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Impacto de praticas de intensificagao em atributos ecossistémicos do
campo nativo '

Autor: Martin Alejandro Jaurena Barrios
Orientador: Carlos Nabinger

Resumo — O manejo de campo nativo apresenta o desafio de desenvolver
estratégias de intensificacdo sustentavel para superar o dilema produgéao-
conservagao. Embora a intensificagdo da produgcao através da agregacao de
insumos (fertilizantes e/ou sementes) seja possivel, também pode causar
mudangas negativas na sustentabilidade. Apesar das quantificagdes
preliminares, existe uma lacuna no conhecimento acerca de como e quando
sao alteradas a diversidade, a estabilidade e a resiliéncia em processos de
intensificagdo. Neste sentido, esta tese se concentra em identificar, através de
dois experimentos: i) os principais fatores de controle da estabilidade temporal
da produtividade de pastagens enriquecidas com nitrogénio (N), fésforo (P) e
agua; e ii) determinar os efeitos da fertilizagcado fosfatada na diversidade de
espécies e no estado da vegetagdo em campos nativos sobressemeados com
leguminosas exadticas. O primeiro experimento apresenta o efeito de quatro
anos de adicdo de N, P e agua na produtividade e estabilidade temporal da
producgao. A adicdo de N e N + P diminuiu a estabilidade, processo associado a
reducdo da constancia da producédo das espécies mais dominantes, enquanto
que as adi¢gdes de P e agua incrementaram a estabilidade devido ao aumento
da assincronia das espécies. Estas duas formas de controle da estabilidade
sao alternativas e a expressdo esta regulada pela limitacdo de N.
Contrariamente ao proposto na teoria predominante “diversidade-estabilidade”,
os resultados deste trabalho indicam que a estabilidade da producédo depende
principalmente do comportamento das espécies dominantes e nao da
diversidade de espécies. O segundo experimento expde o efeito de mais de 10
anos de fertilizacao fosfatada na diversidade de espécies de um campo nativo
sobressemeado com Trifolium repens e Lotus corniculatus. As respostas em
riqueza e diversidade de espécies se relacionaram negativamente com a
concentracao de P do solo. Foram identificados limiares de concentragdo de P
a partir dos quais se alcangaram as perdas maximas de diversidade e também
foi desenvolvido um modelo de estados e transigdes da vegetagao. Em sintese,
esta tese contribui para ampliar o conhecimento do impacto de praticas de
melhoramento em atributos de sustentabilidade (produtividade, diversidade,
estabilidade, e resiliéncia) dos pastos nativos do bioma Pampa. A continuagéo
destes esforcos permitira avangos na definicdo dos limites da intensificacao
baseados em critérios ecoldgicos, e assim contribuirdA com o desafio de
desenvolver estratégias de manejo sustentavel.

Palavras chave: diversidade de espécies, estabilidade temporal, irrigagao,
fertilizacao, fésforo, nitrogénio, pastos nativos.

' Tese de Doutorado em Zootecnia — Plantas forrageiras, Faculdade de Agronomia,
Universidade Federal do Rio Grande do Sul, Porto Alegre, RS, Brasil (94 p.), Outubro,
2016.



Impact of management intensification on native grassland ecosystems
attributes '

Author: Martin Alejandro Jaurena Barrios
Advisor: Carlos Nabinger

Abstract - Native grassland management faces the challenge to develop
sustainable intensification strategies to overcome the dilemma between
production and conservation. Although the intensification of the production
through addition of inputs (fertilizers and/or seeds) to be possible, it can
potentially induces negative changes in the sustainability of the ecosystems.
There is a gap in the knowledge about how and when diversity, stability and
resilience are altered in the intensification process. The main body of this thesis
consist of two experiments focused on: i) identifying the main factors that
control the temporal stability of productivity of a native grassland enriched with
nitrogen (N), phosphorus (P) and water; and ii) determining the effects of
phosphorus fertilization in the diversity and the state of the vegetation of a
native grassland overseeded with exotic legumes. The first experiment
analyzed the effect of four years of N, P and water addition on the productivity
and the temporal stability of a native grassland production. The single addition
of N or combined with P decreased the temporal stability by reducing the
constancy of the production of the most dominant species, whereas the
additions of P and water increased the stability by increasing species
asynchrony. Both controls of temporal stability appear to be alternative
mechanisms, and the specific expression of each one would be regulated by
the limitation of N. In the second experiment, the long term effects of two P
fertilization doses on species richness and diversity of a native grassland
overseeded with Trifolium repens and Lotus corniculatus were examinated.
Extractable soil P was negatively related with species richness and diversity.
Additionally, P concentration thresholds related to the maximum loss of species
richness and diversity were identified, and a model of the states and transitions
of the vegetation was developed. In summary, this thesis contributes to the
understanding of the impact of intensification practices on sustainability
attributes (productivity, diversity, stability and resilience) of native grasslands.
The continuation of this research will focus on a detailed definition of the
thresholds of the intensification based on ecological criteria, and thus contribute
to the challenge to develop sustainable systems.

Key words: fertilization, native grassland, nitrogen, phosphorus, species
diversity, temporal stability.

'Doctoral thesis in Forage Science — Faculdade de Agronomia, Universidade Federal
do Rio Grande do Sul, Porto Alegre, RS, Brazil. (94 p.), October, 2016.
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1. INTRODUGAO GERAL

1.1 Marco Conceitual

As comunidades de plantas de pastagens sao frequentemente
utilizadas como ecossistemas modelo para o estudo dos efeitos das mudancgas
globais (Craine et al., 2013; Hautier et al., 2015; Shi et al., 2016). Esta situacao
se relaciona com a facilidade e precisdo com que produtividade, diversidade,
estabilidade, resisténcia e resiliéncia podem ser avaliadas. A produtividade
primaria aérea liquida (PPAL) é a fungdo mais estudada dos ecossistemas de
pastagens devido a possibilidade de integrar processos de multiplos niveis
troficos e diferentes escalas espago-temporais (Mc Naughton et al., 1989). A
diversidade de espécies é também funcionalmente importante porque,
teoricamente, incrementa as categorias de atributos funcionais das plantas, e
desta maneira aumenta a variedade de condicdes em que os ecossistemas
podem funcionar. A teoria dominante sugere que mudangas na diversidade
levam a subsequentes alteragcdes na estabilidade da PPAL das pastagens
(Tilman et al., 2006; Hector et al., 2010; Hautier et al., 2015). No entanto, esta
teoria tem sido muito polemizada quanto a falta de mecanismos consistentes
que expliguem os efeitos da diversidade, limitando, assim, as possibilidades de
entender os processos dos ecossistemas.

As intervengdes antropicas induzem a mudangcas em escala

global, as quais influenciam a diversidade, produtividade, estabilidade e
resiliéncia dos ecossistemas a nivel regional e local (Chapin et al., 2000; Oliver
et al., 2015). Especificamente, mudangas no uso do solo, enriquecimento de
nutrientes e alteragcdes nos padroes de temperatura e regimes pluviométricos
sdo exemplos de transformacgdes globais mais comuns (Sala et al., 2000;
Chapin et al., 2000). Os ecossistemas de campo nativo, caracterizados pela
sua alta diversidade espacial e temporal, estdo altamente expostos aos efeitos
das mudangas globais. Neste sentido, a resposta das pastagens a adicdo de
nutrientes interage com as variagbes climaticas. Portanto, o ambiente hidrico
deve ser considerado no desenvolvimento de estratégias de melhoramento da
eficiéncia do uso de N nas pastagens (Gastal & Lemaire, 2002).

Apesar disso, o entendimento dos processos mediante os quais
estas mudangas globais influenciam a diversidade, estabilidade da PPLA e
resiliéncia das pastagens naturais ainda € limitado. Este desconhecimento
dificulta a capacidade de predizer futuras alteragdes nos ecossistemas e ha,
portanto, necessidade de estudos para entender os mecanismos que regulam a
estabilidade e diversidade das pastagens.

1.2 Problema de estudo

Para atender aos futuros desafios climaticos, econémicos e sociais,
a producdo de alimentos devera ser mais produtiva, estavel e resiliente,
minimizando os impactos ambientais (Foley et al., 2005). Neste contexto, um
dos desafios mais importantes da pesquisa atual é a articulagdo da demanda
crescente de alimentos com a protecao do meio ambiente (Henle et al., 2008).
Para enfrentar esse desafio, o recente paradigma da intensificagdo ecoldgica
visa promover o uso sustentavel da biodiversidade e dos servigos
ecossistémicos associados para desenvolver sistemas eficientes de producao
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(Bommarco et al.,, 2013; Geertsema et al., 2016). Especificamente, os
produtores que utilizam os campos nativos do bioma Pampa, na América do
Sul, apresentam o desafio de superar o dilema produgédo-conservagao
mediante o desenvolvimento de estratégias de intensificacdo sustentavel. Por
conseguinte, é necessario o desenvolvimento de praticas especificas de
manejo que permitam atingir metas produtivas sem comprometimento
ambiental (Lemaire, 2012).

Existem possibilidades de intensificacdo da produgdo através da
agregacao de insumos (fertilizantes e/ou sementes). Embora os ecossistemas
de pastagens estejam adaptados as mudancas regulares do ambiente e, até
certo ponto, aos disturbios antrépicos, a aplicagao persistente de disturbios (ex.
adicao de fertilizantes e introdugdo de espécies) pode alterar simultaneamente
a composicao, a diversidade, a estabilidade e a resiliéncia das comunidades
(Tilman & Downing, 1994; MacDougall et al., 2013). Estas mudancgas, no médio
e longo prazo, podem modificar importantes atributos da estrutura e fungéo das
comunidades (Gonzalez & Loreau, 2009), tais como a resisténcia a invasao de
espécies exaoticas, e o efeito estabilizador da diversidade de espécies frente as
mudancas do clima (MacDougall et al., 2013). A teoria dominante prediz que a
combinagdo dos efeitos das mudangas ambientais e da perda de
diversidade aumenta o risco de um colapso abrupto e potencialmente
irreversivel do ecossistema (lves & Carpenter, 2007).

Existem evidéncias de degradagdo em praticamente todos os
experimentos de longo prazo de melhoramento do campo nativo da regiao,
tanto naqueles baseados em fertilizacdo com nitrogénio (N) e fésforo (P), como
nos estudos que utilizaram a fertilizagcdo juntamente com introducdo de
espécies exodticas cultivadas. Contudo, os resultados ndo sao conclusivos com
relacdo as principais causas deste fenbmeno. Neste contexto, torna-se de
grande relevancia identificar limiares de fertilizagdo que permitam gerar
estratégias de manejo de insumos que evitem a deterioragéo irreversivel do
ecossistema. Em outras regides do mundo, varios antecedentes de pesquisa
destacam que a intensificagdo do ecossistema pastoril via adicao de fertilizante
nitrogenado diminui tanto a diversidade de espécies como a estabilidade da
producao (Tilman et al., 2006; Hector et al., 2010; Hautier et al., 2015). Apesar
de haver uma quantificagao preliminar da perda de diversidade da vegetacgéo
em processos de intensificagcdo em pastagens do bioma Pampa (Nabinger &
Carvalho, 2009; De Avila, 2012; Brambilla, 2014), existe um vazio no
conhecimento de como e quando sao alteradas a diversidade, estabilidade e
resiliéncia em processos de intensificagao.

A partir destes antecedentes, os trabalhos cientificos da presente
tese tiveram a intengao de responder as seguintes questoes:

- Quais sao os principais fatores e mecanismos que regulam a produtividade e
a estabilidade temporal da producdo de forragem de pastagens nativas
fertilizadas com nitrogénio e fésforo em dois ambientes hidricos contrastantes?

- A dose de fertilizante fosfatado afeta a diversidade de espécies e a dindmica
da vegetacdo de pastagens nativas sobressemeadas com leguminosas
exoticas cultivadas?
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1.3 Estrutura da tese

O capitulo | apresenta uma revisdo bibliografica dos diferentes
efeitos de alternativas de melhoramento das pastagens nativas do bioma
Pampa. Especificamente, se discutem os efeitos de longo prazo da adigao de
nutrientes e espécies exoticas na dinamica da vegetagdo do campo nativo no
ambito de indicadores de sustentabilidade (diversidade, resisténcia, resiliéncia
e estabilidade) e modelos de estados e transi¢des.

O capitulo Il consiste em um artigo cientifico que reporta os efeitos
de quatro anos de adigdo de nitrogénio, fésforo e agua na produtividade,
diversidade e estabilidade temporal da produgcdo de um campo nativo do bioma
Pampa. Este artigo revela a existéncia de vias alternativas de controle da
estabilidade, demonstrando que a constancia da producdo das espécies
dominantes e as interagbes das espécies da comunidade regulam a
estabilidade temporal da produgéo de forragem.

