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RESUMO

A reducdo de biomassa e nutrientes, como carbono (C), nitrogénio (N) e fdésforo (P), em flo-
restas tropicais sazonalmente secas (FTSS) agravam mudangas climaticas. A biomassa vegetal
é um importante indicador de efeitos de impactos antropogénicos. Apesar de ser pouco estu-
dada, a biomassa de raizes é representativa em FTSS, onde ha investimento no incremento de
raizes como estratégia de sobrevivéncia. Contudo, esses sumidouros de C, que também acu-
mulam e nutrientes importantes, tém sido afetados pelas perturbacdes antropicas. Entdo bus-
camos entender como perturbacdo antrdpica crénica, regeneracdo natural e reducdo da preci-
pitacdo afetam a biomassa vegetal abaixo do solo e o seu contedo de nutrientes na Caatinga.
Assim, o primeiro objetivo deste estudo é compreender como mudancas climaticas e pertur-
bacbes antrépicas que ndo causam perda de habitat influenciam biomassa e nutrientes das
raizes, enquanto no segundo capitulo entender como areas em regeneracao natural e que so-
freram corte raso da vegetacdo recupera a biomassa e os nutrientes das raizes. O Parque Naci-
onal do Catimbau, foi a area da Caatinga no Brasil selecionada para o estudo. No 1° capitulo,
selecionei 11 parcelas (0,1 ha) de floresta madura e no 2°, 12 parcelas em uma cronossequén-
cia de regeneracdo natural da floresta (entre 10 a 76 anos). Em cada uma parcela foram esca-
vadas trés trincheiras (0,7 x 0,7 x 1,0 m). As amostras de solo foram peneiradas, secas, sepa-
radas em 3 categorias de raizes (finas, medianas e grossas), pesadas e por fim, foram analisa-
das as concentracdes de nutrientes (N, C e P). O primeiro capitulo apontou biomassa de raizes
14.64£9.2 Mg ha-1. A razdo raiz/parte aérea (R/PA) foi de 0.28+0.16. A biomassa de raizes
variou significativamente entre as parcelas (p < 0,05) e a distribuicdo radicular variou por
classe de tamanho e profundidade do solo, predominando na superficie. A concentracdo de
nutrientes para raizes finas (g kg-1) foi 17.12+3.9 (N), 373.9+71.9 (C) e 0.38+0.08 (P) e para
raizes medianas/grossas 14.61+6.4 (N), 358.87+£98.5 (C) e 0.29+0.1 (P). Estoques de nutrien-
tes ndo variaram. A precipitacdo e a profundidade do solo afetaram mais a biomassa das rai-
zes. Para floresta secundaria (2° capitulo), a biomassa abaixo do solo foi de 8.34+4.7 Mg ha-
1, e R/PA 0.08+0.08. A concentracdo de nutrientes (g kg-1) foi 12.49+3.7 (N), 333.61+68 (C)
e 0.34+0.06 (P) em raizes finas e 11.71+2.6 (N), 307.43+75 (C) e 0.4+0.28 (P) em raizes me-
dianas e grossas. Houve variagdo entre os povoamentos de floresta seca em regeneragdo em
relacdo as raizes de pequeno porte (p < 0,05). A biomassa radicular nao diferiu significativa-
mente para as classes de tamanho de raizes e predominou nas camadas superficiais do solo
(50 cm). De modo geral, efeitos de PAC, precipitacédo e profundidade do solo foram percebi-

dos para a biomassa de pelo menos uma das categorias de raizes e biomassa total enquanto os



nutrientes N e C responderam aos dois primeiros preditores (PAC e precipitacdo pluviometri-
ca). A degradacéo florestal e a alteracdo dos regimes pluviométricos, devem interferir direta-
mente na capacidade da Caatinga em sequestrar C e manter sua biomassa e nutrientes essenci-

ais.

Palavras-chave: Biomassa abaixo do solo; Florestas tropicais sazonalmente secas; Estoques

de nutrientes; Regeneracdo natural; Semiérido brasileiro.



ABSTRACT

The reduction of biomass and nutrients, such as carbon (C), nitrogen (N) and phosphorus (P),
in seasonally dry tropical forests (FTSS) exacerbate climate change. Plant biomass is an im-
portant indicator of the effects of anthropogenic impacts. Despite being little studied, root
biomass is representative in FTSS, where there is investment in root growth as a survival
strategy. However, these C sinks, which also accumulate important nutrients, have been af-
fected by anthropic disturbances. We then sought to understand how chronic anthropic dis-
turbance, natural regeneration and reduced precipitation affect belowground plant biomass
and nutrient content in the Caatinga. Thus, the first objective of this study is to understand
how climate change and anthropic disturbances that do not cause habitat loss influence bio-
mass and root nutrients, while in the second chapter to understand how areas undergoing natu-
ral regeneration and that have undergone clear cutting of vegetation recover biomass and root
nutrients. The Catimbau National Park was the Caatinga area in Brazil selected for the study.
In the 1st chapter, | selected 11 plots (0.1 ha) of mature forest and in the 2nd, 12 plots in a
chronosequence of natural forest regeneration (10 to76 years). In each plot, three trenches (0.7
x 0.7 x 1.0 m) were excavated. The soil samples were sieved, dried, separated into 3 catego-
ries of roots (fine, medium and thick), weighed and finally, nutrient concentrations (N, C and
P) were analyzed. The first chapter showed root biomass 14.6+9.2 Mg ha-1. The root/shoot
ratio (R/S) was 0.28+0.16. Root biomass varied significantly between plots (p < 0.05) and
root distribution varied by size class and soil depth, predominating at the surface. Nutrient
concentration for fine roots (g kg-1) was 17.12+3.9 (N), 373.9+71.9 (C) and 0.38+0.08 (P)
and for medium/thick roots 14.61+6.4 (N), 358.87+98.5 (C) and 0.29£0.1 (P). Nutrient stocks
did not vary. Precipitation and soil depth affected root biomass the most. For secondary forest
(2nd chapter), belowground biomass was 8.34+4.7 Mg ha-1, and R/S 0.08+0.08. Nutrient
concentration (g kg-1) was 12.49+3.7 (N), 333.61+68 (C) and 0.34+0.06 (P) in fine roots and
11.71+2.6 (N), 307.43+75 (C) and 0.4 +£0.28 (P) in medium and thick roots. There was varia-
tion between dry forest stands in relation to small roots (p < 0.05). Root biomass did not differ
significantly for root size classes and predominated in intermediate soil stages (50 cm). In
general, effects of PAC, precipitation and soil depth were perceived for the biomass of at least
one of the root categories and total biomass while the nutrients N and C responded to the first
two predictors (PAC and rainfall). Forest degradation and changes in rainfall regimes should
directly interfere with the Caatinga's ability to sequester C and maintain its biomass and es-

