants allocate C in shoots and roots to optimize resource acquisition and
conservation, and the tendency is to relatively allocate higher C where is needed to get
the limiting resource (Agren and Ingestad, 1987; Gargallo-Garriga et al., 2014). Plants
tend to relatively allocate more C to shoots under light constraints (Brouwer, 1983;
Hilbert and Reynolds, 1991), and to roots under water or nutrient limitations (Agren
and Franklin, 2003; Aljazairi et al., 2015; Durand et al., 2016; Pausch and Kuzyakov,
2018; Xia et al., 2017). Hence, there was a tendency to decrease the C content in BGB
with increasing soil N (Figure 4.10.B), according to this resource acquisition optimization

principle.

However, when assessing the intra-plot heterogeneity driven by tree canopies on the C
content of BGB, this pattern to optimize resource acquisition was not fulfilled. Under the
canopy there were light constrains, higher soil water content (Figure 5.1) and higher
soil N content (Figure 4.7.F), conditions that should have promoted relatively lower C
content in BGB under the canopy compared to the open grassland, but yet BGB had
generally higher C content under the canopy (Figure 4.2.F). The exception was the BGB

in the DN-pinea plot, where there was lower C content in BGB under the canopy
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compared to the open grassland (Figure 4.2.F); which could be related to the lowest

soil N content found in the open grassland of the DN-pinea plot (Figure 4.7.F).

Conversely, the higher C content that we found in the BGB under the canopy
compared to the open grassland in the other plots (SM-ilex, DN-mixed and DN-suber,
Figure 4.2.E), was probably related to differences in root C allocation between
grassland species. Root C allocation varies depending on life forms, PFT and plant
species (Warembourg et al.,, 2003). Annual species tend to lose more C through
respiration and exudation, and have lower C use efficiency than perennial species
(Warembourg and Estelrich 2001). Moreover, forbs store more C in roots than grasses
and legumes, and legumes have higher root respiration rates and lower C storage in

roots than forbs and grasses (Warembourg et al., 2003).

In our systems, most of the species were annuals, but certainly there were differences
in PFT composition between under the canopy and the open grassland (Figure S4.1).
Legumes mostly appeared in the open grassland, while grasses were dominant under
the canopy (Figure S4.1). Therefore, BGB in the open grassland could contain a greater
amount of legumes’ roots in the composition, which could be lowering the overall C
content of BGB in the open grassland compared to under the canopy (Figure 4.2.F).
Also, although BGB was sampled at a superficial depth (0 - 10 cm), BGB under the
canopy could contain a greater amount of fine tree roots than in the open grassland,

which could be influencing the overall C content in the BGB.

Regarding the herbaceous vegetation, grasses were the PFT most '*C enriched
(Figure 4.1.B), meaning that they had also the highest intrinsic water use efficiency
(WUE, Figure 4.5.A); while legumes were the most '*C depleted (Figure 4.1.B), and had
the lowest iIWUE (Figure 4.5.A). In agreement, Caldeira et al. (2001) found a similar
pattern, legume species having the most negative 5'3C, followed by forbs and grasses,

grown both in monocultures and in mixtures (Caldeira et al., 2001). Also, Roumet et al.

125



(2000) found higher stomatal conductance and lower iWUE in legumes compared to

grasses (Roumet et al., 2000).

This 8'3C difference among PFT has been related to leaf N content (Li et al., 2016). A
higher leaf N content, as is the case of legumes compared to grasses and forbs
(Figure 4.1.C), generally implies lower leaf mass/area ratio and lower thicknesses. Those
traits mean a shorter internal diffusion pathway from stomata to chloroplasts, generating
greater CO, conductance and consequently greater CO, supply for carboxylation (Li et
al., 2016). The greater CO, supply leads to enhanced photosynthesis and increased
discrimination against *C. Indeed, this links with the previously discussed root C
allocation differences among PFT. Legumes have both higher root respiration
(Warembourg et al., 2003) and leaf CO, exchange rates (Li et al., 2016), compared to
for forbs and grasses; and eventually, higher rates of CO, exchange result in more

depleted "*C tissues (more negative 5'°C).

On the other hand, under the canopy there were lower water constrains and lower light
availability (Figure 5.1), conditions that increased the stomatal conductance, resulting in
higher discrimination against '*C (Figure 4.3.C), and lower iWUE (Figure 4.5.B) of the
herbaceous vegetation, especially on forbs. However, there were some differences
between plots in the way that the canopy influenced those parameters. The canopy effect
was clear on the 8"°C and iIWUE of forbs in all DN plots while this effect was not
noticeable in the SM-ilex plot. This suggests that forbs had similar water and CO,
exchange under the canopy and in the open grassland in the SM-ilex plot, in agreement
with the results reported in Section 5.4.3.1 on net ecosystem CO, exchange and

aboveground biomass from these same plots.

In Section 5.4.3.1 we reported that net ecosystem CO, exchange was dominated by net
uptake both under the canopy and in the open grassland in the SM-ilex plot, while there
was net CO, uptake in the open grassland but CO, emissions under the canopy in all DN
plots. In addition, we reported in Section 5.4.2 that there were no differences in the
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aboveground biomass between under the canopy and the open grassland in the SM-ilex
plot, while under the canopy the aboveground biomass did decrease in all DN plots.
These facts suggest that SM was probably less environmentally constrained than DN,
and that the canopy did not influence water and CO, exchange so strongly in the SM-ilex
plot as in DN plots, where differences between under the canopy and in the open

grassland were more pronounced.
4.5.2 Tree — open grassland structure influence on nitrogen dynamics

Differences in N dynamics among ecosystem compartments were clear. Legumes were
the PFT with the highest N content (Figure 4.1.C) and the lowest &'°N (Figure 4.1.D),
due to the widely documented capacity of legumes to fix symbiotic N2 (e.g. Reich et al.,
2003, 1997). On the other hand, grasses had higher N content than forbs (Figure 4.6.A)
and generally lower &'°N (Figure 4.6.B), suggesting that grasses may be more efficient
taking-up N than forbs, and therefore were able to discriminate more against >N
(Yoneyama et al., 2001), and/or exploiting symbiotic N. Accordingly, N-transfer between
legumes (source of symbiotic N) and grasses, maybe more efficient than between
legumes and forbs (Pirhofer-Walzl et al., 2012). Grasses usually have fibrous roots
(Pirhofer-Walzl et al., 2012; Schenk and Jackson, 2002; Weaver, 1958), trait that may be
facilitating higher N absorption from the most superficial soil layers and from
symbiotically fixed N sources, while forbs have generally taproots that are not so efficient

to this effect (Pirhofer-Walzl et al., 2012).

In addition, besides N symbiotically fixed by legumes, there could be Na-fixing
diazotrophic bacteria, which can develop root associations with different plants, including
grasses. Unlike legumes, N2-fixing bacteria associated to grasses do not form nodules,
but can live in close association with the rhizosphere, enhancing the availability of N
biologically fixed for the plant, enhancing plant growth and fitness (Bhattacharyya and

Jha, 2012; Liu et al., 2017; Santi et al., 2013).
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Such differences in the N acquisition and use may provide an important competitive
advantage to grasses, probably being one of the causes of their dominance under the
canopy (Figure S4.1), where there was higher soil N availability (Figure 4.7.F). Song et
al. (2011) found a similar result, with grasses being more competitive than forbs at higher
N availability, via increasing their biomass at the expense of forbs (Song et al., 2011).
Moreover, this suggests that each PFT (forbs, grasses and legumes) could be exploiting
N resources in a particular way under the influence of tree canopies, shaping the

structure and composition of the herbaceous layer, and this in turn dehesa N cycling.

Accordingly, N dynamics also differed between under the canopy and the open
grassland, with generally higher N content under the canopy in forbs (Figure 4.7.B),
legumes (Figure 4.7.D) and soil (Figure 4.7.F) than in the open grassland. The higher
litter fall input from tree canopies most likely increased soil N content under the canopy
(Andivia et al., 2015; Gallardo, 2003; Gallardo et al., 2000; Moreno et al., 2007), and this
in turn, increased N content in the shoot biomass. However, note that such canopy
influence on the N content of shoots was again stronger in all DN plots than in the SM-ilex
plot. The N content of forbs (Figure 4.7.B) and legumes (Figure 4.7.D) did not differ so
much between under the canopy and the open grassland in the SM-ilex plot, while there
were important differences in all DN plots. This links with the previously discussed
differences regarding the canopy effect on C dynamics between plots; suggesting a
coupling between C and N cycling (Aljazairi et al., 2014); and again that the SM-ilex plot
was less environmentally constrained than DN plots, also regarding N dynamics.
Moreover, this highlights the relevance of trees as drivers of ecosystem fertility (Andivia
et al., 2015; Dahlgren et al., 1997; Gomez-Rey et al., 2013; Howlett et al., 2011; Pulido-

Fernandez et al., 2013), especially in more constrained environments, as is DN vs. SM.

Soil N content also influenced "N discrimination processes, as shows the lower 8"°N in
BGB (Figure 4.8.E) under the canopy than in the open grassland, which decreased with

increasing soil N content (Figure 4.10.C). Accordingly, at higher N availability, higher
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discrimination against *N is possible (Dawson et al., 2002; Kalcsits et al., 2014), which
first occurs during the assimilation of inorganic N (ammonium and nitrate) by roots, and
further discrimination steps may occur during N transportation from roots to shoots or to

root exudates (Kalcsits et al., 2014).

Finally, lower 8'N values of BGB under the canopy (Figure 4.7.E) could also be related
to the N origin, as biologically fixed N was probably more abundant under the canopy
than in the open grassland. The presence of legumes under the canopy was very scarce
(Figure S4.1), but No-fixing diazotrophic bacteria associated to non-legume species have
been described to increase with soil moisture (Oliveira et al., 2004), and therefore they
could be more abundant under the canopy, where there was higher soil water content

(Figure 5.1.C), increasing the availability of biologically fixed N.

4.6 Conclusions

Dehesa C and N dynamics were strongly modulated by interactions between trees and
the herbaceous layer. The higher litter fall from trees increased soil C and N content
under the canopy compared to the open grassland. The increased soil N, most likely
increased N content in shoots and favoured higher discrimination against '°N by roots.
Overall, 8"*C and intrinsic water use efficiency (iWUE) of the herbaceous layer, and
especially of forbs, decreased under the canopy, as a result of higher stomatal
conductance. Moreover, each plant functional type (PFT, forbs, grasses and legumes)
had their own C and N ecophysiological particularities. Legumes had the lowest 5'*C
and the lowest iIWUE, followed by forbs and grasses. Besides the fact that legumes were
the PFT with the highest N content and the most "°N depleted leaves, grasses had higher
N content than forbs and generally lower 3'°N. This, suggests that grasses may be more
efficient taking-up N, and/or exploiting symbiotic N than forbs, which could provide an

important competitive advantage to grasses, especially under the canopy, where there
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was higher soil N content. Finally, the canopy influence on C and N storage and cycling
was generally more noticeable in the DN plots than in the SM-ilex plot, DN being more
environmentally constrained than SM. This, highlights the relevance of trees as drivers
of ecosystem fertility and C and N relationships, especially in more constrained

environments, as is DN vs. SM.
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4.7 Supplementary material

Table S4.1. Cross section at breast height of the trees of the under the canopy (UC)
treatment, per plot and tree species. Number of trees (N), mean and standard error (SE).