O capitulo Il € um artigo que descreve os efeitos de longo prazo da
dose de fertilizagdo fosfatada na diversidade e riqueza de espécies de um
melhoramento de campo nativo sobressemeado com Trifolium repens e Lotus
corniculatus. Neste trabalho se identificaram teores de fésforo disponivel no
solo que estariam relacionados com a perda de resiliéncia e mudanca de
estado da vegetacdo destas comunidades. Finalmente, o capitulo IV apresenta
as conclusodes gerais e implicagdes praticas dos trabalhos, e se propde futuras
linhas de acao.
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2. REVISAO BIBLIOGRAFICA

2.1 Contexto de uso do campo nativo no bioma Pampa

A pecuaria baseada em campo nativo € uma das principais
atividades agropecuarias tanto no Uruguai como no sul de Brasil. Esta
atividade apresenta uma grande importancia ambiental, econdmica, social e
territorial. No entanto, durante um longo periodo de tempo, as pastagens do
campo nativo tém sido negligenciadas (Overbeck et al., 2007) e foram
consideradas como um fator limitante para o desenvolvimento de sistemas
eficientes de produgdo pecuaria. No entanto, ha um crescente interesse em
entender o impacto de diferentes praticas de manejo sobre 0s servigos
ecossistémicos prestados pelos campos nativos (Carvalho & Batello, 2009;
Paruelo & Vallejos, 2013). Estas pastagens formam o ecossistema mais
extenso da regido (Soriano, 1991) e constituem a base alimentar para a
producao pecuaria (Nabinger & Carvalho, 2009). Além disso, aportam outros
valiosos servigos ecossistémicos como o sequestro de carbono, a preservacao
do solo contra a erosdo (Sala & Paruelo, 1997) e valores Uunicos de
biodiversidade com mais de trés mil espécies vegetais (Burkart, 1975; Boldrini,
2009).

Estes sistemas, que apresentam elevado potencial de aumento da
producao (Nabinger & Carvalho, 2009), porém, exibem uma acelerada
degradagdo dos recursos naturais e perda de habitat. Neste contexto, a
integridade dos ecossistemas de campo nativo esta criticamente ameacgada
devido a mudangas no uso da terra (Laterra & Rivas, 2005; Overbeck et al.,
2015). A conversao de campos nativos do bioma Pampa em culturas agricolas
e florestais tem levado a uma rapida perda de habitat assim como da
biodiversidade e seus servigos ecossistémicos associados.
Consequentemente, os ecossistemas de pastagem natural do bioma Pampa
apresentam os indices de risco de conservagao mais altos do Brasil (Overbeck
et al., 2015).

Apesar da importancia econdmica da pecuaria no sul de Brasil e
Uruguai, nos ultimos anos esta sendo pressionada por outras atividades que
competem pelo uso do solo. Neste sentido, a ampliagcdo das areas agricolas e
florestais ocasionaram nas ultimas décadas perdas de anuais de areas de
campos naturais estimadas em 137 mil hectares no Rio Grande do Sul
(Carasaw et al. 2007) e 110 mil hectares no Uruguai (Jaurena et al. 2013). Esta
expansdo da agricultura desafia aos sistemas tradicionais de producéao
pecuaria baseados em campo nativo a produzir com maior eficiéncia e se
intensificar. Porém, as areas remanescentes de campo nativo apresentam
reducdes de vigor (Wagner et al. 2013), tornando-se mais vulneraveis em
processos de intensificacdo. E necessario, portanto, entender os efeitos das
praticas de intensificagdo em um conjunto de atributos que definem a
sustentabilidade dos ecossistemas de campo nativo.

2.2 Alternativas de intensificagcao da producao pecuaria baseada

em campo nativo

Embora o campo nativo seja um recurso relativamente estavel e
persistente, o resultado produtivo e seu estado de conservacido dependem da



19

intensidade de utilizagdo. Neste sentido, o ajuste da carga animal em fungao da
disponibilidade de forragem é considerado uma pratica basica e fundamental
para aumentar a producédo animal a custo zero (Nabinger & Carvalho, 2009).
ApOs este ajuste, existem outras tecnologias que permitem a intensificagdo da
producao através da agregacao de insumos (fertilizantes e/ou sementes). A
disponibilidade de nutrientes, especialmente de nitrogénio, é um fator limitante
para a produgao de forragem do campo nativo nas condi¢des do bioma Pampa
(Pallares et al., 2005). Estas respostas estdo baseadas no fato de que a
maioria das areas remanescentes de campos nativos se concentram sobre
solos com limitagdes cronicas de nitrogénio (N) e fésforo (P) (Mordn, 1994), os
quais também apresentam baixa capacidade de armazenamento de agua.

Na regido do bioma Pampa, varias tecnologias de melhoramento das
pastagens tém sido validadas, como por exemplo, a sobressemeadura de
leguminosas associada a aplicagdo de fertilizantes fosfatados (Risso &
Berretta, 1997; Soca et al., 2002), a sobressemeadura de leguminosas e
gramineas hibernais combinada com a adi¢do fertilizantes nitrogenados e
fosfatados (Ferreira et al., 2011) e a simples fertilizacdo do campo nativo com
nitrogénio e fésforo (Bemhaja et al.,, 1998; Gomes, 2000; Zanoniani et al.,
2011). A adubagao nitrogenada geralmente incrementa a producdo de
forragem e a produg¢do animal do campo nativo (Berretta et al 1998; Gomes,
2000; Boggiano et al., 2005; Rodriguez Palma & Rodriguez, 2010).
Semelhantemente, a adubacdo fosfatada incrementa a produgdo dos
melhoramentos com introdugdo de leguminosas (Ayala & Carambula, 1996).
No entanto, a resposta dos campos nativos a fertilizacdo unicamente fosfatada
€ muito limitada ou nula, devido principalmente ao escasso aporte das
leguminosas nativas (Berretta et al., 1998). Contudo, a contribuicdo deste
elemento poderia ser complementar a fertilizagdo com N, visto que a
fertilizacdo nitrogenada incrementa a produgdo de forragem e, portanto, a
demanda de P, ocorrendo consequentemente resposta a adubagao conjunta
com N e P (Rubio et al., 1997).

Tradicionalmente, considera-se que os déficits individuais de
nitrogénio (N), fésforo (P) ou agua diminuem o crescimento das plantas
forrageiras. Nao obstante, teorias emergentes e evidéncias indicam que estes
recursos geralmente operam em forma simultdnea e sinérgica, co-limitando a
producao das pastagens (Harpole et al., 2011). Neste contexto, Sadras (2005)
destaca a importancia da limitagdo conjunta de nitrogénio e agua, enquanto
Harpole et al. (2011) enfatiza as limitagbes da producdo induzidas por um
conjunto de nutrientes. Quando uma limitagéo € removida, também é relevante
identificar os efeitos dessa remogao na dindmica de outras limitagdes, ja que,
por exemplo, a fertilizagdo nitrogenada induziria a uma transicdo da limitagao
por N, a uma co-limitagdo N-P (Vitousek et al., 2010) ou a uma maior limitagéo
por agua (Snyman, 2002). Alem disso, Fay et al. (2015) e Eskelinen & Harrison
(2015) verificaram a existéncia de interagbes ainda mais complexas entre N, P
€ agua que regulam a produtividade das pastagens. Neste sentido, na medida
em que o aumento da disponibilidade de agua melhora o crescimento das
pastagens, espera-se que a contribuicdo do solo ndo supra a crescente
demanda de N e outros nutrientes, e sejam necessarias aplicacbes de
fertilizantes.
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A limitagdo ou co-limitagao hidrica é extremamente importante na
regido do bioma Pampa, devido a alta probabilidade de ocorréncia de déficits
hidrico nos periodos de verao (Betolli et al., 2010), o que afeta negativamente a
resposta produtiva das pastagens a adubacgéo nitrogenada. Neste contexto, os
padroes espaciais e temporais da precipitacdo apresentam, portanto,
importantes efeitos diretos na determinagéo da produtividade (Sala et al., 1988;
Knapp et al., 2001) e indiretos por meio de alteragbes nas respostas
nutricionais. Além dos efeitos dos nutrientes na producdo, a composi¢cao de
espécies das pastagens também é determinada pela disponibilidade de agua
(Vila & Sardans, 1999; Lezama, 2005). Neste sentido, cada espécie,
individualmente, pode responder diferentemente a aplicagdo isolada ou
combinada de N, P e agua no solo, podendo ocasionar mudangas na
dominancia, perda de espécies e consequentemente diminuicbes na
diversidade (Bai et al., 2009). Por outro lado, a fertilizagdo nitrogenada também
pode atuar como um filtro ambiental, selecionando espécies e genotipos,
especialmente de gramineas que s&o mais sensiveis a deficiéncia hidrica
(Snyman, 2002), o que pode incrementar a vulnerabilidade do ecossistema.

2.3 Efeitos de longo prazo da adigdo de nutrientes e espécies na

dinamica da composi¢ao botanica do campo nativo

A dinamica das comunidades de plantas em geral e do campo nativo
em particular, € o resultado das interacdes interespecificas. Estas interacdes
sao reguladas por fatores do ambiente, tais como as condigdes climaticas ou o
nivel nutricional do solo. A forma em que estes processos influenciam a
dindmica da comunidade é de extrema importancia para a compreensao das
respostas dos ecossistemas de pastagens, tanto em composicao (Avolio et al.,
2014) e produtividade (Mouquet et al., 2002) como em estabilidade (Hector et
al., 2010) e resiliéncia (Oliver et al.,, 2015). A dindmica temporal destas
comunidades € o padrao de ocupacdo no tempo e espago dos individuos e
gendtipos, o qual determina a distribuicdo espaco-temporal das fungbes das
plantas, como por exemplo, da produtividade. O conhecimento desta dinamica
ajuda a entender as respostas das comunidades as mudangas existentes no
ambiente. No contexto de comunidades diversas, a vegetagdo € muito mais do
que a interface com o ambiente, portanto deve-se considerar como um
conjunto de individuos, ecétipos, espécies e grupos funcionais compartilhando
recursos comuns.

Para analisar a dinamica da formagao do rendimento e a qualidade
das pastagens em comunidades diversas, como é o caso do campo nativo, é
necessario considerar a vegetagdo como um conjunto agregado de individuos
e espécies. Além disso, o estudo do conjunto da comunidade também é
importante para compreender como as mudangas na abundancia de espécies
afetam a competicdo por recursos e o funcionamento do ecossistema. Nesta
circunstancia, a competicdo é definida como as interagdes entre plantas
induzidas pela necessidade de compartilhar recursos, o que leva a diminuigao
do crescimento e até o desaparecimento de alguns individuos (Begon et al.,
1996). As comunidades de campo nativo apresentam respostas complexas a
fertilizacdo devido a convivéncia de espécies com diferentes estratégias de
competicdo por luz e recursos do solo. A adigdo de nutrientes ou agua
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geralmente intensifica a competicdo, o que pode provocar a perda de espécies
em processos de exclusdo competitiva.

Para predizer os efeitos da adi¢gao crénica de nutrientes, Smith et al.
(2009) propuseram um esquema hierarquico, pois a fertilizagdo poderia ter
diferentes efeitos no ecossistema em fungdo das mudancas temporais que
ocorrem nas comunidades. Inicialmente, a adicdo de nutrientes, especialmente
de nitrogénio, pode estimular diferencialmente o crescimento de algumas
especies e dessa forma incrementar a produtividade. No entanto, a adigao de
nutrientes também favorece a algumas espécies em detrimento de outras,
resultando em mudangas na composicdo e em uma reestruturacdo das
espécies dominantes (Avolio et al., 2014). De fato, varios estudos tém
reportado alteracdes na composicdo das comunidades em resposta as adigdes
cronicas de nutrientes no longo prazo (Hejcman et al., 2007; Isbell et al., 2013).
Nesta situacao, a reestruturagcdo da comunidade pode ter efeitos positivos ou
negativos no funcionamento do ecossistema dependendo do modo em que a
composicao de espécies foi impactada (Smith et al., 2009).

Um dos objetivos do melhoramento de campo nativo é a promogao
de um novo equilibrio da comunidade através da adicdo de sementes e
fertilizantes. A meta principal desta pratica de manejo €& incrementar o
desempenho animal e a produtividade pecuaria por meio do aumento da
contribuicdo das espécies nativas e introduzidas de alta produtividade e
qualidade nutricional. Apesar dos agro-ecossistemas de pastagens naturais
estarem adaptados a variabilidade regular do ambiente e de manejo, o
enriquecimento crénico de nutrientes pode transformar ao mesmo tempo tanto
a biodiversidade como a abundancia relativa das espécies. Estas mudancas,
no médio e longo prazo, por sua vez podem causar transformagdes ainda
maiores em outros importantes atributos relacionados com o funcionamento
das comunidades (Gonzalez & Loreau, 2009), tais como a estabilidade
temporal da producgao, resisténcia e resiliéncia as flutuacées do clima, e a
resisténcia a invasao de espécies exoticas (MacDougall et al., 2013).

A teoria geral da invasibilidade proposta por Davis et al. (2000)
prediz que a rapida flutuagdo dos recursos dos ecossistemas (por exemplo, o
rapido enriquecimento de nutrientes em solos com altas limitagdes) incrementa
a probabilidade de invasao por espécies nao nativas. Nos casos de
melhoramentos de campos nativos, a introducado de espécies e a fertilizagao
persistente, no longo prazo estariam provocando importantes flutuagées nos
recursos do solo e facilitando as invasbes de espécies exobticas.
Especificamente, a elevada abundancia de nitrogénio em melhoramentos de
campo nativo — via direta por fertilizagdo ou indireta através da fixagao
bioldgica das leguminosas - promoveria mudangas no estado da vegetagao.

