Orientador:

Presidente:

Vogais :

\/V‘(r\/

Instituto Superior de Agronomia
Universidade de Lisboa

Balango de carbono em ecossistemas mediterranicos

Alexandra Cristina Pires Correia

Tese apresentada para obtencao do grau de doutor em
Engenharia Florestal e dos Recursos Naturais

Doutor Jodo Manuel Dias dos Santos Pereira
Reitor da Universidade Técnica de Lisboa

Doutora Helena Maria de Oliveira Freitas
Professora Catedratica
Faculdade de Ciéncias e Tecnologia da Universidade de Coimbra

Doutor Jodo Manuel Dias dos Santos Pereira
Professor Catedratico
Instituto Superior de Agronomia da Universidade de Lisboa

Doutora Maria Margarida Branco de Brito Tavares Tomé
Professora Catedratica
Instituto Superior de Agronomia da Universidade de Lisboa

Doutora Otilia da Conceicdo Alves Correia Vale de Gato
Professora Associada
Faculdade de Ciéncias da Universidade de Lisboa

Doutora Maria da Conceigdo Bralio de Brito Caldeira
Investigadora Auxiliar
Instituto Superior de Agronomia da Universidade de Lisboa

LISBOA
2013



Resumo

As florestas desempenham um papel importante na mitigacdo das alteracdes climaticas porque
sequestram e armazenam o didxido de carbono (CO,), um dos principais gases com efeito de estufa. O
objectivo desta dissertacdo foi investigar o balanco de carbono nas florestas nas suas principais

componentes: érvores, arbustos e solo.

Apresentam-se métodos para estimar o reservatdrio de carbono nas arvores em povoamentos de
pinheiro manso no sul de Portugal. Os modelos alométricos, factores de conversdo e de expansdo de
biomassa apresentados permitem obter estimativas de carbono independentemente dos dados de

inventdrio existentes sobre os povoamentos.

O subcoberto arbustivo de um montado de sobro contribuiu 20% para a assimilagao total de carbono do
ecossistema durante o Verdo/Outono 2011. Provou-se que as espécies arbustivas que colonizaram
naturalmente o subcoberto utilizam estratégias diferentes para aproveitar os recursos ambientais

limitantes como a agua e a luz.

O efluxo de CO, dos solos, resultado da respiracdo dos microorganismos e das raizes, é semelhante
entre florestas, matagais e pastagens. A humidade do solo, mais do que a temperatura, é determinante
neste processo. Sdo apresentados modelos empiricos, calibrados e validados recorrendo a estatistica
Bayesiana, que permitem estimar mensalmente a respiragdio do solo em pastagens da regido

mediterranica.

Palavras chave: balanco de carbono, mediterranico, Pinus pinea, modelos alométricos, respiracdao do

solo, estatistica Bayesiana, Cistus, Ulex, eddy-covariancia, upscaling



Title: Carbon balance in Mediterranean ecosystems

Abstract

Forests play an important role in climate change mitigation as they sequester and store carbon dioxide
(CO,) from the atmosphere. The aim of this thesis was to investigate forest carbon balance in its main

compartments: tress, understory and soils.

We present methods to estimate carbon stock in biomass of stone pine stands in south Portugal.
Allometric models, as well as conversion and expansion factors were presented allowing the
quantification of stand carbon stocks irrespective of the inventory base information available for the

site.

The undercanopy vegetation of a cork oak montado represented 20% of the total carbon assimilated by
the ecosystem during summer/autumn 2011. It was proven that the vegetation mosaic that naturally
colonized the understory have contrasting strategies to efficiently use the limited environmental

resources available like water and light.

Soil CO, efflux, resulted from plants and microorganisms respiration, is similar between forests,
shrublands and grasslands. Soil moisture, more than temperature, is determinant in this process. We
present several empirical models, validated and calibrated using the Bayesian statistics, which allows

estimating monthly soil respiration in grasslands for the Mediterranean region.

Keywords: carbon balance, mediterranean, Pinus pinea, allometric models, soil respiration, Bayesian

statistic, Cistus, Ulex, eddy-covariance, upscaling
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1. Ciclo global de carbono e importancia dos ecossistemas terrestres

O objectivo desta dissertacdo foi estudar o balanco de carbono em ecossistemas florestais através de trés
estudos independentes, centrados nos principais reservatoérios de carbono das florestas: arvores, arbustos e
solo. O estudo engloba metodologias de avaliagdo especificas para cada reservatério mas com um fio
condutor comum que é produzir informagdo que permite uma avaliagdo mais rigorosa do balango de

carbono nas florestas mediterranicas nestes trés reservatorios.

O ciclo de carbono consiste na transferéncia do diéxido de carbono (CO,), via combustdo, respiracdo ou
reacgOes quimicas para a atmosfera ou para o mar e a sua reintegragdo na matéria organica, via assimilagdo
fotossintética. O ciclo global do carbono tem sido alterado pelas emissdes antropogénicas de CO,
resultantes de alteragGes de uso do solo, nomeadamente desfloresta¢do, e da queima de combustiveis
fosseis, que sé sdo parcialmente compensadas pela absor¢do pelos oceanos e pela vegetacdo terrestre,

levando a acumulagdo de CO, na atmosfera.

Esta acumulacdo de gases com efeito de estufa (GEE) na atmosfera esta na origem de uma alteragdo do
balanco radiativo terrestre. A consequéncia é um aumento das temperaturas médias a superficie. Note-se
que sem a proteccao oferecida pelos GEE, a temperatura média da atmosfera seria préxima dos -182C em
lugar dos actuais 152C. O que ha de verdadeiramente inédito na situagao presente é a elevada taxa de
variacdo da concentragdo de CO, na atmosfera. Nas ultimas décadas, a taxa média anual de aumento foi
cem vezes superior aquela que se registou nas transi¢cdes recentes dos periodos glaciares para os periodos
interglaciares (IPCC, 2001). Tudo indica que a concentracdo deste gas deverd continuar a aumentar durante
as proximas décadas devido a forte dependéncia da economia mundial dos combustiveis fésseis. Por outro
lado, mesmo que ocorresse agora uma redugdo drastica das emissGes, por exemplo através da revisao das
politicas energéticas, os efeitos continuariam a fazer-se sentir por muitas décadas devido ao elevado tempo
de residéncia do CO, na atmosfera (cerca de 100 anos). Esta interferéncia no clima do planeta fragiliza o
equilibrio natural dos ecossistemas. E fundamentalmente a rapidez com que este fenémeno tem vindo a

ocorrer, que ndo é compativel com a velocidade de ajustamento natural dos ecossistemas.

O oceano constitui ndo s6 o maior reservatério mas também um dos principais sumidouros de CO, da
atmosfera absorvendo cerca de 30% do carbono de origem antropogénica emitido anualmente para a
atmosfera (Sabine et al., 2004). Este sequestro resulta ndo sé da actividade de sequestro bioldgico pelas
plantas aquaticas, mas também da solubilizacdo do CO, na dgua que depende da concentragdo de CO, na

atmosfera e da temperatura da agua. Um dos feedbacks negativos do aumento das temperaturas é
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precisamente uma diminuicdo da solubilizacdo deste gds nos oceanos. Interferéncias no sistema de
circulagao da atmosfera afectam também as correntes maritimas, deslocando camadas profundas de dgua
carregadas de carbono féssil para a superficie (Schuster e Watson, 2007). Os oceanos, outrora
assumidamente sumidouros de carbono, nem sempre funcionam como tal. Um estudo desenvolvido por Le
Quere et al. (2007) refere por exemplo, que alteragdes observadas da circulagdo dos ventos no hemisfério

sul ocasionaram uma redugao significativa da capacidade de sumidouro dos oceanos entre 1981 e 2004.

A dinamica do ciclo de carbono é muito varidvel, quer no espago quer no tempo, sendo controlada
fundamentalmente pelos sistemas que tém capacidade de o trocar activamente com a atmosfera, como é o
caso da vegetacdo e do solo. Estima-se que cerca de 2100 Gt de carbono se encontre armazenado nos
ecossistemas terrestres, valor quase trés vezes superior ao que existe actualmente na atmosfera (Trumper
et al., 2009). Estes ecossistemas, dos quais se destacam as florestas, assumem assim um papel de relevo na
mitigacdo dos impactos das alteragGes climaticas, ndo sé por trocarem activamente carbono com a
atmosfera, mas também pela capacidade de reterem carbono na biomassa perene e no solo tal como

veremos a seguir.

A fotossintese que ocorre nas plantas é responsavel pela retencdo de carbono atmosférico no material
vegetal e na matéria organica no solo. Por esse motivo, ecossistemas com grande biomassa e com o solo
pouco perturbado, como as florestas, retém o carbono numa escala temporal muito maior, na ordem de
décadas e séculos. O balanco de carbono nas florestas corresponde a diferenca entre os ganhos pela
fotossintese e as perdas pela actividade respiratéria de toda a cadeia tréfica do ecossistema. A assimilagao
fotossintética do carbono corresponde a quantidade de CO, que é fixado pela vegetacdo (produtividade
primaria bruta, PPB) e que pode ser acumulado a longo prazo no ecossistema (biomassa perene e matéria
organica do solo). Durante este processo ocorrem perdas de CO, resultantes da respiragdo das plantas
(Respiragdo autotrdfica, Ra) e dos animais e microorganismos do solo (Respiragdo heterotrofica, Rh) (Figura
1). O balango anual de carbono de um ecossistema florestal é, quase sempre, positivo porque descontando
as perdas resultantes da respiracdo e mortalidade natural, o carbono é acumulado nos tecidos vegetais de
longa duracdo e no solo (Produtividade liquida do ecossistema, PLE). Importa ainda referir que, numa
avaliacdo do balanco de carbono a escola regional, ha que considerar as perdas devido aos cortes e
exploracao de produtos florestais e ainda e as emissdes decorrentes dos incéndios florestais. Obtém-se

assim a produtividade liquida do bioma, PLB.
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As folhas, raizes finas, frutos e outros érgdos sésseis, contribuem para incrementar o carbono nos solos.
Porém, parte deste carbono é perdido por respiracdo devido a actividade microbiana. E fundamentalmente
no horizonte organico que ocorrem os principais efluxos de CO, anuais para a atmosfera (Ver Capitulo V),
enquanto nas camadas mais profundas do horizonte mineral, ocorre a acumulagdo de formas quimicas de
carbono recalcitrante. Esta libertacdo de carbono depende ndo sd de varidveis climaticas, que determinam a
actividade dos microorganismos e as taxas de produgdo e decomposicao de matéria organica, mas também
das propriedades dos solos, que afectam a mineralizagdo das componentes organicas pelas interacgdes
fisicas e quimicas com os minerais do solo. Janssens et al. (2001) estimou, através de um estudo
comparativo em 18 ecossistemas europeus, que aproximadamente 80% do carbono assimilado pela
vegetacdo viva é perdido através de respiragdo. Desta fracgdo, cerca de 70% corresponde a respiragdao do
solo. Em resumo, para uma melhor compreensdao dos processos associados a dinamica do balango de

carbono nas florestas é fundamental que esta componente da respiragao seja levada em consideragao.

Ha que distinguir o conceito de reservatdrio do de sequestro de carbono. O reservatério de carbono
corresponde a quantidade de biomassa (em carbono) que uma floresta armazena, quer nas suas
componentes perenes (tronco, raizes, ramos), quer no solo e traduz um valor por unidade de area. O
sequestro de carbono é uma variavel dinamica e corresponde a um armazenamento liquido por unidade de
tempo. Com efeito, uma floresta pode ser um grande reservatério de carbono mas contribuir pouco

enquanto sequestradora de carbono.

A mais recente estimativa do reservatério de carbono nas florestas é de 861 + 66 Pg de carbono sendo que

aproximadamente 42% (363 + 28 Pg C) se encontra ha biomassa viva (Pan et al., 2011). E nos solos das
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florestas boreais que reside o maior reservatério de carbono (aproximadamente 23% do total dos solos) da
biosfera terrestre, aprisionado nos horizontes organicos de solos congelados (permafrost) (Figura 2). Aqui,
as baixas temperaturas sdo o factor limitante a actividade decompositora dos microorganismos do solo,
dando origem a uma taxa de deposicdo de material organico superior a taxa de decomposicdo. Este carbono
é com efeito, bastante sensivel as temperaturas e o aquecimento global tem conduzido a um aumentado da
libertacdo de CO, e outros GEE para a atmosfera (Goulden et al., 1998; Karhu et al., 2010; Deluca e
Boisvenue, 2012). Se por um lado esta aceleragdo do ciclo de nutrientes tem beneficiado a produtividade
vegetal nestas regides (Welp et al., 2007; Trucco et al., 2012), de acordo com alguns autores, seriam
necessdrios aumentos de produtividade da vegetagdo de cerca de 100-120% para compensar esta libertagao

de carbono devido a decomposicdo (Karhu et al., 2010).
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No que se refere ao sequestro de carbono, as florestas contribuem com uma remocgao de CO, da atmosfera
na ordem das 1.8 Pg C por ano correspondendo a 40% das emissdes anuais antropogénicas de GEE
(Stephens et al., 2007). As florestas tropicais e subtropicais sdo as que mais contribuem para este valor.
Beer et al. (2010) estimou, através do método do fluxo turbulento, uma contribuicdo destes ecossistemas
na ordem dos 60% em relagcdo ao total do carbono assimilado globalmente pelos florestas. A conservagao

destes ecossistemas €, so pelo objectivo de regular o clima do planeta, fundamental.

As metodologias de avaliagdo do sequestro de carbono variam consoante o tipo de medi¢des e escalas
espaciais que se pretendem medir. Podem basear-se em inventdrios florestais, em modelos de crescimento
ou em medicao dos fluxos de carbono. Nos inventdrios florestais, o sequestro é calculado com base em
estimativas da variagdo do reservatério de carbono entre dois periodos temporais ou entdo com base em
estimativas do reservatorio e do crescimento da floresta. Nestes inventarios recorre-se a medigdo das

dimensdes da arvore em parcelas representativas de uma area ou regido, aplicando-se subsequentemente
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modelos alométricos para estimar a biomassa (em matéria seca ou carbono) na parte aérea e/ou radicular
nas arvores dessas parcelas (ver Capitulo Ill). Este método ndo se restringe a medig¢do das arvores, podendo
ser utilizado também para quantificar a biomassa no subcoberto e dos solos. Os modelos para quantificar o
sequestro de carbono podem assumir varias estruturas dependendo dos dados a partir dos quais eles sdo
desenvolvidos. Permitem simular a evolugao da floresta ao longo do tempo, podendo acomodar o efeito do
clima sobre o crescimento da vegetagdo assim como intervengdes culturais, impactes de pragas e doencgas
ou do fogo. Podem ser do tipo estatistico, isto é, baseados em métodos estatisticos (regressdes) que
recorrem a um grande numero de medi¢Ges das arvores ao longo do tempo, ou de base processual,
baseando-se em processos fisioldgicos de resposta das plantas a variagdes dos factores ambientais.
Finalmente, uma medicao relativamente directa do sequestro de carbono do ecossistema, recorre ao
método da covaridncia de fluxos turbulento (Eddy-covariance) que permite monitorizar varidveis
meteoroldgicas assim como os fluxos de carbono e agua entre o ecossistema e a atmosfera. Este é um
método que reune actualmente grande consenso cientifico e tem sido aplicado em larga escala em todo o

globo para rastrear o balanco de dgua e carbono em inimeros ecossistemas terrestres.

Existe uma interac¢do entre o ciclo de carbono e outros ciclos biogeoquimicos, como o de nutrientes e o
hidroldgico, que estdo em aparente equilibrio. Porém, a ciéncia das alteragdes climaticas conclui que, acima
de tudo, estas interac¢Bes sdo complexas e intrincadas. Particularmente sensiveis sdao os ecossistemas

mediterranicos e dai o enorme interesse no seu estudo.

1.1. Ecossistemas florestais da regiao mediterranica

Os ecossistemas mediterranicos cobrem pouco mais de 2% da superficie terrestre. Pela sua pouca
expressao a nivel global, os inventdrios de reservatérios de carbono ou produtividade primaria sdo, na
generalidade dos casos, agrupados em outras classificagdes biogeograficas mais abrangentes como o bioma
da regido temperada ou savanas semi-tropicais. De facto, e de acordo com a pesquisa bibliografica
realizada, ndo foram encontradas estimativas de balanco de carbono gerais para a regido mediterranica.

Sendo assim, comparag¢des entre biomas tornam-se mais complicadas.

Na Figura 2 observa-se que o reservatério de carbono no mediterranico varia entre 50 e 400 toneladas por
hectare. Produtividades liquidas tdao discrepantes parecem ser explicadas, em parte, pela multiplicidade de
usos do solo, por vezes coexistindo no mesmo local, e sobretudo pela disponibilidade de agua. No
mediterranio, a produtividade vegetal é uma variavel muito bem correlacionada com a disponibilidade de

agua no solo, mais do que com a temperatura como acontece com a maioria dos ecossistemas da regido
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temperada e boreal. A variagdo espacial dos reservatérios de carbono depende da precipitagao total anual,
que condiciona o tipo de ocupagdo vegetal e a quantidade mdaxima de “drea fotossintética” que um solo
pode sustentar (Figura 2). J4 a variabilidade intra-anual da produtividade primaria esta relacionada com a
sazonalidade da precipitacdo e uma distribuicdo homogénea das chuvas, sobretudo na Primavera (Figura 3).
A duragdo da estagdo de crescimento das plantas é, com efeito, o factor que determina, em dultima

instancia, o balango de carbono anual de um ecossistema (Baldocchi, 2008).
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Em contrapartida, a precipitacdo concentrada no tempo ndo é geralmente bem aproveitada pelas plantas
devido a fraca capacidade de retencdo dos solos para a agua, inviabilizando um eficiente armazenamento
desta em profundidade. Chuvas esporadicas no meio da estagdo seca ndao apresentam também qualquer
vantagem para as plantas porque, normalmente humedecem apenas as camadas superficiais do solo e tém
pouco efeito sobre a fotossintese. Na realidade, estas chuvas nos Verdo estimulam antes a actividade
microbiana do solo causando uma emissao significativa de carbono para a atmosfera — Birch effect (Jarvis et
al., 2007; Unger et al., 2012, ver também Capitulo IV). Em ecossistemas de baixa produtividade, como é o
caso dos montados da regido interior do pais, estes fendmenos podem converter sé por si, o ecossistema

numa fonte anual de carbono para a atmosfera (Pereira et al., 2007).

As espécies lenhosas mais bem sucedidas na regido mediterranica estdo extraordinariamente bem
adaptadas a sobrevivéncia durante o Verdo. Nesta altura do ano, a evapotranspiracdo é com frequéncia
superior a precipitagdo constituindo um factor adicional limitante a produtividade. Apds o pico de
produtividade na Primavera, a fotossintese é reduzida para valores minimos de modo a reduzir a
transpiragdo (Figura 3) compensando ao mesmo tempo os custos em carbono associados a manutencgdo e

crescimento dos tecidos vivos (ver Capitulo Ill). As plantas recuperam somente apds as chuvas consecutivas
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de Outono (Figura 3). Esta regulacdo eficiente da fotossintese e das perdas de agua resultam do elevado
controlo estomatico explicado, em parte, pelo acesso das raizes a dgua das camadas mais profundas e
hdmidas do solo (David et al., 2007). Os arbustos evoluiram igualmente com grande sucesso, apresentando
adaptacOes quer a seca (ver Capitulo Ill), quer ao fogo (Scarascia-Mugnozza et al., 2000). As folhas pequenas
e esclerificadas reduzem as perdas de agua no Verdo. Muitas apresentam adaptacées morfoldgicas que
minimizam o colapso do aparelho fotossintético provocado pela combinagdo de varios stresses no Verdo,
como é o excesso de radiacdo e o deficit hidrico (Werner et al., 2001). A capacidade de germinagdo de
sementes estimulada pelas temperaturas elevadas, a regeneragdo por toiga, rebentos basais ou rizomas
apods o fogo, sdo atributos que sugerem uma evolucgdo especializada e eficiente a um clima muito préximo

do deserto.

Ja as comunidades de plantas herbaceas, por outro lado, tendem a evitar a secura estival. Sdo tipicas de
climas temperados, com ciclos de vida anuais. Nesta, a produtividade acompanha a precipitagdo sazonal
com um pico na primavera, senescendo antes do estabelecimento da secura estival. Ainda assim parecem
bem adaptadas a uma certa irregularidade na precipitacdo caracteristica do clima mediterranico,
suportando periodos relativamente longos de deficiéncia hidrica mesmo durante a estagdo de crescimento

(Jongen et al., 2013).

Os solos da regido mediterranica sdao naturalmente pobres. Uma vez que a produtividade é baixa a
incorporagdo de material organico é pouca. E frequente a auséncia de horizontes organicos, que estdo

normalmente circunscritos as regides de maior pluviosidade, tal como se pode observar na Figura 4 para o

caso portugués.

Figura 4 — Distribui¢do espacial da
precipitacdo média anual (esquerda) e
da quantidade de carbono no solo até
a profundidade de 30 cm (adaptado
de Madeira et al., 2004).
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Para compensar esta caréncia de nutrientes dos solos florestais, que é comum na generalidade dos solos
florestais, as arvores evoluiram no sentido de limitar esta perda reciclando os nutrientes internamente.
Assim, antes da queda das folhas, ocorre uma translocagdo de nutrientes minerais absorvidos durante o
periodo de crescimento para as partes perenes da planta. Estes sdo depois remobilizados para os tecidos
em crescimento aquando do inicio da estagdo de crescimento (Cerasoli et al., 2004). Uma particularidade
dos solos de climas semi-aridos é com efeito, a sua propensdo a degradacdao e desertificacdo. A fraca
cobertura vegetal torna-os mais expostos a erosdo e o fogo fomenta ainda mais os estagios avancados de

degradacdo. O reservatério de carbono nos solos é portanto baixo quando comparado com outros

ecossistemas florestais do planeta.

A produtividade potencial das zonas mediterranicas é porém enorme, sobretudo nas regides onde o deficit
hidrico ndo é muito acentuado. Isto deve-se fundamentalmente ao elevado niumero de horas e dias de luz
por ano associado a temperaturas amenas. Os valores de produtividade liquida do ecossistema medidos
pelo método do fluxo turbulento num eucaliptal de producdo da regido de Pegdes com 1110 arvores/ha
(Pita et al., 2011, Figura 3) sdo um bom exemplo deste elevado potencial. Neste estudo, que monitorizou o

ecossistema durante 8 anos, a produtividade média anual obtida (-623 ng'zano'l)(l)

, aproximou-se dos
valores maximos medidos numa rede de 124 ecossistemas do globo (Baldocchi, 2008). Um estudo mais
recente utilizando a mesma técnica mas que monitorizou um montado de sobreiro certificado para
producdo de cortica na regido de Coruche com 170 arvores/ha, indica que o ecossistema foi igualmente um
sumidouro de carbono relevante e sobretudo resiliente a flutuagdes interanuais da precipitagdo com uma
média de -300 gCm<?ano® (n=3). A produtividade decresce significativamente em regiGes com
moderado/acentuada deficiéncia hidrica. Na regido de Evora monitorizou-se um montado de azinheira de
baixa produtividade (50 arvores/ha) e observou-se que o ecossistema oscilou entre uma fonte e um

sumidouro anual de carbono para a atmosfera consoante se verificaram anos menos ou mais pluviosos,

respectivamente.

As espécies lenhosas do clima mediterranico sdo, do ponto de vista de alteracdo climatica, particularmente
interessantes ndo sé para a ciéncia mas para a silvicultura do futuro (Capitulo Il). Como vegetam em zonas
geograficas limitantes em 4gua e nutrientes, poderdo ser particularmente interessantes em futuras
arborizagdes de regides onde se prevé um clima mais quente e seco. Apesar da notavel adaptacdo e
resiliéncia das plantas deste clima a variabilidade intra e interanual das condigdes meteoroldgicas, aos solos

hostis e a secular presenca humana, que respostas esperar num cenario de alteragdo de clima?

1 .
valores negativos representam sequestro de carbono



1.2. O clima e impactes na fisiologia das plantas da regido mediterranica

Primeiro importa perceber quais os efeitos de um aumento da concentragdo do CO, na fisiologia das
plantas. Um aumento deste gas na atmosfera podera proporcionar ganhos em produtividade no curto
prazo, mas o mesmo podera ndo acontecer no longo termo. Sendo o CO, o substrato para a fotossintese, o
aumento da sua concentracdo na atmosfera pode ter um efeito positivo no crescimento das plantas.
Quando uma folha é exposta a uma atmosfera de CO, elevado, as taxas fotossintéticas aumentam porque a
actividade e eficiéncia da enzima rubisco’ é estimulada pela presenca de maiores concentracdes de
substrato (Farquhar et al., 2001). Esta enzima cataliza duas reacg¢des: a de carboxilagcdo, com fixacdo de
carbono, e de oxigenagdo, com libertacdo de CO, (fotorespiracdo). Estas reacgdes competem entre si. Ao
aumentar a pressao parcial de CO, nos espacgos intercelulares das folhas, a reac¢ao de carboxilagdo é
favorecida, ou seja mais carbono é fixado e, portanto, maior é a produtividade. Embora uma atmosfera rica
em CO, tenha um efeito estimulante no crescimento (ldso e Kimball, 1993; Duff et al., 1994; Palanisamy,
1999; Roden et al., 1999) este efeito é apenas de curta duragdo. Isto acontece porque as plantas que vivem
em ambientes ricos em CO, tendem a ajustar as taxas de fotossintese para niveis mais baixos do que seria
de esperar pela resposta de curto prazo. Este processo denominado down-regulation (atenuacgdo regulada
da fotossintese) foi observado em florestas da Europa (Roden e Ball, 1996a; Saxe et al., 1998; Medlyn et al.,
1999) e esta relacionado com uma regulagdo bioquimica do aparelho fotossintético devido a presencga de
concentragdes elevadas de CO,. Uma revisdo dos resultados da investigacao feita em povoamentos adultos
de varias espécies arbdreas em meios enriquecidos em CO, durante periodos superiores a quatro anos, ndo
mostrou alteragdes significativas de produtividade, em cotejo com as plantas numa atmosfera com CO,
actual, principalmente quando outros factores eram limitantes (Asshoff et al., 2006). A conclusdo
semelhante chegaram (Maroco et al., 2002) ao estudarem a resposta de sobreiros mantidos numa
atmosfera enriquecida em CO, por quatro anos. S6 com abundante adubacdo azotada houve resposta ao

enriquecimento do ar em CO,.

Que respostas esperar num clima mais quente e seco? Na presenca de temperaturas elevadas a afinidade
da rubisco para o O, decresce mas nao tao rapidamente como para o CO,, resultando numa diminui¢do da
taxa de fotossintese (isto é, fotossintese — fotorrespira¢do) devido ao aumento relativo da reaccdo de
oxigenagdo. As taxas de respiragdo também aumentam com a temperatura devido a sensibilidade das

enzimas, renovacgdo de proteinas e necessidade energética das reac¢Ges de respiragdo. Este é um dos

A rubisco, abreviatura de ribulose-1,5-bifosfato-carboxilase/oxigenase, é a enzima responsavel pela fixacdo do CO,
atmosférico, catalizando o primeiro passo do Ciclo de Calvin. E também a proteina mais abundante nos tecidos
vegetais verdes, e por conseguinte, de todo o planeta.



principais factores responsaveis pela redugao da produtividade num cenario de aquecimento, aumentando
a perda de carbono durante o Verdo. Em contrapartida, o aguecimento no Outono e Inverno promovera
uma maior produtividade devido ao prolongamento do periodo “verde”, isto é, do tempo entre o

abrolhamento na Primavera ou paragem do crescimento no Verao.