Plot Tree species N Mean (m?) SE (m?)
SM-ilex Q. ilex 4 0.16 0.04
Q. ilex 4 0.14 0.03
DN-mixed
Q. suber 4 0.3 0.1
DN-suber Q. suber 4 0.31 0.04
DN-pinea P. pinea 4 0.31 0.03

Table S4.2. Linear model results. 3'C in grassland species as function of plot, species
and canopy. Explanatory variables selected by a stepwise analysis. Plot with SM-ilex as
reference level, species with B. hordeaceus as reference level, and canopy with open
grassland (OG) as reference level. Estimates of the explanatory variables, standard error
(SE), t and p-value.

513C (%)
Est. SE t o]

(Intercept) -27.7 02 -131.30 <0.001
Plot (DN-mixed) -0.5 02 -2.86 0.005
Plot (DN-suber) 0.1 0.2 0.28 0.8

Plot (DN-pinea) -0.3 02 -1.72 0.09

Species (C. arvensis) -0.7 0.2 -2.74 0.007
Species (C. mixtum) -0.9 0.2 -4.00 < 0.001
Species (C. capillaris) -0.6 0.2 -2.96 0.004
Species (E. moschatum) -0.7 0.2 -3.05 0.003
Species (G. molle) -0.6 0.2 -2.82 0.005
Species (O. sativus) -2.1 0.2 -8.34 < 0.001
Species (T. subterraneum) -1.6 0.2 -7.57 < 0.001
Canopy -0.4 0.1 -3.41 < 0.001
R2ag 0.47 < 0.001
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Table S4.3. Linear model results. 3'°N in grassland species as function of plot, species
and canopy. Explanatory variables selected by a stepwise analysis. Plot with SM-ilex as
reference level, species with B. hordeaceus as reference level, and canopy with open
grassland (OG) as reference level. Estimates of the explanatory variables, standard error
(SE), t and p-value.

5"5N (%)

Est. SE t p
(Intercept) 3.1 0.6 4.86 < 0.001
Plot (DN-mixed) -1.0 04 -2.50 0.01
Plot (DN-suber) -1.4 0.5 -3.06 0.003
Plot (DN-pinea) -2.0 05 -438 <0.001
Species (C. arvensis) 0.6 0.8 0.80 04
Species (C. mixtum) 1.5 0.8 2.05 0.04
Species (C. capillaris) 0.5 0.8 0.63 0.5
Species (E. moschatum) 1.7 0.8 2.20 0.03
Species (G. molle) -0.7 0.8 -0.98 0.3
Species (O. sativus) -2.9 09 -3.34 0.001
Species (T. subterraneum) -2.2 0.8 -2.91 0.004
Canopy 1.9 0.8 2.50 0.01
Species (C. arvensis) x canopy -3 1 -2.98 0.003
Species (C. mixtum) x canopy -5 1 -4.31 < 0.001
Species (C. capillaris) x canopy -2 1 -2.1 0.04
Species (E. moschatum) x canopy -1 1 -0.93 04
Species (G. molle) x canopy -2 1 -1.59 0.1
Species (0. sativus) x canopy -2 1 -1.38 0.2
Species (T. subterraneum) x canopy -2 1 -2.18 0.03
R?aq 0.52 < 0.001
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Figure S4.1. Plant functional type (forbs, grasses and legumes) proportions per plot
(SM-ilex, DN-mixed, DN-suber, DN-pinea) and canopy, open grassland (OG) and under

the canopy (UC). Adapted from Section 5.4.2.
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5.1 Abstract

Dehesa ecosystems are characterized by a savanna-like structure, which is the result of
traditional silvo-pastoral uses. However, traditional uses are declining towards intensive
farming and grazing, and there is a worrying lack of tree regeneration. Understanding
how the tree — open grassland structure drives ecosystem functioning is essential for
dehesas preservation and management. Yet, there are no studies integrating the canopy
influence on greenhouse gas (GHG) exchange, including CO,, CH4 and N.O, mediated
by the herbaceous layer structure and composition. In addition, little is known about the
effect of different tree species (Quercus ilex, Quercus suber and Pinus pinea) on GHG
exchange. Our study provides insight into dehesas functioning, showing that the
tree — open grassland structure modified the herbaceus layer structure, composition and
diversity, both in terms of plant functionalt types (PFT) and species. Moreover, the
tree — open grassland structure especially drove CO; and N,O fluxes; emissions under
the canopy of P. pinea being higher than under Quercus species. Composition and
diversity of the herbaceus layer (in terms of PFT and species) was also an important
GHG driver. Legumes enhanced CO; uptake and N,O emissions; species compositional
matrix drove ecosystem respiration and N2O exchange; and species richness enhanced
soil respiration. Interestingly, the inclusion of compositional terms and diversity indexes
of the herbaceous layer improved the understanding of mechanisms affecting GHG
exchange. Changes in the tree — open grassland structure of dehesas will imply deep
changes in the GHG exchange, and that should be taken into account to perform better

management strategies.

Key words: Canopy, CH4, CO,, diversity-interaction model, N2O, plant functional types.
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5.2 Introduction

Tree coverage in dehesas is changing, with the consequent implications that this may
have on ecosystem functioning (Costa et al., 2011; Costa Pérez et al., 2006). Hence,
although the canopy influence has been described to some extent on soil (Andivia et al.,
2015; Goémez-Rey et al., 2013; Howlett et al., 2011; Pulido-Fernandez et al., 2013),
vegetation structure (Gea-lzquierdo et al., 2009; Hussain et al., 2009; Moreno et al.,
2007) and composition (Lopez-Carrasco et al., 2015; Marafién et al., 2009; Rossetti et
al., 2015), there is still a big uncertainty about how the tree — open grassland structure
can drive greenhouse gas (GHG) exchange, including CO,, CH4 and N,O, mediated by

soil — vegetation interactions.

The only studies about GHG exchange conducted in dehesas have mainly focused on
the tree canopy effect on CO; fluxes (Casals et al., 2011, 2009; Hussain et al., 2009; Ma
et al., 2007; Tang and Baldocchi, 2005; Uribe et al., 2015), although these with divergent
results. Some authors have described an enhancement of soil respiration rates under
the canopy compared to the open grassland (Tang and Baldocchi, 2005; Uribe et al.,
2015), related to a higher soil C and N content, and despite lower soil temperature. While
on the contrary, higher CO, exchange rates in the open grassland have also been
reported, due to higher herbaceous biomass and light availability, as main drivers of CO,
uptake; and due to higher soil temperature, as main driver of CO, release (Hussain et

al., 2009).

Furthermore, to our knowledge, the only previous studies addressing CHs and N2O
exchange in dehesas, were conducted by Shvaleva et al., (2015, 2014). Shvaleva et al.
(2014) related CH4 and N2O emissions to soil water content, but the effect of soil water
content was dependent on the canopy (Shvaleva et al., 2014): CH4 uptake increased
with soil water content, but the uptake rate was higher in the open grassland than under
the canopy; and N2O uptake increased with soil water content under the canopy, while

there were N.O emissions in the open grassland (Shvaleva et al., 2014).

137



Accordingly, some of the remaining uncertainty related to the “canopy effect” on GHG
exchange may lie in soil — vegetation interactions. Studies conducted in grasslands
showed that vegetation structure and composition drove GHG exchange (De Deyn et al.,
2009; Praeg et al., 2017; Ribas et al., 2015), via the ecophysiological characteristics of
the vegetation and the influence that vegetation exerts on the soil at different levels
(Metcalfe et al., 2011). To this regard, there are different approximations to assess
vegetation effects on GHG exchange (or any other ecosystem function), including
species or functional diversity. Both approximations are complementary (Zhou et al.,
2017), providing the first information about the species influence per se, while the latter
provides a mechanistic link between vegetation and the given ecosystem function

(Petchey and Gaston, 2006).

From a functional perspective, it is indicated to account for traits related to C and N
acquisition and cycling when assessing GHG exchange. Sorting species into plant
functional types (PFT) is an indirect measure of functional diversity, and a commonly
used sorting for herbaceous species consists of grasses, non-legume forbs (hereafter
“forbs”) and legume forbs (hereafter “legumes”); classification that is mainly based on
nitrogen and light (and therefore CO,) acquisition strategies (Tilman 1997; Symstad
2000; Diaz et al., 2007; defined as "guilds" in Sebastia 2007). Legumes have the capacity
to fix symbiotic nitrogen, while grasses have some advantages when competing for light,
thanks to erect high-density leaves that ensure good light penetration (Craine et al.,

2001).

In any case, disentangling diversity from compositional effects, is key to understand
vegetation influence on GHG exchange, since diversity and composition may affect
independently ecosystem functioning (Kahmen et al., 2005; Ribas et al., 2015; Schultz
et al., 2011). For that purpose, different methodologies have been proposed, which differ
in the way that plant composition is included. On one hand, when assessing the effect of

species composition in natural ecosystems, the challenge is to include the whole matrix
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of species (multivariate) as predictor. Accordingly, one possibility is to reduce the
dimensionality of the composition matrix using ordination methods (Kahmen et al., 2005;
Legendre and Legendre, 1998; Sandau et al., 2014), allowing to synthesise species
composition effects. On the other hand, when assessing a few number of species or PFT,
one possible approximation is the diversity-interaction model proposed by
Kirwan et al., (2009), which has the advantage to separate identity from interaction

effects, in addition to the overall diversity effect (Kirwan et al., 2009).

Yet, there are no studies integrating the influence of all dehesa components on GHG
exchange, considering the canopy, but also focussing on the herbaceous layer structure
and composition. Knowledge that could be essential to perform better management
strategies and keep sustainability of this vast, but vulnerable ecosystem. For these
reasons, we selected plots with representative canopy types of Iberian dehesas (Costa
Pérez et al., 2006): pure Quercus ilex L. and pure Quercus suber L. stands, which are
the most abundant; followed by Q. jlex and Q. suber mixed stands; and pure
Pinus pinea L. stand, the latter being a common tree plantation replacing traditional
canopies; and in the present study we aim to: (1) assess the influence of plots dominated
by different tree canopies on the structure, diversity and composition (in terms of species
and PFT) of the herbaceous layer, and (2) disentangle the influence of these factors on
GHG exchange, specially focusing on the role of vegetation, separately from a species
and a functional perspective. In addition, although assessing the influence of dehesa
structure on soil properties was not a specific aim of this study, soil characteristics were
extracted from Chapter 4 (summarized in Table S5.2), and used to interpret and discuss

our results.
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5.3 Material and methods

5.3.1 Study sites and sampling design

The study sites were same dehesa plots described in Section 4.3.1 and sampling points
were systematically placed following the same criteria. However, in order to capture
seasonal variability of the studied variables, and effects that may be season dependent,
field work was executed in two campaigns: spring (05/04/2016 — 10/04/2016) and
autumn (13/12/2016 — 17/12/2016), coinciding with the most productive seasons of the
system. Study treatments were therefore established according to: season (spring and
autumn); plot (SM-ilex, DN-mixed, DN-suber and DN-pinea); and canopy (open

grassland, OG, and under the canopy, UC).