O mecanismo que regula a reorganizagao da composi¢cao botanica
em situagdes de adicao persistente de nitrogénio nédo esta totalmente claro, ja
que a adicado deste nutriente estaria reduzindo a dimensdo dos nichos
ecologicos particulares das diferentes espécies (Harpole et al.,, 2016) e ao
mesmo tempo estaria modificando a competicao por luz e recursos do solo
(Hautier et al., 2009). Por outro lado, também ocorrem mudangas nas
interacbes das gramineas C4 com fungos micorrizicos, ja que quando N e P
sao abundantes prevé-se que os efeitos da simbiose podem mudar de
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mutualismo a parasitismo (Johnson, 2010). Portanto, as respostas de curto e
longo prazo a fertilizagdo podem ser totalmente diferentes, inclusive opostas,
devido a alteragdo da composigao da comunidade ocorrida ao longo do tempo.

Existem evidéncias de estados degradados da vegetacdo nas
comunidades da maioria dos experimentos de longo prazo da regido, tanto
naqueles de fertilizacdo com N e P, como nos de adubagcdo combinada com
introducdo de espécies exdticas (De Avila, 2012; Brambilla, 2014). Apesar
disso, ainda nao foi possivel identificar os principais mecanismos causais da
degradacdo nem gerar medidas de gestdo para evita-lo. Trabalhos
desenvolvidos por Willems & van Nieuwstadt (1996) e Isbell et al. (2013)
demonstraram que os estados degradados, caracterizados pela baixa
diversidade de espécies e dominancia de exadticas, podem persistir depois de
varias décadas de concluida a fertilizacdo. Neste sentido Tognetti & Chaneton
(2012) demonstraram que as espécies exoticas dominantes nos estados
degradados restringem o estabelecimento das gramineas perenes nativas a
partir do banco de sementes. Em sintese, estes trabalhos destacam que a
adicdo persistente de fertilizantes afeta negativamente a capacidade de
resiliéncia do campo nativo causando transicdes dificeis de reverter no médio e
longo prazo. Em sistemas melhorados sustentaveis, este colapso da vegetagao
do campo nativo deveria ser evitado, portanto € necessario desenvolver
indicadores precisos que auxiliem no manejo da fertilizagdo e introducao de
especies.

2.4 Modelos de estados e transi¢coes aplicados a dinamica da

vegetacao em processos de intensificagao do campo nativo

Nas situacdes de enriquecimento crénico de nutrientes, as novas
espécies dominantes (geralmente exdticas) apresentam um rol de espécies
transformadoras, ja que modificam o funcionamento (Richardson et al., 2000) e
induzem uma mudanga de estado das comunidades. Varios estudos tém
demonstrado que a evolucdo da estrutura e funcdo dos ecossistemas de
pastagens nao é linear, consequentemente o funcionamento da vegetacgao
poderia ser descrito em modelos de estados e transicbes (Westoby et al.,
1989). Estes modelos descrevem a dindmica de estados alternativos da
vegetacdo, os quais sdo separados por limiares, descritos por Westoby et al.
(1989) como o limite maximo de disturbio tolerado pela comunidade precedente
a uma mudanca de estado. Esta modificacdo de estado tem importantes
implicagdes do ponto de vista econbmico, produtivo e ambiental, ja que pode
diminuir a resposta a novas alternativas de manejo, causar importantes perdas
de diversidade e funcdes ecoldgicas, e dessa forma a reversdo pode ser muito
dificil e custosa (Suding & Hobbs, 2009).

Especificamente, estes modelos constituem um método para
organizar informagdes das complexas relagdes entre vegetagao, solos, animais
em pastejo, ciclos hidrolégicos e de nutrientes, assim como os efeitos de
disturbios e agdes de manejo (Caudle et al., 2013). Os esquemas resultantes
destes modelos representam as possiveis condicbes da vegetagao resumidas
em estados e fases de uma comunidade determinada. Um estado é
caracterizado por um conjunto de espécies que apresentam determinados
atributos de resisténcia e resiliéncia em relagdo a eventos de clima e manejo
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(Caudle et al., 2013). A maioria dos disturbios e estresses provocam alteragdes
relativamente reversiveis dentro dos estados (por exemplo, fogo, secas,
inundagdes, herviboria e outros), enquanto a dinamica de sucessao das
comunidades acontece como fases dentro de um estado. Os diferentes estados
sao separados por limiares, que representam as condi¢gdes necessarias para
superar a resiliéncia ecolégica e promover a formagéao de estados alternativos
com diferente estrutura e fungdes ecossistémicas (Briske et al., 2008).

Nestes modelos, os mecanismos que impedem ou facilitam as trocas
de estados estaveis sdo categorizados (por exemplo, mudangas: demograficas,
no banco de sementes e estabelecimento de espécies, na competi¢gao por luz,
e nas condi¢gbes dos solos tanto fisicas como quimicas). Em um contexto de
intensificagdo no manejo do campo nativo, estes modelos seriam muito uteis
para reconhecer os estados alternativos da vegetacéo e para gerar indicadores
que contribuiriam a evitar o colapso abrupto e irreversivel da vegetacao.

2.5 Efeitos da adicao de recursos em atributos ecossistémicos

do campo nativo

Um ecossistema pastoril de campo nativo esta composto por um
conjunto de organismos vivendo na comunidade, interligados uns com outros e
com seu ambiente tanto quimico como fisico. O elevado nivel de complexidade
organizacional destas comunidades determina impactos diferenciais das
praticas de manejo nos diferentes atributos ecossistémicos (produtividade,
estabilidade, diversidade, resiliéncia e resisténcia). Portanto, estes
ecossistemas apresentam necessidades especificas de manejo para preservar
o balango dos atributos ecossistémicos. Deste modo, qualquer alternativa de
manejo que procure incrementar a produtividade devera ser ponderada
considerando o seu impacto sobre os outros atributos ecossistémicos. Para
atingir este objetivo é necessario considerar um enfoque sistémico que permita
avaliar diferentes alternativas de intensificacdo mediante indicadores dos
diferentes atributos ecossistémicos.

2.5.1 Efeitos da adigcdo de recursos na diversidade de espécies

e grupos funcionais

A diversidade de espécies depende principalmente do numero de
espécies presentes, de sua abundancia relativa e das variacbes espaciais e
temporais destes componentes (Chapin et al., 2002). Se todas as espécies
fossem funcionalmente diferentes, contribuiiam da mesma forma aos
processos dos ecossistemas, portanto, as taxas dos processos deveriam
aumentar linearmente com o numero de espécies. No entanto, na pratica a
relagdo entre 0 numero de espécies e 0s processos ecossistémicos tende a se
saturar. Isto acontece porque nas comunidades, por um lado, ha espécies
ecologicamente similares ou redundantes (Tilman et al., 1996) e, por outro
lado, ha espécies dominantes que controlam o fluxo de nutriente e energia dos
ecossistemas (Grime, 1998). Em consequéncia, a perda das espécies
dominantes afeta significativamente os processos ecossistémicos.

Além da diversidade de espécies, a especializagao fenoldgica e
funcional também pode incrementar a captura de recursos, como é o caso de
espécies coexistentes que diferem no momento de maximo crescimento, ou na
adaptacao a diferentes estresses. Exemplo desta especializacéo € a mistura de
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tipos fotossintéticos C3 e C4 caracteristica dos campos nativos do bioma
Pampa, a qual permite otimizar o crescimento em diferentes periodos do ano.
Adicionalmente, a alternancia no tempo e espago de grupos de espécies com
estratégias de captura e conservacdo de recursos € outra forma de
complementaridade funcional que acontece em decorréncia das variagbes nas
condi¢cdes ambientais (por exemplo, no clima e na oferta de forragem) (Cruz et
al., 2010).

Frequentemente é reportado que o enriquecimento de nitrogénio
(Gough et al., 2000; Suding et al., 2005) de fésforo (Lambers et al., 2010;
Ceulemans et al., 2011) ou de multiplos nutrientes combinados (Harpole et al.,
2016) diminui a diversidade de espécies das pastagens naturais. Um dos
mecanismos mais reportados para explicar esta diminuicdo na riqueza de
especies € que a adicdo de nutrientes incrementa a produtividade das
pastagens e ao mesmo tempo aumenta a competicdo por luz e diminui a
concorréncia por recursos do solo (Hautier et al., 2009). Na medida em que
muda a oferta de recursos no solo, e especialmente quando diminui a limitagcao
de nitrogénio, acontece um incremento na dominancia das espécies mais
produtivas em detrimento das espécies subordinadas, em um processo
comumente reportado como exclusao competitiva. Nao obstante, o mecanismo
que provoca estas perdas de espécies ndo esta claramente determinado, ja
que Harpole et al. (2016) reportaram que o numero de nutrientes adicionados
se relacionou com as perdas de diversidade independentemente dos niveis de
produtividade das pastagens.

2.5.2 Efeitos da adigdo de recursos na resisténcia e resiliéncia

dos ecossistemas

O modo como as comunidades preservam a sua estrutura e fungao
no tempo €é um ponto central das pesquisas ecoldgicas
(Tilman & Downing, 1994). Os processos dos ecossistemas estdo em
constante variagcdo em resposta as mudancas no ambiente (Wu & Loucks,
1995). Consequentemente, o comportamento dos ecossistemas & sempre
influenciado por condicbes ambientais atuais e por eventos do passado. Neste
contexto, um disturbio € um evento discreto no tempo e espago que modifica a
estrutura da disponibilidade de recursos e ou o ambiente fisico (Pickett et al.,
1999). A resposta de um ecossistema a um disturbio pode ser descrita com
base em varias propriedades gerais, também chamadas indicadores ou
atributos ecossistémicos. Estas propriedades permitem avaliar a sensibilidade
dos ecossistemas as mudancgas de estado.

A resisténcia de um sistema descreve a sua tendéncia a permanecer
no mesmo estado de referéncia sob um estresse ambiental, o que representa a
capacidade para resistir a mudanga ante um determinado estresse (Hoover et
al., 20014). No contexto da ecologia, a resisténcia € a capacidade do sistema
de manter determinados atributos funcionais e estruturais apesar da
perturbagao (Chapin et al., 2002). Por exemplo, uma pastagem que apresenta
uma baixa diminuicdo da producao de forragem em uma situagao de seca é
mais resistente do que outra com alta reducdo do crescimento quando é
submetida a essa mesma perturbacdo. Neste sentido, ecossistemas que nao
tem experiéncia prévia de um disturbio sdo muito mais vulneraveis que os que
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tém um histérico de exposicao, ja que estas comunidades estao relativamente
mais adaptadas as alteracbes que ocorreram com maior frequéncia no
ambiente.

A resiliéncia é definida como a capacidade dos ecossistemas de
retornar a um estado de referéncia prévio ao disturbio (Pimm, 1984). Os
sistemas pouco resilientes sdo aqueles que nao recuperam o estado original e
rapidamente mudam a outro estado estavel, enquanto os sistemas mais
resilientes sdo os que rapidamente voltam ao estado inicial. Neste sentido, os
ecossistemas resistentes e resilientes tém propriedades mais estaveis e
previsiveis (Holling, 1986). A resiliéncia ndo € uma caracteristica propria dos
ecossistemas, portanto deve ser definida em relacdo a disturbios especificos
que afetam potencialmente os sistemas, ja que os ecossistemas sdo altamente
resilientes a disturbios sazonais ou leves. O conhecimento da resiliéncia sob
diferentes disturbios e estresses severos € considerado um pré-requisito para o
delineamento de estratégias de manejo adaptativas, especialmente em face da
ameaca das mudangas climaticas (Hulme, 2005).

2.5.3 Efeitos da adicao de recursos na produgao e estabilidade

temporal

Os padrdes regionais e globais de producdo primaria aérea liquida
(PPAL) dos ecossistemas de pastagens e suas determinantes tém sido de
grande interesse no campo da ecologia e da agronomia. Recentemente, este
interesse tem sido intensificado devido as preocupagdes pelas ameacas
globais das mudangas climaticas, deposi¢cao de nitrogénio e alteragdes no uso
da terra que modificam os fluxos de carbono e energia dos ecossistemas (Sala
et al., 2000; Steffen et al., 2015). Outros fatores como o manejo do pastoreio e
a adicao de nutrientes via fertilizante, assim como a interagdo destes com a
variabilidade climatica também influenciam a PPAL e sua estabilidade
temporal. Estas alteragées na PPAL poderiam afetar potencialmente a todos os
processos ecossistémicos, portanto detectar as mudancgas na produtividade e
sua estabilidade temporal tem grande importancia para o delineamento de
estratégias de manejo e conservagao de ecossistemas de pastagens nativas.