A 4gua é um factor determinante no sucesso do estabelecimento de novas plantas e, a par com a nutri¢cdo
mineral, influencia a performance desta ao longo da sua vida. Os efeitos da limitacdo de agua na
produtividade é ja conhecido mas serdo idénticas as respostas se as plantas crescerem com CO,; elevado?
Estudos em espécies lenhosas em que se controlaram os factores agua e CO, por periodos superiores a uma
estacdo de crescimento, sugerem que as plantas que crescem em ambientes ricos em CO, utilizaram agua
de forma bastante mais eficiente quando este factor é limitante em comparagdao com as plantas que
crescem a CO, ambiente (Conroy et al., 1990; Chaves e Pereira, 1992; Liang et al., 1995; Roden e Ball,
1996b; Medlyn et al., 2001; Centritto et al., 2002; Johnson et al., 2002; Kupper et al., 2006). Parece portanto
possivel que nas regides com deficit hidrico moderado no futuro, o aumento da concentragdo de CO, na
atmosfera possa compensar parcialmente os efeitos negativos da falta de dgua, mesmo que ocorra down-

regulation da fotossintese.

Do ponto de vista ecoldgico, um aumento das temperaturas, para além das perdas de produtividade
primadria, tenderd a aumentar substancialmente o risco meteoroldgico de incéndio que é actualmente um
dos maiores obstaculos a gestdo sustentavel das florestas mediterranicas. O prolongamento da estiagem e
o0 aumento da frequéncia de ondas de calor no Verao poderdo exacerbar o risco de incéndios florestais. Esta
colheita precoce do material lenhoso reduz substancialmente o potencial de sequestro de carbono no
territério nacional, ndo sé pela perda de area de floresta, mas também pela emissdo de GEE durante a
combustdo. Em 2003, ano em que arderam cerca de 420 mil hectares de drea arborizada em Portugal com
libertagdo de 7415 Gg CO, eq. para a atmosfera, as emissdes de GEE totais em Portugal aumentaram 10%

(Portuguese Environmental Agency, 2012).

O conhecimento destes processos é necessario quando integrado numa abordagem de modela¢do. Embora
ndo seja possivel descrever completamente os impactes do clima na complexa e intrincada teia de
processos que ocorrem na natureza, os modelos continuam a ser ferramentas essenciais no processo de
tomada de decisOes. Apesar da esmagadora maioria dos processos de resposta das plantas a alteragdes
ambientais estarem razoavelmente bem descritos para a regido mediterranica, a modelagdo do balanco de
carbono e da agua ao nivel do ecossistema apresenta sucessivas deficiéncias tal como sugere Vargas et al.

(2013) e ha ainda um longo caminho a percorrer no que respeita a modelacdo num cendrio de alteragdo de
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clima (Lawrence et al., 2007; Misson et al., 2007). Neste estudo de Vargas et al. (2013) compararam-se
estimativas do balango de carbono e de dgua ao nivel do ecossistema utilizando modelos de base
processual, com medi¢des efectuadas em carvalhos de folha caduca e persistente na regido mediterranica
utilizando o método do fluxo turbulento. Concluiu-se que os modelos subestimaram de forma significativa e
generalizada a fotossintese durante a estagdo seca. A capacidade fotossintética é muito superior aquela que
os modelos estimam, o que é explicado em parte pela auséncia de representacao da variagao sazonal do
nivel da toalha fredtica e do acesso a agua do subsolo pelas raizes profundas. Isto traduz-se numa mais
elevada eficiéncia de uso de 4dgua que ndo é considerada nos modelos, resultando numa subestimacgao da
fotossintese real. Outro problema resulta no fracasso da representacdo da respiracdo total do ecossistema.
Entre outros factores, salientam-se problemas relacionados com a: 1) representacao do efluxo de CO, dos
solos apds pulsos de chuva no Verdo, 2) variagdo da contribuicdo da componente heterotroéfica e autotréfica
na respiragdo do solo, 3) auséncia de representagdo do movimento ascencional da agua no perfil do solo,
por accdo das raizes profundas, a partir do subsolo/toalha freética (hydraulic lift). Outro factor limitante
relaciona-se com a representacdo de ecossistemas multiestratificados, com herbaceas, arbustos e arvores,

como é frequente na regido mediterranica.

2. Alteragdes recentes do clima em Portugal e cenarios futuros

Os registos meteoroldgicos passados referem que a temperatura média global na superficie terrestre
aumentou 0.6+0.22C durante o séc. XX e que na Europa este aumento foi de cerca de 0.952C (WMO, 2004).
A taxa de aumento das temperaturas médias globais era em 2000 de 0.17+0.052C por década (IPCC, 2001)
mas o novo relatério do IPCC (2007) veio rever em alta estas estimativas, indicando uma taxa de
aquecimento secular, entre 1996 e 2005, de 0.74°C.

Em Portugal, o panorama climatico do ultimo século assemelha-se ao observado no resto do mundo. Em
relagdo a temperatura média, registaram-se 2 periodos de aquecimento significativo: de 1910 a 1945 e a
partir de 1975 até hoje e, entre eles, um periodo de arrefecimento moderado (1945-1975). Salienta-se que,
no actual periodo de aguecimento, o aumento da temperatura tem ocorrido a taxa de 0.45°C/década,
correspondente ao dobro da taxa de aumento registada em termos globais (Karl et al, 2000, Tomé e
Miranda, 2004). Nos ultimos 18 anos a temperatura média anual foi sempre superior ao valor médio de
1971-2000 com excepgao de 2008. Também na Primavera se observaram alteragdes relevantes das
temperaturas, tendo-se vindo a registar uma tendéncia de aumento evidente especialmente nos ultimos 30
anos, com temperaturas médias acima dos valores observados no periodo anterior (1971-2000) (Figura 5,

em baixo).
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Esta subida das temperaturas médias na Primavera tem sido acompanhada por uma diminuigdo
estatisticamente significativa da precipitacdo para a mesma estagdo durante as ultimas 3 décadas, com
ligeiros aumentos para as outras esta¢des. Sobretudo apds 2003 a precipitacdo total anual tem vindo a ser
sistematicamente inferior aos valores médios registados no periodo de 1971-2000 (Figura 5, topo). Esta
condicdo climdtica na Primavera é particularmente importante para a vegetagdo por se tratar da altura do

ano em que ocorre o pico do crescimento vegetativo.
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Figura 5 — Desvio da precipitagdo
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Primavera em Portugal continental
nos ultimos 80 anos em relagdo a
-200 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ normal 1971-2000 (Fonte: IPMA,
6l 2003 http://www.ipma.pt/pt/).

na Primavera (mm)

Anomalia da precipitagdo

-100

15 T

14+ .

na Primavera (2C)

13 r T

Temperatura média

12 T

11 1 1 1 1 1 1 1 1
1930 1940 1950 1960 1970 1980 1990 2000 2010

Ano
Ramos et al. (2011) efectuou uma analise dos eventos extremos ocorridos em Portugal e na Peninsula
Ibérica nos ultimos 30 anos e observou um aumento estatisticamente significativo do nimero de noites
tropicais e da frequéncia de ondas de calor, sobretudo na primavera e verdo, e uma diminuicdo dos
extremos de frio no Inverno. Os anos de 2004 e 2005 por exemplo, foram os mais secos desde os ultimos 75
anos. Para além do risco de incéndio aumentar grandemente, fendmenos de secas recorrentes poderao
debilitar o estado fisioldgico das arvores e tornar as plantas mais susceptiveis a ac¢do de outros stresses, de

origem climatica ou bidtica.

Quanto aos cenarios de clima futuro para Portugal, os resultados do projecto SIAM - Climate change in
Portugal: Scenarios, Impacts and adaptation measures referidos no capitulo de Miranda et al. (2006)
apontaram para um aumento sistemdatico das temperaturas médias no Verdao na ordem dos 3 a 72C para o

final do século, sobretudo nas regiGes do interior do Norte e Centro do pais, com um aumento da
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intensidade e frequéncia das ondas de calor. Quanto a precipitacao, apesar de maior incerteza dos modelos,
estimam-se perdas na ordem dos 20 a 40% com as maiores redu¢des a ocorrerem no Sul do pais e no
Inverno. A equipa de trabalho que estudou as florestas, incidiu sobre o estudo da produtividade nas trés
principais espécies florestais em Portugal Continental: o pinheiro bravo, o eucalipto e o sobreiro. Utilizaram-
se dados climaticos didrios gerados pelo modelo climatico regional do Hadley Centre (HadRM2) para correr
o modelo de base processual GOTILWA+, que foi parametrizado para cada espécie para simula¢do da
produtividade actual (simulagdo de controlo) e uma simulagdo do futuro (periodo de 2080 a 2099). Os
resultados apontam para um aumento ligeiro da produtividade no Norte Litoral, em consequéncia da maior
humidade e da atenuacdo da limitacdo pelas baixas temperaturas. A regido Centro é uma regido de
transicdo, onde podera haver pequenos aumentos de produtividade nos locais mais pluviosos, mas a
tendéncia geral serd para uma redugdo da produtividade. Na Regido Sul os impactos serdo mais severos,
verificando-se uma forte diminui¢do da produtividade, que poderd significar a substituicdo do coberto
florestal por comunidades arbustivas ou mesmo herbdaceas anuais nas zonas de maior aridez. Face a estes
cenarios climaticos, o potencial de sequestro de carbono nas florestas em Portugal tenderd a diminuir no

futuro.

3. Importancia das florestas nas emissoes de gases com efeito de estufa em Portugal

Para além do valor intrinseco das florestas, o servico ambiental de armazenar e sequestrar o CO, da
atmosfera é hoje de extrema importdncia num contexto de alteragdo climatica. O reconhecimento
internacional deste servico ambiental, conceptualizou-se através da assinatura por Portugal de um conjunto
de acordos para as quais se submetem anualmente inventdrios dos GEE e outros poluentes atmosféricos
(Protocolo de Quioto, da Conveng¢do Quadro das Nagdes Unidas sobre as Alteragdes Climaticas, da
Convengado sobre Poluicao Atmosférica Transfronteira de Longo Alcance e da Directiva relativa aos Tectos

Nacionais de Emissdes).

De acordo com o ultimo inventario nacional de GEE de 2010 (Portuguese Environmental Agency, 2012), as
florestas e actividades de uso do solo em Portugal representaram um sumidouro liquido de carbono de 9.9
Mt de CO, eq. em 2010, compensando em 14% as emissOes totais registadas nesse ano de 70.6 Mt CO, eq.
As florestas contribuiram ainda para que Portugal tenha ficado, nos uUltimos anos, abaixo dos limites de
emissao impostos pelo acordo de partilha de emissdes da Unido Europeia de +27% em relagdo as emissdes
de 1990. Em 2010 este valor cifrou-se em +17.5%. Existe ainda um longo caminho a percorrer

nomeadamente na optimizagdo da eficiéncia energética nos varios sectores de actividade.
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A importancia das florestas enquanto sumidouro de carbono transcende estes compromissos
internacionais. A consciencializagdo por parte da sociedade, de que as altera¢des climaticas sdo uma
realidade a médio prazo, tem sido materializada na criagdo de programas de compensac¢do de emissdes de
gases com efeito de estufa. Entre eles esta o mercado voluntario de créditos de carbono. Presentemente, a
funcdo de sequestrar carbono é o Unico servico ambiental que tem valor de mercado e que pode ser
transaccionado. Esta externalidade (positiva) podera traduzir-se em beneficios econdmicos no futuro nao so
para os proprietarios florestais, uma vez que muitos deles contemplam programas de florestacdo, mas
também os proprios agentes, pela oportunidade de mostrarem responsabilidade ambiental e diferenciar a
oferta dos seus produtos. Porém, no contexto de crise mundial em que vivemos “o mercado de carbono
(compra e venda de licengas ou créditos de carbono) esta praticamente morto e dificilmente serd
reanimado sem um acordo mundial de redugdo de emissdes, no qual a Unido Europeia terd que assumir
compromissos de redugdo que por agora ndo se encontram na agenda politica” (Inés Mourao, Directora da

CAOS - Borboletas e Sustentabilidade).
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4. Objectivo geral e interesse do estudo

O objectivo desta dissertacdo foi estudar o balanco de carbono em ecossistemas florestais nos seus
principais reservatdrios: arvores, arbustos e solo. Focou-se o estudo nos ecossistemas mediterranicos, em
particular os do sul de Portugal. Importantes alteragdes de uso do solo tém acontecido nestas regides nas
ultimas décadas, nomeadamente a declinio do sobreiro, aumento da drea de matos e a expansdo da drea de
pinhal manso em povoamentos puros ou em consocia¢do com o sobreiro. Os cenarios de alteragdo de clima
apontam no sentido de um aumento do stress ambiental com redugdo da produtividade e sobrevivéncia de
muitas florestas. Entender os processos de funcionamento destes ecossistemas, no que respeita ao seu
balanco de carbono, é fundamental para que a gestdo futura das florestas seja consciente e que os riscos de

perda das suas fungbes sejam minimos.

Assim, o artigo Biomass allometry and carbon factors for a Mediterranean pine (Pinus pinea L.) in Portugal
teve como objectivo especifico preencher a lacuna de informacgdo existente em Portugal sobre modelos
alométricos de estimagdo da biomassa para uma das espécies emergentes no actual panorama florestal
nacional — o pinheiro manso. Este estudo foi conduzido no d&mbito do projecto “O Sequestro de Carbono e

III

Gestdo Florestal Sustentavel no Sul de Portugal”, apoiado pela Ac¢do 8.1 - Desenvolvimento Experimental e
Demonstra¢do, do Programa AGRO. Além da construcao de modelos alométricos para a biomassa e volume,
os dados recolhidos serviram para caracterizagdo de outras varidveis importantes para quantificagées de
carbono em povoamentos puros de pinheiro manso: densidade basica da madeira, teor de carbono das

componentes e factores de expansao da biomassa.

O artigo Carbon sink strength of a Mediterranean cork oak understory: how do semi-deciduous and
evergreen shrubs face summer drought? teve como principal objectivo avaliar a contribuicdo de um
subcoberto arbustivo, composto por espécies semi-caducifdlias e perenes, para o sequestro de carbono de
um montado de sobro. Este artigo foi desenvolvido no ambito do projecto internacional IMECC -
Infrastructure for Measurement of the European Carbon Cycle financiado pelo 62 Quadro comunitario de
apoio Europeu. A motivacdo para este estudo surgiu da oportunidade uUnica de conciliar medigdes de
produtividade liquida do ecossistema pelo método do fluxo turbulento, com medicGes de fluxos de carbono
e agua ao nivel dos arbustos. Estudos da contribui¢cao do subcoberto para o balancgo liquido de carbono ao
nivel do ecossistema sao raros, sobretudo para a regido mediterranica onde este estrato da vegetac¢do surge
com frequéncia nos espacos florestais. Este sitio experimental continua a monitorizar o montado na

Herdade da Machoqueira do Grou em Coruche pelo método do fluxo turbulento.
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O artigo Soil water availability strongly modulates soil CO, efflux in different Mediterranean ecosystems:
models calibration using the Bayesian approach vem reforgar o pressuposto de que a disponibilidade de
agua dos solos é determinante nas emissdes sazonais de CO, dos solos mediterranicos. A motivagdo para
este estudo resultou da oportunidade de reunir medi¢des de respiragao do solo, utilizando o mesmo
equipamento e o mesmo protocolo de campo, realizadas por varias equipas de investigacdao do grupo Forest
Ecology and Genetics Research Group do Instituto Superior de Agronomia (www.isa.utl.pt/cef/ForEcoGen).
A base de dados resultante, com mais de 6000 medi¢des pontuais de respiracao do solo, permitiu avaliar a
sensibilidade de modelos simples de estimagdo da respiracdo do solo baseados em dados climaticos,

utilizando a estatistica Bayesiana.

Esta dissertagcdo explora uma multiplicidade de métodos de quantificacdo dos reservatdrios e fluxos de
carbono nos ecossistemas florestais mediterranicos. Através de uma aproximacdo multidisciplinar, permitiu
clarificar alguns processos bioldgicos que afectam as respostas das plantas e do solo da regido
mediterranica a variacGes dos factores ambientais culminando com a publicacdo de artigos cientificos e de
capitulos em livro. No ambito deste doutoramento foi ainda produzido o seguinte artigo cientifico publicado
numa revista de circulagdo nacional: Correia, A. C., Faias, S., Tomé, M., Evangelista, M., Freire, J., Ochoa, P.
(2008). Ajustamento simultaneo de equagbes de biomassa de pinheiro manso no sul de Portugal. Silva

Lusitana Vol 16 (2): 197-207.

Esta dissertagdo esta organizada da seguinte forma: é apresentado um enquadramento do estudo através
da Introdugdo no Capitulo 1, seguida da apresentagao dos 3 artigos cientificos que foram desenvolvidos ao
longo do tempo respectivamente nos Capitulos 2, 3 e 4 e uma conclusdo geral no Capitulo 5. De referir
ainda que na Introdugdo foram utilizados adaptagdes de documentos desenvolvidos durante este

doutoramento e que sdo:

v' Pereira, J.S., A.C. Correia, A.V. Correia and J.G. Borges 2009. Florestas. In Ecossistemas e Bem-Estar
Humano. Avaliagdo para Portugal do Millennium Ecosystem Assessment Eds. H.M. Pereira, T.
Domingos, L. Vicente and V. Proenca. Fundacdo da Faculdade de Ciéncias da Universidade de

Lisboa, Lisboa, pp. 183-212.
v' Correia, A. C., Pereira, J. S., Mateus, J., Pita, G., Miranda, P., Correia, A. V. In Influéncia das

alteragOes climaticas na cultura do eucalipto: cenarios possiveis in A. A. M. Alves, J. S. Pereira, e J.

M. N. Silva, (eds.) Impactes Ambientais do Eucaliptal em Portugal. ISAPress, Lisboa. 2007
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Resumo

As florestas sdo importantes no balanco global de carbono porque sequestram parte do didxido
de carbono emitido pelas actividades humanas. Como tal, estimativas quantitativamente precisas sao
necessarias para responder, ndo s aos compromissos nacionais no ambito de inventarios de gases com
efeito de estufa, mas também no ambito dos mercados de créditos de carbono e como ferramenta de
apoio na gestdo florestal. Porém, em Portugal carecem estudos para algumas espécies.

O objectivo deste estudo foi desenvolver modelos matematicos, nomeadamente equagdes e
factores de conversdo e expansao que permitem ao gestor florestal estimar os reservatdérios de carbono
em povoamentos de Pinheiro manso (Pinus pinea L.) independentemente da informagao de inventario
existente sobre o povoamento. Foram abatidas 53 arvores do centro e sul de Portugal representado
diferentes classes de didametro a altura do peito (6.5 a 56.3 cm), idades (10 a 45 anos) e densidades de
povoamento (20 a 580 arv. ha™). Desenvolveram-se equacdes de volume e biomassa acima do solo,
factores de expansdo de biomassa por componente, quantificou-se a densidade basica da madeira e a
fraccdo de carbono nas componentes de biomassa das arvores. Apresenta-se um factor de conversdo
raiz-parte aérea baseado em arvores cujo sistema radicular foi completamente escavado.

Os resultados indicam que a alometria do pinheiro manso ndo se compara com a de outros
pinheiros semelhantes e varia consideravelmente com as caracteristicas do povoamento: 1) o factor de
expansdo da biomassa total acima do solo decresce com o aumento da densidade (de 1.33+0.03 para
1.07+0.01 Mg m™) devido a alocago da biomassa do tronco para os ramos, b) a densidade basica do
lenho média foi 0.5+0.01 Mg m™ mas varia com a dimensdo da arvore, c) a razdo raiz-parte aérea foi
0.310.03, d) o factor de conversdo da biomassa em carbono foi estatisticamente diferente do factor
comumente utilizado de 0.5. Os resultados sugerem a necessidade de desenvolver factores e equagdes
especificos para a espécie e o local onde serao aplicadas.

As equacdes e factores de conversdo apresentados permitem quantificar o reservatério de
carbono em povoamentos de pinheiro manso em Portugal contribuindo para uma quantificagdo mais

rigorosa do balango de carbono nestes ecossistemas.
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Abreviaturas

BEF;
C

cr

d

G

h

h/d

hc
Hdom
LAl

Mbias
Mefficiency

Mprecision

N

pp
Root-to-shoot
rpi

T

\Y

WBD

Biomass expansion factor (Mg m™) in each componente (i)
circumference at breast height (m)

crown radius (m)

stem diameter at breast height (cm)

stand basal drea (m® ha™)

tree height (m)

slenderness index

height of the crown base (m)

dominant height (m)

leaf area index (m* m™)

model bias

model efficiency

model precision

stand density (trees ha™)

annual precipitation (mm)

fraction of belowground to aboveground biomass
press residuals

air temperature (2C)

stem volume (m?® ha™)

Wood basic density (Mg m™)
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Abstract

Forests play an important role in the global carbon balance because they offset a large portion of the carbon dio-
xide emitted through human activities. Accurate estimates are necessary for national reporting of greenhouse gas in-
ventories, carbon credit trading and forest carbon management but in Portugal reliable and accessible forest carbon
measurement methodologies are still lacking for some species. The objective of this study was to provide forest ma-
nagers with a comprehensive database of carbon factors and equations that allows estimating stand-level carbon
stocks in Pinus pinea L. (P. pinea), regardless of the tree inventory information available. We produced aboveground
biomass and stem volume equations, biomass expansion factors (BEF) by component as well as wood basic density
(WBD) and component carbon fraction in biomass. A root-to-shoot ratio is also presented using data from trees in
which the root system was completely excavated. We harvested 53 trees in centre and south Portugal covering diffe-
rent sizes (6.5 to 56.3 cm), ages (10 to 45 years) and stand densities (20 to 580 trees ha™'). The results indicate that
aboveground allometry in P pinea is not comparable with other pines and varies considerably with stand characte-
ristics, highlighting the need to develop stand-dependent factors and equations for local or regional carbon calcula-
tions. BEF povegromna decreases from open (1.33+0.03 Mg m™) to closed stands (1.07+0.01 Mg m™) due to a change
in biomass allocation pattern from stem to branches. Average WBD was 0.50 +0.01 Mg m~ but varies with tree di-
mensions and the root-to-shoot ratio found was 0.30+0.03. The carbon fraction was statistically different from the
commonly used 0.5 factor for some biomass components. The equations and factors produced allow evaluating car-
bon stocks in P, pinea stands in Portugal, contributing to a more accurate estimation of carbon sequestered by this
forest type.

Key words: Pinus pinea, carbon balance; climate change; biomass inventory.

Resumen

Alometria de la biomasa y factores de carbono para un pino Mediterraneo (Pinus pinea L.) en Portugal

Los bosques juegan un papel importante en el balance global del carbono porque desplazan una gran porcion del
dioxido de carbono emitidos por actividades humanas. Se necesitan estimaciones precisas para los informes nacio-
nales de los inventarios de los gases de efecto invernadero, mercados de créditos de carbono, y manejo de carbono en
los bosques. Pero en Portugal todavia faltan, para algunas especies, metodologias de mediciones fiables y accesibles
de carbono en los bosques. El objetivo de este estudio es proporcionar a los gestores forestales una base de datos com-
pleta de los factores y ecuaciones del carbono que permitan estimar los stocks de carbono a nivel de rodal, en Pinus
pinea, independientemente de la informacidn disponible de los inventarios de arbol. Producimos ecuaciones de bio-
masa del matorral, y del volumen del troco, factores de expansion de biomasas (BEF) por componente asi como den-
sidad basica de la madera (WBD) y fraccion de los componentes de carbono en la biomasa. Un ratio raiz-tallo se pre-
senta también utilizando datos de los arboles en los que los sistemas radicales se extrajeron completamente. Se
cosecharon 53 arboles en el centro y sur de Portugal, cubriendo tamafios diferentes (6,5 a 56,3 cm), edades (10 a 45
afios), y densidad del rodal (20 a 580 arboles ha™'). Los resultados indican que la alometria del sistema radical en P
pinea no es comparable con otros pinos y varia considerablemente con las caracteristicas del rodal destacando la ne-
cesidad de desarrollar factores dependientes del rodal y ecuaciones para célculos de carbono a nivel local o regional.
BEF .4ica disminuye de rodales abiertos (1,33 +0,03 Mg m) a cerrados (1,07 +0,01 Mg m~3) debido a cambios en la
asignacion de biomasa de tronco a ramas. La media de WBD es 0,50 + 0,01 Mg m* pero varia con la dimension de los

* Corresponding author: alexandrac@isa.utl.pt
Received: 15-04-10; Accepted: 22-09-10.
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arboles y el ratio de raiz a tallo se encuentra entre 0,30 +0,03. La fraccion de carbono fue estadisticamente diferente
del factor comunmente utilizado de 0,5 de algunos componentes de biomasa. Las ecuaciones y los factores produci-
dos permiten la evaluacion de los stocks de carbono en rodales de P pinea en Portugal, contribuyendo a una infor-
macion mas precisa del carbono secuestrado por este tipo de bosque.

Palabras clave: Pinus pinea; balance de carbono; cambio climdtico; inventario de biomasa.

Introduction

Reliable estimates of forest carbon stocks and chan-
ges over time are necessary to understand the global
carbon cycle and to know to what extent they contri-
bute to mitigate greenhouse gas emissions. Feasible
and comprehensive carbon estimates in forests are
important under international commitments as the
Kyoto Protocol or the United Nations Framework con-
vention on Climate Change but also because there is a
growing interest of enterprises and landowners in getting
involved in the market opportunities available for forest
carbon offset credits (Hamilton ef al., 2007). The
quantification, reporting and verification of carbon
sequestered by forests are frequently not as transparent
as it should and this has major implications on policy
decisions regarding forest conservation and management
(Clark et al., 2001).

Methods to assess carbon stock at stand level

Inventory-based methods are the most common for
assessing forest carbon stock and changes. IPCC
(2003) suggests that this can be done either by directly
applying allometric models that predict tree biomass
components based on field measurements of individual
trees (like diameter at 1.30 m or tree height), or using
multiplication factors that allow to convert or expand
stem volume to the tree biomass component wanted.
This involves the development of site-specific allome-
tric equations requiring tree harvesting and weighting
in the field, which is expensive and time-consuming.
The use of existing equations comes as an alternative
but potential intersite variation in wood quality and
biomass allocation throughout stand maturity may
introduce errors in the final estimates (Lehtonen et al.,
2004). Biomass expansion factors (BEF) and/or con-
version factors (CF) are the most widely used methods
for biomass calculations because they readily convert,
in only one step, stand volume estimates (usually avai-
lable in forest inventories) in biomass or carbon. Both
are multiplication factors but BEF allows to expand

growing stock volume to whole or merchantable biomass
components of the stand (e.g. crown) while CF includes
wood basic density (WBD) and carbon fraction conver-
sions. Multiplication factors, foreseen by IPCC Good
Practice Guidelines in the case where no biomass infor-
mation is available, can be species-specific or represent
broad species groups (see review in Somogyi et al.,
2006). As is the case for generic allometric equations,
they do not account for intersite variability and the mat-
ching to the site under study requires previous measu-
rements and tree harvesting. According to [IPCC (2003),
the uncertainty on using generic BEF, WBD and root-
to-shoot ratios is considered to be about 30% but
Ravindranath and Ostwald (2008), for example, state
that the use of generic factors may produce misleading
estimates with errors as large as 70%. In spite of the
growing number on allometric relationships and ex-
pansion factors, ecosystem specific studies continue to
be important because they help to reduce this uncertainty.