At each treatment level we performed 3-4 replicates, resulting 73 sampling points. At
each sampling point we hammered a metal collar (h = 8 cm, diameter = 25 cm), which
was necessary for measuring GHG exchange (Section 5.3.2) and that defined the area

in which vegetation (Section 5.3.3) and soil (Section 5.3.4) were sampled.

5.3.2 Greenhouse gas exchange measurements

For measuring GHG exchange, including CO,, CHs and N,O, we used a portable
gas-exchange system (see system details in Debouk et al., 2018), consisting of a
cylindrical chamber connected to photoacoustic spectroscopy gas analyser (PAS,
INNOVA 1412, LumaSense Technologies, Denmark). PAS was calibrated prior to field
campaigns by the vendor in the customary way (Moody et al., 2008). Nominal detection
limits of the corresponding gases are: 5, 0.03, and 0.24 ppm for CO,, N,O, and CH,,

respectively.

At each sampling point, we recorded GHG mixing ratios (in ppm) at 1 minute intervals.
Measurements were done closing the chamber over intact vegetation, at light and dark

(covering the chamber) conditions. Afterwards, we harvested vegetation inside the metal
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collar and performed bare soil measurements at dark conditions. As a result, 219 flux

measurements (73 sampling points x 3 different conditions) were recorded.

In the case of CO,, resulting fluxes measured over vegetation at light conditions can be
approximated as net ecosystem CO, exchange (NEE); over vegetation at dark conditions
can be approximated as ecosystem respiration (Reco); and on bare soil at dark conditions
can be approximated as soil respiration (Rsei). Closing time of the chamber was always
5 minutes, and previous to each measurement we performed ambient measurements
during 4 minutes, to circulate fresh air into the system and to obtain ambient

concentration data that was used in further data quality checks.

The analyser was used in the cross-interference and the water-interference modes, to
take into account the cross interference between gases and water vapour (Igbal et al.,
2013). However, a preliminary examination of the CHs concentration data revealed a
remaining water vapour interference at high concentrations (>12 ppb). For correcting that
interference, we calculated the slope of the concentration change of CH4 as a function
of water vapour with all the available data. CH4 concentration values were afterwards
lowered by the corresponding factor, proportionally to the change in water vapour since
the previous measurement and the CH4~ water vapour slope (Tirol-Padre et al., 2014).

CH, data that needed to be corrected represented a 37% of total CH4 data.

Prior to flux calculation, mixing ratios were converted to molar densities (mol m=3) using
the ideal gas law. Flux estimation was performed by a linear fitting during the closing time

of the chamber (Equation 5.1):

(Equation 5.1)

Here F is the flux in mols™'m™, V is the chamber volume in (0.019 m3), A the sampling

surface (0.049 m?) and dC/dt is the gas concentration (mol m=3) change versus time (s).
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Fluxes from the atmosphere to the biosphere were considered negative, and fluxes from
the biosphere to the atmosphere were considered positive, according the

micrometeorological sign convention (Aubinet et al., 2012b).

Finally, we checked data quality based on the flux detection limit, calculated from the
standard deviation of the ambient concentration observed over the measuring time, and
on linearity (R?) of the concentration change during the chamber closure. Fluxes with an
adjusted R? < 0.5, in the case of the CO, and with an adjusted R? < 0.2 for CHs and N2O
and/or below the detection limit were excluded from further analysis (Debouk et al.,
2018). However, considering or not fluxes below detection limit remains controversial.
While some studies consider fluxes below detection limit unreliable (Langford et al.,
2010; Porter et al., 1988), others regard these data as representative of very low fluxes
(Croghan and Egeghy, 1990; Helsel, 1990). Since our general goal was to understand
mechanisms affecting GHG exchange in dehesas ecosystems, rather than quantifying
absolute fluxes, fluxes below detection limit were considered not reliable for this purpose.
Retained data after quality filtering represented a 97% in the case of CO,, a 60% in the

case of CH4 and a 30% in the case of N2O.

Afterwards, data CO, gaps were filled with the average value of the given treatment level
and measuring conditions (light or dark and vegetation or soil). CHs and N2O were
averaged considering together all measuring conditions (vegetation light and dark and

soil dark) and gaps were filled with the mean value of the given treatment level.

Ancillary meteorological variables were recorded to calculate and model GHG fluxes,
and to characterize microclimatic sampling conditions, including photosynthetically
active radiation (PAR) outside the chamber (AccuPAR model LP-80 PAR/LAI ceptometer,
Decagon Devices, Inc. Washington, USA); air temperature (T,) inside and outside the
chamber (multi-logger thermometer, TMD-56, Amprove, Washington, USA); soil
temperature (Ts) 1-10 cm; and soil water content (SWC, gravimetric method,

Section 5.3.4).
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5.3.3 Vegetation sampling

After GHG measurements were done, we harvested biomass at ground level at each
sampling point. Thereafter, in the laboratory, we separated aboveground biomass (AGB)
from litter (dead plant material detached from the herbaceous vegetation and tree leaves
on soil surface). In addition, we separated AGB into plant species and PFT including

forbs, grasses and legumes. Vegetation was oven dried at 60°C until constant weight.

5.3.4 Belowground biomass sampling and soil water content

determination

Two soil cores of 9 cm? surface and 0-10 cm depth were extracted at each sampling
point. In the laboratory one of the cores was washed and filtered with a 0.2 mm pore size
strainer to obtain belowground biomass (BGB). The second core was used for SWC
determination by gravimetric method, as the difference between fresh and dry soll

weight. Both, BGB and soil samples were oven dried at 60°C until constant weight.
5.3.5 Data analysis
5.3.5.1 Microclimatic sampling conditions

All data analyses were performed using R software (R core Team, 2015). Microclimatic
conditions created by the canopy at the sampling moment, considering PAR, Ts and
SWC, were compared to the open grassland at each season and plot. To assess the
influence of the studied treatments (season, plot and canopy) on each environmental
variable (PAR, Ts and SWC) we run linear models with season, plot and canopy as
predictors. Final models were selected by a stepwise procedure based on the Akaike
information criterion (AIC), using the stepAIC function, MASS package (Venables and

Ripley 2002).
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5.3.5.2 Structure, composition and diversity of the herbaceous layer

Vegetation of the herbaceous layer was described in terms of structure (AGB, litter and
BGB); PFT (forbs, grasses and legumes) composition; and diversity indexes including
species richness (SR), defined as the number of species per sample, and evenness
(Equation 5.2, Kirwan et al., 2007), per season, plot and canopy. The evenness index
has been defined as a measure of the distribution of the relative abundance of species
or PFT, and lies between 0, for mono-specific plots, and 1 when all species or PFT are

equally represented (Equation 5.2, Kirwan et al., 2007).
Evenness = %Ziq P;P;
(Equation 5.2)

Here S is number of species or PFT in the community matrix and P,P; the pairwise
interactions between species or PFT. Hence, we calculated the evenness index based
on species (species evenness) and based on PFT (PFT evenness). Afterwards, to
assess the influence of the studied treatments (season, plot and canopy) on vegetation
structure (AGB, litter and BGB), PFT composition (forbs, grasses and legumes), SR and
species evenness we modelled each of these variables using season, plot and canopy
as predictors. Final models were selected by a stepwise procedure (Venables and Ripley

2002).

On the other hand, to describe the influence of season, plot and canopy on species
composition, we performed a canonical correspondence analysis (CCA) to represent the
community in a given number of dimensions (Sandau et al., 2014). CCA analysis was
performed on species absolute abundance as function of season, plot and canopy, using
the cca function of the vegan package (Oksanen et al., 2018). Significance of the CCA
terms (season, plot and canopy) and significance of the CCA axes were both tested using
the anova.cca function, also of the vegan package (Oksanen et al., 2018). Afterwards,

mean values and standard errors of the first three significant (p < 0.001) axes were
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calculated for each level of the terms included as predictors (season, plot and canopy).
Finally, significant CCA axes were included as predictors of GHG exchange, as a proxy

of the influence of the species compositional matrix (Section 5.3.5.3).
5.3.5.3 Greenhouse gas exchange modelling

To assess main GHG (CO_, CH4 and N2O) drivers, especially focussing on the role of the
dehesa structure (tree — open grassland) and on the influence of the herbaceous layer,
in terms of composition and diversity, we used two different approaches: (a) one oriented

to PFT, and (b) one oriented to species.

In the first case, we run diversity-interaction models to investigate the influence of PFT
(hereafter termed as diversity-interaction model PFT-oriented), following the
methodology proposed by Kirwan et al., (2009). The modelling compares a null model,
in which the response variable is not affected by diversity and/or composition, to models
that address diversity and composition at different levels. In our study, we compared the
null model (Equation 5.3), in which the corresponding GHG depended only on: treatment
variables, including plot, season and canopy; environmental variables, including PAR
(umol photons m™ s7"), temperature (T, °C) and SWC (fraction); and structural
components of the herbaceous layer, including AGB, litter and BGB (g DW m™); to
models that included PFT composition and diversity in different ways: (1) PFT identity
model, which includes PFT identity effects (Equation 5.4); (2) PFT average interaction
model, which includes PFT identity effects, plus PFT evenness, as an average interaction
term (Equation 5.5); and (3) PFT specific interactions model, which includes specific

interactions between PFT in addition to the identity effects (Equation 5.6).
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GHG = IBPlotPlOt + ﬁSeasonseason * ﬁCanopycanopy + ﬁTT + ﬁSWCSWC + ﬁPARPAR

+ BacpAGB + BjitterLitter + BpegBGB + €
(Equation 5.3. Null model)
GHG = Nullmodel + BrPp + BsPg + BLP, + ¢
(Equation 5.4. PFT identity model)
GHG = Null model + BgPgr + BP; + B.P, + PFT evenness + ¢
(Equation 5.5. PFT average interaction model)

BrcLPrPcPL + €

(Equation 5.6. PFT specific interaction model)

Here P indicates the proportion of the given PFT and the sub-index F indicates forbs, G
grasses and L legumes respectively. The models were run without intercept in order to

test the effect of all three PFT at the same time.

Analogously, we addressed the influence of species composition on GHG fluxes running
linear models (hereafter termed as diversity-interaction model-species oriented)
comparing the null model (Equation 5.3) to models that included: (1) the three first
significant axes of the CCA as a proxy of species composition effects; and (2) diversity
indices, including SR (n° species sample-1) and species evenness (dimensionless).
Unlike in the diversity-interaction model PFT-oriented, the diversity-interaction
model-species oriented was run with intercept, as it did not include proportions as

explicative terms.