Diversos trabalhos realizados em dierentes regides do mundo
reportam uma relagcao positiva entre a diversidade de espécies e a estabilidade
produtiva dos ecossistemas (Tilman et al., 2006; Hector et al., 2010; Hautier et
al., 2015). A partir destas evidencias, estes autores propéem uma teoria em
que as mudancgas na diversidade de espécies seriam a causa principal das
alteragdes na estabilidade da produgdo e sugerem uma série de mecanismos
para explicar esta relagdo. Um dos mecanismos mais referenciados para
explicar a relagcdo diversidade-produtividade é o efeito da assincronia na
produgédo das espécies da comunidade (Yachi & Loreau, 1999; Loreau & De
Mazancourt, 2013). Em comunidades com alta assincronia, o declinio na
produgdo em algumas espécies € compensado por aumentos nas outras
espécies e, dessa forma, se reduz a variabilidade temporal da produtividade.
No entanto, esta teoria tem sido largamente criticada, devido a que as
alteragcbes na diversidade e na estabilidade seriam efeitos paralelos,
provocadas, por exemplo, pela fertilizacdo com nitrogénio (Huston, 1997). Além
disso, outros trabalhos tém evidenciado relagdes neutras ou negativas entre
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diversidade e estabilidade (Grman et al., 2010; Yang et al., 2011). A maioria
dos trabalhos da teoria “diversidade-estabilidade” tém sido realizados em base
a experimentos manipulativos de biodiversidade (ecossistemas artificiais) que
nao necessariamente predizem influéncia das espécies em comunidades reais
(Wardle, 2016).

Em sintese, considerando a necessidade de preservar a
singularidade da diversidade de espécies do bioma Pampa e a oportunidade
para desenvolver estratégias de intensificagdo sustentavel, existe uma
oportunidade para avangar na pesquisa dos impactos de praticas de
melhoramento nos atributos ecossistémicos do campo nativo.
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HIPOTESES DO TRABALHO

Baseado nas evidéncias de degradagcdo de pastagens ocorridas no
longo prazo em experimentos de melhoramento de campo nativo s&o
apresentadas as seguintes hipoteses:

- A adigdo de agua e nutrientes tem efeitos divergentes na estabilidade da
producdo do campo nativo (a aplicagdo de agua estabiliza, enquanto a de
nutrientes desestabiliza).

- As alteragbes na diversidade de espécies se relacionam com as mudangas na
estabilidade temporal da produ¢cdo do campo nativo.

- A dose de fertilizante fosfatado acelera, direta ou indiretamente, o declinio da
diversidade e incrementa a dominancia de espécies exoticas em
melhoramentos de campo nativo com leguminosas.

- Aintroducdo de leguminosas, acompanhada da aplicagdo de fertilizantes
fosfatados, provoca mudancas no estado da comunidade de campo nativo
(menor diversidade e dominancia de espécies exdticas).
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OBJETIVOS

- Identificar os principais fatores de controle da produtividade e da estabilidade
temporal de campos nativos enriquecidos com agua e nutrientes.

- Quantificar em que medida os atributos da comunidade (grupos funcionais,
diversidade, dominancia e assincronia) influenciam na estabilidade temporal da
produg¢ao do campo nativo.

- Determinar o efeito do aumento da fertilizagdo fosfatada na diversidade de
especies e invasao de exodticas em campos nativos melhorados com
leguminosas.

- Explicar as mudangas de estado da vegetagcdo de campos nativos
melhorados com leguminosas num modelo de estados e transigdes.
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Dominant species and community asynchrony modulate grassland

stability response to management intensification

ABSTRACT
Changes in nutrient and water availability are important drivers of ecosystem
stability. Many reports suggest positive effects of diversity on ecosystem
productivity. Nevertheless, dominant species responses and community
asynchrony were also proposed as factors that regulate stability of productivity.
Here, in a species-rich grassland exposed to four years of nitrogen (N),
phosphorus (P) and water addition, we found evidence that these management
intensification alter stability through dominant species and community
asynchrony rather than diversity. Both N and N+P addition reduced stability by
increased production variability of the most dominant species, while P and
water addition increased stability by increasing species asynchrony. The
prevalence of one or another pathway depended on N-limitation, since the
control for N effect change the factor regulating stability from dominant species
to asynchrony. These findings emphasize that dominant species and temporal
complementarities among species can play a key role to improve the

predictions of grassland stability under management intensification.

Key words: grassland, nitrogen, phosphorus, species richness, temporal

stability, water.
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INTRODUCTION

Intensification of grassland management by nutrient enrichment and
irrigation are important drivers of global change, which are rapidly modifying
ecosystem functioning. Increased nitrogen (N) and phosphorus (P) fertilization,
and their interactions with alterations in precipitation patterns are expected to
influence Dbiodiversity and stability of grasslands ecosystems. Thus,
understanding how these drivers of global change affect grassland composition,
diversity and stability is critical to improve ecosystem management and
biodiversity conservation. A recent synthesis of Hautier et al. (2015) suggest
that changes in plant diversity caused by drivers of environmental changes,
such as N and water addition among others, would be maijor factors influencing
the stability of above-ground net primary production (ANPP). Most of the
research has been focused on the positive relationship between species
diversity and ecosystem temporal stability (Tilman et al. 2006; Isbell et al. 2009;
Hector et al. 2010; Hautier et al. 2015). In these reports, species richness is
positively related to temporal stability: the ratio between the mean and the
standard deviation of the productivity (Lehman & Tilman 2000). Several
mechanisms have been proposed to explain the diversity-stability relationship.
Among them, the effect of species richness on asynchrony (a measure of the
compensation capacity in the production of biomass among species) is
commonly reported (Yachi & Loreau 1999; Loreau and de Mazancourt 2008).

Although there is substantial evidence that species loss impairs several
ecosystem functions and services (Balvanera et al. 2006; Cardinalle et al.
2006), the role of diversity in regulating stability has generated a large debate
(Huston 1997; Loreau 1998). On one hand, the underlying mechanisms of these
effects are poorly understood (Huston 1997; Ives & Carpenter 2007; Loreau &
de Mazancourt et al. 2013). On the other hand, controversial results have been
reported. In particular, Grman et al. (2010) and Yang et al. (2011) found that
communities maintained or increased stability despite losses in species
richness. Much past research on diversity-stability relationships in N fertilization
experiments (e.g. Tilman & Downing 1994; Hautier et al. 2015) did not separate

the particular effect of species richness on ANPP temporal stability from the
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hidden effects of N fertilization rate on species richness and stability (Huston
1997; Loreau 1998; Wardle et al. 2000). Testing the effect of diversity on the
residuals of ANPP temporal stability after controlling the effects of N doses is an
accurate procedure to discover the diversity effects on stability (Zhang et al.,
2016).

Alternatively, the ANPP stability of dominant species has been proposed
to control temporal stability of ANPP. Smith & Knapp (2003), Polley et al. (2007)
and Sasaki & Lauenroth (2011) reported that only few species are needed to
sustain ANPP, suggesting that ANPP variations depend more on the stabilizing
effect of dominant species rather than on biodiversity. These reports are in
accordance with Grime’s (1998) mass-ratio hypothesis which proposes that
ecosystem processes are proportional to species abundance. On the other
hand, ANPP stability could be highest if species fluctuations were completely
asynchronous, e.g. when the decreases in the ANPP of some species were
compensated by increases in the ANPP of other species. Theoretically, a larger
species pool can enhance the asynchrony of species, due to the increased
probability of containing species with divergent responses to environmental
conditions (Yachi & Loreau 1999). Nevertheless, Hautier et al. (2014) and Zang
et al. (2016) reported, for N fertilized grasslands, that community asynchrony
could mediate ANPP stability regardless of species richness, revealing that
environmental factors effects on community dynamics are stronger than those
of biodiversity.

The addition of nitrogen (N) and phosphorus (P) on grasslands is one of
the main management tools to influence forage yield and quality of these
pastures, and at the same time a serious threat to biodiversity (Bobbink et al.
2010; Ceulemans et al. 2013). Results from N (Stevens et al. 2004; Bobbink et
al. 2010) and combined N and P (Hejcman et al. 2007) fertilization experiments
suggest that nutrient addition regularly increases ANPP, drive changes in
species composition and simultaneously reduces species diversity. However,
the effect of N addition on ANPP stability of natural grasslands has been difficult
to generalize, since some N fertilization experiments did not show the predicted
destabilizing effects of diversity loss (Yang et al. 2011; Hautier et al. 2014;
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Zhang et al. 2016). Nevertheless, results from global change experiments
indicate that several factors may be acting simultaneously to control ANPP
(Elser et al. 2007; Harpole et al. 2011). Based on this findings, when N limitation
is removed, a shift to ANPP limitated by water (Huston 1997), or by multiple
limitations such as N and water (Yahdjian et al. 2011) or N and P (Fay et al.
2015) can be expected.

The change in the factors controlling ANPP could also imply in a greater
year-to-year variability in ANPP by a higher dependence on climatic conditions.
However, to date, there is scarce evidence from global change experiments to
support the role of biodiversity, dominant species and community asynchrony
responses in regulating ANPP temporal stability. Understanding these roles is
especially interesting when multiple resources are considered in species-rich
natural grasslands communities. In a four-year experiment, we used factorial
additions of N and P under either rainfed and irrigated conditions to test how
nutrients and water addition affect ANPP temporal stability in a natural species-
rich community. We aim to answer three questions: first, what are the main
drivers of grassland ANPP and their temporal stability under nutrients and water
addition?, second, to what extend do species richness, dominant species and
community asynchrony influence ANPP temporal stability?, and third, what are

the main pathways influencing ANPP stability?

MATERIALS AND METHODS

Site description

The experiment was carried out at an experimental farm of INIA Tacuarembd, in
northern Uruguay (31.53" S, 56.14" W; 245 m above sea level). Climate is
temperate to subtropical, with mean monthly temperature of 12°C in winter and
25°C in summer, and average annual rainfall of 1500 mm. with monthly
coefficients of variation above 50% (Cruz et al. 2014). Soils are basaltic
Vertisols with an average rooting depth of 70 cm. The detailed soil properties
are presented in table S1. The vegetation -referred to as “Campos
grasslands“- is part of the “Rio de la Plata” grasslands, a biome that includes
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East Central Argentina, Southern Brazil and Uruguay (Soriano 1991). These
grasslands communities are dominated by C4 and C3 grasses (Lezama 2006;
Burkart et al. 2011) and have a very high fine-scale diversity with an average of

aproximately 30 species by m? (Overbeck et al. 2005).

Water and nutrient addition experiment

In the spring of 2011, we established a factorial experiment (2 x 2 x 4) that
combined two water managements, two phosphorus levels and four nitrogen
levels. The experimental design was a split plot design with three replications in
randomized blocks. On the main plots (24 x 16 m) two water supply levels were
located: supplementary irrigation (Sl) and rainfed (RF) treatments. On the
subplots (8 x 6 m), we assigned eight fertilization treatments consisting of P
rates of 0 and 35 kg P ha™ year" combined with 0, 50, 100 and 200 kg N ha™
year'1. P (superphosphate) was added in one application in early spring, while N
fertilization (urea) was done from early spring to mid-summer by using 1, 2 and
4 applications of 50 kg ha™ for 50, 100 and 200 kg N ha™ year treatments,
respectively. Sl was performed from October to April, after
depletion of 50% of available soil water (monitored on a weekly basis using a
TDR probe), whereas RF plots received only natural precipitation. The annual
rainfall of the four-year experimental period ranged from 1250 mm to 1860 mm,
and the annual supplementary water applied ranged from 70 to 385 mm. The

detailed water balance of the experimental period is presented in figure S2.

Plant Community Measurements

Between October 2011 and September 2015, plots were clipped every 40-50
days in spring and summer, and every 80-120 days during autumn and winter,
by clipping 6 m? per subplot at 5 cm height (which represent a removal of about
40-60% of total standing biomass when sward reach 95 % light interception in
the high-growth periods of spring and summer). At each harvest, a forage
sample of each subplot was oven-dried at 60 °C for 72 hours and then weighed.
Prior to each cut, we visually estimated the aerial cover percentage of each
dominant species in five permanent 0.5-m? quadrats per subplot. All vegetation
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surveys were done by the same trained team, considering all species with a
minimum score of 5% of cover. Species richness was measured recording all
vascular plant species, independent of their cover, present in a 20 m? quadrat

per subplot after four years of treatments.

Community Calculations

We estimated the individual contribution of species to ANPP assuming a direct
relationship between species cover and ANPP of the 12 most dominant species
(mean cover >1%; all of them were native grasses). For each subplot and
sampling period, the ANPP of every dominant species was calculated weighting
the species cover by the total ANPP. This methodology was calibrated by
testing the relationship between the visual species cover percentage estimation
and the real biomass proportion of each species by destructive samplings (R2 =
0.78, P < 0.0001) (Fig. S3). Then, the ANPP of the community was divided into
three groups: i) C4 dominants grasses (Axonopus fissifolius, Paspalum
notatum, Paspalum dilatatum, Bothriochloa laguroides, Paspalum plicatulum,
Mnesithea selloana and Steinchisma hians), ii) C3 dominant grasses (Bromus
auleticus, Nassella neesiana, Piptochaetium montevidense, Poa lanigera and
Piptochaetium stipoides), and iii) the rest of the species grouped as rare
species (from 40 to 46 species depending on treatments, which were mostly
dicots). Annual ANPP was calculated by adding the production of the sampling
periods corresponding to each year. Temporal stability for each subplot was
determined as p/o (Lehman & Tilman 2000), where u is the mean ANPP from
2011 to 2015 and o is the standard deviation of the ANPP over the 4 years.
Additionally, to compare treatment effects on stability and richness, as well as
with other research, we calculated the ANPP temporal stability effects in each
treatment subplot. A description of the estimation of effects is detailed in
Appendix 1. Community species asynchrony (Loreau & de Mazancourt 2008)

was calculated for each subplot as:

1-g=—2 1
(p (ZiS=1 0i) ( )

This statistic ranges between 0 (perfect synchrony) and 1 (perfect asynchrony),

where a2 is the variance of community ANPP and o; is the standard deviation of
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ANPP in a subplot with S species over the years 2011-2015. Because the
biomass of each individual rare species could not be estimated, we consider it
as group in addition to the dominants. A significant increase in ANPP temporal
stability related to an increase on community asynchrony would suggest that the
asynchronous species responses play a role in increasing stability (Loreau & de
Mazancourt 2013).