Pinus pinea overview

In this paper we studied an emblematic Mediterra-
nean species — pinion or umbrella pine (Pinus pinea
L.), a native pine of Southern Europe covering about
650,000 ha of the Mediterranean Basin (Quézel and
Medail, 2003). The major interest of this species in
Portugal is the production of edible nuts, and for that
stands must be managed in a way to reach a maximum
of 100 trees ha™! at the mature phase which occurs
around 30 years old. Even with a large inter-annual
cone production variability, which depends on the cli-
matic conditions during the 4 years cone development
period, P, pinea provides higher incomes to owners be-
cause pine seeds are highly prized in the international
markets, much more than other forest resources (e.g.
timber) (Mutke ef al., 2005b). Other distinctive charac-
teristic of the species is its genetic uniformity (Vendramin
et al., 2008) combined with a high level of fenotipic
plasticity (Mutke et al., 2005a). In fact P pinea appears
either in arid inland or coastal sea areas affected by
salinity stress, and can potentially help mitigating
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desertification problems in these particular areas.
Drought tolerant species from Mediterranean regions
like P pinea may be interesting in a climate change
scenario because they are naturally adapted to warmer
climates and to water stress. Future scenarios of vege-
tation distribution predict that these species may shift
towards higher latitudes due to climate change (Benito
Garzon et al., 2008; Ohlemuller ef al., 2006) and turn
out to be potentially interesting in future afforesta-
tion/reforestation programs in regions becoming sus-
ceptible to droughts. P pinea stands managed in long
rotations and with moderate wood productivity may
also sequester large carbon stocks and contribute to
mitigate greenhouse gas emissions. A carbon seques-
tration simulation made by Del Rio ez a/. (2008) using
a integrated single tree model (PINEA2) in even and
uneven aged P. pinea stands over a 100-year period,
estimated 1.2 to 1.5 Mg of carbon sequestered per ha
and per year (MgC ha™! year™'). These values are under-
estimated since carbon accumulated in the soil was not
accounted, only the annual tree growth and cone pro-
duction.

The main objective of this paper is to provide the
tools to help stakeholders in quantifying carbon stocks
for P pinea at stand level, regardless of the inventory
information available for the site, and that can either
be used for national quantifications, local studies as
an alternative to the existing factors that revealed
inappropriate. Biomass and volume allometric equations,
biomass expansion factors, biomass and carbon con-
version factors where developed for the species using
destructive tree sampling.

Material and methods
Stand description, climate and vegetation

P, pinea in Portugal covers 3% of total forest area
(83,900 ha) but the area had grown 10% in the last
10 years (Tomé et al., 2007). Although occurring
throughout the country, most of the area is located in
the south where climate and soil allows higher commer-
cial cone yield. The 17 stands used for the selection of
the trees for destructive sampling are located in center
and south Portugal (Fig. 1) covering most of the P, pinea
distribution in Portugal. The climate is Mediterranean
with a hot and dry summer, with a mean annual tempe-
rature of 16°C. Average annual precipitation (1961-
1990) varies slightly between stands ranging from 572

10°wW 0° 10°E 20°E

45°N

40°N

- 35°N

 30°N

| 25°N

Figure 1. Pinus pinea distribution in Europe in 2008. Picture
adapted from Fady ez al. (2004). The box in the right represents
the location of the stands used for biomass harvesting in Por-
tugal (in correspondence with the numbering from Table 1); the
light gray represents the geographical area of the 101 pure plots
inventoried.

to 735 mm with more than 80% occurring between Oc-
tober and April.

Stands are pure, except in one site (Pegdes) in which
P, pinea is mixed with cork oak or maritime pine. The
understory consists of grazed pastures with annual C3
herbaceous plants and, in some stands, dispersed shrubs
of Ulex and Cistus. Soil types ranged from sand, loamy
sand and sandy loam textures, derived from sand stones
sedimentary rocks. All of them are nutrient poor. The
stand density ranged from 20 to 580 trees ha™! and LAI
ranged from 1.5 to 11, calculated as the sum of all side
needle area in the plot (m?) to the plot area (m?) (Table 1).

Sample tree selection

A total of 53 P, pinea trees were harvested for biomass,
stem volume, wood basic density and carbon in biomass
analysis. The sampling was stratified by 5 cm diameter
at breast height from 5 to 60 cm. Stem diameter at breast
height (1.30 m) (d), tree height (h), height to the crown
base (hc), crown radius (cr) were measured in each tree.
Stand variables were subsequently calculated, namely
stand density (N), stand basal area (G) and dominant
height (hdom) (Table 1).
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Table 1. Characteristics of the sites used for harvesting
L Lat(Ny T - Plots, Stand characteristics (min-max) Trees harvested (min-max)
ocation pongw) () (mm) eSW Al pgom N G  Stand d h he oW
trees V (m*m?)  (m) (treesha™) (m*ha”)  age (cm) (m) (m) (m)
(1) Pegdes 38°37°67"  15.9 709 6,15,33 3353  13.9-18.1  60-207  10.1-15.3 40 8.0-563  37-173  2.2-100 1451
-893736”
(2) Palma  38°28°07” 16 572 2,5,5 4.1,42 146,181 110,130 20.1,20.7 45 294-432  11.0-12.0  2.2-43 4.1-54
-83840”
(3) Ferreira 38°08729”  16.2 586 2,44 2528 109,150 74170 77,84 40 92-30.9 271001 0962 1.3-6.8
do Alentejo -8°18°18”
(4) Gambia 38°33’17”  16.1 735 1,10,5 11 6.6 580 14.6 13 75204 2659 0919 1122
-8°47°30”
(5) Coruche 38°57°34” 16 642 6,6,6 1549  53-114 20120 1.5-7.5 20 6.5-46.0  2.1-7.7 0-1.6 1.2-4.7
-8°25°45” including
roots

Climate: T, mean annual temperature (°C); pp, total annual precipitation (mm). Stand characteristics: Plots, number of plots
inventoried in the stand; trees W, number of trees harvested for biomass; trees V, number of trees used for volume; LAI, leaf area
index (m? m~2); hdom, stand dominant height (m); N, stand density (trees ha-1); G, stand basal area (m? ha™'); Stand ag, of the stands.
Characteristics of the trees harvested: d, diameter at breast height (cm); h, tree height (m); he, height to the crown base (m);
cw, crown radius (m). Minimum and maximum values separated by dashes.

Aboveground biomass sampling

The main aboveground biomass components —stem
wood, stem bark, branches and needles— were weight
in 40 trees by harvesting and additionally other 13 where
measured for volume calculations. Due to limited eco-
nomic resources, the root biomass was weight by the
excavation method in 6 of them. In some trees the cones
had already been harvested (the harvesting period in
Portugal is between 15" December and 31 March) so
cones were not used in the models. In fact, due to the
importance of cone production, there are specific mo-
dels already available to predict cone weight in the
country (Freire, 2009). Trees were cut from the stump,
and dead and living branches were separated from the
stem. The stem wood identification inside the crown
was sometimes difficult, since trees tend to produce
bifurcations due to the lack of apical dominance. In
these cases, the most vigorous branch was selected to
represent this stem fraction. The stem was then frac-
tioned in 2 m width logs (in small trees every 1 m) and
weighted in the field. A disk was collected from the
base of each log and weighted in the field and kept for
laboratory determination of dry weight and for stem
wood/bark proportion calculations. The cross diameters
of'the disks with and without bark were measured in fresh
conditions for volume calculations. A systematic sam-
pling approach was used to collect at least 20% of the

crown biomass choosing the 1% branch in each group
of 5 starting from the base to the tip of the crown, for
wood and needle separation. The remaining crown was
weight in the field but without any component sepa-
ration. Branches were divided in 3 diameter classes:
less than 2.5 cm, between 2.5 and 7 cm and more than
7 cm and these fractions weight. Portable digital scales
with 1 g precision were used for field weightings. For
each tree component a sample of approximately 200-
500 g was kept and sealed in labeled plastic bags for
laboratory determination of dry weight. The biomass
of each component was calculated by the product of
dry weight to fresh weight ratio of the component sam-
ple and the total fresh weight of the component in the
tree, estimated by the proportion of the component in
the total fresh weight (Porté et al., 2002; Ritson and
Sochacki, 2003).

For tree volume we summed the volume calculated
for each intermediate log with the Smalian formula
assuming a cylinder geometric shape for the stump and
intermediate logs and a cone geometric shape for the
top log. On average, the separation and weighting of
each tree took 2 hours with the work of 5 persons but
the time spent in aboveground biomass separation
varied according to the tree dimensions: the maximum
was 5 hours with 7 persons for a tree with 3.5 Mg (fresh
weight) and the minimum was | hour with 5 persons
for a tree with 0.035 Mg (fresh weight).
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Root sampling

Six trees were used for root biomass determination
using the excavation method. The trees were selected
from stands with different soil types within the same
area (Regosol, Cambisol and Luvisol) (FAO, 1998) and
with different, yet low, stand densities (Table 1). After
cutting the tree from the stump, a geometric polygon
was identified on the ground taking into account crown
projection and/or half the distance to neighborhood
trees. The stump and the soil within the marked area
were removed with a hydraulic excavator, and roots
were separated in piles according to soil horizons and
depths. The maximum depth excavated varied between
1 and 2 m according to the depth of the sandstone rock
and the root system development of the tree. In each
pile, roots were manually separated, washed to remove
soil particles and exposed to open air to dry. The same
procedure was used for the stump. Roots were sepa-
rated in 3 diameter classes: less than 5 mm (fine), bet-
ween 5 and 30 mm (small) and more than 30 mm
(coarse), and then weighted in the field. Portable digi-
tal scales with 1 g precision were used for field weigh-
tings. For each tree component, two samples were
collected and sealed in labeled plastic bags for dry
weight and carbon analysis. All the samples were oven-
dried to constant weight at 70°C for dry weight calcu-
lations. The total dry biomass for each component was
estimated from fresh weight based on sample dry weights.

Biomass and volume equations

The allometric relationship between tree biomass
(or volume) and tree or stand variables usually takes
the form of a power function and has been widely
studied (see review in Zianis et a/, 2005). In this study
we tested the following power functions: w =k; x* and
w=Xk; x*y®, where w is the dependent variable that can
be either biomass or volume, where k, a and b are
parameters to be estimated by regression analysis and
x and y are tree variables. The tree variables tested
were: d (stem diameter at 1.3 m), h (tree height), hc
(height to the crown base), cr (crown radius) and the
slenderness index (h/d).

Sapwood area was also tested as a candidate ex-
planatory variable. For sapwood area calculation, the
surface of the disk measured at the base of the living
crown was sanded on one side and then scanned on a
flatbed scanner. Sapwood area and the number of rings
in each disk were measured in 4 perpendicular

directions using the software WindENDRO (Regent
Instruments, Sainte-Foy, Quebec, Canada). Sapwood
area was only used to predict needle biomass in an
independent model (following the methodology
described above), since only 32 out of the 40 trees sam-
pled for biomass had this measured done. These equa-
tions were built because the relationship between needle
biomass (and area) to sapwood area is closely linked
with plant productivity (Ryu ef a/l., 2010) and is a
common variable in carbon balance models based in
the pipe-model theory (Waring et al., 1982). This
theory proposes that a given unit of leaf (biomass) area
is supplied with water from a constant quantity of
conducting pipes and can help explain some biomass
patterns in P, pinea trees with stand development.

For each component (volume with bark, stem bark,
stem wood, branches and needles), the non-linear mo-
dels were fitted by the least squares method, using all
possible combinations of variables. The root biomass
was not included in the simultaneous fit because only
6 trees were used. The performance of the biomass
components models was evaluated based on the Press
residuals (7,) (Myers, 1990) guaranteeing the signifi-
cance of all the parameters in the selected models. The
normality of the model errors was evaluated by plotting
the studentize residuals over the normal residuals (QQ-
plots). The non-normality was overcome in the final
model with iteratively reweighted least squares regression
using the Huber function to reduce the influence of
data containing large errors (Myers, 1990). To over-
come heterocedasticity, the models were fitted with
weighted non-linear regression, using Parresol (1999)
methodology to calculate the weights. Models were
evaluated using the methodology proposed by Soares
et al. (1995) and Vanclay and Skovsgaard (1997),
which consists of calculating the following statistics
based on the PRESS residuals (7,,):

1) Model efficiency (Mericiency) cOmputed as:

S
pi

_ i=1
N, -yr
i=1

where 7, is the Press residual from tree i (residual ob-
tained when tree i is not included in the fit) for the de-
pendent variable, y is the average value and # is the
number of trees measured;
2) model bias (M), expressed by the r, average;
3) model precision (Mcision) €Xpressed by the
average of the absolute values of r,. The best models
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were the ones with higher efficiency and lower bias
and precision values. The models selected for each tree
biomass component (except the root component),
including total tree aboveground biomass expressed as
the sum of the biomass components, were simultaneously
fitted with the non-linear seemingly unrelated re-
gression (Parresol, 1999; 2001). Model fittings where
performed with SAS software (SAS, 2004).

The aboveground biomass measured in the 40 trees
harvested was correlated with the estimates obtained
with a set of biomass equations from Spanish P, pinea
stands (Fig. 1) developed by Montero ef al. (2005) and
the results are presented in Table 3. These consist of 7
biomass equations (for total aboveground, stem, bran-
ches of less than 2 cm, between 2 and 7 cm and higher
than 7 cm, needles and roots) adjusted with allometric
functions using d as the independent variable. The data
set used 47 trees harvested in the region of Huelva,
Valladolid (Spain) (Fig. 1) with d ranging from 7.5 cm
to 63 cm. No information was provided regarding stand
characteristics. The average temperature (12°C) and
the annual precipitation (435 mm) (1971-2000) is
lower than the sites analyzed in this study probably as
a result of the continental influence.

Expansion factors - biomass aboveground
and root-to-shoot ratio

To compute BEF; we used a total of 101 pure P, pinea
permanent plots selected from a national grid (Freire,
2009) that used the same inventory methodology des-
cribed in section 2.2 (Table 2). No trees were harvested
from these plots, these were only used to compute
BEF;. The subscript index (i) refers to needle, branches,
stem wood, stem bark, stem (wood + bark), crown
(branches +needles) or total aboveground biomass,
these last 3 thereafter named aggregated BEF. BEF; is
computed as follows:

Biomass, (Mg ha™)
Volume with bark, (m® ha™)

Volume with bark and biomass where estimated
using equations from Table 3 (presented in the Results
section). BEF, values where plotted with stand va-
riables (N, hdom and G) in order to study possible
trends in biomass allocation patterns.

The root-to-shoot ratio refers to the roots and stump
biomass (Mg) over total aboveground biomass compo-
nents (branches, needles, stem wood and stem bark)
(Mg), and was calculated for the 6 trees in which root
biomass was measured.

BEF (Mgm™)=

Conversion factors - Wood basic density
(WBD) and Carbon fraction in biomass

WBD is defined here as the ratio of wood biomass
(oven-dry matter) (Mg) to the green volume (m?) and
was measured in wood disks (without bark) taken each
2 m (or 1 m long) from the stem. The knots and resin
wounds were separated in the disks in order to avoid
local data overestimation. The displacement of volume
by immersing the wood in water was the method used
(Zobel and Buijtenen, 1989). Wood and bark were
oven-dried until a constant weight at 60-80°C for dry
weight calculations. Tree WBD was calculated by ave-
raging WBD in each disk weighed by the correspon-
ding diameter without bark. The variation of WBD
between and within trees was first assessed by gra-
phical analysis. Trees were grouped in 3 height classes
(trees from 2 to 6 m, 6 to 10 m and higher than 10 m)
and the average WBD (and the corresponding standard
error) was calculated at each intermediate height (at
the base, 2 m, 4 m, 6 m and so on). A regression analy-
sis was then performed, using tree d, h and discs height
level within the tree, as well as interactions between
these variables, as regressors in order to test the signi-
ficance of the effect of tree size and height level on WBD.

Table 2. Main characteristics of the 101 Pinus pinea plots inventoried and used for BEF,
calculations and aboveground biomass calculations

N hdom G v Abt())iv(fril;losl;nd
1 2 ha-1 3 ha!
(trees ha™') (m) (m* ha™) (m® ha™) (Mg ha™)
Min 18 4 2 ¢ !
Mean 194 12 10 53 63
Max 1647 21 26 175 194
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Table 3. Final models selected for biomass components (in kg) and volume with bark (in m?) considering tree variables as

predictors
. Average . P
Equatlon (min-max) Par. Estimates R aJd Mhias Mprecision Mefﬁciency

Needles k c* (h/d)® 38 (3-222) k 22.27 (18.09) 0.71 2.68 11.56 0.63
a 1.76 (1.69) (0.83) (0.97) (5.05) (0.82)
b —0.50 (-0.67)

Branches kc? 194 (1-1,182) k 184.94 (23.56) 0.79 1.03 66.00 0.74
a 3.03 (1.84) 0.79) (0.85) (5.89) (0.76)

Stem bark k c* h® 21 (1-78) k 8.08 (6.85) 0.83 0.83 4.99 0.82
a 1.55 (1.46) (0.83) (0.97) (5.05) (0.82)
b 0.47 (0.54)

Stem wood k c* h® 154 (5-675) k 18.85 (19.26) 0.94 2.03 26.27 0.93
a 1.68 (1.61) (0.95) (2.19) (26.31) (0.94)
b 0.95(0.94)

Total wl + wbr + 480 (20-1,899) k 280.1 0.92 6.57 77.27 0.91

aboveground +wb + ww a 2.33 0.91) (10.45) (74.04) 0.91)

(k c* h®) b 0.19

Volume with bark k h? d° 0.66 (0.02-2.73) k 0.000094
a 0.65 0.0028 0.00865 0.93
b 1.97

d: diameter at breast height (cm). c: circumference at breast height (td/100) (cm). h: tree height (m). Average (min-max) repre-
sents the average, minimum and maximum biomass values in each biomass component used to build the models. For biomass mo-
dels, the values represent the parameters and several model fitting validation tests after simultaneous fitting (in kg). In bracket the

validation tests before simultaneous fitting.

In order to take into account the clustered structure of
the data, with correlation among consecutive observa-
tions within the same tree, model error was modeled
as an autoregressive process. The effect of tree size on
the tree average WBD was also assessed with re-
gression analysis.

A total of 70 biomass samples were collected for
carbon concentration analysis. The purpose was to
collect randomly 10 samples of each biomass compo-
nents (needles, branches, stem bark, stem wood and
roots) from different trees. However the number of
samples varied due to several reasons. For roots we
only used 6 trees. For needles we add 8 samples from
a study carried out in the department on P, pinea. For
branches we used the 10 samples collected in each of
the 3 branch diameter classes described in section 2.3.
For stem bark we used 6 samples because 4 out of 10
lead to inconsistent results. The method used was the
dry combustion method, according to ISO Standard
10694, using a CNS elemental analyzer. To test whether
the average values were significantly different from
the commonly used 0.5 carbon fraction, we looked at
the confidence interval (with 95% confidence) for each
biomass component.

Stand carbon stock comparisons

From a carbon budget management perspective we
may question which stands hold de maximum carbon
stocks: mature stands with a few trees or young stands
with high tree density? In an attempt to answer this
question for the P, pinea stands in this study, we plotted
stand basal area measured (G, m? ha™') for the 101
stands inventoried, with the total carbon in the trees
estimated in each stand divided in 5 stand density
classes. The estimates for aboveground biomass in each
stand were calculated by applying the biomass equa-
tions from Table 3 (to each tree), converted in carbon
using the carbon fraction for each component (from
Table 5) and expressed by unit area (ha).

Results

Allometric relationships

The total aboveground biomass of sample trees
varied between 20 and 1,899 kg, the branch and needle
biomass ranging from 1 to 1,182 kg and from 3 to 222 kg,
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respectively. The stem wood ranged from 5 to 675 kg
and the stem bark from 1 to 78 kg (Table 3). The branches
represented the most important fraction of the above-
ground tree biomass (average 43% +2%) followed by
the stem wood (average 37% +2%), needles (average
13% + 1%) and stem bark (average 7% + 0.3%). Diame-
ter at 1.3 m (d) and height (h) were the most important
independent variables in all equations and accounted
for more than 71% of the variability of the different
biomass components and volume equations (Table 3).

Overall validation statistics with simultaneous fitting
were better for branches but decreased substantially
for needles remaining practically the same for stem
(wood and bark) components (Table 3). The Megriciency
for total aboveground biomass was the same for both
sets (0.91), but for needle biomass equation in an inde-
pendent model using sapwood area was high, sugges-
ting that this variable provides a good means to predict
needle biomass (Fig. 2).

For volume with bark, the values varied between
0.02 to 2.73 m* with a high Mericiency (n1=52).

The biomass estimates using Montero et al. (2005)
equations are well correlated with the observed values
(see Fig. 3). When testing the probability of the diffe-
rences between variances of the two datasets we conclu-
de that there are statistical differences for needles (F-test;
p=0.01<0.05) but not for stem and branches (p=0.20
and 0.38). However when looking at the absolute errors
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Figure 2. Needle biomass (kg) (y) expressed as a function of
(x) that can be either d (cm) or sapwood area (cm?) measured
at the base of the live crown. Nonlinear model fitted: y =k x*.
For the fitting with: a) x=d: k=0.06, a=1.87, R?adj=0.62,
Eetticiency = 0.59, n=40; b) x =sapwood: k= =0.06, a=1.08,
Rzadj = 078, Eefﬁciency = 070, n=32.
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Figure 3. Left graph: correlation between the total aboveground
biomass (Mg) measured in the 40 trees harvested and the esti-
mates obtained using Table 3 equations and the biomass equa-
tions for P. pinea developed by Montero et al. (2005) (in Mg).

(difference between the measured and the estimated
value) we observed that the estimates are quite biased.
The average percentage error computed as the average
of the relative error (difference between the measured
and the estimated value over the measured value
expressed as a percentage) for the 40 trees, resulted in
an overestimation for stem and branches (22.2% and
55.3%, respectively) and a underestimation for needles
of 23.4% using Montero et al. (2005) equations.

Needles/aboveground biomass tends to decrease
with stand development (from 21% + 3% at <20 cm d
class to 9% + 3% at d>40 cm) as well as the stem/abo-
veground biomass with a minimum at d>0 cm with
36% £ 5% (Fig. 4c). For the ratio of branches/above-
ground biomass there is a tendency to increase as
stands gets less denser reaching a maximum at d > 40
cm with 55% +4%. For trees less than 20 cm (that is
young trees in dense stands), biomass allocation to the
crown (and specially branches) seems to be a priority,
representing more than 60% of the total aboveground
biomass.

The observed decrease in the ratio of productive
(needle) to respiring biomass (branches+stem wood +
stem bark) as stand gets older (Fig. 4a and 4b) is rather
expected (Ryan and Yoder, 1997) and is related with
higher construction and maintenance respiration costs
with woody tissues. Nevertheless, this decreasing rate
is very smooth for d classes higher than 20 cm (average
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Figure 4. Average values and standard errors calculate for each
diameter at breast height class for the following variables: a)
Ratio between the productive (needle) to respiring biomass
(branches + stem wood + stem bark) (Mg Mg™!); ratio between
the needle biomass to crown biomass (Mg Mg™); ratio bet-
ween the needle biomass to sapwood area measured at the
crown base (kg cm2). b) h: height (m); age; h/d: height/diame-
ter at 1.3 m (m m™). ¢) Stand density (trees ha™'); ratio bet-
ween each biomass component to total aboveground bio-
mass: Black boxes (needles), white boxes (branches), stripe bo-
xes (stem). n in the axis represent the number of trees used in
each class.

12% +0.3%). The slenderness index was low at d <20
cm because trees at this stand density levels invest little
in height compared with diameter (Fig. 4b) and pre-
sented a peak at 20-30 cm decreasing thereafter.

Expansion factors and root-to-shoot ratio

Average BEF; values were higher for branches with
0.57+0.015 Mg m~? followed by stem wood (0.42 +
0.002 Mg m?), needles (0.12+0.005 Mg m®) and stem
bark (0.06+0.002 Mg m-) (Table 4). The aggregated
BEFwas higher for total aboveground (1.18 £0.01 Mg
m~?), followed by the crown (0.69 +£0.014 Mg m~*) and
then for stem (wood +bark) (0.49 +£0.003 Mg m™). The
highest variability was found for BEFy,ncnes-

Plotting the aggregated BEF with stand variables
(N, G, hdom and Volume), N was the variable that pre-
sented the best correlations with BEF, (Fig. 5) showing
a decreasing pattern for aboveground and BEF,,,,, and
an increase for BEF .

Maximum BEF ., was 1.08, decreasing to 0.41 in
very dense stands with a typical exponential decay curve
shape when plotted over stand density (Fig. 5 and Ta-
ble 4). The opposite is observed for BEF,, with a
much smaller variation from 0.41 to 0.57. BEF jpeveground
showed the same tendency than BEF oy

Regarding the root system, we observed that roots
between 5 and 30 mm represents the higher fraction of
the total root biomass (63%), followed by fine (20%)
and coarse roots (17%). The root-to-shoot ratio found
for the 6 trees harvested was 0.30 £0.03. The horizon-
tal superficial root exploration observed in the surface
layer exceeded 1.5 to 2 times the tree crown projec-
tion area and about 90% of the total root biomass
was in the top 50 cm. Regarding root development in
depth, we also observed that fine roots were able to
penetrate in severely compacted horizons which can
be extremely important for groundwater uptake in the
dry season.

Table 4. Biomass expansion factors (BEFi in Mg m3) for each
tree component (needles, branches, stem bark and stem wo-
od) and aggregated BEFi (in Mg m=) (crown, stem and total
aboveground). Columns represent the average, minimum, ma-
ximum and the standard error (s.e.) for BEFi for each com-
ponent. The number of plots used for BEFi calculations equals
101 (stand characteristics are described in Table 2)

BEF; Average Min Max s.e.
Needles 0.12  0.06 0.28  0.005
Branches 0.57 0.28 0.99 0.015
Stem bark 0.06 0.04 0.11 0.002
Stem wood 0.42 036 0.11 0.002
Crown 0.69 041 1.08 0.014
Stem (wood + bark) 0.49 041 0.57 0.003
Total aboveground 1.18  0.97 1.50 0.010
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Figure 5. Biomass expansion factors (BEF,, Mg m?) plotted with
stand density. Graph in the bottom: BEF ,,, (branches and needle
biomass over volume with bark) and BEF., (wood and bark
biomass over volume with bark). Graph in the top: BEF jpeveground
(aboveground biomass over volume with bark). Biomass in Mg
ha! and volume in m* ha'. Lines represent the trend line
(n=101). Right graph: box plot of BEF jeeground,> by stand den-
sity classes. Average and median values represented in the box
with a strong and smooth line, respectively. Box boundaries are
25 and 75" percentiles and 90™ and 10" percentiles in whiskers.
Average values, standard error and the number of plots used in
each density class represented in the top of each box.

Conversion factors
Wood basic density

Average WBD for all trees weighted by the disks
cross diameter in the stem was 0.51£0.01 Mg m™3
(min-0.43 Mg m~ and max-0.60 Mg m?). Figure 6
shows the vertical distribution of WBD in trees with
different sizes. Taller trees presented the higher average
values (0.55+0.01 Mg m~?) and the shorter trees
showed the lowest (0.47 =0.02 Mg m~>). We also obser-
ved higher values in the base of the stem compared to
the top. The regression analysis lead to the following
model with the model error modeled as a 2™ order
autoregressive process (all parameters significantly
different from zero for p=0.05):

12 m

10m 1 ¢5020.01

E 8m1
=
s 6m
= 0.47+0.02
o n=17
= 4m

2m A

Base -

0.40 045 050 055 060 0.65
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| »—>10m ——6to10m —v—2to6m|

Figure 6. Mean wood basic density (Mg m=) in each height
classes (2 to 6 m, 6 to 10 m and > 10 m). Standard errors re-
presented in horizontal bars. Values in the top are the average,
standard error and number of samples used for calculations in
each high class. All pairwise multiple comparison procedu-
res (no statistical differences for 2 to 6m and 6-10 m class,
p=0.226, Tukey test).