Models were compared at each step of modelling by ANOVAs to test significant
differences between models in both modelling approaches. The most explicative and

parsimonious model of each GHG is shown and discussed.
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5.4 Results

5.4.1 Microclimatic conditions

As expected, microclimatic conditions, including PAR, Ts and SWC varied markedly
depending on season and canopy (Figure 5.1). PAR (Figure 5.1.A) and Ts were
(Figure 5.1.B) lower in autumn than in spring (season effect, Table S5.1) and lower under
the canopy than in the open grassland (canopy effect, Table S5.1), being this difference
less marked in autumn than in spring (season x canopy effect, Table S5.1). SWC
(Figure 5.1.C) showed the lowest values in the DN-pinea plot (plot DN-pinea effect,
t=-2.75, p = 0.008, Table S5.1), both in spring and autumn. SWC was also higher under

the canopy than in the open grassland (canopy effect, t = 3.15, p = 0.002, Table S5.1).
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Figure 5.1. Microclimatic sampling conditions per season, plot and canopy: open
grassland (OG) and under the canopy (UC). (A) Photosynthetically active radiation (PAR);
(B) soil temperature (Ts) and; (C) soil water content (SWC). Boxplot’'s midline indicates
the median; upper and lower limits of the box indicate the third and first quartile; whiskers
extend up to 1.5 times the interquartile range from the top/bottom of the respective box,
and points represent data beyond the whiskers.
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5.4.2 Structure and composition of the herbaceous layer

The vegetation of the herbaceus layer changed among seasons, plots, and canopy
(Figure 5.2). AGB decreased in autumn compared to spring (season effect, t = -10.76,
p < 0.001, Table 5.1), and DN plots had less AGB than the SM-ilex plot (plot effects,
Table 5.1). Also, AGB was lower under the canopy than in the open grassland (canopy
effect, t = —1.90, p = 0.06, Table 5.1). Litter was markedly higher under the canopy than
in the open grassland (canopy effect, t =7.98, p < 0.001, Table 2), but this difference
between under the canopy and open grassland almost desapeared in autumn (season x
canopy effect, t = -4.99, p < 0.001, Table 5.1). BGB was quite variable among treatments
(Figure 5.2), and neither season, plot or canopy explained its variability. Linear modelling

on BGB is therefore not shown.

PFT composition also changed among seasons, plots, and canopy (Figure 5.2). Forbs
biomass decreased in autumn compared to spring (season effect, t = -8.73, p < 0.001,
Table 5.1), and forbs biomass was lower in all DN plots than in the SM-ilex plot (DN plots
effects, Table 5.1). Also, forbs biomass decreased under the canopy compared to the
open grassland (canopy effect, t = -3.19, p = 0.002, Table 5.1). Grasses biomass was
also lower in all DN plots compared to the SM-ilex plot (significant DN plots effects,
Table 5.1); but unlike forbs, grasses increased under the canopy compared to the open
grassland (canopy effect, t = 4.16, p < 0.001, Table 5.1). The canopy effect on grasses
was lower in autumn than in spring (season x canopy effect, t= -2.33, p= 0.02,
Table 5.1), with similar biomass of grasses under the canopy and in the open grassland
in autumn (Figure 5.2). Finally, legumes appeared mostly in spring and in the open

grassland (season x canopy effect, t = 3.45, p < 0.001, Table 5.1, and Figure 5.2).
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Figure 5.2. Mean biomass of forbs, grasses, legumes, litter and belowground biomass
(BGB) per season, plot and canopy: open grassland (OG) and under the canopy (UC).
The sum of all plant functional types biomass equates aboveground biomass.
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Table 5.1. Linear model results. Aboveground biomass (AGB), litter and plant functional type (PFT) biomass: forbs, grasses and legumes, as
function of season, plot and canopy. Season with spring as reference level, plot with SM-ilex as reference level, and canopy with open grassland
(OG) as reference level. Estimates of the explanatory variables (Est.), standard error (SE), t and p-value.

Vegetation structure (g DW m™2)

PFT composition (g DW m™2)

AGB Litter Forbs Grasses Legumes
Est. SE t o] Est. SE t o] Est. SE t p Est. SE t P Est. SE t P

(Intercept) 336 17 19.84 <0.001 28 20 1.41 0.2 224 15 1536 <0.001 64 11 570 <0.001 55 7 811 <0.001
Season -142 13 -10.76 <0.001 3 30 0.09 0.1 -131 15 -8.73 <0.001 11 12 0.93 0.4 -36 7 -5.20 <0.001
Plot . -133 17 -7.62 <0.001 -68 14 -4.79 <0.001 -51 11 -464 <0.001 -14 7 -2.06 0.04
DN-mixed
Plot -129 21 -6.20 <0.001 -87 17 -512 <0.001 -36 13 -2.73 0.008 -11 8 -1.36 0.2
DN-suber
glﬁt . -130 21 -6.28 <0.001 -66 17 -3.92 <0.001 -48 13 -3.65 0.0005 -19 8 -236 0.02

-pinea
Canopy -25 13 -1.90 0.06 232 29 798 <0.001| -46 14 -319 0.002 46 11 416 <0.001 -40 7 -5.99 <0.001
Season x -218 44 -4.99 <0.001| 34 22 159 01 -39 17 -233 002 35 10 3.45 <0.001
canopy
R?aq 0.70 <0.001 0.53 <0.001| 0.66 <0.001 0.33 <0.001 0.41 < 0.001
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Species evenness (Figure 5.3.A) was only dependent on season, being lower in autumn
than in spring (season effect, t = —3.21, p = 0.002, Table 5.2). Species richness (SR,
Figure 5.3.B) was lower in autumn than in spring (season effect, t = -3.28, p = 0.002,
Table 5.2); DN-pinea plot had the lowest SR (plot DN-pinea effect, t = -2.29, p = 0.02,
Table 5.2) and SR was lower under the canopy than in the open grassland (canopy effect,
t=-3.26, p = 0.002, Table 5.2). Finally, DN-suber hilighted with the highest SR in the

open grassland both in spring and autumn (Figure 5.3.B).
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Figure 5.3. (A) Species evenness and (B) species richness (SR) per season, plot and
canopy: open grassland (OG) and under the canopy (UC). Boxplot’'s midline indicates
the median; upper and lower limits of the box indicate the third and first quartile; whiskers
extend up to 1.5 times the interquartile range from the top/bottom of the respective box,
and points represent data beyond the whiskers.
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Table 5.2. Linear model results. Species evenness and species richness (SR) as
function of season, plot and canopy. Season with spring as reference level, plot with
SMk-ilex as reference level, and canopy with open grassland (OG) as reference level
Estimates of the explanatory variables (Est.), standard error (SE), t and p-value.

Species evenness Species richness (SR,
(dimensionless) n° species sample™)
Est. SE t P Est. SE t o]
Intercept 0.74 0.02 30.59 <0.001 106 0.6 1712 < 0.001
Season -0.12 0.04 -3.21 0.002 -1.6 0.5 -3.28 0.002
Plot DN-mixed -1.3 0.6 -1.97 0.05
Plot DN-suber -0.6 0.8 -0.79 04
Plot DN-pinea -1.7 0.8 -2.29 0.02
Canopy -1.6 0.5 -3.26  0.002
R2aqj 0.11 0.002 0.23 < 0.001

CCA of species composition had a constrained inertia of 1.275 over a total of 7.423,
representing a 17.2% of explained variance, with season, plot, and canopy as
explanatory terms. The anova.cca by terms showed that all the terms included in the
CCA (plot, season and canopy) were significant (p < 0.001), and the anova.cca by axes

showed that the first three axes, out of five, were also significant (p < 0.001).

The first CCA axis (CCA1, 35% of total explained variance) captured mainly diffrences
in species composition between spring and autumn (CCA1, Figure 5.4.A and
Figure 5.4.B). The second axis (CCA2, 26% of total explaiend variance) explained mainy
diffrences between plots in their species composition: on one side SM-ilex and DN-suber
and on the other side DN-mixed and DN-pinea plots (Figure 5.4.A). Finally, the the third
axis (CCA3, 23% of total explaiend variance), captured differences in species

composition between under the canopy and the open grassland (CCAS3, Figure 5.4.B).
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Figure 5.4. Canonical correspondence analysis (CCA): (A) axis 1 (CCA1) vs. axis 2
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5.4.3 Greenhouse gas exchange
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Figure 5.5. Greenhouse gas exchange per season, plot and canopy: open grassland
(OG) and under the canopy (UC). (A) Net ecosystem CO-» exchange (NEE), ecosystem
respiration (Reco) and soil respiration (Rsoil); (B) CHs4 and (C) N2O exchange. Mean +

standard error.

154



54.3.1 CO;exchange

CO, uptake was similar in spring and autumn (NEE, Figure 5.5.A), while CO, emissions
(Reco and Resoii, Figure 5.5.A) were lower in autumn compared to spring (season effect,
Table 5.3 - Table 5.4). The open grassland of the SM-ilex plot showed the highest net
CO, uptake rates (NEE, Figure 5.5.A) and the highest R, rates (Figure 5.5.A), while
under the canopy, DN-pinea was the plot with the highest CO, emissions (Reco and Rsoi,

Figure 5.5.A).

Thus, canopy itself had a strong influence over CO; fluxes. NEE under the canopy was
generally dominated by CO, emissions (canopy effect, Table 5.3 - Table 5.4), NEE being
strongly driven by PAR (PAR effect, Table 5.3 - Table 5.4). The exception was the SM-ilex
plot, where there was CO, uptake under the canopy, instead of emissions (NEE,
Figure 5.5.A). On the other hand, under the canopy decreased R rates in spring
(canopy effect, Table 5.3 - Table 5.4) compared to the open grassland, but Rec, increased
under the canopy in autumn (season x canopy effect, Table 5.3 - Table 5.4). Finally,
canopy enhanced Rsoi (canopy effect, Table 5.3 - Table 5.4), especially in autumn
(season x canopy effect, Table 5.3 - Table 5.4), Rsoi being also enhanced by Ta (T, effect,

Table 5.3 - Table 5.4).

PFT composition also drove CO, fluxes. The diversity-interaction modelling PFT-oriented
(Table 5.3) showed that the most explicative and parsimonious model was a PFT specific
interaction model (Equation 5.6), with legumes enhancing net CO, uptake rates (legumes
effect, t = -3.97, p < 0.001, Table 5.3 and Figure 5.6), and slightly lower net uptake rates
with the addition of forbs (forbs x legumes effect, t = 3.84, p < 0.001, Table 5.3) and
grasses (grasses x legumes effect, t = 4.07, p <0.001, Table 5.3) in the mixture. Note
that predicted NEE (Figure 5.6) was modelled with a maximum proportion of legumes of
50%, according to the legumes proportion observed in the field (Figure 5.2). A higher

proportion of legumes would not be realistic in the studied dehesas.
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In addition, the diversity-interaction model-species oriented (Table 5.4) showed that Reco
was influenced by vegetation structure, BGB increasing R, (BGB effect, t = 2.63,
p = 0.01, Table 5.4), and by species composition, with a significant effect of the second
and the third CCA axis (CCA2 and CCAS3 effects, Table 5.4). Finally, Rsoi was also
enhanced by BGB (BGB effect, t = 2.77, p = 0.007, Table 5.4) and by species richness

(SR effect, t = 2.97, p = 0.004, Table 5.4).
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Figure 5.6. Predicted net ecosystem exchange (NEE, ymol CO, m s™") according to
the diversity-interaction model PFT-oriented (Table 5.3, environmental conditions set as
the mean of the given treatment level). F indicates forbs, G grasses and L legumes.
Negative NEE values indicate net CO, uptake, and positive values indicate emissions.
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Table 5.3. Diversity-interaction model PFT-oriented results. Net ecosystem exchange (NEE), ecosystem respiration (Reco) and soil respiration
(Rsoi) as function of season, plot, canopy, photosynthetically active radiation (PAR), air temperature (T.), aboveground biomass (AGB),
belowground biomass (BGB) and plant functional type (forbs, grasses and legumes) proportions. Season with spring as reference level, and
canopy with open grassland (OG) as reference level. Estimates of the explanatory variables (Est.), standard error (SE), t and p-value.