Statistical Analyses

A general linear mixed model analysis of variance was performed for ANPP,
ANPP stability, species richness, community asynchrony, and mean and
standard deviation (SD) of dominant species ANPP. The analyses were done
considering water management (nested within blocks), fertilization and all
interactions as fixed effects, while blocks were treated as random effect. All
interactions were included in a preliminary model, but non-significant
interactions were removed according to Engqvist (2005), leaving only the
significant nitrogen—phosphorus interaction in the final model. The Shapiro—Wilk
test was used to check the assumption of normally distributed residuals for all
response variables. To meet assumptions of normality, data of ANPP temporal
stability and species richness was natural log transformed before analyses
(species richness and ANPP stability in one case were then retro-transformed
from the averages obtained in the statistical analyses to show the original
values in the figures). Several models combining different functions for
correlations and variance of errors were tested, and then the best-fitted models
were selected based on the Akaike Information Criterion (Akaike 1974). Means
for the significant fixed effects were compared using Fisher's LSD test (p <
0.05).

Residuals from regressions of ANPP temporal stability (natural log
transformed) with N dose were used to explore the remaining effects of N
addition. We used simple and stepwise multiple linear regression (MLR)
analysis to examine the association between mean and standard deviation of
ANPP of dominant grasses, species richness and community asynchrony with
ANPP temporal stability (natural log transformed) and their residuals after
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controlling for N addition. We specified a = 0.10 as the significance level for the
variables for entry and stay in the MLRs. Finally, were used to explore the
remaining effects of N addition. All of our selected variables had variance
inflation factors < 2, which were much lower than the critical value of 10
suggested by Gujarati & Porter (2009), indicating that multicollinearity was not a
problem. All statistical analyses were performed using Infostat (Di Rienzo et al.
2015) and JMP® (SAS Institute, Cary, NC) software packages.

RESULTS

Treatment effects on ANPP

ANPP increased with N dose (F = 262, P < 0.0001) 27%, 51% and 93% with 50,
100 and 200 kg N ha™ year™ respectively, meanwhile ANPP increased only 6%
in P fertilized plots (F = 11.7, P = 0.0016). However, water and N x P interaction
did not have significant effects on ANPP (Fig. 1A, table 1).

Table 1. Results of analysis of variance (ANOVA) for the effects of Nitrogen (N),
phosphorus (P), water (W) addition and N x P interaction on the community
aboveground net primary productivity (ANPP), ANPP temporal stability, species
asynchrony, species richness, dominant species mean (u) ANPP and standard
deviation (SD). Numerator and denominator degrees of freedom (df), F-test and

P-values are given.

ANPP LN ANPP Stability  Asvnchrony  Speecies richness p Dominants  SD Dominants

df 13 P F ¥ '3 F '3 il F e P F
N 3.3 2623 <0001 35d - 0001 57 (002 8.9 (LHKEE - 2465 <0.0001 2129 < 0.000]
P 1.3y 117 00016 6.7 00141 1.0 031EY 211 (0] 84 00064 26,6 < 0.000]
Water 1.2 8.5 (1. 1005 164 0.035% 65 00360 0.6 L5078 0.2 0.7296 BN | 0.1526
NxP 3.3 038 (1. 503 6.6 0002 EN | 0.0350 6.3 (L] 5 0.3 08160 113 =0.000]

Treatment effects on temporal stability of ANPP

ANPP temporal stability was affected by water (F = 26.4, P = 0.0359), N (F =
55.2, P < 0.0001), P (F=6.7, P=0.0141), and N x P interaction (F = 6.6, P =
0.0012) (Table 1). Water addition increased the year-to-year stability by
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decreasing the SD of ANPP (Fig. 1B, table 1, S4 and S5A). Meanwhile, the N, P
and N x P influence on ANPP stability was related to three main effects. First, in
the absence of N addition, P fertilization had a slight positive effect on ANPP
stability. Second, ANPP stability decreased incrementally with N doses. And,
third, the combined addition of N and P further decreased ANPP stability at the
extremes doses of N (50 and 200 kg N ha™' year") compared to the single N

application (Fig. 1B and S5B).
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Figure 1. Effects of nitrogen (N), phosphorus (P) and water addition on: A)
average annual aboveground net primary productivity (ANPP), and B) temporal
stability of ANPP through time calculated as temporal mean/temporal standard

deviation; (data was natural log transformed for analysis). Bars represent mean

+ SE (n = 3).

Treatment effects on plant community

A total of 119 different species were recorded in the experimental area, where
controls averaged 58 species per 20 m? subplots. Species richness was
affected by N (F = 8.9.,, P = 0.0002), P (F =211 P < 0.0001) and N x P
interaction (F = 6.3, P = 0.0015), whereas it was not affected by water (Fig. 2A,

S5C). The N, P and N x P interaction impacts on species richness were
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explained by the lack of effect at the lowest dose of N (50 Kg N ha™ year™),
meanwhile the number of species declined approximately 10% in the rest of N
and P fertilized treatments (5-7 rare species were lost per 20 m? subplots).
Surprisingly, except for this treatment, we did not find any significant differences
among N and P fertilized treatments (Table 1, Fig. 2A, S5D).

Community asynchrony was affected by water (F = 26.3, P = 0.0360), N (F
= 8.7, P =0.0002) and N x P interaction (F = 3.1, P = 0.0380), whereas it was
not affected by P (Fig. 2B). Species asynchrony increased with water addition,
and decreased with the intermediate N dose (100 Kg N ha™' year'), whereas
the N x P interaction was explained by a further decreased when N was
combined with P fertilization at the highest doses of N (200 kg N ha™ year™)
compared to the single N application (Fig. 2B, table 1).

Treatment effects on species groups

The average contribution of the 12 most dominant species (mean cover >1%;
all of them were grasses) to community ANPP was 83.9% (65.9% and 18.0%
for C4 and C3 dominant grasses, respectively). The remaining 16.1%
corresponded to rare species (mostly dicots). The main groups were only
slightly influenced by N treatments: cover of dominant C3 grasses increased in
all N fertilized treatments, while cover of dominant C4 grasses decreased at the
lower N dose, whereas cover of rare species decreased at the higher doses of
N (Fig. S6A). These changes imply a decreased ratio of dominant C4/C3
grasses in all N fertilized treatments compared to control (Fig. S6B). The mean
ANPP of dominant species was only positively influenced by N (F = 246, P <
0.0001) and P (F = 8.4, P = 0.0064).

Similar to the results of productivity at community level, dominant species
mean ANPP increased 25%, 55% and 100% with 50, 100 and 200 kg N ha™
year ' respectively (Table 1, S5G). On the other hand, dominant species mean
ANPP only increased 5.6% in P fertilized plots, whereas water and N x P
interaction were not significant (Table 1, S5H). However, in a sharp contrast
with the effects on mean ANPP, the standard deviation (SD) of the ANPP of
these species was affected by N (F = 212.9., P < 0.0001), P (F = 26.6 P <
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0.0001) (Table 1, S5I) and N x P interaction (F 11.2, P < 0.0001), whereas

water addition was not significant (Table 1, S5J).
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Figure 2. Effects of nitrogen (N), phosphorus (P) and water addition on: A)
average species richness (number of species/20m?), and B) species
asynchrony (ranged from 0 “perfect synchrony” to 1 “perfect asynchrony”). Bars

represent mean + SE (n = 3).

The N, P and N x P interaction effects were related to three main effects.
First, in absence of N fertilization, P addition reduced the SD of dominant
species ANPP. Second, the SD of dominant species ANPP increased with N
dose (50%, 125% and 230% with 50, 100 and 200 kg N ha™’ year’
respectively). Third, the SD of dominant species ANPP was further increased
when the highest dose of N (200 kg N ha” year"') was combined with P
compared to the single N addition (Table 1).

Relationships between plant community and temporal stability of ANPP
Dominant species ANPP stability evidenced a strong association with

community ANPP stability (R? = 0.80, P < 0.0001), whereas rare species ANPP

stability showed a weak relationship (R? = 0.22, P < 0.0005) (Fig. S7). This role
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of dominant species was subsequently confirmed by the coefficient of
determination of the relation between the SD of dominant species ANPP and
the community ANPP temporal stability, both with the cumulative number (R2 =
0.988, P < 0.0001) and cover of dominant species (R*= 0.996, P < 0.0001) (Fig.
S8A and S8B). This analysis revealed that most of the reduction in ANPP
stability caused by N and N+P addition occurred through weakening the
stabilizing effect of the six most abundant species (which included five C4
grasses) (Fig. 3 A). Overall, these results indicated that ANPP of the six most
dominant species might be more sensitive to environmental fluctuations than
the subsequent dominant species under N and N+P addition. Otherwise, both
water and P addition increased ANPP stability by reinforcing the stabilizer effect

of the subsequent dominant species (Fig. 3 A and 3 B).

Cumulative ANPP temporal stabiliy
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Figure 3. Cumulative ANPP temporal stability (data was natural log retro-
transformed) of dominant species in: a) nitrogen and phosphorus treatments;
and b) water management treatments. Dots represent the average accumulated
cover (%) of the 12 most dominant species, ordered from highest to lowest
abundance, and their relative ANPP stability. Shaded areas represent 95%

confidence intervals.

The temporal stability of ANPP was negatively associated with the SD of
dominant species ANPP (R? = 0.80, P < 0.0001) (Fig. 4A) and positively related
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with asynchrony (R? = 0.64, P < 0.0001) (Fig. 4C). However, ANPP stability was
only slightly positively linked to species richness (R? = 0.12, P = 0.0059) (Fig.
4E).
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Figure 4. Relationship of the standard deviation of dominant grasses ANPP,
species asynchrony and species richness with ANPP stability (natural log
transformed): A, C and E) before and B, D and F) after controlling the effects of

N dose. Dots represent each subplot.
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Multiple regression model (MRM) confirmed the main role of the SD of
dominant species ANPP complemented by asynchrony, explaining together
88% of the variation in ANPP temporal stability (Table 2). After controlling the
effects of N dose the importance of both factors was inverted. ANPP stability
was positively related with asynchrony (R? ®¥'= 0.57, P < 0.0001) but only
slightly negatively related with the SD of dominant species ANPP (R2 =012, P
< 0.0094) (Fig. 4B and 4D). In absence of N addition effects, the MRM
evidenced the main role of species asynchrony, that was scarcely
complemented by the SD of dominant species ANPP, in explaining the variation
in ANPP temporal stability (R? = 0.61, P < 0.0001) (Table 2). Meanwhile,
species richness was not significant in both single and multiple regression

models.

Table 2. Results of multiple linear regression for the effects of mean and SD of
dominant species ANPP, asynchrony and species richness on ANPP temporal
stability (natural log transformed). 2A) before (R Rzadj. = 0.88, P < 0.0001); and
2B) after controlling for the effects of N dose on stability (Rzadj. =059, P <
0.0001).

2A Estimates T value F value Partial R2H,,I
Intercept 1.168 108 =0.0001 —
Temporal 5D of dominant grasses ANPP  -0.002 9.5 =0.0001 0.80
Species asynchrony 0.771 56 =0.0001 0.08
2B Estimates T value F value Partial H”adl
Intercept -0.883 6.3 =0.0682 -
Species asynchrony 1.283 7.4 =0.0001 0.57
Temporal SD of dominant grasses ANPP 0.001 1.869 <0.0001 0.02
DISCUSSION

To our knowledge, this report is the first to test the simultaneous effects of the
rate of N addition combined with P and water addition on temporal stability of
ANPP of a native grassland community. Our findings revealed the influence of
the temporal variation of most dominant species productivity and species

asynchrony as the main pathways that regulate the short-term temporal stability
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of grassland ANPP under nutrient and water addition. Our results also revealed
that the importance of the mechanisms regulating ANPP temporal stability
depends on whether the driver changes productivity. Decreased ANPP stability
caused by N and N+P addition was mainly related to an increased ANPP
variation of the six most dominant species, while the increased ANPP stability
caused by P or water addition was associated to an increased species
asynchrony.

Despite the fact that the SD of dominant species ANPP and species
asynchrony had opposite trends, the selection of both variables in the MRM
evidenced possible complementary roles of them in explaining the variations in
ANPP stability. However, after controlling N effect, the species asynchrony
influence on ANPP stability was almost exclusive, indicating that it was quite
independent of N addition. The prevalence of one pathway over the other
appears to be regulated by N limitation, since N enrichment promotes the
competition among species (Hillebrand et al. 2008) and, at same time, decrease
the chances of temporary tradeoffs among species (Hautier et al. 2014). To
date, different works reported the role of dominant species (Smith & Knapp
2003; Polley et al. 2007; Sasaki & Lauenroth, 2011), species asynchrony
(Hautier et al. 2014), dominant species and species asynchrony (Zhang et al.
2016) and multiple mechanisms (Chen et al. 2016). Nevertheless, most of these
studies analyzed separately each cause of variation and failed to explain ANPP
stability changes under a broad range of resources addition.