WBD =443.63+10.17 h-20.78 h;+20 h h;
(R2=0.46),
where WBD is wood basic density (Mg m=), h is tree
total height (m) and h; is height level within the tree
(m). Tree diameter at breast height, alone or combined
with tree height, did not improve the model for WBD.
The following model was found for tree average WBD:
WBD=437.51+8.03 h
(R2=0.50),
where the symbols are as before. These analyses clearly
show that WBD depends on tree height, increasing with
tree size. Within the tree, WBD decreases from the soil
level to the tip.

Carbon fraction in biomass

Average carbon fraction in the dry biomass for
branches and roots is not significantly different from
0.5 carbon fraction (Table 5), but they are for stem
wood, stem bark and needles taking into account a 95%
confidence interval.

Stand carbon stock comparisons

Taking into account the above methodologies, we
observe in Figure 7 that the maximum carbon stock in
the aboveground biomass is reached in open stands,
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Table 5. Carbon fraction in biomass components (Mg of carbon per Mg of dry matter).
Columns represent the average, minimum, maximum, the standard error and the number of
samples used for each component. Conf. int. (95%) represents the 95% confidence interval for

the population mean

Carbon fraction Average Min Max s.e. n Conf. int. (95%)
Needles 0.45 0.42 0.46 0.003 18 0.44-0.45
Branches 0.51 0.49 0.55 0.002 30 0.50-0.51
Stem bark 0.54 0.53 0.56 0.005 6 0.53-0.55
Stem wood 0.53 0.50 0.59 0.008 10 0.51-0.55
Roots 0.50 0.50 0.51 0.002 6 0.50-0.51

which correspond to trees in the mature and reproduc-
tive stage. Stand carbon stocks are successively higher
in stands with less trees compared with dense (and
younger) stands for the same G. This will allow to iden-
tify, from a carbon budget perspective, which is the
more compensatory strategy: protect mature or old
stands with large biomass stocks from harvesting and
degradation, or to plant new trees that will take a couple
of decades to get big enough to have the same amount
of carbon as the mature ones. The aboveground esti-
mates are within the range of values reported in the
literature for other pines. For example, Janssens et al.
(1999) found an average of 103 tC ha™! in a 69-year-
old Pinus sylvestris in a Belgian Campine region with
556 tree ha™'. Grunzweig et al. (2007) refers an average
value of 177 tC ha ' in a 35 year-old with 300 trees ha™!
in Negev Desert, Israel. Evrendilek et al. (2006) stu-
died several conifers in Turkey and reported an average

200 T—
4
E
E 150 | ] 23, s
% 1 4 5
g 1
£ 100 7 122%
= 14t 73 s
5 By
g ﬂ 3 5
g 907 " 47 s
=t 8 g‘ 5
< P x5S
BE
0 T T T T T
0 5 10 15 20 25 30
G (m? ha™')

|1<50 250-100 3100-150 4 150-200 5>2oo|

Figure 7. Total aboveground biomass in P, pinea stands (Mg C
ha™') plotted with stand basal area (G, m? ha™') in 5 stand den-
sity classes: (1) <50 tree ha™!, (2) 50-100 tree ha™!, (3) 100-150
tree ha™!, (4) 150-200 tree ha™', (5) >200 tree ha! in the 101 in-
ventoried (Table 2).

of 137 tC ha™! in a Pinus nigra of 92 year-old forest with
300 trees ha™'. King et al. (2007) reported an average
of 115 tCha'ina 55 year-old Pinus resinosa with 622
trees ha! forest in the Upper Peninsula of Michigan.

Discussion
Biomass equations

The tree variables d and h had a significant effect
on the allometric relationships for biomass and volu-
me, in agreement with other authors (Anténio et al.,
2007; Calama and Montero, 2006). Some studies had
tested other variables with success, namely with tree
age for eucalypts in Congo (Saint-Andre et al., 2005),
stand age for Pinus pinaster in Aquitaine (Porté et al.,
2002), sapwood area to stem diameter for several
boreal species (Bond-Lamberty et al., 2002). The
inclusion of the slenderness index (ratio h/d) as a
predictor in the needles biomass for P pinea model is
possibly related with the response of needle biomass,
more than other tree components, to competition since
the h/d index is usually associated with tree social status
in the stand (Ilomaki et al., 2003).

Simplified biomass models dependent on commonly
measured variables like d and h, are advantageous from
the application point of view, either for field inven-
tories or data processing. In this study we fitted the
equations for the tree component simultaneously with
the total biomass expressed as the sum of the com-
ponents. This was made in order to take into account
the correlation between the errors of the several models
and also to guarantee that the total biomass estimation
(by summing the estimates for each independent bio-
mass component equation), is equal to the total above-
ground estimated by the aboveground biomass equa-
tion. This restriction has not been taken into account
by several authors (e.g. Saint-Andre ez al., 2005) with the
consequent inconsistence in total biomass estimates.
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Comparison wiht independent biomass
equations

The differences found between the biomass mea-
sured and estimated by Montero et al. (2005) may be
explained by the fact that these equations only use d
as a explanatory variable. On the other hand, the fact
that trees from Montero et al. (2005) study come from
a more continental climate may cause the proportional
lower needle biomass (Fig. 1). Concomitantly Montero
et al. (2005) found, on average, a higher proportion of
branch biomass in relation to the aboveground tree
biomass (51% compared with 43% in this study) which
can be explained by stand management. However no
information is available regarding this issue. These
differences in biomass estimates highlights the impor-
tance of validating equations and factors outside the
range of ecological region from where they are going
to be applied. However, the number of trees sampled
and the small geographical area from which the trees
were harvested in this study is clearly very limited for
making any generalizations in the statistical sense.
Nonetheless, the results provided here can be useful as
a general indicator of overall relationships in P, pinea
in the most important Portuguese productive area.

The equation for needles after simultaneous fitting
was notably worse than the independent model (Ta-
ble 3). Since the average needle biomass in total above-
ground biomass is not neglectful (around 10%), the set
of biomass equations after simultaneous fitting should
be used when all the components have to be quantified
together. However, for isolated estimates of this com-
ponent (for example leaf area calculations), the inde-
pendent needle equation from Table 3 should be used.
Alternatively, we propose 2 independent equations
(Fig. 2) based on d and sapwood in a power function
that can come as alternatives for use in some carbon
balance models, since the independent variables are
closely linked with physiological processes underlying
these models.

Stand development and biomass partitioning
Needles

From Figure 4c we conclude that younger P, pinea
trees (d <20 cm) allocate considerably more resources

to the production of photosynthetic tissue (21% £ 0.03%)
compared to the remaining aboveground tree compo-

nent. The higher investment in the needle biomass is a
common survival strategy in the juvenile phases but
the proportion in relation to aboveground tree biomass
decreases as stands get older due to the formation of
new wood structures and the maintenance of the older
ones (Ryan and Yoder, 1997). The decrease in the pro-
portion of productive (needles biomass) to respiring
biomass (stem wood, stem bark and branches) reflects
this trend (Fig. 4a): the decrease is abrupt in the first
stages (from 30% £ 8% in <20 cm d class to 12% £ 2%
in 20-30 d class) but then slows down beyond this class.
This is consistent with the observations for the ratio
needle biomass to sapwood area: a significant decrease
in the ratio of needle biomass to sapwood area from
d<20 cm to 20-30 cm class (0.15+£0.03 kg cm™ to
0.10+£0.002 kg cm™2) and then maintenance above
30 cm d class in around 0.10 kg cm™2. This means that
trees continue to produce leaves as a response to light
availability with no limitations in water supply to the
crown, since the sapwood area increases concomitantly
(McDowell et al., 2002; Mencuccini and Grace, 1995).

Stem

The lower h/d index found at d <20 cm at high den-
sities (average 326 tree ha™') is not expected, mainly
because the h/d in the following d class is higher
(Fig. 4b). Although some authors refer that trees in
competition tend to invest more in height growth instead
of diameter growth (Ilomaki et al., 2003), this does not
seem the case in this study. It is possible that for these
small trees, stand density is not enough to stimulate
height growth as seem to be the case in the above men-
tioned study (tree density ranged from 400 to 5,000
tree ha™!, respectively). On the other hand, the propor-
tionally high needle biomass found at these stages,
consistent with P, pinea light demanding characteristic,
suggest a higher tree investment in a more efficient
water conducting system and therefore in d (and sapwood)
growth. The decrease in the slenderness index after 20-
30 cm d class is a result of the light exposure due to
the stand density decline, suggesting the higher
investment in diameter growth with a concomitant
stabilization of height growth at 11 m above 20-30 cm
d class (Fig. 4b). This is advantageous from the hy-
draulic point of view since the hydraulic resistance
increases as trees get older and taller, resulting in limits
to carbon assimilation (Ryan and Yoder, 1997). On the
contrary, P pinea trees seem to be investing in main-
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taining the balance between needle biomass to sapwood
area (Fig. 4a) probably as a strategy to protect the xylem
water conducting system. This is rather important at
the peak of reproductive phase, when all the resources
are being allocated to fruit production (around 30 years
old). Many authors working with other species
(McDowell et al., 2002; Mencuccini and Grace, 1995;
Waring et al., 1982) refer that the ratio of needle
area/sapwood area must decrease with increasing h and
age, in order to reduce hydraulic resistance. This is es-
pecially important in dry climates where vapor pressu-
re deficits are higher. This has been reported in several
species from temperate to dry climates (DeLucia et al.,
2000), but have never been studied for P, pinea. In this
study, this was evident in the first stages of the life of
the tree (from d class <20 cm to 20-30 cm) but stopped
thereafter, even with an increase in age and the (smooth)
increase in h. Above 20-30 cm d class, no structural
adjustments were recorded regarding needle biomass/
sapwood area. This could either be explained by the
low intra-specific competition mentioned above or to
the ability of the root system to support foliage with
water, which seems to be efficient in P, pinea, in open
stands (see results for roots in section 3.2). This fact
was also observed for Holm oak in South Portugal
(David et al., 2007).

Branches

It is noteworthy that the proportion of branches gra-
dually increases as stand density declines reaching
more than 40% of the aboveground biomass (Fig. 4c).
This has probably to do with a P. pinea strategy to
enhance seed production at reproductive stages (Mutke
et al., 2005b). Note that if there were any hydraulic
limitations, the first structures to be damaged would
be the tip of the branches where the hydraulic resis-
tance is higher (Mutke ef al., 2003). However at these
stages, the absence (or reduced) competition for light,
and probably the efficient access to water, allow co-
dominant branches to stiffen due to secondary growth
and to be maintained in the canopy surface in the best
light conditions, suffering less down-bending. These hea-
vier and stronger branches are the ones able to sustain
more and heavier cones (Mutke ez al., 2005¢). This ex-
plains why higher cone productions can only be achieved
in open stands (usually with less than 100 trees ha™).

This higher allocation pattern to branches in the
mature stands may also explain why older stands with

less trees are able to retain more carbon than denser
stands with the same G (Fig. 7). This will allow to iden-
tify, from a carbon budget perspective, which is the
more compensatory strategy: protect mature or old
stands with large biomass stocks from harvesting and
degradation, or to plant new trees that will take a couple
of decades to get big enough to have the same amount
of carbon as the mature ones. Concomitantly, Mutke
et al. (2005b) emphasizes that the biomass allocation
to cone production is similar to stem volume growth
which may exacerbate the importance of open and
mature stands to overall carbon stock and sequestration.

Expansion factors and root-to-shoot ratio

Average BEF, values found in this study (Table 4)
are amongst the highest reported for Mediterranean
and Northern European species and much higher than
other pines (Gracia and Sabaté, 2002; Lehtonen et al.,
2004; Levy et al., 2004; Peichl and Arain, 2007). The
higher BEF jpoveqrouna found is in consistence with the
species structure and geometry — lack of apical domi-
nance with a polyarchic ramification resulting in a
crown shape wider than deeper (Mutke et al., 2005¢)
and with a proportionally heavier crown compared with
the rest of the aboveground woody tissues. Biomass
allocation pattern for P pinea changes significantly
with stand density (Fig. 5) so stand density is, to a certain
extent, a surrogate for stand development, with older
stands having the lower densities. This conclusion shows
that the use of a single average value for the species or
species group for biomass calculations at stand level in
P, pinea can lead to highly biased estimates. This has been
well demonstrated by several studies on other species
(Lehtonen et al., 2004; Tobin and Nieuwenhuis, 2007).

Regarding the root-to-shoot ratio, there is still a huge
lack of publications on consistent and comparable
methods of root measurements in adult trees and very
few on P, pinea. The error associated with fine roots
biomass sampling was considered to be very small
using this methodology because all the soil volume
explored by the roots was taken into account including
root development in depth till the sandstone rock (Carlos
Pacheco, personal communication). Janssens et al.
(1999) for example also states that roots with less that
1 mm represents less than of the total tree biomass.
Fernandez (2004) reported a root-to-shoot ratio of 0.19
for P. pinea in Andalusia, 0.24 for Pinus stobus in
Canada (Peichl and Arain, 2007) and 0.26 in the review
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of Cairns et al. (1997). Levy et al. (2004) reported an
average root-to-shoot ratio of 0.36 for conifers in Great
Britain. IPCC (2003) suggest as default root-to-shoot
for conifer forest plantations of 0.32+0.08. A study
carried out with Pinus pinaster in center Portugal in a
Regosol using the same methodology as this study,
reported a root-to-shoot of 0.28 +0.05 (n=15) (Soénia
Faias, personal communication). The 0.3 factor for
root-to-shoot found here, although not statistically
representative should be used as an alternative to the
ratios found in literature. But this is a subject that clearly
needs more investigation.

Conversion factors
Wood basic density

Average stem WBD found in this study was 0.51 +
0.01 Mg dm m=. Other values in the literature for the
same species reports 0.52+0.08 Mg dm m~3 for the
stem (Gracia and Sabaté, 2002), Oliveras (2003) reported
0.38+0.02 Mg dm m~ for roots and 0.55+0.03 Mg
dm m~ for branches. Montero et al.(2005) cite the
value 0.50 for P. pinea although do not mention to
which component refers to. Carvalho (1996) reported
0.55 Mg dm 50, umiaiy m . The average values reported
in this study are therefore very close to the ones re-
ferred by other authors for the same species. However
there are intra-specific discrepancies that should be
taken into account when dealing with very old or very
young even-aged stand carbon calculations, justifying
in some cases the use of dimension-dependent WBD
values. Higher WBD is generally found in taller trees
compared with smaller ones which may be related with
tree age. The analysis from tree-rings in this study
shows that taller trees are also the oldest. This has to
do also with a decrease in the juvenile wood and an
increase of the heartwood percentage (which has
higher WBD) which is frequently accompanied by
resin and other extractives. Resinous deposits may be
inflating overall WBD in older trees and may also
explain the elevated WBD in the base disks since the
wounds for resin extraction were performed around
breast height. The discrepancy found for WBD inside
the crown of the taller trees may be explained by the
proximity to foliage, where physical and chemical
properties of the juvenile wood are more variable.
These results are in consistency with the results repor-
ted in Zobel and Buijtenen (1989).

Carbon concentration in biomass

Recent publications strongly discourage the use of
the common 0.5 carbon fraction of biomass (Mg of
carbon per Mg of dry matter). Bert and Danjon (2006),
studying Pinus pinaster stands in France, found statis-
tical differences from the 0.5 value for all the tree
components carbon concentration, always higher than
0.5. Lamlom and Savidge (2003) found a higher carbon
concentration in early wood compared with late wood
in conifers, and also argue that the method and sample
preparation influence the final carbon concentration
results. However, other authors such as Ritson and
Sochacki (2003) did not find any statistical difference
between carbon concentration in aboveground compo-
nents in Pinus pinaster in Australia and the 0.5 factor.
Although we had found a statistical difference between
the carbon concentration and the 0.5 factor for so-
me components, we believe that the arguments presen-
ted above and the fact that elemental composition of
completely dry wood is remarkably uniform (molecu-
lar formula CH, 440 ¢4), the 0.5 factor overcomes the
other potential sources of error related with species,
stands or the method used in the carbon elemental
analysis.

Conclusion

In this study we present and emphasize the importance
of species-specific methods for stand level carbon esti-
mates in P, pinea stands. We found that biomass allo-
metry varies considerably with stand management,
meaning that generic and averaged expansion and
carbon factors used to convert volume in biomass can
produce misleading carbon estimates. Biomass equations
should be species and geographically specific or at
least validated and adjusted if necessary to the study
area. P pinea stands are important carbon stocks,
especially mature stands in the reproductive stages.
Maximum carbon accumulated in the trees in mature
stands with very low tree densities is comparable to
carbon stocks in denser stands from other pines repor-
ted in the international literature. This results from the
high P, pinea investment in crown biomass, especially
branches, in order to support a high cone production.
Future studies should address the role of P pinea stands
as carbon sinks and clearly more investigation should
be done over the importance of soil, cones and root
systems in overall P pinea carbon balance.
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Povoamento em
linha de pinheiro
manso na Herdade
da Gambia (Concelho
de Setubal) com 10
anos e 580 arvores
por ha

Povoamento de pinheiro
manso na Herdade de
Monte Novo de Palma
(Concelho de Alcacer do
Sal) com 50 anos e 140
arvores por ha

Povoamento de
pinheiro manso na
Herdade do Outeiro
da Mina (Concelho
de Ferreira do
Alentejo) com 100
arvores por ha
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menor de separacao das agulhas dos ramos e pesagem de
ramos de acordo com o seu didametro
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Resumo

Os arbustos mediterranicos sdo espécies extraordinariamente bem adaptados as condicGes
xeroéfitas do nosso clima e de regeneracgdo face ao fogo, possuindo inUmeras vantagens competitivas de
uso de recursos limitantes. Os objectivos deste trabalho foram: estudar as estratégias de utilizacdo da
agua, luz e carbono de arbustos semi-caducifélios e perenes do sub-coberto de um montado de sobro
da regido mediterranica durante o Verdo e transi¢cdo para o Outono, avaliar o impacte de um pulso de
chuva no Verdo nos fluxos de carbono e agua ao nivel da planta e quantificar a contribuicdo dos
arbustos para o sequestro de carbono ao nivel do ecossistema durante este periodo.

Utilizaram-se camaras de medi¢do dinamica de fluxos de CO, e dgua nas 3 espécies dominantes:
Cistus salviifolius, Cistus crispus (semi-caducifélias) e Ulex airensis (perenifdlia), complementados com
medic¢des fisioldgicas e morfoldgicas nas plantas. Um modelo hiperbdlico de resposta a luz limitado pelo
deficit de pressao de vapor foi utilizado para estimar a fotossintese dos arbustos por dia e comparado
com medi¢bes de produtividade primaria bruta do ecossistema estimados pelo método do fluxo
turbulento.

O deficit hidrico de Verdo resultou numa diminuicdo da area foliar nas espécies semi-
caducifélias assim como da fotossintese em todas as espécies. Todavia, a transpiracdo e a respiracdo das
plantas variou de forma significativa entre espécies. Embora a espécie de raizes superficiais (Cistus
salviifolius) tenha utilizado a luz de forma mais eficiente, demonstrou um fraco controlo estomatico na
transpiracdo, apresentando taxas de respiracdao sucessivamente mais altas. O Ulex airensis manteve
maiores potenciais de dgua no Verdo mas menores taxas fotossintéticas e menor transpiracdo com a
progressdo do Verdo. Apdés uma chuvada de 22mm no Verdo, o Cistus salviifolius usou a agua
imediatamente disponivel de forma oportunista, com hidratacdo foliar e recuperac¢do da fotossintese. A
espécie de raizes profundantes (Ulex airensis) nao respondeu ao humedecimento do solo. O
prolongamento da seca apds a chuvada originou um aumento exacerbado da transpiracdo e dos custos
de respiracdo nas espécies de raizes superficiais, traduzindo-se numa menor capacidade de recuperar
apo6s as chuvas de outono. Conclui-se que uma estratégia oportunista de uso da dgua podera nao ser
vantajosa num cendrio climatico futuro de aumento da estiagem, associado a uma maior probabilidade
de ocorréncia de chuvadas.

A contribuicao dos arbustos do subcoberto para a assimilagdo total do ecossistema foi de 17%
no Verdo/Outono sugerindo que a gestdo da densidade da vegetacdo do subcoberto deve ser

considerada numa perspectiva de balanco de carbono.
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Abreviaturas

%H Air relative humidity (%)

Wpd Leaf xylem water potential (Mpa)

ABG Abovegroung biomass (g)

CUE Carbon use efficiency

DBH Diameter at breast hight (cm)

ES Early summer

Fa Net plant assimilation rate (umol CO, m? leaf area s™)
Fet Transpiration (mmol H,O leaf area m?s™)

Fnee Net exchange flux in the light chamber (umol CO, m?s™)
Fr Plant respiration (umol CO,g ABG' s™)

Freco Soil and plant respiration in the dark chamber (umol CO, m?s™)
Fsoil evaporation soil evaporation (mmol H,0 m?s™)

Fsoil Soil respiration in the base soil plot (umol CO, m™?s™)
GPP Gross primary productivity (gC m” day™)

LA Leaf area (m?)

LAI Leaf area index

LUE Light use efficiency (umol CO,umol™ photon)

MA Mid summer

PAR Incident photosynthetically active radiation (umol photon m™s™)
PARuc Photosynthetically active radiation undercanopy (umol photon m?s™)
pp Precipitation (mm)

Q Photosynthetically active radiation (umol photon m?s™)
SE Summer end

SLA Specific leaf area (m* kg™

SWC Soil water contente (%)

Tair Air temperature (2C)

Tsoil Soil temperature (2C)

VPD Vapor pressure deficit (hPa)

VPDuc Vapor pressure defici undercanopy (hPa)

WUE Water use efficiency (umol CO,mmol™ H,0)

a Initial slope of the light response curve

B Maximum Fa rate
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Abstract

Questions: How do semi-deciduous and evergreen shrubs exploit environmen-
tal resources during summer drought? What is the contribution of the understo-
rey shrubby layer to ecosystem carbon assimilation? To what extent are carbon
balance and transpiration impacted by a rain pulse?

Location: Cork oak open woodland in the Mediterranean region.

Methods: We used closed dynamic light and dark chambers to measure gas
exchange (CO, and H,0) in the dominant shrub understorey species Cistus salv-
iifolius, Cistus crispus (semi-deciduous) and Ulex airensis (evergreen), together
with plant physiological and morphological measurements during summer
drought and autumn recovery. A hyperbolic light response model constrained
by vapour pressure deficits was fitted for up-scaling shrub photosynthesis to the
ecosystem level. The data were compared, on a daily and daytime basis, with
gross primary productivity estimates from ecosystem eddy-covariance flux mea-
surements.

Results: The onset of summer drought led to a significant leaf area reduction in
semi-deciduous species. A general decrease in photosynthesis in all species was
observed, while evapotranspiration and above-ground respiration fluxes con-
trasted among species during summer progression and autumn recovery. The
shallow-rooted C. salviifolius was able to use light more efficiently than the other
two species, although with poor stomatal control over water loss and consis-
tently higher above-ground respiration rates, leading to lower water and carbon
use efficiencies when compared with C. crispus. The deep-rooted shrub U. airen-
sis maintained higher leaf water potentials and very low photosynthetic rates
while decreasing transpiration rates throughout the summer drought. A sum-
mer rain pulse showed that shallow-rooted shrubs use water in an opportunistic
way, with immediate leaf rehydration and concomitant photosynthesis incre-
ments. Conversely, deep-rooted shrubs (U. airensis) were unresponsive, only
recovering photosynthesis with high soil water content. An opportunistic
growth response may be disadvantageous to shallow-rooted shrubs in a future
climate with extended dry summers and higher probability of rain pulse events.
The prominent increase in transpiration rates and plant respiration costs
observed during the dry conditions that followed the rain pulse, led to a reduced
plant ability to recover after autumn rains.

Conclusions: The shrubs that naturaly colonized this montado understorey
showed contrasting strategies to overcome summer drought, suggesting an effi-
cient mosaic exploitation of seasonal environmental resources. The contribution
of these shrubs to total ecosystem CO, uptake during summer and autumn
recovery was 17%. This high contribution implies that shrub density manage-
ment decisions should consider a carbon balance perspective.

Doi: 10.1111/jvs.12102 © 2013 International Association for Vegetation Science 1
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Introduction

As a transition area between subtropical and mid-latitudes
climates, the Mediterranean Basin constitutes both a ref-
uge area and one that encourages floral exchange and
active plant speciation (Medail & Quezel 1999). It is one of
the world’s major centres for plant diversity but also a cli-
mate change ‘hotspot” within the next century (Lionello
et al. 2012).

The territory, which was once covered by evergreen oak
forests, deciduous and conifer forests, has undergone pro-
found changes in the past centuries as a result of deforesta-
tion, intensive grazing and fires. This has led to major
changes in plant community structure and the extension
of woodlands dominated by competitive species (Blondel
& Aronson 1995). The high species richness recorded in
Mediterranean Basin ecosystems is a consequence of cer-
tain levels of land perturbation without which biodiversity
maintenance would be ecologically unsustainable (Scaras-
cia-Mugnozza et al. 2000). The Portuguese montado agro-
forestry system is such an example. This unique landscape
has remarkably high biodiversity, including many rare and
endangered species, resulting from both the climatic influ-
ence and centuries of human presence (Bugalho et al.
2011). Generalized cork oak morbidity and mortality has
been occurring in the last decades throughout southern
European countries, attributed in part to recent climatic
changes (Aronson et al. 2009). Land abandonment in the
traditional cork oak—grassland mosaic has led to progres-
sive shrub encroachment. Highly competitive and oppor-
tunistic shrubs are becoming dominant in the understorey
of abandoned montados. Without adequate silvicultural
control, these areas are prone to severe and recurrent wild-
fires (Acacio et al. 2009). However, there is evidence that
allowing a certain level of shrub recruitment is not neces-
sarily detrimental and can in fact enhance biodiversity in
Mediterranean forests (Torras et al. 2009). In very
depleted sites it can enhance the quantity and distribution
of soil and plant carbon and nitrogen pools and increase
net ecosystem productivity (McKinley & Blair 2008;
Maestre et al. 2009).

The understorey of this cork oak woodland was natu-
rally colonized by highly competitive and successful Medi-
terranean sclerophyll shrubs, which evolved to either
escape or tolerate summer drought stress. Evergreen
shrubs (e.g. Ulex sp.) are considered tolerant as they main-
tain a decreasing but positive carbon balance throughout
the drought period. On the other hand, semi-deciduous
shrubs (e.g. Cistus sp.) are drought avoiders, dropping some
of their leaves during summer and showing higher produc-
tivities only when environmental conditions are favour-
able (Harley et al. 1987; Werner et al. 1999). The ditferent
strategies used to exploit environmental resources may

A.C. Correia et al.

contribute significantly to net ecosystem carbon productiv-
ity. How much they really contribute is still a research gap
for the Mediterranean region.