Diversity-interaction model PFT-oriented

CO; flux (umol m=2 s™)

NEE Reco Rsoil

Est. SE t o] Est. SE t P Est. SE t o]
Season -6.2 0.6 -9.88 <0.001| -1.3 0.5 -2.56 0.01
Plot SM-ilex -6 3 -1.81 0.07 8.9 0.6 14.60 <0.001 0 1 0.35 0.7
Plot DN-mixed -2 3 -0.54 0.6 9.0 0.5 18.82 < 0.001 1 1 0.55 0.6
Plot DN-suber -2 3 -0.57 0.6 8.6 0.6 13.74 <0.001 2 1 1.33 0.2
Plot DN-pinea -1 3 -0.38 0.7 9.2 0.6 14.69 < 0.001 1 1 0.65 0.5
Canopy 4 0.7 558 <0.001| -1.8 0.6 -2.98 0.004 1.1 0.5 2.10 0.04
Season x canopy 4.3 0.9 473 <0.001 1.8 0.7 2.40 0.02
PAR (umol photons m2s™) -0.003 0.001 -4.58 <0.001
Ta(°C) 0.15 0.05 3.06 0.003
BGB (g DW m™?) 0.0015 0.0007 2.21 0.03
Forbs (fraction) 0 3 0.15 0.9
Grasses (fraction) -1 3 -0.22 <0.001
Legumes (fraction) -67 17 -3.97 <0.001
Forbs x legumes (fraction) 97 25 3.84 <0.001
Grasses x legumes (fraction) 96 24 4.07 <0.001
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Table 5.4. Diversity-interaction model species-oriented results. Net ecosystem exchange (NEE), ecosystem respiration (Reco) and soil respiration
(Rsoi) as function of season, plot, canopy, photosynthetically active radiation (PAR), air temperature (T.), aboveground biomass (AGB),
belowground biomass (BGB), species richness (SR) and canonical correspondence analysis axes 1-3 (CCA1-CCA3). Season with spring as
reference level, plot with SM-ilex as reference level, and canopy with open grassland (OG) as reference level. Estimates of the explanatory
variables (Est.), standard error (SE), t and p-value.

Diversity-interaction model species-oriented

CO; flux (umol m=2 s™)

NEE Reco Rsoil

Est. SE t p Est. SE t o] Est. SE t p
Intercept -5.3 0.9 -6.06 <0.001 3 2 1.81 0.08 -2 1 -1.57 0.1
Season -5 1 -461 <0.001| -0.9 0.5 -1.75 0.09
Plot DN-mixed 4.2 0.8 554 <0.001 2.0 0.9 2.31 0.02 0.6 0.5 1.24 0.2
Plot DN-suber 3.9 09 431 <0.001 0.5 0.8 0.65 0.5 1.4 0.6 2.44 0.02
Plot DN-pinea 4.8 09 520 <0.001 2.2 1.0 2.27 0.03 1.2 0.7 1.70 0.09
Canopy 3.5 0.7 523 <0.001 -0.6 0.9 -0.65 0.5 1.5 0.5 2.98 0.004
Season x canopy 3.9 0.9 4.47 < 0.001 1.8 0.7 2.51 0.01
PAR (pmol photons m2s~') -0.003 0.001 -5.11 <0.001
Ta(°C) 0.14 0.07 1.99 0.05 0.14 0.05 2.89 0.005
BGB (g DW m™?) 0.0022 0.0008 2.63 0.01 0.0018 0.0007 2.77 0.007
SR (n° species sample ") 0.26 0.09 297 0.004
CCA1 0.8 0.5 1.68 0.10
CCA2 -0.7 0.3 -2.11 0.04
CCA3 0.6 0.3 213 0.04
R2ag) 0.66 < 0.001 0.63 <0.001| 0.43 < 0.001
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5.4.3.2 CHs and NO exchange

CHaemissions were mainly enhanced by Ts (Ts effect, Table 5.5 - Table 5.6), being lower
in autumn than in spring (season effect, Table 5.5 - Table 5.6). In addition, CH4emissions

decreased with the presence of litter (litter effect, Table 5.5 - Table 5.6).

N2O showed an overall tendency to uptake, except under the canopy in autumn (canopy
x season effect, t = 2.25, p = 0.03, Table 5.6) and under P. pinea canopy in spring, where
there were N2O emissions (Figure 5.5). Moreover, vegetation composition and structure
influenced N>O exchange. The diversity-interaction model PFT-oriented (Table 5.5)
showed that the most explicative and parsimonious model was a PFT identity model
(Equation 5.4), with legumes enhancing N>.O emissions (legumes effect, t=2.49,
p = 0.02, Table 5.5 and Figure 5.7). Species composition influenced over N.O exchange,
with a significant effect of the first and the second CCA axis (CCA1 and CCA2 effects,

Table 5.6). Finally, litter and BGB (Table 5.5 - Table 5.6) also enhanced N2O emissions.
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Figure 5.7. Predicted N,O exchange (nmol m~2 s™") according to the diversity-interaction
model PFT-oriented (Table 5.5, environmental conditions and litter set as the mean of
the given treatment level). F indicates forbs, G grasses and L legumes. Negative values
indicate N2O uptake, and positive values indicate emissions.
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Table 5.5. Diversity-interaction model PFT-oriented results. CHs and NoO exchange as
function of as function of season, plot, canopy, soil temperature (Ts), soil water content
(SWC), litter, belowground biomass (BGB) and plant functional type (forbs, grasses and
legumes) proportions. Season with spring as reference level and canopy with open
grassland (OG) as reference level. Estimates of the explanatory variables (Est.),
standard error (SE), t and p-value.

Diversity-interaction model PFT-oriented

CH; (nmol m=2 s™1)

N20 (nmol m2s1)

Est. SE t o] Est. SE t o]

Season spring -13 -2.73 0.008
Season autumn -150 15 -9.68 < 0.001| -11 -2.30 0.03
Plot SM-ilex -24 81 -0.30 0.8

Plot DN-mixed -83 81 -1.03 0.3

Plot DN-suber =22 85 -0.26 0.8

Plot DN-pinea -28 85 -0.33 0.7

Canopy 2.1 0.8 2.68 0.010
Ts(°C) 13 5 272 0.008 0.4 0.2 2.44 0.02
SWC (fraction) 14 0.8 1.83 0.07 -0.05 0.03 -2.00 0.05
Litter (g DW m™?) -0.1 01 -1.89 0.06 0.007 0.003 2.84 0.006
BGB (g DW m™) 0.002 0.001 1.75 0.09
Forbs (fraction) 3 3 1.02 0.3
Grasses (fraction) 2 3 0.47 0.6
Legumes (fraction) 10 4 2.49 0.02
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Table 5.6. Diversity-interaction model species-oriented results. CH4 and N2O exchange
as function of season, plot, canopy, photosynthetically active radiation (PAR), soil
temperature (Ts), aboveground biomass (AGB), belowground biomass (BGB), species
richness (SR) and canonical correspondence analysis axes 1-2 (CCA1-CCA2). Season
with spring as reference level, plot with SM-ilex as reference level, and canopy with open
grassland (OG) as reference level. Estimates of the explanatory variables (Est.),
standard error (SE), t and p-value.

Diversity-interaction models species-oriented

CHs(nmol m=2s7) N20 (nmol m2s")

Est. SE t p Est. SE t p
(Intercept) 35 85 0.41 0.7 -9 4 -2.52  0.01
Season -160 16 -9.86 < 0.001 3 2 2.22 0.03
Plot DN-mixed -65 19 -3.46 < 0.001
Plot DN-suber 2 22 0.08 0.9
Plot DN-pinea -6 23 -0.25 0.8
Canopy 0 1 -0.02 1.0
Season x canopy 3 1 2.25 0.03
Ts(°C) 13 5 2.89 0.005 0.3 0.2 1.70 0.09
SWC (fraction) 1.3 0.7 1.73 0.09
Litter (g DW m™) -0.12 0.06 -2.08 0.04 0.011 0.003 3.30 0.002
BGB (g DW m™?) 0.002 0.001 2.34 0.02
Sfmgl'; _?)pecies -85 45  -1.87 0.07
CCA1 1.3 06 239 0.02
CCA2 0.6 03 215 0.04
R2aq) 0.65 <0.001 | 0.24 0.002
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5.5 Discussion

Our main goal was to assess the influence of dehesa structure (tree — open grassland),
and different tree canopies on the structure and composition of the herbaceous layer,
and these in turn on GHG exchange. Therefore, although seasonality was an important
driver of vegetation and GHG dynamics, in the following discussion we focus on our main

goals, without losing sight on seasonality and its interactions.

5.5.1 Plot and canopy as drivers of the structure and composition of the

herbaceous layer

Tree canopies were important drivers of vegetation spatial heterogeneity, both in terms
of structure and composition. Overall, AGB tended to decrease under the canopy
compared to the open grassland (canopy effect, Table 5.1), especially in spring
(Figure 5.2).This AGB reduction could be partly caused by lower light availability under
the canopy compared to the open grassland (UC PAR ~-340% in spring and —=150% in
autumn, Figure 5.1.A), in agreement with similar light constrains on biomass production

reported under the canopy in dehesas (Hussain et al., 2009; Seddaiu et al., 2018).

However, several studies have described that although under the canopy there is less
light available, usually the canopy in dehesas creates a favourable environment, with
increased soil moisture (Holmgren et al., 1997), higher nutrient availability (Gallardo,
2003; Gallardo et al., 2000) and amelioration of extreme temperatures (Maranén et al.,
2009), which may result in higher productivity of the herbal layer (Gea-lzquierdo et al.,
2009; Moreno et al., 2007). In our study case, under the canopy there was higher SWC
(Figure 5.1.C), lower Ts (Figure 5.1.B), and higher soil C and N (Table S5.2); but yet,
AGB tended to be lower under the canopy compared to the open grassland (canopy
effect, Table 5.1).This fact suggests that light was really a limiting resource under the

canopy, but also that some other limiting factors could be influencing.
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First, a main limiting factor for AGB production could be the presence of litter, which was
considerably higher under the canopy than in the open grassland, essentially in spring
(Figure 5.2). Although certainly litter can increase soil organic matter and fertility in long
term, increasing productivity; litter accumulation under the canopy was probably limiting
AGB production via mulching the soil and/or having an allellopatic effect on some species

growth (Maranon et al., 2009).

In addition, the combination of light limitations and litter accumulation could be causing
changes in species and PFT composition, especially in spring, with forbs being dominant
in the open grassland; grasses being dominant under the canopy, and legumes moslty
apearing in the open grassland (Table 5.1). Accordingly, previous studies have also
described dominance of grasses under the canopy (Gea-lzquierdo et al., 2009; Olsvig-
Whittaker et al., 1992), while the presence of forbs and legumes is limited under the
canopy (Gea-lzquierdo et al., 2009; Lopez-Carrasco et al., 2015; Maranon et al., 2009).
Species of high light demand are limited in their growth under the canopy, affected by
light constrains, litter accumulation, and competition with species tolerant to these
conditions (Marafién, 1986; Maranon et al., 2009). Therefore, accumulated litter may
influence in different ways on the growth of the different life forms, negatively affecting
forbs and legumes — dicotyledons — while not having a negative impact on the growth
of grasses — monocotyledons — with dense erect leaves (Barrantes Diaz, 1986; Roldan

Ruiz, 1993).