In our study, N proved consistently to be the single most important factor
constraining ANPP, in line with the studies of Vitousek & Howarth (1991) and
LeBauer (2008). ANPP only becomes N-P co-limited at the highest N
fertilization rates and we found no relevant effects of the single addition neither
of water nor P. The lack of effect of water addition on ANPP reflected that only
sporadic water shortages occurred in the 4 years. In spite of this, water and
their interactions effects could be relevant in a more variable or stronger
seasonal climatic context, eg, as projected by climate change scenarios (Betolli
et al. 2010). Otherwise, the lack of effect of P addition may be related to the
Mycorrhizal-plant interactions which play a key role in perennial grasses
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nutrient uptake in P-limited systems (Johnson et al. 2015).

As was expected, we found that N addition decreased while water
increased ANPP stability, but strikingly, we found strong positive or negative
effects of P addition on annual ANPP stability depending on the N dose. These
changes in ANPP stability changes were produced by larger variations in the
standard deviation (SD) relative to the mean (Fig. S4). It is commonly
suggested that N additions induce a directional change in the drivers of ANPP
from N limitation to N and P co-limitation (Vitousek et al. 2010; Fay et al. 2015).
Specifically, we detected only sporadic high ANPP responses to N and N+P
addition (mainly in spring and at highest N fertilization rates), which increased
more the SD than mean ANPP in a process that appears to be regulated by
temperature (S9 and table S10). Therefore, the shift from chronic N limitation to
more irregular drivers such as N-P co-limitation would increase the SD of
dominant grasses ANPP, in consistence with Huston (1997). Given the
importance of the SD of productivity in defining ANPP stability, one subject to
be explored in future studies are the mechanisms which led to the larger
variations in the SD of dominant species.

Contrary to the prevailing theory for long term data (Tilman et al. 2006;
Hector et al. 2010; Hautier et al. 2015), our results evidence a weak relationship
of species richness with ANPP stability, which also became insignificant after
controlling the effects of N enrichment. Even though we did not sample the
complete community composition during the entire experiment, the data from
the last year give the net effect after four years, and it becomes clear that there
were no pronounced effects of treatments on species richness. Instead, the
strength of the relationship between the SD of dominant species ANPP and
temporal stability of community ANPP allow us to confirm Grime (1998) mass-
ratio hypothesis (Fig. S8). In other words, ANPP stability decreased mainly by
the increased variation in the productivity of dominant grasses under N and
N+P addition and not by the negligible production of the rare species lost (< 1%
of ground cover). Greater ANPP stability has also been commonly associated
with an increased asynchrony of the species (Hautier et al. 2014). In this sense,
our results also support the stabilizing effect of species asynchrony on
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ecosystem stability, showing that, despite slight losses of rare species, species-
rich grasslands could maintain complementary interactions among species.

The argument of nutrient and water supply driving stability trough changes
in the SD of dominants and species complementary interactions, at least in the
short term, appears to be relevant for species-rich communities with few highly
dominant species. Despite this evidence, our findings do not necessarily
suggest that diversity is not relevant to ANPP temporal stability. For instance,
the importance of diversity mediating ANPP stability could be increased at
larger time-scales (Cardinale et al. 2007; Reich et al. 2012; Isbell et al. 2013).
Specifically, rare species might control ANPP stability in a longer term by
limiting the recruitment of dominant species (Grime 1998) or by the turnover of

dominant species (Allan et al. 2011).

Change in temporal stability of productivity

Figure 5. Effects of nitrogen (N), phosphorus (P) and water on changes of
ANPP temporal stability relative to reference plots (natural grasslands): A) long
term stability data of Hautier et al. (2015), and B) short term stability data of our
experiment. LRR.S = the natural logarithm of the ratio of the mean and standard
deviation within each treatment plot divided by the average mean and standard
deviation across all reference plots for a treatment. Bars represent mean + SE
(n = 3).

Despite the lack of association between species richness and ANPP
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stability, we found a short-term pattern of water and nutrients addition effects on
ANPP stability that was very similar to the long term trends (4-28 years)
reported by Hautier et al. (2015) who worked with different levels of N addition
and water addition, but no P addition (Fig. 5 A and B). This pattern suggests
that short term trends of the ANPP stability could be relevant to predict long
term impacts. Overall, despite short term of the research, our findings contribute
to the knowledge integrating the role of dominant species and asynchrony
pathways regulating ANPP stability. Therefore, a key challenge for future
grassland management intensification research is to determine, in the medium
to long term, the thresholds for species losses and turnover of dominant species

which significantly affect ANPP stability in natural communities.
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SUPPORTING INFORMATION

S1. Soil characteristics (0.15 cm soil layer) of the native grassland at the
experimental site.

Ph  Organic C P Citric K Ca Mg Na i
(H,0) (%) acid (U2 (meq/100g) (meq/100g) (meq/100g) (meq/100g)
5.6 4.2 5.7 0.5 20.3 11.9 0.2 40.4

*CEC = Cationic Exchange Capacity
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S2. Soil water balance of the experimental period. Each line represents the

temporal evolution of the average volumetric soil water content for rainfed an
irrigated subplots.
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S5. Summary of ANPP stability (A and B), species richness (C and D),
asynchrony (E and F), ANPP-mean (G and H) and ANPP-SD of dominant
species (G and H) treatment means. ANPP stability and species richness data
was natural log transformed for analysis and then retrotransformed to be
presented in the table. The left and right letters between brackets indicate
water, N and P main effects, and N x P interaction effects, respectively.
Different letters within each effect (columns between lines) indicate significant

differences p < 0.05.

A Rainfed 3TBE B FO P 35 G Rainfed 456 A H PO F 35
Irigated 42A NO 478 32A Imigated 432 A ND I E 18 E
MO 504 M50 448 38C MO 3o N 50 31D 405D
M 50 418 N100 36C 35C N 50 83IC W100 471C  48EC
N 100 J6C MN-200 35cC 280 N 100 2848 N200 BO9E B45 A
M 200 32D M 200 627 A
PO 414 PO 442 8
P35 ige P35 487 A

C Rainfed 58,7 A D PO P a5 | Rainfed 120 A J PO P35
Irrigated ST3A N G274 S66D frigated 142 A MO BEE B1E
NDO 588 A N 50 625A 563B Nél BSD W 50 9D 10860
M 50 584 A M100 5738 5758 NS0 8ac N100 137¢ 184G
M 100 574 B MN200 S57B 5528 M 100 1458 W200 1818 245A
N 200 554 0C N 200 213 4
Pa 5958 PO 142 &

P35 5658 P35 1198

E Rainfed (1R.7-1:] F PO P 35
Irrigated 06T A MO ODETAR O70A
MO D67 B M50 065ABC 063 ABC
N 50 0,65 ABC M100 059C O0BZBC
M 100 059 c M200 062BC 0520
M 200 0,62 BC
PO 0E3 A

P35 062 A
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S7. Effects of nitrogen (N), phosphorus (P), N+P and water addition on
community, dominant and subdominant species ANPP stability (natural log
transformed). Dominant species ANPP stability was highly related with
community ANPP stability (R? = 0.96, P < 0.0001), whereas subdominant
species ANPP stability showed a weak relationship (R* = 0.23, P < 0.0003).

Bars represent mean + SE (n = 3).
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S8. Evolution of the relationship (R?) between the SD of dominant species
ANPP and the community ANPP temporal stability, with: a) the cumulative
number of species ordered by ranking of abundance (r> = 0.988, p < 0,0001),
and b) cumulative cover of dominant species ordered by ranking of abundance
(r* = 0.996, p < 0,0001). The dashed lines imply: a) an equal contribution to
ANPP stability of each species; b) an equal contribution of each species to
ANPP stability weighted by their abundance. If all species were functionally
different and contribute equally to ANPP stability, the relationship should be

analogous to the dashed lines.
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S9. Effects of nitrogen (N), phosphorus (P), N+P addition on average grassland
growing rate in the spring of each year. The response to N and N+P addition
appears to be positively correlated with the average spring temperature detailed

in table S8.

S10. Summary of spring temperature conditions at the experimental site.

Mean Mean  Accumulated
temperature degree-days degree-days
178 0.8 442 %201
2012
17,4 9.4 451 %2013
20,1 12,1 484 X2014
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Appendix. Estimation of ANPP temporal stability effect

To compare our results with the synthesis of 12 multiyear manipulate
experiments of Hautier et al. (2015). we calculated the mean and standard
deviation effects sizes as natural-log response ratios (LRR) comparing each
treatment subplot with the control subplot (rainfed-without fertilizers) in each
block. ANPP temporal stability effect (LRR.S) was then calculated as the
difference between the log response ratio of the mean (LRR.mean) and the
standard deviation (LRR.SD).

LRR.S = LRR.mean - LRR.SD

Similarly, species richness effect (LRR.richness) was calculated for each

subplot as the natural log of the ratio of treatment subplot species richness

divided by the species richness of the control subplots.
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The Dilemma of Improving Native Grasslands by Overseeding Legumes:

Production Intensification or Diversity Conservation

Abstract
In native campos of Uruguay, overseeding legumes coupled with phosphorus (P)
fertilization is a technology used to increase animal production. Short-term
improvements in both forage productivity and quality are repeatedly reported. But some
evidence suggests that this management may at times lead to the collapse of the native
community and invasions by exotic species. Indeed, it is yet unclear to what extent
overseeding legumes into native grasslands affects its long-term integrity. This study
uses data from a long-term experiment to assess whether increased P fertilizer rates —
typically used to encourage legume establishment and growth— are associated with
reduced species diversity. In 1996 a grazed native grassland in eastern Uruguay was
either left untouched (control) or overseeded with a mix of Trifolium repens and Lotus

corniculatus and then fertilized at either a moderate or high rate of phosphorus (197 or

394 kg - ha”' over 13 years, respectively). The three treatments were arranged in a
randomized block design with 4 replicates of 2 hectares each. In 2005 the experiment
was exhaustively sampled: 11 georeferenced sampling points per replicate, each
encompassing ~20 m’. Extractable P was measured in the 0 to 5 and 5 to 15 cm soil
layers. In 2009, species presence and cover was measured at the same points. Across
treatments, wherever legumes were introduced, extractable soil P was negatively related

to species richness and diversity (P<0.01) and native grass cover was reduced. This

effect became asymptotic once soil P exceeded 27 and 36 mg - kg of P (0-5 cm),
respectively. Therefore, the documented reduction in species richness and diversity
suggests a trade-off between increased pasture production and decreased vegetation
stability may be operating in response to P fertilization of overseeded grasslands. The
underlying ecophysiological mechanisms, and grazing management options to mitigate

species diversity decline, should be further studied.

Key words: Campos, improvement, legumes, trade-off, short-term production, long-

term integrity
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INTRODUCTION

Overseeding legumes coupled with phosphorus (P) fertilization is an
effective procedure to establish high quality forage species into native grasslands, and
has been adopted in many agro-ecological regions of the world (Cook 1980; Coates et
al. 1990; Risso and Berretta 1997; Tiecher et al. 2014). In the short term, this
technology improves the quantity of forage, prevents protein deficiency in the diet of
animals, and thus increases livestock productivity (Risso and Berretta 1997; Soca et al.
2002; Ferreira et al. 2011). This practice also replaces the need for nitrogen (N)
fertilization (Bryan 1985). However, the limited persistence of legumes (Muir et al.
2011) and frequent invasions of exotic species (Tognetti and Chaneton 2012) are a
relevant long-term concern, from both agronomic management and ecological
conservation points of view. Low legume persistence in overseeded grasslands
emphasizes the need to identify management thresholds that prevent alternative
vegetation states dominated by exotic invaders. At the same time, it is important to
know how different species and communities respond to soil nutrient enrichment if we
are to conserve grassland biodiversity (Isbell et al. 2013).

There is a growing interest to understand the impact of management practices on
ecosystem services of native grasslands (Carvalho and Batello 2009; Paruelo and
Vallejos 2013). For example, in the campos biome region of South America, native
grasslands represent the largest agro-ecosystem and provide valuable economic and
ecosystem services. These ecosystems are part of the Rio de la Plata grasslands,
representing a unique biodiversity reserve with over three thousand species of temperate
and subtropical plants (Bilenca and Minarro 2004). However, they are critically
threatened by changes in land use (Overbeck et al. 2007). Native grasslands are in
general very stable and persistent, but livestock production with traditional management
i1s economically limited, driving changes in land use to forestry or crop production.
Therefore, sustainable management of these grasslands requires reconciling
environmental conservation and production priorities (Bullock et al. 2001; Lemaire
2012).