Evidence of such a high understorey contribution to
ecosystem carbon balance is presented in Misson et al.
(2007), in a study dealing with the partitioning of forest
carbon fluxes between the overstorey and understorey in
ten FLUXNET sites. In general, these studies have shown
that the contribution of understorey gross primary produc-
tivity (GPP) in summer can reach 39% of total daytime
ecosystem GPP. This study used eddy-covariance flux mea-
surements for determining both understorey and oversto-
rey carbon fluxes. At present, this is the most consensual
method for disentangling temporal changes in ecosystem
carbon fluxes (Baldocchi 2003). Nonetheless, such parti-
tioning studies are sporadic, especially in Mediterranean
ecosystems, and there is still much debate regarding meth-
odological issues with the use of the eddy-covariance tech-
nique under forest canopies. An example of such problems
is the build up of a strong inversion layer in the understo-
rey of open forests, leading to inconsistent nighttime
fluxes. In closed forests, deflection of canopy wind direc-
tion leads to a discrepancy in overstorey and understorey
flux footprints (Misson et al. 2007). This means that com-
plementary measurements in patches of relatively small
plants or uniform areas of the understorey are needed. This
is especially important in open forest sites, because both
understorey leaf area index and light penetration through
the canopy are higher, leading to potentially increased un-
derstorey biodiversity and GPP. A more detailed descrip-
tion of the understorey also has the advantage of allowing
the comparison of instantaneous fluxes from plants and
soil with environmental factors (Kolari et al. 2006) and
with replicates in space and time. This information can be
incorporated in up-scaling modelling exercises and then
compared with overstorey eddy-covariance flux measure-
ments.

Without complementary measurements in the under-
storey, eddy-covariance flux towers do not provide per
se a detailed understanding of certain processes occur-
ring in the heterogeneous forest understorey to disen-
tangle responses triggered by soils or vegetation. This is
the case when summer rain pulses occur. This is a rew-
etting event in previously dry soils that causes a rapid
and transient increase in soil carbon efflux (Tang et al.
2005; Cheng et al. 2006; Jarvis et al. 2007; Unger et al.
2012). However, the living above-ground biomass com-
ponent also plays an important role, with species
responding differently (Cheng et al. 2006; Chen et al.
2009; Patrick et al. 2009). This means that changes in
the timing and magnitude of precipitation may have
consequences not also for soil dynamics but for the
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plant carbon balance, with the potential to alter com-
munity composition.

In this study, we hypothesize that shrub recruitment
can contribute significantly to the cork oak ecosystem car-
bon sink. Our investigation focused on the contribution of
the shrubby understorey GPP to the ecosystem carbon bal-
ance of a Mediterranean cork oak woodland. To evaluate
carbon flux partitioning between the understorey and the
overstorey, we used net ecosystem productivity data from
an eddy-covariance flux tower installed above the tree
canopies and closed dynamic chambers to measure carbon
fluxes in the dominant species of the understorey, as well
as efflux from the soil. Our objectives were to investigate:
(1) carbon and water exchange dynamics in the main
shrub species and their relative sensitivity to increasing
summer drought and recovery after the first autumn rains;
(2) the contribution of the understorey to ecosystem car-
bon assimilation; and (3) shrub species responses to a rain
pulse that occurred in the middle of the dry season.

Methods
Site description

The experimental site Herdade da Machoqueira is located
in central Portugal (39°0820.9” N, 9°19'57.7" W, 165 m
a.s.l.) and is integrated in the EUI3 IMECC network. The
climate is mediterranean, with wet and mild winters and
dry and hot summers. Average annual precipitation is
608 mm, and mean annual temperature is 15.9 °C (period
1971-2000 from Evora meteorological station). The site is
a 50-yr-old evergreen cork oak open woodland (Quercus su-
ber) with an understorey covered with 2-yr-old shrubs (see
Table 1 for other characteristics). The soil is a cambisol
(FAO), with 81% sand, 5% clay and 14% silt, with roots
mainly in the upper horizons (ca. 0-40-cm depth) and
some sinker roots taking water from deeper soil horizons
and subsoil.

Tree biomass per hectare was estimated by measuring
all tree diameters and heights in a representative plot of
40-m radius. Tree above-ground biomass components
(leaves, trunk and branch) were estimated subsequently
using species-specific allometric equations (Simioni et al.
2008). Tree leaf area index (LAI) was calculated using leaf
biomass estimated from allometric equations and species-
specific leaf area (SLA) factors (Vaz et al. 2011).

Soil samples were taken randomly (three points) in the
understorey from 0 to 10-cm depth, together with undis-
turbed soil samples for soil bulk density calculations. Soil
organic carbon concentration was determined by the dry
combustion method according to the International Organi-
zation for Standardization 10694, using a CNS elemental
analyser (Leco CNS-2000, M1, US). Nitrogen concentration
was determined by Kjeldahl digestion analysis (Digestion
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Table 1. Site vegetation and soil characteristics. Methods related to
biomass sampling are reported later in the text.

Characteristic Units
Trees
Tree density 177 Trees-ha™"
Height 7.9 m
DBH 24.7 cm
LAl 16 m2m—2
Total C stock 337 tC-ha™"
Shrubs
Maximum height 80 cm
Total C stocks
Ulex airensis 0.156 tC-ha™'
Cistus crispus 0.093 tC-ha™"
Cistus salviifolius 0.548 tC-ha™'
LAI (maximum) 0.38 m?m—2
Grasses
Above-ground C stock 032 tC-ha™’
% functional groups 43% forbs
45% gram
12% leg
Soil
Litterfall input 1.06 tCha 'yr '
C stock (up to 60 cm) 622 tC-ha™"
C/IN ratio 21.2

LAI, leaf area index; DBH, diameter at breast height.

System 40; Kjeltec Auto 1030 Analyser, DEcator, SE). Soil
organic carbon content was determined using the method-
ology referred in IPCC (2003).

Ecosystem flux measurements

Standard meteorological data on rainfall (ARG100; Envi-
ronmental Measurements Ltd., Gateshead, UK), solar radi-
ation (BF2; Delta-T Devices Ltd.,, Cambridge, UK), air
humidity and temperature (CS215; Campbell Scientific,
Inc., Logan, UT, US) were collected continuously in 30-
min time steps (CR10X; Campbell Scientific).

The fluxes of CO,, water vapour and energy were con-
tinuously measured using an eddy-covariance system
installed at the top of a metallic tower (22 m). The system
consisted of a 3-D sonic anemometer (R3; Gill Instruments
Ltd., Lymington, UK) and a closed-path infrared gas analy-
ser (LI-7000; LI-COR Inc., Lincoln, NE, US) measuring,
respectively, the three components of wind velocity and
temperature, and the concentration of water vapour and
CO,. Data were continuously acquired on a field laptop
with EddyMeas (Meteotools, Jena, DE; Kolle & Rebmann
2007).

Eddy flux data were treated using the eddy-covariance
data acquisition and processing software package EddySoft
(Meteotools; Kolle & Rebmann 2007). Fluxes were deter-
mined on a 30-min basis by block-averaging the 20-Hz

Doi: 10.1111/jvs.12102 © 2013 International Association for Vegetation Science 3
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data. Time lags between CO, or H,O signals and vertical
wind velocity were determined via cross correlation analy-
sis following Aubinet et al. (2000). The sectorial planar fit
method was used for the coordinate rotation of wind vec-
tors (Wilczak et al. 2001). The storage term of CO, was cal-
culated according to Greco & Baldocchi (1996) and added
to the turbulent CO, flux. Final steps of the flux processing
procedure included data gap-filling and partitioning of the
net CO, fluxes into GPP and ecosystem respiration accord-
ing to Reichstein et al. (2005). Further details on flux data-
processing, computation and data quality control are
described in Pereira et al. (2007).

Understorey measurements

Soil volumetric water content was measured up to 40-cm
depth (2, 10, 20, 30, 40 cm) with dielectric soil moisture
sensors in four different places (EC5; Decagon Devices, Inc.
Pullman, WA, US). Photosynthetic photon flux density
was measured at 0.5 m above the ground with 30 quan-
tum sensors (LI-190SA; LI-COR) randomly placed in the
understorey. These measurements were automatically col-
lected with 30-min averages. Litterfall input was estimated
with 16 L baskets of 1 m? placed in two transects across
the site and sampled every 15 d throughout 2011, with
separation of leaves, branches, inflorescences and acorns.

Shrubs and soil gas fluxes

Shrub gas fluxes were measured for the three dominant
species of the understorey: Ulex airensis, Cistus salviifolius L.
and Cistus crispus L. U. airensis is an endemic species of the
Portuguese flora. It is a perennial evergreen shrub with the
shoots and leaves modified into green spines. At maturity,
U. airensis retains a high proportion of dead biomass. Cistus
salviifolius and Cistus crispus are both in the Cistaceae family.
They are perennial shrubs with xerophytic characteristics,
surviving the Mediterranean summer drought by losing
part of their leaves in order to reduce the transpiring area
(semi-deciduous habit).

We randomly selected four plants per species for flux
chamber measurements. In addition, two plots were
selected with bare soil and two with an herbaceous layer.
Closed portable chambers of 40 cm x 40 cm and 54-cm
high were used to measure CO, and H,O fluxes in each
selected plot. With one transparent chamber (light cham-
ber) we measured net CO, exchange (Fnee) and transpira-
tion (Fet), and with an opaque chamber (dark chamber)
we measured plant and soil respiration (Freco) in the plot.
Both chambers were constructed in our laboratory
facilities.

The light chamber was constructed from 3-mm thick
plexiglas, with more than 95% light transmittance
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(Hussain et al. 2009). The dark chamber was constructed
of opaque PVC, and covered with reflective aluminium
foil. To ensure the chambers were completely airtight
during the measurements, they were placed over a collar
platform with a basal area of 39.5 cm x 39.5 cm and 10-
cm high, which was previously buried in the soil leaving
a border of 4 cm above the ground. Both the chambers
and the collars were fitted with rubber gaskets at the base
to ensure airtight conditions. Air temperatures inside and
outside the chambers were continuously monitored in
order to match ambient conditions during the flux mea-
surements. Ice packs were used in order to keep tempera-
ture within 1 °C of ambient. Fans placed inside the
chambers provided constant air circulation. Vapour pres-
sure deficit (VPD) changes in the chambers were limited
to 1 hPa during the readings when the chambers were
placed on the vegetation. We assumed that such small
VPD changes should not atfect CO, exchange via stomatal
effects (Otieno et al. 2009). Light levels above the vegeta-
tion were monitored using a PAR quantum light sensor
(model QSO-S; Decagon Devices) at the beginning and at
the end of each measurement. Measurements were per-
formed with an infrared gas analyser (LI-840A; LI-COR)
connected to the chamber. Additional information on the
methodology is available in Kolari et al. (2006), Li et al.
(2008), Otieno et al. (2009) and Langensiepen et al.
(2012).

Measurements were conducted from June to November
on a fortnightly time step. Each plot was measured in the
early morning, midday and in the afternoon, using the
light chamber, immediately followed by the dark chamber.
To avoid feedback effects on stomata due to an increase in
relative humidity inside the chamber, each measurement
was reduced to 3 min, with values being recorded each
second. During the measurements, no condensation was
observed inside the chambers. The time series collected in
each measurement were validated for CO, concentration
linearity with time. Only time series with correlations
above 90% were chosen for the calculation of CO, and
H,O0 flux rates, using the equation and methods described
in Wohlfahrt et al. (2005) and Li et al. (2008).

To estimate net plant assimilation rates (Fa), we used
the equation: Fa = (Fnee + Freco)/LA, where Fnee is the
net CO, exchange flux measured in the light chamber,
Freco is the soil and plant respiration efflux measured in
the dark chamber, and LA is plant leat area measured in
each plot. The units are in pmol CO,-m 2 leaf area-s .
Plant respiration (Fr) was calculated with the equation:
Fr = (Freco — Fsoil)/ABG, where Fsoil in the CO, efflux
measured in the bare soil plot and ABG is the above-
ground biomass measured in each plot. The units are in
umol CO5-g~* above-ground biomass-s~'. Water flux mea-
sured with the light chamber was used to determine plant
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transpiration (Fet) and expressed on a leaf area basis; he
units are mmol H,O-m ™2 leaf area-s™'. Soil evaporation
corresponds to the flux measured with the light chamber
in the bare soil plots and is expressed in mmol

H,0-m ™2 soil-s™".

Shrub morphological and physiological measurements

Shrub morphological parameters were measured from
plant harvesting at the end of the experiment. The four
plants used in the plots for gas flux measurements were
harvested and the root system completely extracted from a
soil volume of 40 x 40 x 40 cm. These plants were used
to determine morphological parameters (height, biomass
partition, leaf area and root surface and length). SLA was
calculated as the ratio between leaf area and leaf dry mass.
Leaves and roots were scanned and leaf area and root
parameters (length, diameter, area) were calculated using
the WinRhizo software (Regent Instruments Inc., Quebec,
Canada). All dry mass values were obtained after 48 h at
65 °C.

For shrub biomass extrapolation to the stand level, we
sampled four plots in a total of 120 m? in the tower foot-
print area. All shrubs inside the plots were harvested and
separated per species for biomass determination. Leaf to
total above-ground biomass and SLA were used for leaf
area index (LAI) calculations for each species at the stand
level.

Leaf xylem water potential was measured at predawn
(¥pq) with a Scholander-type pressure chamber (PMS
Instruments, Corvallis, OR, US) in four plants per species
in the summer drought stress period (DOY 215). Shrub leaf
samples were taken periodically during the experiment for
chloroplast pigment analysis (chlorophyll a, » and total)
describe in detail in Lichtenthaler (1987).

Water, light and carbon use efficiencies

To quantity the trade-off between the amount of carbon
assimilated and the amount of water lost by transpiration
and evaporation (ET) we used water use efficiency
(WUE), which is the ratio between Fa and Fet. Light use
efficiency (LUE) is defined as the efficiency with which
plants harvest available light to fix carbon via photosyn-
thesis. It was calculated as the ratio of Fa on a leaf area
basis and incident PAR. Carbon use efficiency (CUE) was
calculated as the ratio between Fa and Fr, which corre-
sponds to the carbon gain via assimilation per each car-
bon lost via respiration. Two representative days from
early summer (June, DOY 173 and 187), summer end
(September/October, DOY 270 and 288) and mid-
autumn (November, DOY 321 and 333) were selected for
the calculations.
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Up-scaling to the stand level

In order to model shrub assimilation rates (Fa), we tested
the significance of a series of climatic candidate variables
(Tair, Tsoil, H%, PAR, SWC and VPD) measured on a 30-
min basis in predicting Fa. PAR and VPD were always
highly significant at P < 0.001. Fa estimates were obtained
by a non-linear least square fit of the data to a rectangular
hyperbolic light response curve:

xfQ
Fa:fo+ﬁ W

where Fa is CO, assimilation rate (umol CO,-m ™ 2s™ ), atis
the initial slope of the light response curve, which is an
approximation of the LUE, B is the maximum Fa rate
(umol CO,-m %5 '), and Q is the photosynthetic photon
flux density (umol photon-m™%s™'). To account for the
influence of dry air on canopy conductance, we included
an algorithm that takes into account the effect of VPD on
Fa, where the B coefficient varies according to VPD
(Lasslop et al. 2010):

_ [p=py, VPD<VPD, 5
B=1 By exp(=k(VPD — VPDy)), VPD > VPD,, (2)

where VPD is vapour pressure deficit measured in the
atmosphere (in hPa) and VPDy, is set up as 10 hPa accord-
ing to Lasslop et al. (2010). Models were fitted using a free
and open-source software package for the development of
nonlinear statistical models (AD Model Builder; Fournier
et al. 2012). For up-scaling to the stand level, 30-min val-
ues of Fa estimates were obtained using the VPD mea-
sured in the wunder-canopy (VPDuc) and the
photosynthetically active radiation under-canopy (PARuc)
for the days of shrub gas exchange measurements and
then integrated over a daylight basis. We used biomass
distribution described above for extrapolation to the foot-
print area and compared the estimated shrub assimilation
rates with the daylight GPP estimated from the partition-
ing of net ecosystem productivity from the eddy-covari-
ance flux tower installed above the tree canopies. Only
the days with high-quality data (quality flags and gap-fill-
ing) were used for this comparison.

Fluxes footprints were estimated for the period
between DOY 172 and 329 using the ART footprint tool
(Neftel et al. 2008), in which the input values are mea-
surements made by the eddy-covariance system (wind
direction and speed, SD of lateral wind speed, Obukhov
length, friction velocity and measurement height). The
diurnal fluxes during this period are predominantly from
cork oak woodland with shrubs (average 44.2%). To
perform comparisons between the eddy-covariance and
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the up-scaled flux chamber measurements, we chose
flux tower days that were closest to the measurement
dates and that had over 60% of the footprint within the
measurement area.

Statistical analysis and model performance

To examine differences among species we used one-way
ANOVA. We used the paired ¢-test to examine variable
changes in each species on a temporal scale. When statisti-
cally significant differences were found, differences
between group means were identified by post-hoc Tukey
HSD tests. When ANOVA assumptions where not met,
namely normal distribution of the data and homogeneity
of variances, non-parametric tests were carried out, per-
forming a comparison on ranks, and Dunn’s test was used
for post-hoc pair-wise comparisons. The Pearson product
moment correlation coefficient was used to display the
strength of the association between pairs of variables. All
statistical relationships were considered significant at
P < 0.05. All statistical analyses were carried out using
SigmaStat (SigmaStat for Windows v. 3.5; Dundas Soft-
ware, Germany).

Statistical analysis of the models used in this study fol-
lowed the approach proposed in Miehle et al. (2006) and
Simioni et al. (2008). We examined the accuracy and the
bias of predictions and observations on an average basis
through calculation of the relative mean error of prediction
(€%):

> (0i=P)

% = 100 3)

where O; and P; are the observed and predicted values,
0 is the average of observations and n is the number
of measurements. To account for the significant of pre-
diction errors, we used the difference between the rela-
tive mean square root error of prediction (RMSE%)
and the mean absolute relative error of prediction
(MAE%):

Z?ZI ‘P,’ - Oi‘
no

n A2

We used a modification of the Nash—Sutcliffe index to
obtain a quantitative measure of agreement between the
predictions and the observations indicating the level of
precision. This modification was suggested by Simioni
et al. (2008) and provides a more apparent method to

MAE% = 100
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assess general model accuracy than the original formula-
tion:

Z?:l |Oi *Pf|

ME=1— _
Z;’l:l ‘Oi - 0‘

(6)

Results
Climate

The meteorological conditions during 2011 (Fig. 1) were
abnormal compared with the long-term averages. April
and May recorded a total of 218 mm rain, double the aver-
age of 108 mm observed in the same period for 1971—
2000. On the other hand, summer was relatively dry, with
one large rain pulse of 22 mm (around DOY 240) at the
beginning of September (Fig. 1a) and lasted longer than
normal. Maximum VPD values in the first 2 wk of October
2011 (Fig. 1c) were three times higher (36 hPa) than val-
ues observed for the same period in 2010 (12 hPa). The
drought period continued from summer throughout early
autumn, and the first consecutive autumn rains were only
recorded in November (Figs 1a, 2a for the days of chamber
measurements).

T T T T T T T T

40 - —— Tair (°C) (a)-
B daily precipitation (mm)

30

20 f

Tair (°C) and pp (mm)

LU S —— SWC(2em)
i ; - SWC (40 cm)

Soil water content (%)

(c) 1 VPDuc
——— PARuc
—— PARt

Daily max.VPDuc (hPa)

PARt, PARuc (mol-m2day™")

DOY

Fig. 1. Daily meteorological conditions during 2001. (a) Daily precipitation
(op, mm) and daily average air temperatures (Tair, °C). (b) Soil water
content (SWC, %) at 2- and 40-cm depth. (c) Total photosynthetically active
radiation (PARt, mol-m~2.d~"), under-canopy PAR (PARuc, mol-m~2d~")
and maximum daily VPD measured in the under-canopy (VPDuc, hPa).
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Fig. 2. General meteorological understorey conditions and gas

exchange fluxes for the three shrub species measured from June until
November 2011. (a) Soil water content at 2-cm depth (SWC, %, grey
bars), air temperature (Tair, °C, continuous line). (b) Transpiration per
shrub species on a leaf area basis (Fet, mmol H,0-m~25~") and soil
evaporation on an area basis (mmol H,0-m~2s~"). (c) Net assimilation
rates per shrub species (Fa, umol CO,m~2s~") on a leaf area basis.
(d) Above-ground biomass respiration (Fr, umol CO,-g %s~") on a
plant dry mass basis. (e) Soil respiration (Fsoil, pmol CO,m 25~ ").
Julian days are shown in the top x-axis. Error bars represent SE, with
n=2-4.

Relative soil water content (SWC) followed closely
precipitation events and decreased sharply after May
(around DOY 150) reaching the lowest values at 2-cm
depth (ca. 2.5%) in midsummer. At 40-cm depth,
SWC showed a lower decrease and maintained
values above 12% during summer and until the
autumn rains (Figs 1b, 2a for days of chamber mea-
surements).

The understorey received on average 36% of the PAR
measured in the top canopy (Fig. 1c).
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Shrub and soil gas fluxes

Water fluxes

Plant transpiration (Fet)

Shrub transpiration (Fet) decreased moderately (Fig. 2b)
in early summer following soil water availability, and then
varied little among species until the 22-mm rain event.
This soil rehydration led to a prominent Fet increase in
C. salviifolius, while the other two species only slightly
increased Fet. In general, summer caused a significant
decrease in Fet in all species, and C. crispus had a statisti-
cally significant lower Fet (P < 0.001) than the other
shrubs from August to October.

Carbon fluxes

Photosynthesis (Fa)

The evergreen U. airensis had consistently lower assimila-
tion rates during the study period compared with the semi-
deciduous Cistus spp. Although C. salviifolius presented the
highest Fa rates, it also showed higher variability. On a leaf
area basis, differences among the three species were not
statistically significant, except in autumn and between
U. airensis and Cistus spp.

The onset of the drought season led to a significant leaf
area reduction in semi-deciduous Cistus spp., with a con-
comitant decrease in assimilation rates (Fa). A drop of 60%
in leaf assimilation rates was observed, on average, in Cistus
spp. from DOY 215 to 229, while U. airensis maintained
similar values. All species presented the lowest Fa rates in
summer, although the 22-mm rain pulse from DOY 243—
247 led to a slight photosynthesis increase in Cistus spp.
while U. airensis continuously decreased. After DOY 270,
the combination of very low soil moisture and higher VPD
(>40 hPa; Figs 1c¢) led to the lowest assimilation rates in Ci-
stus spp. and U. airensis.

The onset of the rainy season led to an increase in assim-
ilation rates for Cistus spp., while U. airensis was practically
unresponsive throughout the autumn (P > 0.05). C. crispus
had an earlier response to water availability than C. salviifo-
lius, which only on DOY 321 showed a marked Fa increase.
C. salviifolius showed high variability in the observations,
so the fluctuations before and after the rain pulse led to dif-
ferences lacking statistical significance.

Plant respiration (Fr)

Shrub respiration was significantly higher (P < 0.05) in
C. salviifolius than the other two species (Fig. 2d), which
had similar respiration rates during the summer. Respira-
tion rates were relatively constant until mid-August and
then decreased until DOY 287, with the exception of
C. salviifolius, which presented a pronounced increase
(Fig. 2d). With the onset of rain C. salviifolius respiration
increased greatly, while C. crispus was practically unre-
sponsive. U. airensis respiration increased moderately.
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Soil respiration (Fsoil)

Soil respiration remained constant (ca. 2 umol-m 25 )
throughout the dry season (Fig. 2e) and clearly responded
to the rain event in September (DOY 252). This soil rehy-
dration was sufficient to stimulate soil microorganism activ-
ity and possibly some root activity, as Fsoil never dropped
below 2.5 pmol-m s~ ! for the rest of the dry season and
until the first rains in November. This rain pulse effect was
also noticed in the eddy-covariance measurements as an
increase in ecosystem respiration on DOY 252 (Fig. 4).

Shrub morphology and physiology

The three shrub species showed contrasting morphologi-
cal and physiological traits (Table 2). Among the species,
U. airensis has the highest leaf area as well as the highest
investment in root system development, with a root/
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shoot ratio of 0.68 + 0.04. This species has a much dee-
per root system than the other two, exploring the soil
beyond 40-cm depth. Conversely, C. salviifolius has a
lower leaf area and the lowest investment in root devel-
opment, with a root/shoot ratio of 0.29 £+ 0.06; notewor-
thy, this species has a very shallow root system restricted
to the first 15-cm soil layer but with a very dense distri-
bution and the highest root surface area per volume of
soil. Also, C. salviifolius has a higher SLA than C. crispus,
denoting a better adaptation to high light conditions, and
grows taller than C. crispus. In general, C. crispus pre-
sented intermediate values in leaf area and root develop-
ment.

Under summer drought stress, U. airensis had a signifi-
cantly (P <0.001) higher W,4 than both Cistus spp.
(Table 2), confirming its higher capacity for soil water
absorption due to its deeper root system.

Table 2. Morphological and physiological traits per species: total plant biomass, specific leaf area, leaf area, root/shoot, root surface area/volume of soil,
root distribution, summer predawn leaf water potential (¥,q), total chlorophyll and chlorophyll a/b. ES is early summer, SE is summer end and MA is mid-

autumn.

Characteristics Ulex airensis Cistus crispus Cistus salviifolius

Total plant biomass (g) 60 + 24.8 291 £ 51 134+ 23

Specific leaf area (m*kg™") 7.9 + 047 89 + 028 11.5 + 1.71

Leaf area (m?) 0.12 + 0.05 0.06 + 0.01 0.03 £+ 0.01

Root/shoot 0.68 + 0.04° 0.45 4 0 10ab 0.29 4+ 0.06>

Root surf./vol. soil (m*>m ™) 102+ 03 079 £ 02 1.16 + 0.3*

Maximum root depth >60 cm 40-50 cm 10-20 cm

General plant morphology r70cm

(example from

harvested plants)
I 55
L 40
Lo
13
L 40
a0

SEW,q (MPa) —1.4+02 —25+ 0.1 -29403

Total chlorophyll (mg-g™") ES 411 4+ 0.8 8.1+ 1.18b 6.42 + 1.11°
SE 483 4+ 053° 9.52 + 0.88P 1136 + 0.48°
MA 231 4 0.15° 536 4 0.55P 46 + 025°

Chlorophyll ab ES 1.63 + 017 1.02 + 0.18P 151 + 021
SE 173 4+ 0.112 1.04 + 0.13P 0.82 + 0.07¢
MA 221 4 0.022 1.44 + 0.12b 171 + 023

*Roots found only in the 15-cm top soil.

Different letters represent statistical significance at P < 0.05, no letters means no differences (average + SE).
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Regarding chlorophyll content, total chlorophyll
increased for all species from early summer to the end of
summer, dropping sharply in the moist season. Total
chlorophyll was two times higher in the semi-deciduous
Cistus spp. compared to U. airensis. Regarding chlorophyll
a/b, there was a clear decrease for C. salviifolius from early
summer to the end of summer, resulting from chlorophyll
a degradation, but U. airensis and C. crispus were able to
maintain the ratio. A recovery occurred in mid-autumn
for all species, but was more pronounced for the Cistus

Spp.