On the other hand, the higher litter input under the canopy most likely increased soil N
content (Table S5.2), which could be favouring the growth of grasses. Song et al. (2011)
found a similar result, with grasses increasing their biomass at high N availability at the
expense of forbs (Song et al., 2011). Moreover, results reported in Section 4.4.4 and
4.4.5 from the same study plots, suggested that there could be differences in N
acquisition and use strategies between grasses and forbs. Grasses had generally higher

N content and lower &N than forbs (Figure 4.6), especially under the canopy,
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suggesting that grasses were able to uptake more N, and therefore discriminate more
against "°N than forbs (Robinson, 2001; Yoneyama et al., 2001), and/or uptake a greater
amount of symbiotically fixed N. As already discussed in Section 4.5.2, grasses usually
have fibrous roots (Pirhofer-Walzl et al., 2012; Schenk and Jackson, 2002; Weaver,
1958), trait that may be facilitating N absorption from the most superficial soil layers and
from symbiotically fixed N sources (Pirhofer-Walzl et al., 2012). These differences in the
N acquisition and use could represent an important competitive advantage for grasses,
displacing other species under the canopy, fact that also agrees with the lower species
richness (SR) observed under the canopy in comparison to the open grassland (canopy

effect, Table 5.2).

Competition for water resources between species of the herbaceous layer and trees
could be also influencing grassland structure and composition, especially in the most
arid dehesas (Gea-lzquierdo et al., 2009; Moreno, 2008). In our case, the DN location
was drier than SM (higher temperatures, lower precipitation and more sandy soils,
Section 4.3.1), and although the SWC under the canopy was always higher than in the
open grassland (Figure 5.1.C), competition for water resources could be limiting in the
DN location. In fact, AGB decreased under the canopy in all DN plots, while the canopy
had a neutral effect on the AGB of SM-ilex plot (Figure 5.2). In agreement, Gea-lzquierdo
et al., (2009) found that plants could only profit from the increase in soil fertility mediated
by the canopy without water stress, the canopy effect being dependent on water

availability (Gea-lzquierdo et al., 2009).

Species diversity and composition was also mediated by the tree — open grassland
structure. Species richness (SR) decreased under the canopy compared to the open
grassland (canopy effect, Table 5.2), in agreement with pervious SR inventories in
dehesa ecosystems (Lopez-Carrasco et al., 2015; Marandn et al., 2009; Olsvig-
Whittaker et al., 1992; Rossetti et al., 2015). Same conditions that were decreasing AGB

production under the canopy, including lower light availability, higher litter input and
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competition between species, could also be lowering SR (Marafén, 1986; Marafién et
al., 2009; Marafion and Bartolomé, 1993). In addition, the higher SWC (Figure 5.1.C)
and higher soil N content (Table S5.2) under the canopy, could be enhancing the growing
of some dominant species (mostly grasses) at the expense of less competitive species
(Rice and Nagy, 2000). This agrees with the observed tendency of species evenness to
be lower under the canopy than in the open grassland in spring (Figure 5.3.A),

suggesting a more homogeneous composition of species.

Finnally, the CCA showed that plot and canopy drove species composition, in addition to
the varaibility associated to the seasonality (CCA1, Figure 5.1). Species composition
diffreed between plots (CCA2, Figure 5.4.A), with the SM-ilex and DN-suber plots having
similar species composition, probably due to similar microclimatic conditions, since
DN-suber was the fresher plot among all DN plots (Figure 5.1). On the other hand,
species composition differed between under the canopy and the open grassland (CCA3,
Figure 5.4.B), showing that the tree — open grassland structure allowed the growing of a

wide variety of species, incerasing SR at the ecosystem scale.

5.5.2 Plot, canopy and herbaceous layer interactions as drivers of

greenhouse gas exchange
55.21 CO, exchange

CO, exchange was closely driven by the dehesa tree — open grassland structure, with
tree canopies driving microclimatic conditions, soil characteristics and the structure and
composition of the herbaceous layer vegetation, and those in turn driving CO: fluxes.
Net ecosystem CO; exchange (NEE) in the open grassland was uptake dominated in all
the study plots, SM-ilex being the plot with the highest up-take rates and DN-pinea the
plot with the lowest uptake rates (Figure 5.5.A). On the contrary, NEE under the canopy
was emissions dominated in all DN plots, while in the SM-ilex plot there was net CO,

uptake (Figure 5.5.A).These results support the well-known effect of light as CO, uptake
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driver (Hussain et al., 2009; Wohlfahrt et al., 2008b), but also suggest interactions
between the environment created by the canopy and local conditions. Thus, although
light reduction under the canopy in the SM-ilex plot was in the same range of magnitude
than in the DN plots (Figure 5.1.A), the vegetation kept taking-up CO,. This links with the
previously discussed neutral canopy effect on AGB in the SM-ilex plot, since the canopy
did not have a noticeable impact on biomass production, which was able to
photosynthesise at similar rates under the canopy and in the open grassland. This
suggests again that the SM-ilex plot was less environmentally constrained than all DN
plots, and that the environment created under the canopy did not differ so much to the

open grassland, in opposition to the strong differences found in all DN plots.

Moreover, the inclusion of PFT composition improved NEE explained variability, and
highlighted the relevance of PFT identity and interaction effects (Table 5.3 and
Figure 5.6). Indeed, specific interactions among PFT were even more explicative than
AGB and evenness, the latter being considered as an average interaction term. Legumes
were key NEE drivers, enhancing net CO, uptake (Table 5.3 and Figure 5.6), in
agreement with previous studies that reported higher photosynthetic capacity of legumes
compared to grasses and forbs (Busch et al., 2018; Lee et al., 2003; Reich et al., 1998,
1997). Also, legumes transfer symbiotic N to other species, increasing photosynthesis of
the overall community (Mulder et al., 2002; Pirhofer-Walzl et al., 2012); and acquisition
of symbiotic N by legumes can be at the same time stimulated by the presence of grasses
(Nyfeler et al., 2011). Accordingly, symbiotic N fixed by legumes could provide an
important advantage for photosynthesis, especially in N limited systems, as is the case
in our plots, which have a very low soil N content, and also a 8'°N quite low (Table S5.2),

suggesting that symbiotic N may be an important N source in these systems.

On the other hand, ecosystem respiration (Rec, Figure 5.5.A) was influenced by
interactions between season and canopy, with lower R, under the canopy in spring

(canopy effect, Table 5.3 - Table 5.4), but higher Reco under the canopyin autumn (season
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x canopy effect, Table 5.3 - Table 5.4), suggesting a differential magnitude of Rec
components (Reco = Rautotrophic + Rneterotrophic) @nd its biotic and abiotic drivers depending
on the season. First, higher Rec, rates in spring and in the open grassland (Figure 5.5.A)
were most likely linked to higher soil temperature (Ts effect, Table 5.1), which is known
to be an important Rec driver (Hussain et al., 2009), especially enhancing the

heterotrophic component of Rec, (Davidson and Janssens, 2006).

Second, higher R rates in the open grassland could be indirectly related to higher CO,
uptake rates (NEE, Figure 5.5.A). Respiration is one of the most important C release
pathways of recently fixed C photo-assimilated by plants (Aljazairi et al., 2015), and
autotrophic respiration is directly linked to photosynthetic activity (Larsen et al., 2007).
The magnitude of the autotrophic component of Reco in spring was clear when the AGB
was removed, and the remaining respiratory flux (Rsoi) clearly decreased compared to
Reco (Figure S5.1). On the contrary, Reco and Rsoi, €qualized in autumn, Rsi even
exceeding Reco in some cases (Figure S5.1), suggesting that respiration derived from

photosynthetic activity was really very low in autumn.

However, note that although the tendency in spring was to lower Rec, under the canopy
compared to the open grassland (canopy effect, Table 5.2), our data also suggested that
Reco (and also Rsoil) tended to increase under P. pinea canopy (Figure 5.5.A, spring). This
might be because the P. pinea canopy was more open than Quercus canopies, as
reflects the lower PAR differences between under the canopy and the open grassland
(Figure 5.1.A), increasing temperatures under the canopy (Ts, Figure 5.1.B), conditions
that could have enhanced respiration rates. In addition, litter of P. pinea has been
reported to be more recalcitrant than litter of Quercus species (Fioretto et al., 2008;
Sheffer et al., 2015), and this could be increasing soil organic C at the plot level
(Table 4.1) and C/N ratio in the soil under the canopy (Table S5.2). In agreement, soil

organic C and C/N ratio have been positively linked to the heterotrophic component of
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Reco, since soil microorganisms respire more C in absolute terms and per unit of microbial

biomass when decomposing C-rich and/or N-poor substrates (Spohn, 2015).

On the other hand, the increase in R (as well as Rsoi) under the canopy in autumn
compared to the open grassland (canopy x season, Table 5.2), was probably related to
litter decomposition processes. The big amount of litter that was present under the
canopy in spring was no longer present in autumn (Figure 5.2), suggesting that litter was
already incorporated into the soil, and that was probably on mineralization process,

increasing the heterotrophic component of Reco.

Respiratory fluxes, Reco and Rsoi, Were also influenced by the structure and species
composition of the herbaceous layer. Reco and Rsoii Wwere both enhanced by belowground
biomass (BGB effect, Table 5.3 and Table 5.4), which has been linked to auto and
heterotrophic respiration (Wang et al., 2017; Zhu et al., 2016). Previous studies have
explained this increase in respiration rates related to BGB via an increase in species
richness (Corréa Dias et al., 2010). Howerver, our results suggested that species
composition and richness explained some extra variabity of respiratory fluxes beyond
BGB. Part of Rec, variability was explained by the CCA axes (CCA2 and CCA3 effects,
Table 5.4), which represent a reduction of the dimensionality of the whole matrix of

species, and Rsi was enhanced by SR (Table 5.4).
5.5.2.2 CH4 and N2O exchange

CHsand N2O assessments from Mediterranean grasslands or meadows are very scarce
(Oertel et al., 2016); and although quantifying absolute fluxes was not our goal, but to
understand mechanisms affecting GHG exchange in dehesas ecosystems, we
considered appropriate to contextualize our CHs and N2O fluxes in the literature.
Accordingly, our CH4 (Figure 5.5.B) and N2O (Figure 5.5.C) fluxes were much higher than
previously reported fluxes from dehesa ecosystems (maximum CHs

emissions =20 yggCm2?h"' =046nmolCHs m?2 s and N;O exchange
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range = -10-10 ygN m2s'=0.10 nmolN,O m™ s™', Shvaleva et al., 2014);
although other studies carried out in grasslands have reported CHsand N.O exchange
rates in the same magnitude (Debouk et al., 2018; Dengel et al., 2011; Merbold et al.,
2014). Yet, it must be taken into account that we did not consider fluxes below detection

limit (Section 5.3.2), fact that could be increasing the average.