Variability of climatic and soil conditions in the Rio de la Plata grasslands are the
main drivers that favor the existence of highly diverse plant communities with differing

growth strategies. Species diversity can stabilize productivity and prevent exotic species



62

invasions through multiple strategies to acquire resources (Dukes 2001; Hooper et al.
2005; Hector et al. 2010), and greater use of limiting factors (Hooper and Dukes 2004).
However, it has been found that fertilization weakens the positive effects of diversity on
stability (Suding et al. 2005, Hautier et al. 2014), especially at local scales (Di
Tommaso and Aarssen 1989), and increases the probability of system collapse and
subsequent evolution to low diversity states. The fluctuating resources theory of
invasibility postulates that rapid increases in resources supplies makes a plant
community more susceptible to exotic species invasion (Davis et al. 2000). In this case,
dominant invasive species may act as transformer species, modifying both diversity and
function (Richardson et al. 2000) and changing the state of the grassland community.
Production limitations in the campos biome ecosystems are mainly related to
climatic variability (Bettolli et al. 2010) and deficiencies of N and P content in soils
(Pallares et al. 2005). It has been recognized that soil P controls the growth and
persistence of forage legumes in native grasslands (Coates et al. 1990; Pallares et al.
2005). Nevertheless, there are concerns about adverse effects of P enrichment on the
diversity of species adapted to N and P limited soils (Ceulemans et al. 2011). The aim
of this study was to determine whether increased P fertilizer rates are associated with
reduced species richness and diversity in native grasslands in which legumes were
overseeded. We hypothesize that increased levels of soil P concentrations from P
additions aimed at encouraging legume establishment and growth led to: 1) reductions in
species richness and diversity, and ii) increases the abundance of exotic invasive

species.

METHODS

Study area

The study was carried out in the “Palo a Pique” experimental farm, located in Eastern
Uruguay (33°15'44" S, 54°28'59” W; 50 m above sea level). This region is part of “Rio
de la Plata grasslands”, a biome of temperate and subtropical grasslands, dominated by
C4 and C3 perennial grasses that extends from East Central Argentina to Southern
Brazil and includes most of Uruguay (Soriano 1991). At the experimental site, mean
annual rainfall varies between 1000 and 1600 mm, evenly distributed throughout the

year, and mean monthly temperature varies from 11°C in winter to 23°C in summer.
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The topography is softly hilly (slope 2 to 3%), and soils are a mixture of Abruptic
Argiaquolls and Oxyaquic Vertic Argiudolls (fine, smectitic and thermic) (Duran et al.
2005). The most abundant species are Cy4 grasses, such as: Axonopus fissifolius (Raddi)
Kuhlm, Paspalum notatum Fliggé, Aristida murina Cav., Andropogon ternatus

(Spreng.) Nees, Paspalum plicatulum Michx. This grassland community averaged a dry

matter (DM) production of 3400 kg - ha” - yr' over a 12-yr period (Bermtdez and

Ayala 2005). The main soil characteristics of the study site are presented in table 1.

Table 1. Major soil characteristics at Native and Overseeded Grasslands in the year
2005 (0-15 cm)

Native Grasslands Legume Overseeded Grasslands

pH (1:1 soil-water) 55 55
Organic C (%) 2.1 2.2
Extractable P citric acid (mg - Kg) 33 22.6
Extractable K (meq - 100 ¢7) 0.27 0.27
Clay (g - Kg™) 180 160
Sand (g - Kg™) 510 560

Experimental design and treatments
The experiment was established in 1996 in a completely randomized block design with

four replications. The three treatments consisted of: native grasslands (NG); and native
grassland broadcasted with a mixture of 4 kg - ha™' of Trifolium repens cv. Zapican and

8 kg - ha™ of Lotus corniculatus cv. San Gabriel (each one inoculated with their specific

Rhizobium) and then fertilized with either a moderate (MP) or a high rate of P (HP). The
MP received 19.6 kg P - ha™ - yr'! at sowing and then 13.1 kg P - ha™ - yr™', while the HP

received 39.3 kg P - ha - yr'! and then 26.2 kg P - ha - yr’'. During the first three years
superphosphate was used (21% P,0Os soluble - 23% P,Os total), later rock phosphate
(0% P,0s soluble - 29% P,0s total) was used. All experimental units (12 paddocks in
total, of two hectares each) were rotationally grazed by yearling steers and heifers.
Paddocks were grazed with similar moderate grazing intensities among treatments. In a
previous study, Palacio (1999) reported forage allowances of 8.3 and 13.0 (kg of DM -

100 kg of animal live weight) for legume overseeded treatments and NG, respectively.
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Average above-ground forage mass + standard error from March 2008 to March 2010
were 2802 + 194 kg DM - ha!, 3412 + 193 kg DM - ha™' and 3578 + 183 kg DM - ha™',
for NG, MP and HP, respectively.

Soil sampling and analysis

Soils were sampled in the spring of 2005 in 11 georeferenced points regularly
distributed within each paddock (132 sampling points in total). At each sampling point,
within a 2.5-m radius, eight 2.5 cm diameter sampling cores were taken from the 0 to 5
cm and 5 to 15 cm soil depths. Soil samples were then dried at 45 °C for 72 h, ground
and sieved to pass through a 2-mm sieve. Extractable phosphorus content was measured
adapting the citric acid method proposed by Thompson (1995). Fifty milliliters of citric
acid (0.5%) were added to 5 g of soil and stirred for 30 minutes. The extract was filtered
through a Whatman No. 2 filter paper. A 5-ml aliquot of filtered extract was removed
and mixed with 8 ml of colorimetric reagent (Murphy and Riley 1962) and then diluted
to 50 ml. The blue color development was measured after 45 minutes by absorbance at
882 nm with a UV spectrometer (Thermo Spectronic, Genesys 10S) and compared to
known reference concentrations. Soil texture was evaluated by a modification of the
Bouyoucos hydrometer method with gravimetric determination of the sand content

(Beretta et al. 2014).

Vegetation sampling

Plant species composition was measured in the late spring of 2009 using a modified
Braun-Blanquet abundance scale as proposed by Mueller-Dombois and Ellenberg
(1974). In the exact same 11 georeferenced points per replicate were soil had been
sampled, the name of all vascular plant species present was recorded, and their aerial
cover (when greater than 5%) was visually estimated in 1-m” quadrats. Species-area
curves determined previously (not shown here) confirmed that 11 m? of sampling area
was adequate to represent the community species richness. Above-ground net primary
pasture production was seasonally estimated from March 2008 to March 2010 using two
exclusion cages (1 x 0.5 m) per paddock (moved after each cut) according to the method
described by Klingman et al. (1943). At the beginning of every season of the year

herbage was clipped to ground level. At the end of each season, all accumulated above-
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ground standing plant material was clipped again in two 0.1 m? quadrats per cage to
estimate the forage production over the growth period. The sampled biomass was dried

at 60°C for at least 72 h and weighed to determine the DM content.

Data analysis

Species cover and concentration of extractable soil P of the 132 sampling points
constituted the primary database. Six sampling points were removed from the database
because their extractable soil P in the 0 to 5 cm layer was higher than two standard
deviations from the mean of the treatment and thus considered outliers. Species
richness, native species richness, native grasses species richness and the Shannon Index

(Shannon and Weaver 1949) were calculated for every sampling unit. The mean

seasonal pasture production —expressed as daily growth rate (kg DM - ha™' - d) to
compare different periods— was calculated for every paddock. The Shapiro-
Wilks test was used to check the assumption of normally distributed residuals for all
response variables and square root transformation was used when necessary. General
linear mixed models were performed for each response variable considering block and
sampling units nested within treatments as random factors, while treatments were
considered a fixed factor. Several models combining different functions for correlations
and variance of errors were tested. Then, the best-fitted models for each response
variable was selected based on Akaike Criterion. Means for the significant fixed effects
were compared using Fisher’s LSD test (p < 0.05). Orthogonal contrasts (control vs.
overseeded grasslands, and MP vs. HP) were performed to compare species richness
and diversity, and cover of the main species and functional groups. To examine changes
in species composition a principal component analysis was used. Extractable soil P at
both depths and functional group cover (native warm season perennial grasses, native
cool season perennial grasses, native species non grasses, exotic legumes, exotic winter
annual grasses and exotic warm season perennial grasses) were the studied variables.
We analyzed only the first two principal component axes because they explained a large
proportion of the variation in species composition. Afterward, to identify the occurrence
of changes in vegetation state related to the experimental treatments, a discriminant
analysis of the dominant functional groups cover was performed. Segmented

regressions (Toms and Lesperance (2003) were used to describe the relationship
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between richness and diversity vs. extractable soil P concentrations:

ifx <R, yij=L+ U (R —x) +eij [1]

and

ifx>R.vii=L+eij [2]

where yij is the dependent variable, x is the independent variable, eij represent the
experimental error, R is the break point, L is the mean value of the zero slope segment,
U indicates the magnitude of the non-zero slope segment. R values are referred to as the
thresholds of extractable soil P concentration beyond which losses of richness and
diversity became negligible. Statistical analyzes were performed using Infostat (Di

Rienzo et al. 2015) and JMP® (SAS Institute, Cary, NC) software packages.

RESULTS

Continued applications of P fertilizers from 1996 to 2005 increased extractable soil P by
25 and 50 mg . kg™ in the 0 to 5 cm layer, and by 0.7 and 3 mg . kg™ in the 5 to 15 cm
layer, in MP and HP treatments respectively (Fig. 1a). These values reflect both a
substantial increase and stratification of the distribution of P availability for plants:
clearly, resource supply increased faster than the capacity of the vegetation to use it and
the system was becoming progressively enriched in P. Forage production of overseeded
and P fertilized grasslands was higher than native grasslands across all growing seasons
except in autumn 2009. The average forage production of overseeded and P fertilized
grasslands was 60 % higher than native grasslands, while the P fertilization level had no
significant effect. The maximum differences between overseeded and P fertilized
grasslands with native grasslands were found in the periods of elevated growth (spring
2009, summers 2008-2009 and 2009-2010), with increments in forage production
between 69% and 84% (Fig. 2).

A total of 156 different species were recorded in the experimental area. There
were significant differences when comparing the native grasslands vs. the overseeded
and P fertilized grasslands and between fertilization treatments. In the overseeded
grasslands, exotic grasses displaced native species and overseeded legumes. Both cool
and warm season native perennial grasses cover, as well as native non grasses cover,

decreased in overseeded grasslands (Fig. 1b, 1c and 1d).
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Figure 1. Treatment effects on: a) extractable soil P in the 0 to 5 cm and 5 to 15 cm
layer; b) native species non grass and exotic legumes; ¢) native warm season grass and
Cynodon dactylon; d) native cool season grass and Lolium multiflorum. NG= Natural
Grassland; MP= Moderate Phosphate legume overseeded grassland; HP= High
Phosphate legume overseeded grassland. Different letters within each parameter
(columns within the same color) indicate significant differences p < 0.05, and bars
represent the standard error.

The legume abundance of the grasslands was generally low, although legume
cover was higher in overseeded grasslands than native grasslands (2.5 vs. 0.25%).
Overseeded grasslands were dominated by two exotics grasses, the C4 perennial
Cynodon dactylon and the C3 annual Lolium multiflorum, which accounted for an
average 68% of cover in overseeded grasslands, but only 2.5% in native grasslands.
Higher P fertilization resulted in higher cover of exotic species (61% in MP vs 75% in
HP). Overseeded grasslands had lower diversity, species richness, native species

richness and native grasses species richness than natural grasslands (Fig. 3). All of these
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variables were further reduced at the higher P fertilization rate. The most negative
effects of the high P fertilization treatment were recorded in native species richness and
native grasses richness, which had less than one-third and one-fifth of the native
grassland species respectively. The overseeded grasslands had higher exotic species

richness that partially compensated the reduction in native species.
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Figure 2. Seasonal variation in Aboveground Net Primary Production (ANPP).
Grassland Dry Matter (DM) production from March 2008 to March 2010. Each point

represents the daily mean growth (kg DM - ha™') of the treatment in each season. NG =
Native Grassland (circles). MP = Moderate Phosphate legume overseeded grassland
(squares). HP = High Phosphate legume overseeded grassland (triangles).

Species diversity and richness had negative relationships with extractable soil P

concentration in the 0 to 5 cm layer (Fig. 4a and 4b). Segmented regression analysis

indicated P thresholds of 36 and 27 mg - kg™ beyond which the minimum values of 1.1
of the Shannon-Weaver diversity index and 13.9 species per m™ were reached
respectively. Species diversity and richness followed the same trend in the 5 to 15 cm

layer, but this relationship was weaker than in the 0 to 5 cm depth.
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Figure 3. Treatment effects on: a) Shannon-Weaver diversity index; b) total species
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Figure 4. Relationships between extractable soil P concentrations (mg - kg™) with:

a) Shannon Weaver Index (H) =1.11 +0.037 * (35.9-P)if P <359 and H=1.11 if P >
359, R?=0.67, P <0.0001, Root Mean Square Error (RMSE) = 0.34; b) Total Species
Richness (R) =13.6 +0.73 * (27.0 - P) if P <27.0 and R =13.6 if P > 27.0, R*= 0.69, P
< 0,0001, RMSE = 4.60. The 126 sampling units surveyed consist of native grasslands
(circles), moderate P fertilized legume overseeded grassland (squares) and high P
fertilized legume overseeded grassland (triangles).
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Principal component analysis ordination based on the cover of dominant species,
functional groups and extractable soil P concentration also indicates close relationships
of extractable soil P with species composition (Fig. 5). The first principal component
explained 72% of variation and neatly separated native from overseeded grasslands. The
second component explained 11% of the variation, and separated experimental units
associated to warm season from cool season species cover, that is Cynodon dactylon
from Lolium multiflorum and the oversown legumes in overseeded grasslands, and

warm season from cool season native perennial grasses in native grasslands.
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Figure 5. Biplot of Principal Components Analysis considering the principal species or
groups of species cover and soil characteristics. The arrows represent the direction of
the main effects and the circles summarize each paddock position in the multivariate
space. Treatments: NG = Native Grassland; MP = Moderate Phosphate legume
overseeded grassland; HP = High Phosphate legume overseeded grassland, the numbers
following treatment are the identification of each paddock replication. Cover of:
NWSPG = Native Warm Season Perennial Grasses; NCSPG = Native Cool Season
Perennial Grasses; Non grasses = Native species non grasses; Legumes = Over seeded
Legumes; Lolium = Lolium multiflorum; Cynodon = Cynodon dactylon. Soil

characteristics: P = mg - kg in the depths of: 0-5 and 5-15 cm.