Water, light and carbon use efficiencies

All three species were able to maintain similar WUE from
early summer to the end of summer (Fig. 3a). Soil water
rehydration in autumn, together with a significant drop in
VPD, led to an increase in WUE in all species except U. air-
ensis, in which it only moderately increased. This WUE
increase for Cistus spp. was the result of canopy photosyn-
thesis recovery with a high control of water loss. Neverthe-
less, C. salviifolius presented a modest increase in WUE in
mid-autumn (Fig. 3a), resulting from a proportionally
higher transpiration compared with recovery in assimila-
tion rates (Fig. 2b,c).
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Fig. 3. Temporal variation in water, light and carbon use efficiencies for
Cistus crispus (black bars), C. salviifolius (grey bars) and Ulex airensis
(white bars). (a) Water use efficiency (WUE, umol CO, mmol~" H,0) and
average max. daily VPD (hPa). (b) Light use efficiency (LUE, pumol
C02~pmol” photon), (c) carbon use efficiency (CUE, dimensionless).
Letters represent significant differences (P < 0.05) between species for
each period.
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Throughout the summer, LUE was higher in C. salviifo-
lius when compared to the other two species (Fig. 3b). No
differences were observed at a seasonal level, although
C. crispus increased LUE after the first rains mainly due to a
recovery in assimilation rate. On the other hand, C. crispus
always showed a significantly higher CUE than C. salviifo-
lius (Fig. 3¢), which was mainly due to increased differ-
ences in respiration rates during the summer and autumn
(Fig. 2d). The drought at the end of summer was accompa-
nied by a decrease in CUE for C. crispus and U. airensis, fol-
lowed by a recovery in mid-autumn only for C. crispus.

Up-scaling to the stand level
Modelling results

The inclusion of VPD limitation improved the model ability
to predict instantaneous Fa for C. crispus and U. airensis but
not for C. salviifolius.

The results show that model bias (given by e%) was
considerably higher for C. salviifolius with the inclusion
of VPD, meaning that the predictions were under-esti-
mated by an average of 56%. The difference between
RMSE% and MAE%, which reflects the existence of sig-
nificant prediction errors, also corroborates this result.
For C. crispus and U. airensis, the inclusion of VPD in the
models decreased the error bias and increased model
efficiency.

Eddy-covariance measurements and shrub up-scaling

Eddy-covariance data showed that the ecosystem was a
strong carbon sink during the early summer (Fig. 4). This
carbon sequestration decreased gradually with the onset
of the dry season, although a positive carbon balance
was maintained until the first rains in mid-autumn. The
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Fig. 4. Net ecosystem exchange (NEE), gross primary productivity (GPP)
and ecosystem respiration (Reco) measured using eddy-covariance.
Discontinuities in the data are due to rejected data in filtering and/or gap-
filling processing.
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22-mm rain event in early September caused an ecosys-
tem CO, efflux to the atmosphere, mostly due to a soil
respiration pulse (Fig. 2e) as a consequence of soil rehy-
dration.

Based on chamber and up-scaling of gas exchange
measurements, the shrub contribution to ecosystem
CO, uptake (GPP) was, on average, 17%. Due to a
higher proportion in the understorey (see total C stock
estimates in Table 1), C. salviifolius made a particular
high contribution of 14%, while C. crispus and U. airen-
sis only amounted to 2% each. This CO, uptake contri-
bution follows an expected seasonal trend in
accordance with soil water availability and assimilation
rate limitation. Therefore, in the early summer, the
average contribution was 7%, increasing to 10% with
drought stress at the end of summer. After the first
rains in mid-autumn, there was an assimilation rate
recovery (Fig. 4), and the contribution to GPP peaked
at 35%.

Discussion

The understorey of this cork oak woodland comprises two
functional groups (semi-deciduous and evergreen), which
have developed different strategies of using light, water
and carbon to overcome summer drought and compete
successfully under the tree canopies.

Leaf traits, root depth and its relation with summer
resource exploitation

Cistus salviifolius

Cistus salviifolius exhibited higher rates of net photosynthe-
sis throughout the study period, which was related to can-
opy architecture. Leaves are arranged in many layers, with
longer and perpendicular branches at the base decreasing
in length and angle towards the top, thus optimizing light
capture and reducing self-shading (see Table 2; Givnish
1988; Pearcy et al. 2005). Werner et al. (1999) also found
that Cistus spp. are able to structurally adjust leaf orienta-
tion in accordance with water and light availability, which
confers some advantage in heterogeneous shade condi-
tions such as in this understorey environment. We also
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maintenance of the photosynthetic apparatus. Maintain-
ing these leaves is advantageous to C. salviifolius when the
first autumn rains start, as they quickly expand and start to
photosynthesize prior to other co-occurring species (Harley
et al. 1987). So it is likely that these small leaves may be
contributing to the higher assimilation rates observed.

The way in which C. salviifolius optimizes light harvest-
ing and uses it to maintain higher photosynthetic rates is
in accordance with the higher LUE observed (Fig. 3b).
Additionally, light response curves and gas flux data from
light chambers are consistent with the finding that C. salv-
iifolius always achieves higher photosynthetic rates irre-
spective of light available and soil drought status. In
relation to CUE, C. salviifolius presented the lowest values
(Fig. 3¢) even if it had higher photosynthetic rates. This
low efficiency in using the assimilated carbon is mainly
due to the very high respiration cost throughout the sea-
son and is associated with the maintenance of above-
ground components (Fig. 2d). The high success of C. salv-
iifolius in the understorey of this cork oak woodland, repre-
senting almost 70% of the understorey shrubby carbon
stock, may be related, to some extent, to these two fea-
tures: a higher capacity to exploit the reduced light avail-
able under the tree canopy and the ability to exploit water
in an opportunistic way due to its shallow roots.

Both semi-deciduous Cistus spp. experienced a signifi-
cant reduction in leaf area, reaching 62% in C. salviifolius
and 45% in C. crispus. Leaf area reduction is a well-known
drought stress adaptation in semi-deciduous species that
greatly reduces leaf transpiration (Harley et al. 1987;
Wedler et al. 1996). On a leaf area basis, this water loss
decrease was modest in both Cistus spp., probably because
spring was wet and moderate levels of soil water were
maintained at the beginning of summer. Nonetheless, the
two species showed clear and distinct responses after the

Table 3. Parameter values for the hyperbolic light models tested for each
species with and without the VPD limitation. Parameters are described in
Egs. (1) and (2). Statistical outputs and model performance tested using
the relative mean error of prediction (e%), the difference between the rela-
tive mean square-root error of prediction (RMSE%) and the mean absolute
relative error of prediction (MAE%) and model efficiency (ME).

o . . With VPD Parameter estimates Model performance

observed that C. salviifolius presented summer dimorphic
leaves: one group of fully expanded leaves formed in early Bo o k e% RMSE%—MAE%  ME
spring that are mostly lost in summer and another group of C. crispus 8463 0030 0051 14 123 0.26
small leaves (around 30%) formed in late spring that C. salviifolius 6251 0.153 0042 562  23.1 —0.07
remain small and attached to the plant during summer. U. airensis ~ 4.184 0.029 0043 7.1 187 0.12
Thls.feature was also observe.d .m other semi-deciduous Without VPD R
Mediterranean shrubs (Kyparissis & Manetas 1993; Aro-
nne & De Micco 2001). The smaller leaves contained five & ¢75PUs 4550 0039 76149 016
. . . C. salviifolius ~ 4.949  0.123 105 181 0.04
times more chlorophyll per unit dry mass than adjacent o

. . U. airensis 3.844 0.030 717 188 0.09
old leaves, suggesting plant resources mobilization to the
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22 mm rain pulse in late August (Fig. 2b), as discussed
below. Excluding this rain pulse effect from the analysis,
C. salviifolius was able to maintain the same water use effi-
ciency from early summer to the end of summer, even
with an increase of 60% in VPD. Autumn rains led to only
a modest recovery of photosynthesis in C. salviifolius,
which was unexpected for a shallow-rooted shrub which,
according to Harley et al. (1987), responds quickly to
rainfall.

Ulex airensis

Ulex airensis presented lower photosynthesis per unit leat
area but more homogeneous rates during the studied per-
iod (Fig. 2c). Concomitantly, respiration rates remained
low, leading to an intermediate CUE when compared to
deciduous species, possibly related to the higher cost of leaf
construction and maintenance (see Table 3 for SLA values
in Ulex and Cistus; Walters & Reich 1999; Baldocchi et al.
2010). Recovery of photosynthesis and growth only occurs
later in spring, when soil moisture and air temperature are
not limiting.

During the experiment, U. airensis only showed modest
signs of senescence at the peak of stress in the lower can-
opy (average 14% of total above-ground biomass). Lower
branch shedding can have several purposes. One is to max-
imize light penetration in the inner canopy, as Ulex tends
to produce very dense canopies resulting from the high
accumulation of woody tissue (see Table 2 for above-
ground biomass; Valladares et al. 2003). This may partly
explain the lower LUE found. According to Tyree et al.
(1993), this is a mechanism to prevent the whole plant
from hydraulic failure by sacrificing some less productive
and shaded shoots and thus protecting the stem from cavi-
tation. Finally, lower and old branch shedding can also be
a carbon economy strategy in order to optimize the ratio
between plant carbon gains and losses.

Increased leaf longevity in an evergreen like U. airensis
requires a conservative strategy in terms of water and light
use in order to avoid irreversible leat damage (Tenhunen
et al. 1990). Leaf transpiration rate was significantly lower
in U. airensis than in C. salviifolius but was similar to C. cris-
pus, meaning that U. airensis survives summer in a better
hydrated condition. This is supported by drought stress
peak predawn leaf water potentials, which were lower
(more mnegative) in C. salviifolius than in U. airensis
(Table 2). This latter species seems to have isohydric
behaviour, maintaining relatively constant leaf water
potential but reducing stomatal conductance as the soil
dries out. This is consubstantiated in U. airensis by the
root/shoot ratio and access of roots to soil deep water, as
the roots easily extend beyond 60 cm soil depth (see
Table 2). Nonetheless, the apparent control of transpira-
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tion rates in U. airensis does not yield higher WUE, mean-
ing that all three species are equally efficient in using
water from early summer to the end of summer.

Cistus crispus

This shrub showed a strategy of environmental resource
utilization standing between U. airensis and C. salviifolius
and was apparently more efficient. With lower carbon
assimilation rates but also the lowest respiration rates
(Fig. 2¢,d), C. crispus presented a significantly higher CUE
throughout the experimental period. It also showed high
control on water loss leading to a higher (but not statisti-
cally significant) WUE. Also, tap roots and shallow feeder
roots (Table 2) allow C. crispus to access both deep water
supplies and surface precipitation, providing a higher abil-
ity to explore available water and therefore more control
of leaf senescence and abscission during summer. The cor-
rugated pubescent leaves must be contributing also for leaf
transpiration inhibition. This hability may also explain the
significant increase in WUE and CUE after the first autumn
rains. Canopy architecture in C. crispus seems to be consis-
tent with the statistically lower LUE found for this species:
the plants are stocky, grow in the shade of other plant can-
opies and the leaves are packed into one layer with a high
level of self-shading (Table 2).

Response to a summer rain pulse: when opportunistic
strategies do not compensate

A 22-mm rain event occurred at the end of August, fol-
lowed by a long period of hot and dry conditions (Septem-
ber and October). Species responded differently to this
sudden soil water availability. This rain event moistened
the soil up to a depth of 40 cm but had returned to pre-rain
values after 10 d (Fig. 1b) so it mostly benefited the species
with shallow roots. C. salviifolius was particularly respon-
sive, showing an increase in assimilation rates related to
the expansion of the small summer leaves. Average canopy
total chlorophyll per unit dry mass in leaves just before
and after the rain event increased 17% in C. salviifolius
from 9.7 to 11.4 mg-g~ !, indicating canopy photosynthetic
pigment recovery. Conversely, chlorophyll content only
slightly increased in C. crispus (10%) and remained stable
in U. airensis, reinforcing the relative insensitivity of this
latter species to summer rain pulses.

A rapid leaf sprouting response to soil moisture is
a common feature of semi-deciduous species. This is
advantageous once the autumn rains start because nutri-
ent and water uptake occur prior to that of neighbouring
species (Harley et al. 1987; Kyparissis & Manetas 1993;
Grammatikopoulos 1999). This allows plants to reach ear-
lier maximum leaf area, thus optimizing carbon assimila-
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tion. However, the ecophysiological implications are not
the same when a sporadic summer rain event is followed
by long and dry conditions. Thus, C. salviifolius did not
shown any sign of stomatal control over water loss, as the
soil dried out after the rain pulse, contradicting the find-
ings of Harley et al. (1987), who reported considerable sto-
matal control of transpirational water loss in C. salviifolius.
Although some photosynthesis still occurred (Fig. 2c),
transpiration rates increased abruptly (Fig. 2b) and then
later respiration also increased (Fig. 2d) leading to a plant
carbon balance disequilibrium, in some cases irreversible,
as field observations (not quantified) revealed plant death.
Such a breakdown may be related to the maintenance res-
piration cost of the small, expanded leaves. In contrast,
U. airensis and C. crispus did not respond to the rain event,
confirming there ‘play safe’ strategy towards a carbon cost-
effective equilibrium (Werner et al. 2001).

Summer rain pulses are known to stimulate soil micro-
organism activity due to sudden soil rewetting after a long
dry period, where abundant partly decomposed organic
matter from the previous spring is available for decomposi-
tion. This causes a rapid and pronounced CO, efflux to the
atmosphere (Fig. 2e). However, there is also plant respira-
tion feedbacks to this rain event. In this study, the over-
hasty response of C. salviifolius to immediate soil moisten-
ing ended in a huge above-ground plant carbon efflux that
may have also contributed to ecosystem carbon lost in
summer. We may speculate that, under a future climate
change scenario of longer drought periods punctuated by
extreme rainfall events, survival of C. salviifolius may be
threatened. However, only a detailed analysis of the vari-
ous aspects of plant strategy, namely growth patterns and
reproduction, would allow elucidation of a more compre-
hensive scenario for the development of this species.

Shrub contribution to ecosystem CO, uptake

Except for C. salviifolius, the inclusion of VPD data in mod-
els helped to increase their accuracy in estimating Fa
(Table 3), with a decrease in carbon assimilation rates
when temperature and VPD are higher (Pettigrew et al.
1990; Lasslop et al. 2010). Nevertheless, the approach used
failed to accurately describe the high variability in mea-
sured carbon assimilation rates, especially for C. salviifolius.
This variability may be partly explained by the highly
dynamic understorey light environment, punctuated by
brief and unpredictable periods of direct solar radiation
(sun flecks). Shade species are able to efficiently use these
sun patches but can also become susceptible to photoinhi-
bition during periods of drought when CO, diffusion inside
the leaf is limited by low stomatal conductance (Chaves
et al. 2004). Diffuse light is known to provide higher
assimilation rates, as it is used more efficiently (Rosati &
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Dejong 2003), which means that higher Fa does not neces-
sarily coincide with high PAR and lower VPD. An analysis
of the sources of error revealed that the models failed to
estimate the highest Fa values by default, meaning that
our daily estimates are rather conservative. We consider
that only a model specifically addressing species-specific
photosynthesis optimization under shade and drought
would provide a statistically stronger up-scaling exercise.
The average contribution of the understorey GPP to total
ecosystem CO, uptake was estimated at 17%, very similar
to the rates of 20% found by Wedler et al. (1996) in the
understorey of a Scots pine plantation, and 25% found by
Sakai et al. (2006) in a cool-temperate deciduous broad-
leaf forest in central Japan. Furthermore, the values found
in this study are within the range of 0-39% reported by
Misson et al. (2007) for several forest ecosystems. The 7%
contribution of the understorey during early summer
results from the proportionally higher contribution of the
tree component to ecosystem GPP compared with that of
the shrubs. Early summer is the time when cork oaks are
physiologically more active: their canopies have new
shoots and leaves and their deep roots have access to
ground water tables (Chaves et al. 2004; David et al.
2007). We speculate that the slight increase in shrub con-
tribution at the end of summer may result from the more
favourable understorey environment for the shrubs at the
peak of summer, with lower VPD and lower risk of pho-
toinhibition. The higher shrub contribution occurred in
mid-autumn (35%), which may be explained by the rapid
shrub response to soil rehydration upon the onset of
autumn rains (Fig. 2c), particularly from the two Cistus spp.
The 17% contribution of the shrubby understorey to
ecosystem carbon sequestration shows that allowing shrub
recruitment may increase forest mitigation importance in a
climate change context. However, due to the extremely
aggressive and competitive feature of Mediterranean
shrubs, management of the shrubs growing beneath the
trees should be a compromise between benefits and costs,
especially in relation to competition with trees for water
and nutrients and also the increased fire risk. This is still a
research gap in Mediterranean forest management.
Besides the ecological services provided by a shrubby
mosaic, namely protection from soil erosion, a biodiversity
refuge and an increase in soil fertility (Bugalho et al.
2011), shrub recruitment management can help in ecosys-
tem restoration. For example, the generalized lack of cork
oak regeneration is considered one of the main problems
of future sustainability of montados (Plieninger et al. 2010).
Recent studies reveal that in stress-prone ecosystems such
as those in the Mediterranean region, the heterogeneity
generated by shrubs facilitates the establishment of tree
species (Gomez-Aparicio et al. 2005). Tree seedling estab-
lishment and survival benefit significantly from modifica-
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tion of the abiotic environment promoted by nurse shrubs,
where shading appears the crucial facilitating factor (Smit
et al. 2008). Although this shrub—tree seedling beneficial
interaction seems to be species-specific (Rolo & Moreno
2011), there is a broad general consensus that augmenting
populations of nurse shrubs and trees should be considered
a promising strategy for restoring woody late-successional
communities (Valladares et al. 2003; Prider & Facelli 2004;
Gomez-Aparicio et al. 2005; Smit et al. 2008; Plieninger
et al. 2010; Rolo & Moreno 2011).

This study allows us to conclude that under a global
change perspective, the future of cork oak forests requires
a scientifically sound conservation strategy and locally tai-
lored sustainable management that must accommodate
various aspects of understorey plant biology and ecosystem
functions.

Conclusions

The understorey shrubby vegetation of this montado eco-
system contributed 17% to ecosystem net CO, uptake,
reinforcing our hypothesis of the importance of shrub
recruitment in forest mitigation in a climate change con-
text. The mixture of sclerophyllous plants that naturally
colonize the understorey, although with contrasting leaf
habits and rooting depths, was able to balance carbon gain-
sand water loss during the most critical time in the Medi-
terranean climate: the summer drought. However, the
unexpected summer rain pulse in the middle of the study
allowed us to distinguish between species’” ability to use
water that is immediately available and its impact on
whole plant carbon and water balance. We conclude that
shallow-rooted, semi-deciduous species exploit environ-
mental resources in an opportunistic way and are more
susceptible to longer dry periods following summer rain
pulses. This study reinforces that Mediterranean rain
pulses are particularly detrimental to ecosystem carbon
sequestration, not only due to soil respiration efflux but
also due to plant respiration losses. Future studies should
focus on understorey plant ecophysiological processes con-
cerning environmental resource exploitation by different
functional groups. Due to the difficulty in reproducing
water and carbon fluxes, modelling exercises should spe-
cifically incorporate realistic photosynthetic responses to
the patchy forest undertorey light, and also plant water
and carbon efficiencies at a seasonal time-scale.

From a sustainable management standpoint, the study
of shrub-tree interactions is essential as during drought,
Mediterranean shrubs are extremely aggressive, compet-
ing directly with trees for water and nutrients. Shrub
encroachment can greatly increase fire risk and might
jeopardize the potential for long-term carbon sequestra-
tion.
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Aspecto do sub-
coberto arbustivo do
montado de sobro na

Herdade da
Mochoqueira do Grou
(Concelho de
Coruche) com uma
densidade de 170
arvores por ha

Amostragem destrutiva do sistema radicular em Ulex airensis (esquerda) e da
biomassa acima do solo em Cistus crispus (direita)

Camara de luz (esquerda), cdmara escura (centro) e analisador de CO, e H,0
Li840a, da marca Li-Cor (direita)
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Resumo

A respiracdo do solo em regides de clima mediterranico estd fortemente relacionada com a
sazonalidade da precipitacdo que se espera que venha a ser alterada num contexto de alteracao
climatica.

Neste estudo utilizamos uma extensa colec¢do de medicGes de respiracdo do solo de florestas a
pastagens realizadas ao longo de 10 anos na regido centro e sul de Portugal. A andlise dos dados
evidenciou que a sazonalidade da respiracao do solo é afectada pela humidade e temperatura do solo. A
estatistica Bayesian foi utilizada para testar a eficiéncia de modelos climaticos na estima¢do da Rs numa
escala didria e mensal.

A sazonalidade da respiragdo do solo foi semelhante entre ecossistemas com um maximo na
Primavera e Outono e um minimo na estagao seca (Julho a Setembro). Ndo foram observadas diferencas
para a respiracao do solo entre sites com diferentes densidades de arvores ou teores de carbono do solo
quer numa escala sazonal ou anual. A humidade do solo, e ndo a temperatura, foi a variavel que melhor
explicou os efluxos de CO, do solo durante grande parte do ano. A temperatura explicou variacdes na
respiragdo do solo apenas acima de determinados limites de humidade: 10% para os ecossistemas
florestais e 15% para as pastagens, conduzindo a um Qi de 2.01, 1.61 e 1.31 para povoamentos de
densidade elevada, de densidades baixas e pastagens, respectivamente. A estaistica Bayesiana
demonstrou que os modelos com inclusdo da humidade do solo como varidvel dependente
apresentaram um melhor desempenho do que os modelos baseados unicamente na temperatura. E
possivel obter estimativas mensais da respiracdao do solo nas pastagens utilizando modelos simples
baseados na humidade do solo mas nenhum deles se adequa para estimativas da respira¢cdo do solo em
povoamentos florestais sugerindo, neste caso, a necessidade de uma abordagem mais processual.

Este estudo vem reforgar a importancia da humidade do solo no controlo dos efluxos de CO, dos
solos da regido mediterranica, varidvel esta que ndo deve ser negligenciada em exercicios de modela¢do

do balanco de carbono ao nivel do ecossistema.
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Abreviaturas

BMC
CF

Hs
L%
LAI

mean
standard deviation

distribution mean of the absolute values of the elementar effects
Bayesian model comparison

Closed forest

Observed data

Soil water contente (%)

Percentage model probability suitability
Leaf area index (m? m™)

Mediterranean grassland

Output from the model

Mean squared error

Normalized root mean squared error
Open forest

Likelihood

Integrated likelihood

prior

Posterior

total annual precipitation (mm)
temperature sensitivity of soil respiration
Soil respiration (umol CO, m?s™)

Soil temperature (2C)
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Soil respiration in drought prone regions is highly dependent on the precipitation regime and soil mois-
ture conditions, which are expected to change in a global warming context. In the present study we used
an extensive collection of field chamber measurements of soil respiration (R;) from forest and grassland
sites of centre and south of Portugal distributed over a 10 year period. This data were summarized and
analysed with the objective to describe seasonal variability of Ry as affected by soil moisture (Hs) and
soil temperature (T;). A Bayesian framework was used to test the effectiveness of soil bioclimatic models
in estimating R; on a daily and monthly time step. Rs seasonality was similar between sites, reaching
a maximum in spring and autumn and a minimum in the dry season (July-September). No differences
were observed for Ry between sites with different standing biomass or soil carbon stocks either on an
annual or seasonal timescale. Hg, and not Ts, was the driving factor of R; during most of the year. T; drove
R response only above certain H; limits: 10% for forest sites and 15% for grassland sites leading to a Qo
of 2.01, 1.61 and 1.31 for closed forests, open forests and grasslands, respectively. The Bayesian analysis
showed that models using Hs as an independent variable performed better than models driven by T
alone. Monthly estimates of R in grasslands can be predicted by simple climatic models based on Hs but
none of them was suitable for forest ecosystems, stressing the need for a process-based approach. This
study adds to the evidence that Hs controls R; fluxes for Mediterranean ecosystems and should always
be taken into account for extrapolation purposes.
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1. Introduction drought-induced decreases in primary productivity can also affect

the total CO, efflux from soils impacting litter fall, decomposition

Soil respiration, Rs, is one of the most important fluxes in the
terrestrial carbon (C) cycle. In 2008, global R; was estimated at
98 + 12 Pg C (Bond-Lamberty and Thomson, 2010), with an increase
0f 0.1 Pg Cyear~! between 1989 and 2008, attributed to the increase
in global air temperature recorded in the last decades.

Mediterranean regions in particular are presently facing an
increase in the frequency and severity of droughts (Ramos et al.,
2011), with potentially negative effects on the productivity of
agricultural crops, pastures and forests. In such semi-arid ecosys-
tems, plant productivity is largely controlled by climatic drivers,
with water availability being among the most important. Such

* Corresponding author. Tel.: +351 213653345; fax: +351 213653338.
E-mail address: alexandrac@isa.utl.pt (A.C. Correia).

0167-8809/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.agee.2012.07.025

and belowground allocation of photosynthates to roots and root
turnover (Reichstein et al., 2002).

Droughts in Mediterranean systems occur during periods of high
temperature and low soil moisture content. These environmen-
tal conditions also tend to reduce the metabolic activity of living
tree roots, mycorrhizae and other rhizosphere microorganisms and
soil fauna leading to reductions in CO, losses from soils (Hanson
et al., 2000). Other physical and chemical processes, like soil CO,
degassing and transport through the soil profile and the chemical
oxidation of soil minerals, are considered minor contributors to the
net CO, efflux (Buchmann, 2000).

Soil temperature is one of the most influential and widely stud-
ied factor affecting Rs (Lloyd and Taylor, 1994; Kirschbaum, 1995;
Yuste et al., 2004; Zhou et al., 2009). In general, Ry increases with
Ts, and its relationship is usually described with exponential equa-
tions (see Webster et al., 2009 for examples). The temperature
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dependence of Rs, that is the factor by which a variable changes
for a temperature increase of 10°C (Qg), ranges from 1.3 to 5.6
(Lloyd and Taylor, 1994), although Mahecha et al. (2010) suggest
that this factor is confined to values around 1.4 4+ 0.1. This Qq¢ fac-
tor, however, is only valid for a limited range of temperatures and
under drought conditions temperature plays a secondary role in
explaining Rs (Kirschbaum, 1995; Janssens and Pilegaard, 2003;
Lenton and Huntingford, 2003; Yuste et al., 2004; Almagro et al.,
2009).

In ecosystems that are prone to drought, Ts and Hs often inter-
act to control Rs, with R responding to the most limiting factor.
In summer, R significantly decreases with water stress because
of a decline in plant metabolic activity and an inhibition of soil
microbiological carbon decomposition (Jarvis et al., 2007). When
water is not limiting, Ry generally increases with temperature
(Raich and Schlesinger, 1992; Inglima et al., 2009). This partially
explains why attempting to model Rs using only temperature
driven variables proved ineffective in drought-prone regions (Joffre
et al., 2003; Xu and Baldocchi, 2004; Almagro et al., 2009;
Migliavacca et al., 2011).

While some authors argue that purely climatic driven models
are sufficient for accurately predicting Rs (Raich and Schlesinger,
1992; Raich et al., 2002), others emphasise the need to separate
climatic and biological effects on Rs (Reichstein et al., 2002, 2003).
Although there have been many attempts to incorporate biotic vari-
ables in models, e.g. using substrate quantity and quality (Webster
et al., 2009), leaf area index (Reichstein et al., 2003) and productiv-
ity (Irvine et al., 2005), climatic driven models are still widely used
with success (Rey et al., 2002; Conant et al., 2004; Tang et al., 2005;
Almagro et al., 2009; Webster et al., 2009; Zhou et al., 2009). This
is in part because climatic driven models are simpler to use and
less input demanding. Nonetheless, fitting empirical models with
proxy parameters of biological activity can yield very good results
when enough information is available (Migliavacca et al., 2011).

The majority of Rs data is collected using portable field cham-
bers. One fundamental problem of ecological model application
is scaling-up results from these small chambers to the stand or
ecosystem level. Sporadic measurements of Rs have obvious limi-
tations as they may not accurately capture the temporal and spatial
variability or the dynamic nature of the C release from roots and
microbes. In this sense models are important as they allow the
estimation of these processes at larger scales. Models need to be
calibrated and validated in order to apply them robustly, and one
powerful tool to evaluate model applicability and performance is
using Bayesian statistics. This approach allows the calibration and
the quantification of uncertainty for models that contain multiple
parameters (Kass and Raftery, 1995; van Oijen et al., 2011; Sivia
and Skilling, 2006).