CH4 emissions were more driven by a strong seasonality than by differences between
under the canopy and the open grassland. CH, shifted from high emissions in spring, to
low emissions or uptake in autumn (Figure 5.5.B), probably as result of several factors
occurring simultaneously. First, high CH4 emissions in spring were enhanced by high
temperatures (Ts effect, Table 5.5 - Table 5.6), which could be favouring methanogenic
activity and methane diffusion (Oertel et al., 2016). Second, SWC enhanced CH4
emissions (although marginally significant, Table 5.5 - Table 5.6), and drying-rewetting
cycles, typical in spring, could also be enhancing CH4 soil emissions (Jugold et al., 2012).
Finally, some studies have suggested that vegetation may have a role as CH, driver, as
conduit (Dorodnikov et al., 2011; Gogoi et al., 2005) and/or as source, even at aerobic
conditions (Butenhoff and Khan Khalil, 2007; Carmichael et al., 2014; Keppler et al.,
2006; Praeg et al., 2017; Vigano et al., 2008). Thus, despite such role of vegetation as
CHa source is still controversial, it has been suggested that CH4 emissions from plants
may be driven by ester methyl groups of pectin that can serve as CH4 precursors
(Keppler et al., 2008); UV radiation that may promote vegetation cellular breakdown
emitting CH4 (Nisbet et al., 2009; Vigano et al., 2008); and/or plants can transpire
methane already dissolved in soil water (Nisbet et al., 2009). In our study we did not find
a significant effect of AGB on CH4exchange, but certainly AGB was much higher in spring
than in autumn (season effect, Table 5.1), which could be creating favourable conditions

for CH4 emissions.

Regarding N>O exchange, there was an overall tendency to N>O uptake in spring, except

under P. pinea, where there were N2O emissions (Figure 5.5.C, spring). Note that again
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the DN-pinea plot had a differential GHG exchange behaviour than plots dominated by
Quercus species, probably due to litter characteristics of P. pinea, influencing N
dynamics. On the contrary, in autumn all study plots were small N.O sources
(Figure 5.5.C), especially under the canopy (canopy x season effect, Table 5.6), which
could be driven by the higher soil N content (Table S5.2) and nitrification and

denitrification processes (Luo et al., 2013; Oertel et al., 2016; Senapati et al., 2016).

Moreover, N2O exchange was also influenced by the structure and composition of the
herbaceous layer, increasing N2O emissions with litter, BGB and the presence of
legumes in the community (Table 5.5 - Table 5.6). The influence of litter and BGB on N.O
exchange at field conditions is not well understood, but there are some experiments
assessing the effect of cover crops on N.O exchange that may provide some
understanding (Baggs et al., 2000; Lin et al., 2013; Maris et al., 2018; Shaaban et al.,
2016). For instance, an experimental study by Shaaban et al., (2016), reported
increasing N2O emissions with the addition of litter onto soil surface, and specially with
the addition of nodulated roots into the soil. The authors related the input of organic
matter to stimulated microbial activity and denitrification, resulting in N2O production
(Shaaban et al., 2016). Also, NoO emissions were negatively correlated to the C/N ratio

of the substrate (Shaaban et al., 2016).

This agrees with our results of legumes enhancing N.O emissions (Table 5.5 and
Figure 5.7). Legumes increase N availability and decrease C/N ratio of the substrate,
leading to an increase in N2O emissions (Shaaban et al., 2016; Stehfest and Bouwman,
2006). On the other hand, species composition also influenced N-O exchange (CCA1
and CCAZ2 effects, Table 5.6), in agreement with previous studies that have identified
species composition as a key component underlying N.O exchange (Abalos et al., 2014;

Dijkstra et al., 2010).
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Eventually, the inclusion of vegetation composition and diversity indexes, both in terms
of species and PFT, improved the understanding of mechanisms affecting GHG (CO

and N20) in dehesa ecosystems.

5.6 Conclusions

Our study provides insight into dehesa ecosystems functioning, showing that the typical
tree — open grassland structure modifies the structure and compostion (both in terms of
speices and PFT) of the herbaceus layer. Morover the tree — open grassland structure
and the herbaceus layer interacted to drive GHG fluxes. Tree canopies especially drove
CO, and N0 fluxes, increasing emissions under P. pinea canopy compared to Quercus
species. GHG fluxes were also driven by PFT and species composition. Legume identity
effects enhanced net CO, uptake and N2O emissions; species richness increased Rsoi;
and species compositional matrix drove Reco and N2O exchange. The inclusion of
vegetation composition and diversity indexes improved the understanding of
mechanisms affecting GHG fluxes in dehesa ecosystems. Changes in the tree species
and the tree coverage, mediated by changes in the composition of the herbaceous layer,
will imply deep changes in the GHG exchange of dehesas. Facts that should be taken
into account to perform better management strategies of this vast but vulnerable

ecosystem.
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5.7 Supplementary material

Table S5.1. Linear model results. Photosynthetically active radiation (PAR), soil
temperature (Ts) and soil water content (SWC) as function of season, plot and canopy.
Explanatory variables selected by a stepwise procedure. Plot with SM-ilex as reference
level, season with spring as reference level, and canopy with open grassland (OG) as
reference level. Estimates of the explanatory variables (Est.), standard error (SE), t and
p-value.

PAR (umol photons m2 s™) Ts (°C) SWC (%)

Est. SE t o] Est. SE t p Est. SE t p

(Intercept) 1385 107 1290 <0.001 [17.0 04 39.54 <0.001 | 16 3 6.37 <0.001

Season -1001 110 -9.06 <0.001 [-1.3 04 -3.04 0.003

PIOt. -92 105 -0.88 0.4 0.2 04 0.54 0.6 -4 3 -1.39 0.2
DN-mixed
Plot
-16 125 -0.13 0.9 04 05 0.81 0.4 6 3 1.84 0.07
DN-suber
Plot
. 195 125 1.56 0.1 1.2 05 249 0.02 -9 3 -2.75 0.008
DN-pinea

Canopy -977 106 -9.25 <0.001 |-2.7 04 -6.26 <0.001 7 2 3.15 0.002

Seasonx  g\; 159 533 <0001 | 23 06 357 <0.001
canopy
R2pg; 0.66 <0.001 |0.36 <0.001 | 0.28 < 0.001
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Table S5.2. Soil C content, N content, 8'°N and C/N ratio per plot and canopy: open
grassland (OG) and under the canopy (UC). Mean and standard error (SE).
Summarized from Section 4.4.

SM-ilex DN-mixed
Variables oG uc oG uc
Mean SE Mean SE |[Mean SE Mean SE
C (%) 1.8 0.1 42 041 1.1 0.2 27 03
N (%) 0.164 0.010 0.30 0.03|0.082 0.010 0.19 0.02
55N (%o) 3.6 0.5 39 02| 41 0.5 33 03
CIN (fraction) 11.2 0.1 14.0 01| 133 0.3 141 02
DN-suber DN-pinea
oG uc oG uc
Mean SE Mean SE |[Mean SE Mean SE
C (%) 24 0.5 32 07| 09 0.1 35 09
N (%) 0.18 0.05 0.24 0.05|0.064 0.008 0.23 0.05
5"5N (%o) 410 0.09 40 04 | 37 05 369 0.09
CIN (fraction) 12.8 0.5 136 05| 136 0.3 154 05
Average all plots
oG uc
Mean SE Mean SE
C (%) 14 0.2 32 03
N (%) 0.12 0.01 0.23 0.02
55N (%o) 3.9 0.2 3.7 02
CIN (fraction) 12.6 0.2 14.0 0.2
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Figure S5.1. Soil respiration (Rsoi) ~ ecosystem respiration (Reco) relationship, mean +
standard error per season, plot and canopy.
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Chapter 6 General discussion

6.1 Vegetation contribution to the understanding of

greenhouse gas exchange and carbon and nitrogen cycling

Our results showed that vegetation was an important driver of greenhouse gas (GHG)
exchange and carbon (C) and nitrogen (N) cycling along the assessed climatic gradient
and management regimes. Such vegetation influence was exerted from a perspective of

phenology, structure and composition as detailed below.
6.1.1 Vegetation structure and phenology

The influence of vegetation structure and phenology on GHG fluxes and C and N cycling
was consistent on both alpine grasslands and dehesa ecosystems. Regarding GHG
exchange, we showed in Chapter 2 that CO, exchange fluxes in mountain grasslands
were dependent on phenology and climatic belt characteristics. Temperature and soil
water content influenced on different ways on the two altitudinal belts. The subalpine
grassland (CAST) was more temperature constrained than water constrained then the
montane grassland (BERT), and vegetation did not start to grow until temperatures
increased (Figure 2.4). However, temperature increased CO; exchange in a higher
magnitude in the subalpine grassland, being highly productive during summer. In
addition, the well-developed vegetation kept exchanging CO,, even though the summer
drought; while drought effects were stronger in the montane grassland (BERT,

Figure 2.4).

This suggests that vegetation may have different resource use and acquisition strategies
depending on the environment (Brilli et al., 2011; Leitinger et al., 2015), and highlights
the need of detailed information on phenology, in order to accurately upscale CO,
exchange fluxes. Moreover, this illustrates potential changes that CO, fluxes may suffer,

mediated by vegetation, under an increase of global temperatures.
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On the other hand, the tree — open grassland structure in dehesa ecosystems also drove
GHG fluxes (Chapter 5). An example is the lower net CO, uptake that we found under
the canopy compared to the open grassland (Figure 5.5). Interestingly, GHG fluxes were
affected differently between tree species (Q. ilex, Q. suber and P. pinea). Generally,
emissions under the canopy of P. pinea differed from Quercus species, with higher CO,
(soil and ecosystem respiration) and N2O emissions under the canopy of P. pinea than
under the canopy of Q. ilex and Q. suber (Figure 5.5). These facts evidence that changes
in the tree cover, and in the tree species composition may imply profound changes in
GHG exchange. This should be taken into account when assessing the impacts of land
use changes, and of plantations that are replacing traditional Quercus species stands

(Costa et al., 2011; Costa Pérez et al., 2006).

In addition, the tree — open grassland structure also influenced C and N cycling and
storage between ecosystem compartments (Chapter 4). Overall, under the canopy there
was higher C (Figure 4.2) and N (Figure 4.7) content in the soil and the above and
belowground biomass, and there was higher discrimination against *C (Figure 4.3) and

N (Figure 4.8) than in the open grassland.

Interestingly, the canopy influence was generally stronger in all Dofiana (DN) plots than
in the Sierra Morena plot (SM-ilex), where the canopy effect tended to be neutral. An
example of this difference on the canopy effect would be the 3'C of forbs, which had
lower 8"C (higher discrimination against '*C) under the canopy than in the open
grassland in all DN plots, while this effect was not noticeable in the SM-ilex plot
(Figure 4.3.C). This may well be because DN is more environmentally constrained than
SM, which is slightly fresher and wetter, and the canopy really generates an environment
that is markedly different from the open grassland in DN. Moreover, this highlights the
relevance of trees as drivers of ecosystem fertility and C and N relationships, especially
in more constrained environments, and the fact that the optimum tree coverage may

differ depending on the given ecosystem function and environmental conditions.
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Finally, the tree — open grassland structure of dehesas also drove the composition of the
herbaceous layer, both in terms of species and plant functional types
(PFT, Section 5.4.2). Thus, since each PFT has its own C and N acquisition and use

strategies (Chapter 4), PFT also acted as drivers of GHG exchange and C and N cycling.
6.1.2 Vegetation composition: identity effects

Indeed, such influence of PFT on GHG exchange, was captured by the
diversity-interaction model (Section 5.4.3). Legumes identity effects increased the net
CO- uptake (NEE, Table 5.3) and N>O emissions (Table 5.5), most likely due the higher
N availability that legumes provided to the system. Species compositional matrix was
also explicative of ecosystem respiration (Reco, Table 5.4) and N.O (Table 5.6), as
showed significantly the axes of the canonical correspondence analysis (CCA), which

represent a reduction of the dimensionality of the whole matrix of species.