The biplot of communities ordination by discriminant analysis summarizes in a simple

manner the patterns of variation in species composition. This analysis confirms that
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native differ from overseeded grasslands, however the fertilization level did not

significantly influence the state of overseeded communities (Fig. 6).
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Figure 6. Graphic representation of discriminant analysis considering the principal
species or groups of species cover. The symbols summarize each paddock position in
the multivariate space. Treatments: NG = Native Grassland (circles). MP = Moderate
Phosphate legume overseeded grassland (squares). HP = High Phosphate legume
overseeded grassland (triangles), and the ellipses shows the prediction interval with a
probability of 95%.

DISCUSSION

This study revealed that higher extractable soil P concentrations in the surface soil
of native grasslands overseeded with legumes were associated with lower species
richness and diversity. Native perennial grasses were particularly sensitive: after 13
years, their cover decreased by two-thirds. After a decade, this space was not occupied
by the overseeded legumes, as legumes were almost absent in all treatments. Instead,
two exotic species increased in relative cover: a C3 annual ryegrass (Lolium
multiflorum) and a C4 stoloniferous perennial grass (Cynodon dactylon).

Potential negative effects of P availability on native communities have been

described repeatedly, for instance in semi-natural grasslands of Europe (Janssens et al.
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1998 and Gilbert et al. 2009) and by Lambers et al. (2010) in ancient landscapes of
Western Australia. The latter authors reported that species-rich communities are absents
in soils with high P concentrations. Likewise, Ceulemans et al. (2013) identified that
soil P is a better predictor of plant species richness than soil N, and concluded that P
enrichment is a threat to plant diversity. However, the actual ecophysiological
mechanism(s) by which P enrichment affected native species in the overseeded
grasslands of the present study are not known. Multiple, non-mutually exclusive,
alternatives are possible.

It is well established that legume establishment and growth are encouraged by P
fertilization both in native overseeded grasslands (Risso and Berretta 1997) and sown
grasslands (Bermudez et al. 2008). The cause, it is believed, is related to the very
limiting levels of plant available P and nitrogen that these soils have (Pallares et al.
2005). Legumes, having the P restriction eased by fertilization, become highly
competitive due to their ability to fix atmospheric nitrogen. Previous work in our study
site reported 31% and 69% of legume cover in MP and HP respectively in the third year
of the experiment (Palacio 1999), revealing the dominance of overseeded species at this
stage. Some evidence indeed indicates that these legumes were actively fixing N in
these grasslands (Mallarino and Wedin 1990).

The reasons for the limited persistence of the legumes are even less certain. It may
be that sustained progressive enrichment of soil N due to biological N fixation makes
legumes less competitive and thus grasses dominate. A model of self-regulation was
proposed by Chapman et al. (1996) to explain the temporal/spatial variations in legume
content of ryegrass/white clover swards based on the amount of mineral N in the soil.
Nevertheless, this dynamic response of grasses and legumes to N availability also
indicates that it is unlikely to maintain high legume contents in native grasslands if soils
are simultaneously N and P enriched. Another possibility is that drought events
drastically reduced legume persistence, leaving empty gaps in the sward (Acuiia et al.
2012). In any case, the grasses that took advantage of the reduced legume cover were
not the original native species. However, two exotics: the C3 winter growing L.
multiflorum which has a high response to N (Vallano et al. 2012) and the C4 summer
growing C. dactylon which has large ability to explore the soil (Llobet et al. 2012)

became dominant.
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Several functional mechanisms have been proposed to explain fertilization effects
on species richness and diversity. One regularly hypothesized mechanism is a shift from
below-ground competition for nutrients to above-ground competition for light as the
environment becomes richer in any limiting resource (Goldberg and Miller 1990;
Hautier et al. 2009). In the third year of the experiment, the forage production was in
average 101% higher in overseeded and P fertilized grasslands than native grasslands
(Palacio 1999). In addition, after a decade, the forage production was in average 60%
higher in overseeded and P fertilized grasslands than native grasslands. The increased
production would be one of the main causes of species losses in overseeded and P
fertilized grasslands, but it is unknown if native species richness resulted from the
additive or interactive effects of root and shoot competition. Mycorrhizal-plant
interactions could be another mechanisms by which P availability affected native
species (Van der Heijden et al. 1998). Pezzani et al. (2012) found lower root
mycorrhizal colonization in the natives grasses Steinchisma hians and Mnesitea
selloana when present in legume overseeded and P fertilized grasslands than in native
grassland. Interestingly, Cynodon dactylon showed high levels of mycorrhizal
colonization in both situations.

The observed relationship between P availability and species richness and identity
in overseeded grasslands lead us propose a graphical state and transition model depicted
in Figure 7. State and transition models are a useful tool for grasslands management
(Westoby et al. 1989; Laycock 1991; Knapp et al. 2011). The proposed model consists
of two alternative steady states (native grassland and exotic grass invaded grassland)
and an intermediate unsteady state characterized by (native grasses plus overseeded
legumes) “the at-risk community” whose duration would be related to legumes
persistence. Then, the return to a “native grassland” state or the transition to a state
“dominated by exotics grasses” would depend on soil P concentration and native
species abundance. This first approach needs further research to establish state and
transition framework recommendations (Briske et al. 2008). Despite the lower diversity,
the grasslands invaded by exotics grasses were more productive than native grasslands,
particularly in springs and summers with good growing conditions, but it is not known
what the response might be in periods of drought.

Willems and van Nieuwstadt (1996) and Isbell et al. (2013) have already shown
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that low-diversity exotic dominated states may persist decades after N or P enrichment
ceases, and Tognetti and Chaneton (2012) showed that re-establishment of native
perennial grasses was constrained by species like Cynodon dactylon and Lolium

multiflorum which prevent the recovery from the soil seed bank.

NG b LOMU
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EE U] |2 |caleg eyl |

Figure 7. A conceptual state and transition model proposed for long term evolution of
over seeded and P fertilized grasslands. Grey arrows are community pathways, the
black arrow is the transition, and the grey boxes are the steady states. In the cases of
native grasslands, the community phases a or b are related to grazing or climate events.
In the exotic invaded grasslands, the Cynodon dactylon (CYDA) or Lolium multiflorum
(LOMU) dominance are related to the season of the year. The at-risk grassland
community is the legumes over seeded grassland (G&Leg) and the transition is
controlled mainly by soil P concentration.

It is noteworthy that all of HP and half MP sampling units exceed the P threshold
beyond which diversity and richness appears to remain at consistent lower levels. While
we do not know whether the condition observed at every sampling point was in a steady

state or evolving towards another condition, the asymptotic shape of the relationship —

virtually no change in species composition above extractable soil P of ~ 30 mg - kg —
suggest a new vegetation state may have been reached after the 13 years of the
experiment. The validity of this hypothesis should be the aim of subsequent studies.

Specifically, because this study did not included soils within the range between 6 and 18

mg - kg of extractable P: therefore, the possibility of long-term coexistence of a

diverse array of native species with overseeded legumes cannot be ruled out. Especially,
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when the likelihood of strong interactions between P availability and grazing

management is high (Schwinning and Parsons 1996).

IMPLICATIONS
The negative relationship documented by the present study between species diversity
and the concentration of extractable soil P in native grasslands overseeded with legumes
suggests that a trade-off between increased forage production and quality vs. reduced
integrity of the plant community may be operating. Neither the underlying
ecophysiological mechanisms, nor whether this response is modified by grazing
management, is known, and should therefore be the subjects of further investigation.
Our findings do indicate that, first, a precautionary approach is warranted when
considering the level of P fertilization, and second, soil testing to quantify extractable
soil P must be a standard part of the agronomic management to avoid unnecessary
inputs and to prevent diversity losses. Therefore, the trade-off between short term
economic response and long term sustainability should be taken into account

considering the ecological limits of the intensification.
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CONSIDERAGOES FINAIS

A investigacdo em experimentos de médio e longo prazo permitiu
quantificar o efeito de praticas de melhoramento na diversidade, resiliéncia e
estabilidade do campo nativo. Neste sentido, os estudos da presente tese
constituem um dos primeiros esforgos para compreender os impactos de
praticas de melhoramento de pastagens de campo nativo em indicadores
ecossistémicos. Os resultados da tese tém variadas implicagdes praticas e
sugestdes para futuras pesquisas que se detalham na continuagao.

O estudo apresentado no capitulo Il representa um novo enfoque
para o entendimento da sustentabilidade de praticas de manejo em campos
nativos do bioma Pampa. Além das tradicionais avaliagdes produtivas, neste
experimento foram avaliados os efeitos combinados da adi¢cdo de N, P e agua
na diversidade e estabilidade da vegetacdo. Esta pesquisa possibilitou avangar
no entendimento dos mecanismos que regulam a estabilidade temporal da
producdo de forragem dos campos nativos. Este trabalho € um dos poucos
experimentos a nivel mundial que avalia a estabilidade da produgao a partir de
uma comunidade natural altamente diversa tanto em numero de espécies como
de grupos funcionais. A influéncia da constancia das espécies dominantes na
estabilidade temporal ratifica a teoria proposta por Grime (1988) em que os
processos sado regulados em fungdo da abundancia das espécies e seus
atributos. O contraste entre os resultados encontrados e os esperados em base
a teoria dominante “diversidade-estabilidade” poderia ser explicado pelo fato de
que os experimentos manipulativos de diversidade dificimente imitam o que
acontece em ecossistemas reais (Wardle, 2016).

Embora as constatagdes deste experimento representem avancos
significativos para o conhecimento de ecossistemas reais, os resultados nao
deveriam ser extrapolados a outras condigdes como, por exemplo, pastagens
exoticas. A partir do descobrimento da influéncia dos efeitos da constancia das
espécies dominantes e da asincronia das espécies na estabilidade temporal
emergem importantes questdes. Por um lado seria relevante continuar o
experimento para avaliar os efeitos a prazos mais longos, assim como também
para determinar outros importantes atributos como, por exemplo, a resisténcia
e resiliéncia as secas, ou resolver perguntas especificas como os efeitos na
abundancia de fungos micorrizicos nas espécies dominantes ou detectar
efeitos de condi¢des climaticas extremas na dindmica da composicao destas
especies.

O estudo apresentado no capitulo Il permitiu classificar os estados
da vegetacao de melhoramentos de campos nativos com leguminosas. A partir
desta classificagdo se elaborou uma proposta de modelo de estados e
transicdes da vegetagdo em fungao da proporgcao de leguminosas e a dose de
fertilizacdo fosfatada. O modelo representa em forma geral a dindmica de
estados da vegetagéo de acordo com a proposta de Westoby et al. (1989), mas
poderia ser ainda melhorado definindo os niveis especificos dos limiares de
proporcdo de leguminosas, abundancia de espécies nativas dominantes e
exoticas invasoras, assim como a concentragdo de P relacionadas com a
mudanca de estado do campo nativo melhorado a campo degradado dominado
por espécies exoticas.
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O desenvolvimento de novos experimentos com niveis baixos de
fertilizacdo fosfatada em interagdo com diferentes intensidades de pastejo
emerge como uma prioridade de pesquisa. Em paralelo, também seria
relevante quantificar por separado a contribuigcdo dos efeitos diretos e indiretos
da concentracdo de P no solo nas mudancas tanto em diversidade,
estabilidade e resiliéncia como em persisténcia das leguminosas exoticas.
Especificamente, isto permitira identificar o efeito direto do P no solo, e os
efeitos indiretos relacionados com o incremento da competicdo das
leguminosas e o aumento do N nos solos devido a fixagdo biolégica de
nitrogénio.

Do ponto de vista de manejo e conservagao do ambiente pastoril,
existe uma necessidade de dispor de critérios objetivos que auxiliem na tomada
de decisbes sobre fertilizagdo nitrogenada e fosfatados das pastagens do
campo nativo. Neste sentido, o desenvolvimento de indices de nutricdo seria
relevante para definir de forma precisa as doses de fertilizante, considerando-
se a eficiéncia de utilizacdo dos nutrientes e levando-se em conta importantes
aspectos ambientais como o risco de contaminagdo. Em sintese, esta tese
aporta novos conhecimentos sobre o impacto integral de praticas de
melhoramento em atributos de sustentabilidade (produtividade, estabilidade, e
resiliéncia) nas pastagens de campo nativo do bioma Pampa. A continuagao
destes esforgcos permitira avangos na definicdo dos limites da intensificacédo
baseados em critérios ecoldgicos, e assim contribuir com o desafio de
desenvolver estratégias de manejo sustentavel para superar o dilema
produgao-conservacao.
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