The objectives of this study were: (1) to assess the seasonal vari-
ability of R among vegetation types; (2) to quantify the effects
of Ts and Hs on R; in different Mediterranean ecosystems; (3) to
evaluate, under a Bayesian framework proposed by van Oijen et al.
(2011) and improved by Minunno et al. (submitted for publication),
the performances of climate driven models in predicting Rs. We
used a long-term database spanning 10 years of R; measure-
ments, covering grasslands and open and closed forests, using
the same field-portable device, a close dynamic system EGM-1
from PP Systems (PP System, Amesbury, USA). This allowed inter-
site comparisons reducing systematic errors associated with the
equipment (which avoided the need for cross calibration) and mea-
surement technique (which was the same for all sites). This work
is innovative because it applies a Bayesian approach for model
comparison and for global sensitivity analysis to Rs models in
Mediterranean regions, which had only been applied by Tuomi
et al. (2008) and Hashimoto et al. (2011) in boreal and temperate
regions.

2. Materials and methods
2.1. Site description

The experimental sites are located in the centre and south
of Portugal. All sites are characterized by a Mediterranean cli-
mate with more than 80% of total annual precipitation occurring
between October and April. Average annual precipitation (long-
term averages from 1971 to 2000) is 608 mm with a mean annual
temperature of 15.9 °C. Soils have sandy silt or sandy clay textures
(see Table 1 for other site characteristics).

The eight sites have different characteristics that were grouped
accordingly to the type of vegetation cover: closed forests (CF), open
forests (OF) and Mediterranean grasslands (MG). The CF vegetation
type includes a eucalyptus (Eucalyptus globulus) stand (CF1) with
1110treesha~! and a young and dense evergreen cork oak (Quer-
cus suber) woodland site (CF2) with 424 treesha~!. A pine (Pinus
pinea) forest (OF1) with 120 treesha~! and two evergreen oak (Q.
suber and Quercus ilex) sites with 55 (OF3) and 180 trees ha~! (OF2)
were included in the open forest cover type (OF). The Mediter-
ranean grasslands (MG) included a natural pasture dominated by
winter-spring C3 annuals (MG3), an improved pasture, seeded with
a legume-rich seed mixture (MG2) and a C3 grassland with scat-
tered shrub cover of Cistus sp. (MG1).

2.2. Soil respiration measurements

Soil respiration (Rs) was measured at each site for a minimum
period of 6 months covering the growing season, at weekly or fort-
nightly intervals. In each site, R; was measured with the same
device, a soil respiration chamber (EGM-1, PP Systems, Hitchin,
UK), that uses an infrared gas analyser to measure the rate of CO,
accumulation inside a closed chamber system. The chamber was
inserted in PVC collars that were buried 5 cm deep in the soil sev-
eral days before the first measurement and left in place throughout
the experimental measurement period. Measurements were car-
ried out between 8.30 am and 8.00 pm. The number of collars used
varied depending on the heterogeneity of the site, with a mini-
mum of 2 replicates per plot with at least 3 plots per site. A total of
5933 measurements were collected. Spatial replicates were aver-
aged and then aggregated to one value per day resulting in a total
of 212 days.

Rs readings were taken every 8s during measurement peri-
ods lasting 128s. A linear function was then fitted to increasing
CO, concentration and time variables. The rate of soil respiration
(nmol m~2 s~1) was computed as the slope of the linear regression
multiplied by a temperature calibration function (Tagesson, 2006).
Data were excluded from analysis when linearity was not observed
(when r2 <0.9). We assumed constant soil diffusivity at 0-30 cm.

2.3. Soil temperature measurements and Q; calculation

Soil temperature (T;) was recorded with a soil thermometer
inserted in the mineral soil layer at 10 cm depth at the time of
Ry measurement (in MG, CF2, OF2 and OF3 sites). In the remain-
ing sites (CF1 and OF1), Ts was estimated using air temperature
measured with the thermocouple inside the Ry chamber, subse-
quently applying correction functions derived from a regression
model. To build this regression model we used half-hourly mea-
surements of Ty and air temperature (EC5, Decagon Devices, Inc.,
Pullman, USA) from the Coruche site to build the regression model
with a total of 23,497 records. The model used Ts at 10 cm depth as
a dependent variable and air temperature as an independent vari-
able. The regression analyses led to a multiple regression model
with all parameters significantly different from zero (P<0.001) at
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Table 1

Sites description with site (ID), geographic coordinates (Lat/Long), location, dominant species (overstory/understory), years when soil respiration was measured (years), approximate tree age (age), tree density, average leaf area

index of the overstory component (one side leaf area/total area of the plot), maximum aboveground biomass (AGB) in the herbaceous layer (understory max AGB), aboveground biomass in the trees (overstory AGB), leaf litterfall

from the trees and C/N ratios at 0-10 cm soil depth.

C/Nin
soil

Tree litterfall

Overstory AGB
(kgDM m~2)

Understory

max AGB

Tree density LAI

Age

Year

Overstory/understory

Location

Lat/Long

ID

(kgDMm-~2year—')

(m2m~2)

(treesha=1)

(kgDM m~2)

0.075

13.2

0.212

13.9

2.6
3.8
3.2
3.1

1110

9
22
45

~60

2002; 2006
2008-2009
2005-2006
2008-2009

Eucalyptus globulus/C3 grasslands

Quercus suber|C3 grasses
Pinus pinea/C3 grasses

Pegdes
Mitra

38°38'N/8°36'W
38°31'N/8°01'W
38°28'N/8°38'W
39°08'N/8°19'W

CF1

14.5

0.146
0.271

0.057

430

CF2
OF1
OF2

0.066 124

0.069

120
177

Monte Novo
Coruche
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20.9

0.207

5.5

Quercus suber|C3 grasses and

legumes

115

0.096

1.6 0.179

55

1999

Quercus ilex/C3 grasses and

38°32'N/8°00'W Alfarrobeira
legumes

OF3

0.139

2006-2007

C3 grasslands with disperse Cistus

Vila Vigosa
sp. shrubs

38°47'N[7°25'W

MG1

16.4

0.855

2008

C3 grasslands
C3 grasslands

Montemor
Elvas

38°36'N/8°10W

38°57'N[7°12'W

MG2
MG3

9.2

0.045

2003-2005

95% interval confidence and an Rﬁdj = 0.67. We used this model for

estimating Ts in the remaining sites admitting neglectful variations
in Ts derived from soil type.

The dependency of the respiratory metabolic reactions on tem-
perature was calculated using the Van’t Hoff empirical exponential
equation (Lloyd and Taylor, 1994):

Rs=aebTs, where R is the soil respiration in pmolm=2s-1, T;
is the soil temperature at 10 cm depth and a and b are the model
coefficients. Subsequently, the temperature sensitivity of Rs, the
Q10, wWas calculated on an annual basis for each vegetation type as
Q]O = e]()b‘

2.4. Soil moisture measurements

Soil moisture (Hs) was measured at a depth of 10 cm adjacent
to the soil collars at the time of R; measurements, using calibrated
soil moisture sensors: TDR (Time Domain Reflectometry, Soil Mois-
ture Equipment Corporation, Santa Barbara, USA) was used in CF1,
OF2, MG1; Theta-probe (ML2X, Delta-T Devices, Cambridge, UK)
in MG3 and PR1 profile probes (Delta-T Devices, Cambridge, UK)
were used in all the other sites. Measurements of Hs were reported
as volume of water per volume of soil (in %). Whenever gaps in the
Hs; measurements were observed, the corresponding Ry measure-
ments were excluded from the comparative analysis of Hs with R
or Ts.

2.5. Plant biomass, litterfall and productivity

Standing biomass per hectare was estimated by measuring all
tree diameters and height in 500 m? stands at each site. Above-
ground biomass components (leaves, trunk and branch) and leaf
area index (LAI) were estimated subsequently by using allometric
equations specific for each tree species (Zianis et al., 2005; Correia
etal., 2010) and converted on an area basis. The LAl in OF3 includes
the herbaceous layer and was estimated by a leaf area meter LICOR-
2000 (Reichstein et al., 2003). Herbaceous biomass was estimated
by harvesting all plant material using the quadrates method (Krebs,
1989). Tree litterfall was estimated monthly or fortnightly with lit-
ter traps located randomly in each site during a period of at least
one year. The above-mentioned site variables assessment was not
necessarily coincident with the time period of Ry measurements.

2.6. Carbon and nitrogen content in soils

Carbon concentration in the soil was determined by either of
two methods: the dry combustion method, according to Inter-
national Organization for Standardization 10694, using a CNS
elemental analyser (Leco CNS-2000, Michigan) or by the wet
oxidation method (De Leenheer and Van Hove, 1958). Nitro-
gen concentration was determined by Kjeldahl digestion analysis
(Digestion System 40, Kjeltec Auto 1030 Analyser, DEcator,
Sweden).

2.7. Statistical analyses

To examine the differences between vegetation cover types, or
seasons of the parameters measured, we used analysis of variance
(one-way ANOVA). When statistically significant differences were
found, differences between group means were identified by post
hoc Tukey HSD tests. When ANOVA assumptions were not ful-
filled, i.e. no normal distribution of the data and/or homogeneity
of variances, non-parametric tests were carried out performing a
comparison on ranks, with Dunn’s test being used for post hoc
pairwise comparisons. The Pearson Product Moment Correlation
coefficient was used to display the strength of the association
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between pairs of variables. Multiple linear regressions were used
to fit the Ty and the Q;¢ model. All statistical relationships were
considered significant at P<0.05. Statistical analyses were carried
out using SigmaStat (SigmaStat for windows V 3, Dundas Software,
Germany).

2.8. Modelling approach

2.8.1. Overview

Simple bioclimatic driven Rs models were selected for the
present analysis. The criterion used was their previous application
in similar temperate and Mediterranean-like ecosystems. Simple
models have the advantage of being user friendly and the link
between input variables and output is clear and easy to evalu-
ate. The four bioclimatic models chosen are presented in Table 2.
The Bayesian framework proposed by van Oijen et al. (2011) and
improved by Minunno et al. (submitted for publication) with a
global sensitivity analysis was used to reduce parametric uncer-
tainty, to evaluate the models and to highlight their strengths and
weaknesses. The global sensitivity analysis was carried out for the
parameters and the inputs of the models, to better understand
their behaviour. The models were calibrated and evaluated using
a Bayesian approach (i.e. Bayesian calibration and Bayesian model
comparison). The data were aggregated at a daily time step and split
in two parts; half of the dataset was used for calibration and half for
model comparison. The evaluation of the models was performed at
a daily as well as monthly time steps.

2.8.2. Sensitivity analysis (Morris method)

Sensitivity analyses were carried out for all 4 models, using
the Morris method (Morris, 1991). The Morris method is a global
sensitivity analysis that evaluates the output sensitivity of a
certain model to simultaneous changes in several factors. The
method consists of computing basic statistics, i.e. mean (u) and
standard deviation (o), from the distribution of a number of incre-
mental ratios, so-called elementary effects. For more details, see
Campolongo et al. (2007) and Morris (1991). The overall impor-
tance of an input factor is given by u, and o describes non-linear
effects and interactions between factors. Campolongo et al. (2007)
enhanced the Morris method by improving the sampling strategy
and proposing to calculate the distribution mean of the absolute
values of the elementary effects (©*). w* is calculated to solve the
problem of non-monotonic models, where the effects of opposite
signs could mask the importance of a factor. The factors consid-
ered in the analyses were the model’s parameters (al, a2, a3 and
a4) and inputs (i.e. Ts and Hg) (Table 2). The parameters ranged
between the minimum and maximum values used for the Bayesian
calibration (Table 2), while model input variables varied between
the maximum and minimum values measured.

2.8.3. Bayesian framework

Model performance was calibrated and evaluated using the
Bayesian framework proposed by van Oijen et al. (2011), consisting
of model calibration, model comparison, and analysis of model-
data mismatch. The Bayesian theorem states that the knowledge we
have about a certain model, given the data (termed as “the poste-
rior”, P(|D)) is proportional to the probability of the data given the
model (termed as “the likelihood” P(D|0)), multiplied by the previ-
ous knowledge that we had about the model (termed as “the prior”
P(0)). In mathematical terms, the Bayesian theorem is expressed
through the formula:

P(6|D) = cP(D|0)P(6) (1)

where c=p(D)~1, with the value c being fixed.

Table 2

Soil respiration (R in pmol m~2 s~!') models used in this study for the Bayesian calibration. The total annual precipitation P (mm), average annual air temperature T (°C) and land use correspond to site characteristics in which the
models were developed. a; are the parameters of the models. The parameter a2 in M1 and the parameter al in model M2, M3 and M4 are a proxy of the base respiration values, that is soil respiration under standard conditions.

Ref

a4

a3

al

Land use

T(°C)

P (mm);

Coord.

Description

Rey et al. (2002)

—0.22 t0 0.86

0.08-0.22

Coppice of Quercus

cerris. L with
745 treesha!

750; 14

41°24'N
1°55'E

alHs +a2

M1

Rey et al. (2002)

0.07-0.13

0.25-0.87

Coppice of Quercus

750; 14
cerris. L with
745 trees ha!

41°24'N
1°55'E

ale®?Ts

M2

Tang and Baldocchi (2005)

0.00958-0.057 13.36-28.94 —60.197 to —19.77

559; 16 Oak-grass savanna 0.0599-0.141

36°56"N
10°22"E

2
s

ale2Ts ea3Hs+a4H_

M3

with 194 treesha~! in

California

Vincent et al. (2006)

1.31-1.51

0.29-0.33

0.09-0.1

2.88-3.04

Mixed broadleafed
mature forest with

625treesha~! in
France

950; 10

47°07'N
5°42'E

alel~((n(Hs /a2)/a3)%))

(a4+(Ts~10))

M4

67
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The likelihood function used in this analyses was proposed by
Sivia and Skilling (2006) and it is described by Egs. (2) and (3):

N 1- —R2/2
o) =1 gi}ﬁ o s @)

R = ' (3)

where, M is the output from the model, D is the observed data and
i varies between 1 and N (number of data). We used this likelihood
function to better detect outliers (Sivia and Skilling, 2006), which
are frequent in Rs measurements.

2.8.3.1. Model calibration. For the models prior, we used uniform
distributions, with the minimum and maximum for Hs; and Ts
values based on literature reviews. These limits were expanded
in order to get a higher variability that could underpin our data
set. The models were calibrated using 50% of the data available
randomly distributed, while the other 50% was used for model
evaluation. For the Bayesian calibration (BC), Markov Chain Monte
Carlo (MCMC) simulations were performed, using the Metropo-
lis algorithm (Robert and Casella, 1999). The MCMC method aims
to converge the sampling on the region of the parameter space
with the highest probability density. A complete description of the
Metropolis—Hastings algorithm is given in van Oijen et al. (2011).
To assess a parameter’s convergence of iterative simulations, the
Gelman-Rubin criterion (Gelman and Rubin, 1992) was used.

2.8.3.2. Model comparison. Model evaluation was performed using
Bayesian model comparison which is a powerful extension of the
Bayesian Calibration, allowing evaluation of the models structure,
on the basis of their relative likelihoods (Kass and Raftery, 1995;
van Oijen et al., 2011). In this case the Bayesian theorem is not
applied over the parameter space of a single model but over a set
of models.

P(DIMy)P(My)
P(MyID) = =~ (4)
T ST P(DIM)P(M)
where k varies between 1 and n models. Assuming no initial
preferences for either of the models (P(M1)=...=P(Mn)), Eq. (4)
becomes:
P(D|My)
P(MiID) = =5~ (5)
T ST P(DIM)

P(M|D) is the “integrated likelihood” (IL) and is defined over the
whole parameter space of M, i.e. P(D|M) = [P(D|0)P(6)d6.

2.8.3.3. Analysis of model-data mismatch. Model-data mismatch
was carried out using more classical methods based on the mean
squared error (MSE). MSE was decomposed in three components:
bias error, variance error and phase-shift error as proposed by
Kobayashi and Salam (2000).

MSE = (M — DY = (5 — D)’ + (o — 0p)? + 2(omop)(1 1) (6)

where M refers to model predictions and D to the observed data.
Bias error gives the mismatch between simulated versus measured
data, variance error describes the ability of the model to capture
data variability, phase-shift error indicates if the model is able to
reproduce the pattern of data fluctuation. In addition, we calculated
the normalized root mean squared error (NRMSE) for each of the 4
models.
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Fig. 1. Temporal dynamics of average daily soil respiration (R in wmolm=2s-1)
and standard errors in the closed forest sites (a), in the open forest sites (b) and
in Mediterranean grasslands sites (c); average soil water content (Hs in %) at 10cm
depthin the sites studied (d); average daily soil temperature (T in°C) at 10 cm depth
(e) in the sites studied. Symbols: (®) closed forest, (O) open forest, (v) Mediter-
ranean grassland.

3. Results
3.1. Soil respiration

Seasonal Rs presented two peaks for all vegetation types: one
more pronounced in spring and another one in autumn (Fig. 1a-c).
Lower values were recorded in summer and in winter but no differ-
ences were observed between the three vegetation types neither
on an annual (P=0.499) or seasonal basis (P=0.222 in autumn,
P=0.468 in spring, P=0.285 in summer and P=0.150 in winter).
The highest R; measurements were recorded in the Alfarrobeira site
(OF3) in August after rain pulses with 7.9, 8.5 and 8.6 umolm=2 5!
(Fig. 1b). Measurement variability was highest in spring for all sites
(Fig. 1a-c), and was higher in grasslands than in forested sites
throughout the year.

3.2. Soil moisture and soil temperature

Similar to the fluctuations observed in Rs, soil moisture exhib-
ited a bimodal pattern at a seasonal level following precipitation
(Fig. 1d). Higher values were observed in winter and lower ones
in summer. Overall, grasslands showed statistically higher Hg than
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forested sites. In CF, Hs was particularly low, with many measure-
ments below 6% in spring and summer, and values below 13% in
winter.

Ts at 10cm presented maximum values during the summer
months with lower values recorded in winter (Fig. 1e) following
the trend in air temperatures. Closed forests presented statistically
lower soil temperatures compared with the other vegetation types.
Annual soil thermal amplitude decreased with increasing canopy
cover and was highest in MG (min 6.7 °C-max 42.6 °C) followed
by OF (min 9.6°C-max 41.4°C) and CF (min 9.7 °C-max 32.8°C)
(Table 3).

3.3. Soil respiration explained by soil temperature and soil
moisture

Soil moisture was the driving factor for soil respiration during
most of the year (Fig. 2a-c). Soil temperature was a poor and not
statistically significant predictor of R; on an annual timescale for all
vegetation types (P=0.620 for CF, P=0.011 for OF and P=0.371 for
MQG).

The lowest values of Rs were obtained in very dry soils with
Hs below 5%. However, a positive trend to increase with Hy was
observed in all vegetation types (Fig. 2a-c). On a yearly basis and
for OF sites a positive significant correlation was found between
Rs and H; (Fig. 2b). For CF sites, this correlation, although positive,
was not significant (Fig. 2a). For MG, H; alone explained 42% of
the variability in Rs (Fig. 2c). T; drove Rs response but only under
certain conditions. That is, whenever soil moisture reached a cer-
tain threshold (10% for forest sites and 15% for grasslands) Rs was
observed to increase with soil temperature (Fig. 2d-f). In contrast,
below these limits Hs was the driving factor of Rs (Fig. 2g-i). The
temperature sensitivity of Rs (Q1¢) was therefore calculated above
these limits with values of 2.01, 1.61 and 1.31 for CF, OF and MG,
respectively (Fig. 2d-f).

3.4. Model performances

3.4.1. Sensitivity and uncertainty analysis

Sensitivity analysis shows how model output is affected by
changes in factors (model inputs and parameters), helping to bet-
ter understand model behaviour. Sensitivity results are reported in
Fig. 3. Overall, models presented a higher sensitivity to the param-
eters than the input variables (Hs and T) because we used broad
parameter ranges. Between the models that depend on both T; and
Hs, M3 is more sensitive to Hs and M4 to T (Fig. 3).

Bayesian calibration (BC) allowed reducing the uncertainty in
model parameters. The uncertainty in a parameter is expressed by
the variance of its distribution (Fig. 4). In this analysis, parameter
uncertainty was reduced in all models as shown in Fig. 4 where the
posterior marginal distributions for the parameters of each model
are reported. An exception is for M4 where a2 remained highly
uncertain for CF and MG and also a3 just for CF.

3.4.2. Bayesian model comparison (BMC)

Regarding daily measurements, the M4 model presented a
higher probability of being the best model for forest sites (30% for
CF and 100% for OF). For MG, the models with the best probabil-
ity were M1 (55%) and M3 (45%). On a monthly basis, M1 presented
the highest probability of being the best model (40%) for CF, and M4
(41%) for OF. For grasslands, M1 and M3 performed better with 34%
and 32% chance of being the best model. This was also confirmed
by the low NRMSE values for Hs dependent models in grasslands,
especially on a monthly time step (Table 4).

In Fig. 5, observed and estimated values of R; on a monthly time
step are plotted. For each vegetation type only the best model,
according to BMC, was presented (M1 for CF and Mediterranean

Table 3

Seasonal average and standard errors of soil respiration rates (Rs in pumolm~2s~1) in each site. Annual average and standard errors and maximum and minimum (Max-Min) values for Rs, soil water content (H; in %) and soil
temperature (T in °C) in each site. In brackets the number of observations in each site. (—) means not determined due to inexistent or insufficient data. R; measurements recorded during rain pulses were excluded. *MG2 was

excluded from annual averages as there are only spring measurements.

Soil temperature (Ts)

Soil moisture (Hs)

Soil respiration (R;)

Average

Min-Max

Average

Min-Max

Year

Min-Max

Spring Summer Autumn

Winter

19.1 + 0.5 (33)
18.5 + 1(32)
18.8 + 0.5 (65)

203 +1(12)

13.9-25.5

9.7-32.8

14.4-24.6

21.1 + 1.9 (14)
23.7 + 1.2 (47)
22.7 + 0.9 (73)

9.6-33.3
10.9-41.4

87+14
114+ 14

1.5-23.4
4.3-23.9

99+ 1.0

98+ 1.9
171+ 1.8
118+ 1.2
12.6 £ 0.9

1.0-16.3
7.7-30.1
0.7-24.6

22 +0.1(33
2.7 +03(29
2.4+ 02 (62

1.0-3.6
0.8-5.4

2.7 £0.2(9)
27+1(4)

2.0 + 0.4(5)

2.1+ 0.6(7)

9)

2.7 + 0.3 (13)
1.9+ 0.8(3)

2.1+ 04(12)
1.7 + 0.4 (3)
23+ 02(3)

17)
3)

2.0+ 0.3 (12
2.5+ 02 (14
2.8 + 0.2 (41
2.6+ 0.2 (67

0.9-3.5

1.6-3.8
0.7-5.5

6)

2.9+ 0.3 (9)

2.6 +0.3(13)

1.6 + 0.3 (14)

25)

2.1+0.2

1.9 + 0.2 (10)
2.3 +03(10)

CF1
CF2

28+03

2.1 + 0.2 (20)
13 +02(3)
24+02(4)
3.5+ 0.5 (8)

Closed Forest

28 +£03
28 +£03

OF1
OF2
OF3

3.1+02

2.8 + 0.4 (15)

Open forest

25.1 + 1.6 (31)
206 + 1(14)

13.2-42.6
17.6-32.1

15.8 + 1.6 (24)
37.1 4 0.7 (14)
23.8 £ 1.8(23)

0.8-4.5 2 4+0.2(31) 2.3-32.0
30.0-39.9

1.6-4.0
0.6-4.2

2.7 +0.4(9) 1.6 + 02 (9) 1.8+ 02(9)

2403 (4)

MG1

2.6 + 0.5 (4)

1.1+02(5)

2.8 £02(12)
2.5+ 0.4(8)

MG2
MG3

19.5 + 1.4 (26)

6.7-41.0

8.6-38.5

2.3 +02(25)

2.8 +0.3(8)

225+ 1.1(57)

19.7 + 1.3 (47)

2.2 + 0.1 (56)*

2.54+0.2(13) 2.7 +£0.2(29) 1.4 +£0.2(15) 2.0+ 0.2(13)

Med. Grassl.

[o)]
©
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Fig. 2. Annual variation in soil respiration (Rs in wmolm~2s-') correlated with soil temperature and soil water content (Hs in %) for the 3 vegetation types (a-c). Soil
temperature (T in °C) drives soil respiration (R in pmol m~2 s~!) whenever soil water content (Hs in %) is above 10% in forested sites (d and e) and above 15% in Mediterranean
grasslands (f). Hs is the driving factor of R; whenever H; is below 10% in forested sites (g and h) and below 15% in Mediterranean grasslands (i). Symbols: (®) closed forest,
(O) open forest, (v) Mediterranean grassland.

Table 4
Model results with the Bayesian comparison. L% is the percentage probability of each model to be suitable to use in soil respiration estimates on a daily and monthly and
time step. NRMSE is the normalized root mean squared error from the Model-data mismatch.

M1 M2 M3 M4
Dail 1% 7.9 162 41 29.7
any NRMSE 109.8 1127 109.9 1102
Closed forests Monthly 1% 375 10.7 112 6.4
NRMSE 125.1 153.1 93.7 120.7
Daily 1% 0.0 0.0 0.0 100.0
Open forests NRMSE 108.4 108.9 101.9 98.7
Monthly 1% 8.0 5.1 30.9 40.7
NRMSE 125.1 1276 95.0 106.2
. 1% 5458 0.0 451 0.0

Daily
Mediterranean grasslands NRMSE 838 99.7 822 84.1
Monthly 1% 34.4 2.7 31.6 23.7
NRMSE 47.3 83.3 44.7 47.9
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Fig. 3. Sensitivity analysis of the parameters and variables in each of the 4 models studied (M1-M4 in accordance with Table 2) where o is the standard deviation and p*
describes the distribution mean of the absolute values of the elementary effects. Ts is the soil temperature (in °C), H;s is the soil moisture (in %). a1, a2, a3 and a4 are the

parameters.

grasslands and M4 for OF). The results show that M1 can be used
to reliably predict Ry at monthly time steps for Mediterranean
grasslands. For the forested sites, none of the models was able to
accurately capture the monthly pattern of Rs and therefore they are
not suitable for estimations of R in forest ecosystems.

3.4.3. Analysis of model-data mismatch

Results from the analysis of model-data mismatch with the
decomposition of the mean square error (MSE) led to a better
understanding of the models strengths and weaknesses by giving
additional information on bias, variance and phase error, which was
not provided by the BMC (Fig. 6). At a daily time step, none of the
models were able to reliably estimate Rs. Poor performances were
obtained also for both forested sites at a monthly time step. On the
other hand, for grasslands, the monthly pattern of Ry was accurately
predicted by the models dependent on Hs (M1) and/or Ts (M3 and
M4).

For forest sites, at a daily time step, no significant differences
were observed in the decomposition of the MSE. However, total
MSE for OF for models M3 and M4 were slightly lower. The main
component of MSE, at a daily time step, is the variance error. This
means that there is a great variability in the data on a daily basis.
An exception is M3 and M4 for OF, which show a higher phase error
(that is a lower pattern correlation between the data).

In MG, at the daily time step, M1, M3 and M4 showed an MSE
significantly lower than the other models, with the variance error
being the main component for the Ty dependent model (M2), while
the phase error is the highest component in M1, M3 and M4.