Accordingly, vegetation composition (both in terms of PFT or species) explained an
important part of GHG variance, even, in some cases, more than vegetation structural
variables, as are above and belowground biomass. For instance, this was observed
when modelling the NEE using the diversity-interaction model, in which PFT identity and
interaction effects were significant, while above and belowground biomass were not
included in the model (Table 5.3). This means that there is a strong relationship between
diversity/composition and ecosystem functioning, even beyond the more straightforward
relationship between diversity, productivity and GHG (De Deyn et al., 2009; Finn et al.,

2013; Hector et al., 1999).

In addition, our results showed that assessing vegetation compositional effects form a
species and a PFT approach can be complementary, since some GHG fluxes were
explained by vegetation composition in terms of PFT (NEE, Table 5.3), in terms of

species (Reco, Table 5.4) or both (N2O, Table 5.5 - Table 5.6).
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However, note that some expected effects may not be noticeable at a given scale, since
several PFT ecophysiological characteristics are occurring simultaneously. This is what
we observed when assessing the PFT dominance effect on NEE light response in
Chapter 2. We observed an effect of the dominant PFT on the NEE per aboveground
living biomass (NEEacLs, umol CO, g='s™), but this effect was not noticeable on the NEE
per grassland ground area (NEE, umol CO, m™ s, Table 2.2). Although legumes have
higher photosynthetic capacity, plots dominated by legumes have generally lower
biomass than plots dominated by grasses or forbs (Figure S2.2), and the expected higher
net CO; uptake rates were not noticeable at a grassland ground area scale (Table 2.2).
Hence, this highlights the relevance of the scale when assessing composition or diversity
effects on a given ecosystem function, since some effects may emerge when using the

proper scale.
6.1.3 Vegetation composition: diversity interaction effects

A diversity interaction effect is the performance of a mixed community that differs from
the expected combination of individual performances, effects that can be synergistic or
antagonistic (Kirwan et al., 2009). To this regard, we reported in Chapter 3 a synergistic
effect between cereal and legume species, which experienced an increase in the net
CO, uptake compared to cereal monocultures (Table 3.2). This probably resulted from a
niche complementary effect (Tilman et al., 1997) and an increase in the N availability,
which enhanced photosynthesis of the overall community (Kirwan et al., 2009; Mulder et
al., 2002; Pirhofer-Walzl et al., 2012). Interestingly, such cereal-legume interaction
effects enhanced gross CO, uptake, but did not significantly enhance respiration
(Sections 3.4.3 - 3.4.4), resulting in higher net CO, uptake. This fact raises questions
regarding the magnitude of such identity and interaction effects on each NEE component
— gross primary production (GPP) and Reco—, as well as on both Reco cOmponents, auto

and heterotrophic respiration. Further research in this line would be recommendable.
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On the other hand, interaction effects can also be antagonistic, and that is what we
observed in Chapter 5 when modelling NEE in dehesa ecosystems (Table 5.3). The
maximum net CO, uptake was achieved with dominance of legumes (legumes identity
effect), but net CO, uptake decreased with the presence of forbs and grasses in the
mixture (Table 5.3). Yet, full dominance of legumes in the studied dehesa ecosystem

would not be realistic (Figure 5.2).

Finally, species richness (SR) explained part of Rsii (Table 5.4) and CH4 emissions (SR,
marginally significant effect, Table 5.6), but in our study cases generally PFT or species
composition were better predictors of GHG exchange than diversity indices, such as SR
or evenness. Indeed, the evenness index, which can be considered as an average
interaction term, was not included in any of the GHG models, while the inclusion of PFT
specific interactions (Table 5.3), and species composition (CCA axes, Table 5.4 and

Table 5.6) had significant effects on GHG exchange.

6.2 Forage mixtures: management opportunities

Our results show that species selection can provide interesting management
opportunities to mitigate climate change, since legumes (Table 5.3) and cereal-legume
mixtures (Table 3.2) increased the net CO, uptake. Symbiotic N fixed by legumes
provides an important advantage for photosynthesis and CO. uptake, especially in N
limited systems. In addition, cereal-legume mixtures had higher forage quality
(Table S3.1); suggesting the potential of cereal-legume mixtures to increase soil nitrogen

content.

On the other hand, each grassland type (cereal monoculture vs. cereal-legume mixtures)
has associated certain management practices that can simultaneously increase the C
uptake of the system. In Chapter 3 we showed that an earlier harvesting of the yield

associated to cereal-legume mixtures compared to cereal monocultures, favoured a
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second regrowth of the vegetation after the harvest, enhancing the net CO, uptake during
the fallow period, which was decisive for the cumulative NEE (Section 3.4.1). The
voluntary regrowth of the vegetation during the fallow also provided a profitable resource
for livestock, besides providing an important litter input into the system, probably

increasing the net biome production (NBP), and offsetting partly C losses due to the yield.

These facts evidence the need of a better understanding of phenological cycles, in order
to achieve the maximum productivity, maximum net CO, uptake (minimizing other GHG
emissions), as well as maximum NBP, which will determine the C sink/source behaviour

of a given grassland.

However, our results also showed that legumes can increase N.O emissions (Table 5.5),
and further research focusing on the role of vegetation as CH4 and N2O driver, would be
recommendable to fully assess the C sink potential, minimizing GHG emissions, of

forage mixtures.

6.3 Implications of our research

Our research highlights the relevance of vegetation as driver of GHG exchange and C
and N cycling in grassland ecosystems, highlighting the enormous potential of grassland

ecosystems to mitigate climate change.

Interestingly, the role of vegetation composition was consistent along all the research
conducted in this thesis. Vegetation composition (both in terms of PFT or species)
explained an important part of GHG variance, even in some cases, more than vegetation
structural variables and more aggregated diversity indices (evenness). This an important
finding that provides insight into grasslands and agroecosystems functioning, and which
can be used to crate management strategies to enhance the C sink potential, minimizing

GHG emissions, and enhancing grasslands fertility.
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Yet, it is important to consider that any change in the vegetation structure and
composition will simultaneously influence several ecosystem functions, and this must be
taken into account to optimize the results according to the objective. Moreover, changing
plant communities in combination with climate change may lead to complex interactions,

significantly affecting GHG exchange and C and N cycles.

To this regard, examine in more detail the mechanisms through which the vegetation
influences GHG exchange, especially CH4 and N2O, and C and N cycles, would be key
to clarify part of the remaining uncertainty. In particular, more research is needed to
unravel the role of vegetation on GHG consumption and formation, as well as to unravel

vegetation direct from indirect effects.
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Chapter 7 General conclusions

Chapter 2

Phenology played an important role as CO, exchange driver at seasonal scale, driving
differences between elevation belts (montane vs. subalpine). The subalpine grassland
was more temperature constrained than water constrained, but temperature enhanced
gross and net CO; uptake at higher rates than in the montane grassland. A delayed
phenology at the subalpine grassland reduced vegetation's sensitivity to summer
dryness, which did not experience a reduction in CO, exchange, even though the low
soil water content. During the peak biomass the subalpine grassland was considerably
more productive and yielded higher net CO; uptake rates than the montane grassland.
Accordingly, in mountain environments, detailed information on phenology is key to

understand seasonal CO, exchange dynamics.

Vegetation composition, in terms of the dominant plant functional type (PFT), influenced
net ecosystem exchange (NEE) per unit of aboveground living biomass; grass dominated
plots having lower asymptotic gross primary production than legume dominated plots.
However, this PFT dominance effect on NEE was not observed on NEE per grassland
ground area, highlighting the relevance of the scale when assessing composition or
diversity effects on a given ecosystem function, since some effects may emerge when

using the proper scale.

Chapter 3

Cereal-legume mixtures increased net CO, uptake compared to cereal monocultures.
Management practices associated to cereal-legume mixtures, particularly an earlier
harvesting time of the yield, favoured the voluntary regrowth of the vegetation during the
fallow period, enhancing the net CO, uptake during that period, and being decisive for

the net CO, budget of the whole grassland season. In addition cereal-legume mixtures
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enhanced photosynthetic activity and gross CO, uptake, while did not significantly
increase respiration, resulting in higher net CO, uptake. Cereal-legume mixtures
provided in this sense important advantages to increase the net CO, uptake capacity of
forage systems compared to cereal monocultures, while ensuring productivity and forage

quality.

Chapter 4

Dehesa carbon (C) and nitrogen (N) dynamics were strongly modulated by interactions
between trees and the herbaceous layer. The higher litter fall from trees increased soil C
and N content under the canopy compared to the open grassland. The increased soil N,
most likely increased N content in shoots and favoured higher discrimination against '°N
by roots. Overall, 3'3C and intrinsic water use efficiency (i\WUE) of the herbaceous layer,
and especially of forbs, decreased under the canopy, as a result of higher stomatal
conductance. Moreover, each plant functional type (PFT, forbs, grasses and legumes)
had their own C and N ecophysiological particularities. Legumes had the lowest 5'*C
and the lowest iIWUE, followed by forbs and grasses. Besides the fact that legumes were
the PFT with the highest N content and the most "N depleted leaves, grasses had higher
N content than forbs and generally lower &'°N. This, suggests that grasses may be more
efficient taking-up N, and/or exploiting symbiotic N than forbs, which could provide an
important competitive advantage to grasses, especially under the canopy, where there
was higher soil N content. Finally, the canopy influence on C and N storage and cycling
was generally more noticeable in the DN plots than in the SM-ilex plot, DN being more
environmentally constrained than SM. This, highlights the relevance of trees as drivers
of ecosystem fertility and C and N relationships, especially in more constrained

environments, as is DN vs. SM.
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Chapter 5

The tree — open grassland of dehesas also strongly influenced the structure and
compostion (both in terms of speices and PFT) of the herbaceus layer, which interacted
to drive GHG fluxes. Tree canopies especially drove CO, and N.O fluxes, increasing
emissions under P. pinea canopy compared to Quercus species. GHG fluxes were also
driven by PFT and species composition. Legume identity effects enhanced net CO;
uptake and N>O emissions; species richness increased Rsoi; and species compositional
matrix drove Reco and N2O exchange. The inclusion of vegetation composition and
diversity indexes improved the understanding of mechanisms affecting GHG fluxes in
dehesa ecosystems. Changes in the tree species and the tree coverage, mediated by
changes in the composition of the herbaceous layer, will imply deep changes in the GHG
exchange of dehesas. Facts that should be taken into account to perform better

management strategies of this vast but vulnerable ecosystem.
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