At a monthly time step, the differences between models per-
formances are significant for all vegetation types. In general, the
models that depend on both T and Hs (M3 and M4) had lower MSE,
with the exception of M4 for CF. In addition, M1 had a low MSE
for CF and MG. Overall the MSE was lower at a monthly compared
to a daily time step. Bias error (that is the variation related to the
average) was a significant component of MSE for forest sites at a
monthly time step, contrasting with the very low bias error for MG
sites. At a monthly time step, the variance error was very high for
Ts dependent models in MG.

4. Discussion
4.1. Rates and seasonality of soil respiration

Soil respiration has two main contributing components: (i) an
autotrophic component produced by roots (root carbohydrates and
exudates) and rhizosphere and (ii) a heterotrophic component that
result from the decomposition of organic materials by soil microor-
ganisms (Epron et al., 1999). The relative contribution of these
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Fig. 4. Bayesian calibration results. Parameter posterior marginal distributions of the four models tested (M1-M4 in accordance with Table 2). Lines correspondence: solid
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components to Ry can differ along the year and between ecosys-
tems.

The seasonality of Ry observed in the study sites followed
the plant growth period and both Hs availability and the opti-
mum temperatures for plant growth. Maximum rates also coincide
with the peak of maximum photosynthesis in spring for Mediter-

ranean ecosystems (see Fig. 5 from Pereira et al., 2007 for the
seasonal variation in gross primary productivity) and also with
adequate microclimatic conditions for soil microbial decomposi-
tion. For oak dominated sites (CF2, OF2 and OF3), this is also the
peak of maximum leaf fall and the onset of herbaceous senescence,
both events providing a higher soil organic matter availability for

Months

Fig. 5. Monthly observed and estimated R; (in pmolm~2 s~1) for each vegetation type. Estimated values represented by the solid line with upper and lower dash line as the
25 and 75% percentile, using the best model: M1 for closed forests and Mediterranean grasslands and M4 for open forests. Observed monthly averages represented by the
symbols: (@) closed forests, (O) open forests, (v) Mediterranean grassland, with the correspondent standard error in vertical bars.
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decomposition (Caritat et al.,2006). In spring, soil water is generally
not limiting and higher air temperatures and radiation stimulates
photosynthesis and the consequent allocation of photosynthates
for new root growth (Hibbard et al., 2005). The combined effect
of both autotrophic and heterotrophic respiration may account for
the higher spring CO, effluxes.

In summer, the decrease in Rs is in accordance with the onset
of the dry period followed by tree growth decline and senescence
of the vegetation in annual grasslands of Mediterranean climates
(Baldocchietal.,2010). Concomitantly, water stress can limit access
to labile carbon substrates and inhibit the activity of microbes in
the top soil layers where the substrate for respiration is commonly
abundant.

It is likely that the increase of Rs in autumn results more from
a stimulation of the soil heterotrophic response and/or release of
inorganic carbon from soils than from an autotrophic response, as
the rain at the end of the dry season occurs before annual grassland
and tree root re-growth (Pereira et al., 2007).

Although we observe a coupling between plant annual life cycle
and the seasonally pattern of Rs;, we do not have seasonal detailed
information regarding plant productivity to provide a quantitative
explanation for the similarity in Rs rates in such contrasting vegeta-
tion types. For example, in the coppiced eucalypt site (CF1), spring
photosynthesis was twice that of the open evergreen woodlands
(OF3) and grassland sites (Pereira et al., 2007), but this was not
reflected in higher Rs suggesting that root respiration is probably a
small fraction of total soil CO, efflux. This has been found in other
studies in Mediterranean ecosystems. Unger et al. (2010), using

stable carbon isotope techniques, found a root contribution to total
soil CO;, efflux of 15-28%, a much lower percentage than the esti-
mates of up to 85% for the heterotrophic component. Others studies
report values in the range of 14-29% in a Mediterranean grassland
(Gavrichkova et al., 2010) and of 23% for a Quercus cerris forest in
Italy (Rey et al., 2002).

The low contribution of root respiration to total soil CO, efflux
may reduce the relevance of autotrophic activity in explaining R
seasonality. However, this does not explain the effect of productiv-
ity and substrate availability related with litter decomposition in
the between site variability of Rs. Thus a more detailed description
of the seasonal variations in substrate availability, either through
changes in productivity or transfers to decomposable pools should
be included in order to increase model accuracy.

4.2. The effect of vegetation cover on soil microclimate

In our study, the similarity of R rates in forests and grasslands,
either onan annual or seasonal time step contrasts with the findings
of other studies (e.g. Hibbard et al., 2005). The higher R; in forest
ecosystems is explained by higher input of organic matter from
tree litterfall, consequently stimulating heterotrophic respiration
(Hibbard et al., 2005; Tedeschi et al., 2006), and the contribution of
growth and maintenance respiration of tree roots (Jackson et al.,
1996; Bond-Lamberty et al., 2004; Hogberg et al., 2008). How-
ever, the literature from drought prone regions on this subject is
contradictory. Studies on Rs (with at least one year of Ry mea-
surements) comparing contrasting vegetation types in semi-arid
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Table 5

Average soil respiration (Rs in pumol m~2 s~!) measurements for forests and grasslands collected in studies from the Mediterranean region.
Site Lat/Long P (mm) T(°C) Rs chamber type Rs (wmolm—2s-1) Ref
Oak-grass savanna (open areas) 36°56'N 10°22'E 556 16.3 Li-6400 0.5 Tang and Baldocchi (2005)
Degraded Steppe alpha grass 36°50'N 2°15'W 220 18 PP systems 0.8 Rey et al. (2011)
Natural Steppe alpha grass 36°56'N 2°1'W 220 18 PP systems 1.1 Rey et al. (2011)
Olive grove 38°05'N 1°47'W 370 15.5 Li-6400 1.1 Almagro et al. (2009)
Oak-grass savanna (under trees) 36°56'N 10°22’E 559 16.3 Li-6400 1.6 Tang and Baldocchi (2005)
Abandoned field with shrubs 38°05'N 1°47'W 370 15.5 Li-6400 1.7 Almagro et al. (2009)
Forest of Alleppo pine and shrubs 38°05'N 1°47'W 370 15.5 Li-6400 2.1 Almagro et al. (2009)
Holm oak forest with shrubs 41°13'N 0°55'E 658 12 PP systems 23 Asensio et al. (2007)
Coppiced oak chronosequence:1 year 42°24'N 11°55'E 755 14 PP systems 3.5 Tedeschi et al. (2006)
Coppiced oak chronosequence: 5 years 42°24'N 11°55'E 755 14 PP systems 4.2 Tedeschi et al. (2006)
Coppiced oak chronosequence: 17 years 42°24'N 11°55'E 755 14 PP systems 6.6 Tedeschi et al. (2006)

ecosystems report similar Rs rates between grasslands and forests
(Epron et al., 1999; Tedeschi et al., 2006; Rey et al., 2011) but oth-
ers not (Almagro et al., 2009) (see annual average values from these
studies in Table 5). Taking into account the low contribution of root
respiration in explaining within site R variability and the fact that
there are obvious differences in substrate quality and quantity in
each site (Table 1), we stress that the similarity in R rates may
be explained by plant-mediated effects, creating soil microclimate
thresholds for microbial decomposition.

First, the reduced canopy cover in grassland sites and exposure
to direct sunlight warms the soil and may induce an increase in
microbial decomposition (Lloyd and Taylor, 1994; Katterer et al.,
1998; Yuste et al., 2007). Consistently higher T and Hs values were
found in grasslands as compared with forests. The combined effect
of higher Ts and higher Hs could probably contribute to higher val-
ues of R, because H; did not limit R; in grassland. The high leaf-fall,
rapid root turnover rates and generally lower C/N in grasslands
(Gavrichkova et al., 2010) may also contribute to the Rs enhance-
ment but the data collected in these sites do not allow any statistical
conclusion. Secondly, forested sites, especially CF sites, presented
consistently lower Hg values (Table 3 and Fig. 1) which may be a
consequence of a higher water uptake by tree roots in all soil layers
and throughout the year as compared to grasslands. In this case,
it is likely that the activity of microorganisms may be somewhat
inhibited by the low H; also.

In conclusion, a number of factors may be concomitantly influ-
encing R; and only a more detailed site-specific seasonal analysis
on R; related to plant productivity, leaf litterfall and soil substrate
availability could help disentangle these responses.

The Rs average values found in this study are within the range
of values obtained for other Mediterranean systems (Table 5).
Although the data collected in the literature do not allow for any
conclusions on the differences between grasslands and forests, a
positive and significant correlation between R; and total average
annual site precipitation could be found (r=0.64, P=0.007) which
underlines the importance of integrating water related variables in
models that aim to predict annual variability of Rs in drought-prone
regions.

4.3. Sensitivity of soil respiration to soil temperature and
moisture

The temperature sensitivity of Rs (Q19) decreased with tree
cover from closed forests (2.01), to open forests (1.61) to grasslands
(1.31) and was only significant above a certain Hs threshold: 10%
in forests and 15% in grasslands. These soil moisture intervals are
similar to the ones obtained at other sites in drought-prone regions
(Davidson et al., 2006; Almagro et al., 2009). The Q9 values also
fall within the range of values reported for other ecosystem types
(Raich and Schlesinger, 1992; Kirschbaum, 1995; Jarvis et al., 2007;
Almagro et al., 2009). The Q¢ decrease from forests to grasslands

is probably explained by a higher fraction of lignin compounds in
forests that decomposes more slowly but is also more sensitive to
increasing temperatures (Leifeld and Fuhrer, 2005). It is likely that
a co-mixture of plant/soil factors may be affecting the relationship
between R and Ts (Tedeschi et al., 2006) also at a seasonal level,
as soil organic matter availability changes seasonally due to the
balance between input of organic matter, stabilisation and mineral-
isation. From a system dynamic perspective, this would imply a site
dependency of the base respiration, that is, soil respiration under
standard conditions (see Table 2) with both substrate availability
and quality. However, this analysis was not possible to perform
because of data limitation. A more detailed approach would be
to use for example, the methodology proposed by Mahecha et al.
(2010) that specifically addresses the direct responses of R to tem-
perature versus long-term organic matter dynamics described by
the basal respiration rate.

4.4. Bayesian modelling

A comprehensive analysis of the different models was per-
formed using the Bayesian framework, where the uncertainty in
parameter and model output was significantly reduced by the cal-
ibration process. The sensitivity and uncertainty analysis provided
a better understanding of model behaviour that, together with
the BMC and model-data mismatch, allowed evaluating models by
highlighting their weaknesses and strengths.

The models behaved differently according to vegetation type
and with respect to the time step considered. In a general overview,
the climatic-driven models were not suitable for Rs estimates in
forested sites, either on a daily or monthly time step. As previously
suggested by other authors (Reichstein et al., 2003; Migliavacca
et al,, 2011), there are a series of non-climatic processes driving
soil CO, efflux in forests, e.g. plant phenology, microbial growth
dynamic and soil physical processes, which cannot be captured in
the over-simplistic models tested here.

On the other hand, a good performance was achieved for grass-
land sites, using Hs driven models on a monthly time step. This is
probably caused by the straightforward correlation between grass-
land productivity and available water in the soil, that consequently
affects the soil CO, efflux. Both the exploratory analysis and the
Bayesian framework agreed on the relevance of Hs (with or without
the integration of T in the model) in explaining R in grasslands. For
example, M1 (driven by Hy) and M3 (driven by T and Hs ) performed
better than the other models. Although M4 is also driven by Hs and
Ts, it performed worse than M3 because of a higher sensitivity to Ts
than H;.

In general, the model performances were worst at a daily time
step, reflecting model limitations in catching the high variability of
daily measurements. The improvement in models performance for
a monthly time step resulted from the adjustment of the temporal
scale, that reduced errors for R; estimates and led to a smoother
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seasonal pattern. Other types of errors can be attributed to equip-
ment and different users, although in this study these errors were
minimized. A more mechanistic approach is required for daily
predictions of Rs for these vegetation types, but supported by
background studies, e.g. on the partitioning between soil, plants
and microbial components. Although there has been an increasing
number of studies on this subject in the last decade (Hanson et al.,
2000; Hogberg et al., 2002; Bond-Lamberty et al., 2004; Tang and
Baldocchi, 2005; Tang et al., 2005; Zhou et al., 2009; Unger et al.,
2010), the processes controlling soil CO, efflux in arid and semi-
arid regions clearly need more investigation. It must be stressed
that although the increase in model complexity would theoreti-
cally reproduce biological processes in a more accurate way, it will
hamper the calibration processes as it increases the uncertainty
associated with the parameters and variables added. Therefore
a compromise must be reached between model complexity and
parameter uncertainty and the research aims, including different
constraint variables, as these may enable a more comprehensive
evaluation of model function.

5. Conclusions

In conclusion, this study reinforces the importance of soil mois-
ture in predicting soil respiration in drought-prone regions and
should always be taken into account in upcalling exercises. Our
study concluded that purely climatic driven models — dependent
only on H; or in conjunction with Ts were able to accurately predict
Rs for grassland sites on a monthly time step. In contrast, forest sites
presented a higher degree of variability, probably related to plant
physiological processes that could not be captured by the over-
simplistic models used. The high variability observed in Ry daily
measurements for all vegetation types underpins the difficulty in
modelling R at a higher temporal resolution (daily). The similar-
ity in Rs at seasonal and annual time scales between forests and
grasslands is in disagreement with other studies where such com-
parisons have been previously performed. This may be attributed
to the effect of the vegetation on soil bioclimatic factors: forest sites
presented consistently lower Hs and lower Ts that may be limiting
microorgabial activity, root respiration and the net soil CO; efflux.
The temperature sensitivity of Ry (Qq¢) varies between vegetation
types, decreasing from CF to OF to MG, stressing the need to use
species specific Qq¢ in soil process models. The Hs threshold for
Q10 also varies between vegetation types: above 10% in forested
sites and 15% in grasslands. Further model improvements should
be addressed in future research integrating variables or processes
aimed at describing the high variability observed in Rs for forest
sites.
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Camara de respiracdo do solo e analisador de CO, EGM-1 da marca PP-
Systems (esquerda); Sonda PR1 da marca Delta-T para medicdo da
humidade do solo (direita)
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Por se encontrarem na fronteira entre o deserto e regides temperadas, os ecossistemas mediterranicos sdao
particularmente importantes num contexto de altera¢do do clima. E fundamental entender os processos de
funcionamento destes ecossistemas a variagdes ambientais, particularmente no que se refere ao balango de
carbono na interface solo/planta/atmosfera. Apesar do grande nimero de publica¢des cientificas sobre o
tema, alguns processos em ecossistemas mediterranicos permanecem ainda por explicar. Esta dissertagao
contribuiu com uma humilde fracgdo para este conhecimento. Este trabalho produziu informacgdo que apoia
a quantificacdo do balanco de carbono em ecossistemas florestais de Portugal continental a varios niveis e

nos seus trés principais reservatoérios.

No artigo Biomass allometry and carbon factors for a Mediterranean pine (Pinus pinea L.) in Portugal
apresentam-se modelos alométricos de biomassa e de volume, assim como factores de expansdo e
conversao para pinheiro manso em Portugal. Estes modelos podem ser usados em estimativas de volume
de madeira e permitem quantificar o reservatorio de carbono em povoamentos puros de pinheiro manso
independentemente da informacdo de inventario que exista para esses povoamentos, quer sejam medicoes
dendrométricas ao nivel da arvore individual ou estimativas grosseiras do volume por hectare. A utilizagdo
do ajustamento simultdneo para constru¢do dos modelos alométricos de biomassa, permitiu obter modelos
mais robustos e consistentes, o que ndo acontece na generalidade dos modelos alométricos existentes na
literatura. Com efeito, todas as equag¢des no modelo final sdo ajustadas de forma simultanea de modo a que
a soma das biomassas por compartimento estimadas pelos modelos parciais igualam a biomassa estimada
pela equagdo de biomassa total. Tratando-se de uma espécie florestal ainda pouco estudada em Portugal,
este estudo foi relevante pela sua aplicagdo imediata na producdo das estimativas nacionais de biomassa de
povoamentos de pinheiro manso do 52 e 62 Inventdrio Florestal Nacional publicado em 2010 e 2013. As

equacgoes produzidas neste artigo estdo também disponiveis para consulta nestes relatérios.

Conhecer melhor o pinheiro manso, quer do ponto de vista ecoldgico, quer da fisiologia da espécie, é de
importancia estratégica para a floresta nacional. De acordo com os dados provisérios do 62 Inventario
florestal nacional, as areas arborizadas com pinheiro-manso aumentaram significativamente (+54%) nos
Ultimos 15 anos. A reunidao de um conjunto de factores dos quais se destacam o interessante na produgdo
de fruto, a valorizagdo do pinhdo nos mercados internacionais, o sucesso de instalagdo das plantas no
terreno e a relativa resisténcia a pragas e doengas, tem contribuido para o seu sucesso. Por outro lado, o

interesse do proprietario florestal por esta espécie é evidente, assim como os esforcos dos agentes no
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sentido de organizar e dinamizar a fileira desta espécie. O impulso dado pelo “Programa de valorizagao da

~

fileira da pinha/pinhdo” uma iniciativa QREN, apoiada no dmbito do INATEJO tem revelado isso mesmo.

A area de pinheiro manso tem crescido fundamentalmente através da criagdo de novos povoamentos
monoespecificos. Uma boa parte das plantagdes tem acontecido a sul do Tejo, substituindo pinheiros
bravos afectadas pelo nemdatodo ou em consociagdo com o sobreiro e azinheira. Isto requer, por
conseguinte, uma gestdo florestal diferente da que tradicionalmente tem acontecido. A desvalorizagdo do
mercado da cortiga, fruto do declinio do sobreiro sem (ainda) solugGes a vista, motiva a procura por outras
espécies que confiram ao produtor uma exploracdo adicional, regular e intercalada com a exploragdo da
cortica. Serd benéfica esta consociacdo? Podera o sobreiro beneficiar com a presenga do pinheiro manso? A
gestdao destes povoamentos mistos no sentido da sua sustentabilidade futura é certamente uma linha

estratégica de investigacdo que merece atengao.

Tendo em conta que a area de pinheiro manso tenderd a aumentar num futuro prdoximo, releva-se
prioritario investigar esta espécie no que se refere aos aspectos da fisiologia e ecologia, como por exemplo
na sua resisténcia face a stresses ambientais. A modelagdo de cenarios de produtividade em pinha num
contexto de alteracdo de clima, nomeadamente no que se refere aos processos de fileira, estudos de
rentabilidade e optimizagao dos processos de produgdo e transformagdo da pinha para produgdo de pinhdo,

sdo também de grande importancia.

Reside uma grande incerteza sobre a contribuicdao dos arbustos do subcoberto no balango de carbono em
florestas mediterranicas e ndao existem estudos em Portugal que tenham, até agora, quantificado este
reservatdrio de carbono. A drea de matos esta a aumentar em Portugal (12% nos ultimos 15 anos) sendo o
abandono dos espacos rurais um dos factores que Ihe esta subjacente mais relevante. A ele esta associado
um aumento exacerbado do risco e recorréncia de incéndios, que é um dos maiores obstaculos a gestdo
florestal nacional. Por outro lado, os arbustos mediterranicos sdo espécies extraordinariamente bem
adaptados as condi¢Ges xerdfitas do nosso clima e de regeneragdo face ao fogo, possuindo inumeras
vantagens competitivas de uso de recursos limitantes. Estas vantagens explicam a razdo pela qual os
modelos biogeograficos prescrevam este tipo de vegetagdao num clima futuro mais quente e seco. Apesar de

grande parte dos aspectos da fisiologia e ecologia dos arbustos mediterranicos estarem razoavelmente bem
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descritos, a contribuicdo destes para o balang¢o de carbono em ecossistemas mediterranicos, sobretudo

quando em situagdo de subcoberto, permanece ainda por quantificar.

Os resultados do artigo Carbon sink strength of a Mediterranean cork oak understory: how do semi-
deciduous and evergreen shrubs face summer drought? indicam que o mosaico de arbustos que evoluiu
naturalmente no subcoberto de um montado na regido de Coruche, é composto por espécies com
estratégias de uso de luz, dagua e carbono contrastantes. Parte desta diferenca é explicada por
caracteristicas morfoldgicas diferentes das folhas, da conformacdo das copas, mas acima de tudo, da forma
como é explorada a dgua do solo pelo sistema radicular. O arbusto perenifdlio (Ulex airensis) apresentou
potenciais de agua significativamente menos negativos do que as duas espécies de Cistus no pico do Verao.
O sistema radicular profundante sugere a sua adaptacdo a ambientes de alguma xerofilia e uma estratégia
nitidamente conservadora de uso da dgua. No outro extremo, o Cistus salviifolus apresentou uma estratégia
oportunista de uso da agua (que se atribuiu ao sistema radicular superficial) e da luz (atribuido a morfologia
da copa), conferindo-lhe a dominancia no subcoberto. As respostas das 3 espécies a um pico de chuva no
Verdo foram todavia, particularmente interessantes. Este pico de precipitacdo resultou num importante
efluxo de CO, para a atmosfera, explicada ndo sé pela respiragao do solo, mas também pela respiracdo dos
arbustos, particularmente dos que usam a agua de forma oportunista como é o caso do Cistus salviifolius.
Esta espécie perdeu vantagens competitivas em comparagdo com outras espécies com estratégias mais
conservadoras (como por exemplo, o Ulex airensis), porque usou a agua momentaneamente disponivel para
rehidratar as folhas velhas e expandir as pequenas folhas de Verdo, que a planta ndo foi capaz de
metabolicamente manter. Com efeito, este pico de chuva no Verdo foi sucedido de varias semanas
consecutivas muito quentes e secas antes das chuvas de Outono. Estes resultados permitem especular que,
num cendrio de mudanca de climatica com um aumento da variabilidade da precipitagdo em Verdes
particularmente quentes e longos, arbustos com estratégias conservadoras de uso da agua sejam

beneficiadas em comparagao com espécies de estratégias mais oportunistas.

Estimou-se uma contribuicdo dos arbustos para a assimilagdo total do ecossistema préximo de 20%, valor
bastante razoavel tendo em conta que se tratam de plantas com apenas 2 anos de idade. Isto significa que a
gestdo dos povoamentos florestais que possibilite uma ocupagdo moderada do subcoberto por arbustos,
poderd ser benéfica como potencial de sequestro de carbono. E importante salientar também que os
matagais mediterraneos associados ao montado, constituem habitats extremamente diversificados, por
proporcionarem um mosaico de formas vegetais ricas para as espécies animais e constituem zonas

preferenciais de nidificacdo, abrigo e alimentacgdo. O input de matéria organica e o incremento de carbono e
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azoto nos solos é também superior nestas areas. Outros autores referem o efeito facilitador da vegetagao
arbustiva na sobrevivéncia de plantas jovens de sobreiro, com uma potencial participacdao no restauro
destes ecossistemas. Com efeito, algumas fun¢bes dos ecossistemas florestais poderdo ser valorizadas com
a presenca de certas formagGes arbustivas. Esta situacdo é paradigmatica. Se por um lado o conhecimento
empirico dita que a eliminagdo dos matos é essencial no controlo do risco de incéndio, por outro, parece
existir hoje algum consenso cientifico de que, determinados niveis de ocupagdo arbustiva e algumas
espécies, poderdo ser benéficos no restauro de ecossistemas degradados como o que acontece em muitas
regides do pais. Note-se que mais de 90% da regido sul do pais encontra-se num nivel de susceptibilidade a
desertificacdo moderado a elevado. O estrato arbdreo degrada-se, os solos carecem de agua e de
nutrientes. Assim, futuras investigacGes deveriam tentar dar resposta a questdes como: Em que locais e em
que circunstancias deve ser equacionada a gestdo dos cobertos arbustivos? Poderdo estes auxiliar a
regeneragao de determinadas espécies arbdreas como o sobreiro? Que espécies arbustivas e que indices de
cobertura sdo compativeis com as espécies arbdéreas no que se refere a competicdo pelos recursos

ambientais?

No artigo Soil water availability strongly modulates soil CO, efflux in different Mediterranean ecosystems:
models calibration using the Bayesian approach estudou-se o solo, um dos reservatérios de carbono da
biosfera que mais contribui para o efluxo de CO, para a atmosfera. Estima-se que, em conjunto com a
respiracdo da parte aérea, estas perdas possam ser superiores a 50% do CO, assimilado através da
fotossintese. Por exemplo, em montados de baixa produtividade do interior sul do pais, a respiracdo do solo
determinou se o ecossistema foi uma fonte ou sumidouro de carbono numa base anual. Conhecer a fragdo
da respiragao que é perdida pelos ecossistemas, ndo s6 nos que se refere a componente autotréfica, como

a dos solos, é fundamental para a compreens3do dos processos e das interagdes solo/planta.

Neste artigo apresentam-se resultados de 10 anos de medi¢des de respiracdao de solo em ecossistemas
contrastantes do sul de Portugal. Dado o elevado niumero de observagdes (cerca de 6800) a base de dados
construida traduziu-se numa oportunidade de trabalhar a informagdo numa dimensdo e escalas diferentes
daquela que seria se de um Unico ensaio se tratasse. Aqui compararam-se medi¢Ges de respiracao do solo
com as variaveis climaticas que melhor se correlacionam com ela: temperatura e humidade do solo por tipo
de vegetacao (florestas com diferentes densidade de arvores e pastagens). Concluiu-se que a humidade do

solo foi sempre determinante na explicagdo da variabilidade observada na respiragdo do solo, enquanto que
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a temperatura sé o foi para niveis de humidade do solo acima de um determinado limite. A exploragao de
modelos de base empirica simples com apenas 2 varidveis (temperatura e humidade do solo) foi efectuada
recorrendo a estatistica Bayesiana com a vantagem de se obter uma caracterizagdo e quantificacdo da
origem das incertezas dos modelos. Apesar de nas florestas ndo ter sido possivel modelar a respiragcdo do
solo com base em modelos simples, quer numa escala didria ou mensal, foi possivel calibrar um modelo

para pastagens mediterranicas numa base mensal.

A 3dgua, ndo s6 a quantidade mas a sua distribuicdo, é um factor extraordinariamente relevante na regido de
clima mediterranio e afecta ndo sé as plantas, como ja vimos anteriormente, mas também os processos que
ocorrem ao nivel dos solos. Negligenciar o efeito da humidade do solo na perda de CO, pelos solos traduz-
me numa estimativa do balang¢o de carbono perfeitamente aleatéria. A grande maioria dos modelos de base
processual continuam a estimar o efluxo de carbono dos solos com base em fungdes simples dependentes

da temperatura impossibilitando a sua aplicacdo para a regido mediterranica.

Assim, numa perspectivas de investiga¢Oes futura, parece importante clarificar os efeitos de curta duragdo
da humidificag¢do dos solos, nomeadamente o Birch effect, sobre a actividade microbiana a superficie e em
profundidade e também da alocagdo para as raizes de fotoassimilados recentemente produzidos como
resposta da imediata disponibilidade de dgua do solo. Parece igualmente importante estudar a particdo do
carbono respirado pelas raizes e pelos microorganismos. As metodologias de avaliagdo desta particao nao
sdo consensuais e existe uma grande lacuna de estudos sobre o tema. Os modelos de balango de carbono e
agua actualmente disponiveis na literatura e susceptiveis de serem utilizados para a regido mediterranica
sdo manifestamente insuficientes e apresentam severas deficiéncias na modela¢do do balan¢o de carbono e
agua no solo sazonalmente. Este é provavelmente um dos tema mais prementes em termos de perspectivas

de investigacdo futura.
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