sential nutrients.



Keywords: Belowground biomass; Seasonally tropical dry forests; Nutrient stocks; Natural

regeneration; Brazilian semiarid.
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1 INTRODUCAO

E bem entendido que as perturbagdes antropicas e as mudancas climaticas afetam a
biota, e, consequentemente, 0s ecossistemas e 0s servicos providos por estes (GARDNER et
al., 2009). Por sua vez, essas alteracdes em ecossistemas estdo diretamente ligadas a perda de
biomassa vegetal que causa a emissdo de carbono (C) para a atmosfera (FEARNSIDE, 2006)
e, dessa forma, os estoques de C na vegetacdo sdo uma das varidveis que proporcionam o en-
tendimento das mudancas ecossistémicas, pois a vegetacdo recobre um terco da superficie
terrestre e potencialmente estoca mais de 80% do C organico global (HOUGHTON, 1994).
AlteracOes desse tipo nas florestas promovem o empobrecimento do solo com o depleciona-
mento de nutrientes, afetando desde as atividades agricolas até a regeneracéo da vegetacao.

A perda de biomassa vegetal pode ser decorrente das perturbacdes antrépicas agudas,
como a queima da vegetacdo de uma &rea para a implantacdo da agricultura ou de pastagens
(BARLOW et al., 2016), ou ainda por perturbacBes cronicas, como a retirada de pequenas
porcdes de madeira e frutos para o uso como fonte de energia e alimento, respectivamente
(SINGH, 1998). Assim, em florestas sob o uso antrpico continuo, a capacidade de aquisi¢cdo
e estocagem de recursos pelos individuos vegetais determina seu sucesso competitivo
(ERKTAN; MCCORMACK; ROUMET, 2018) e interfere, positiva ou negativamente, na
dindmica da comunidade, tanto em areas conservadas quanto nas areas perturbadas. Quando
submetidas a perturbagdo, por exemplo por agricultura, as florestas tropicais perdem em ri-
queza de espécies e consequentemente, sua capacidade em prover servigos ecossistémicos

como a estocagem de biomassa e nutrientes.

Quando se observam as florestas secundarias com idades préximas a 40 e 50 anos
idade, por sua vez, sdo capazes de suportar uma riqueza de espécies arboreas semelhantes as
de florestas antigas, mas séculos podem ser necessarios no caso de biomassa acima do solo
(ROBIN L. CHAZDON, 2014). De forma geral, a recuperacdo dos atributos florestais res-
ponde a padrGes adicionais, como a perturbacdo reincidente durante o processo de regenera-
cdo. Isso pode aumentar ainda mais o tempo habil para retorno das condi¢Ges normais de flo-
resta madura, impondo até mesmo a incapacidade em regeneracdo natural (aquela sem assis-

téncia humana).

Quando observamos a disposi¢cdo dos nutrientes, o os estoque de C na biomassa vem
sendo claramente alterados com o aumento das perturbacdes antropicas, que afetam direta-

mente o incremento, por exemplo, da biomassa abaixo do solo, como a biomassa de raizes
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(FREITAS; BARROSO; CARNEIRO, 2008; JACKSON et al., 1996), responsavel por estocar
mais de 3/4 do C do solo (FREITAS; BARROSO; CARNEIRO, 2008). A despeito da impor-
tancia da estocagem de biomassa em florestas, os estudos que investigam padrdes e processos
ecologicos relacionados a biomassa de raizes sdo escassos em florestas tropicais sazonalmente
secas, 0 que aumenta a necessidade de buscar entender como é a contribuicdo destes ecossis-
temas para os estoques de biomassa e nutrientes do solo em um cenério global.

Em ecossistemas tropicais secos, as perturbacdes antropicas sdo intensas, (HIROTA
et al., 2011) e esse € o contexto encontrado no maior ecossistema sazonalmente seco da Amé-
rica do Sul, a floresta seca brasileira chamada de Caatinga, que vem sendo transformada em
um mosaico de florestas em regeneracdo, devido ao uso intenso de Sseus recursos naturais
(TABARELLI et al., 2017). Como a Caatinga é marcada pelo sistema agricola tradicional de
corte-e-queima ha séculos, torna-se importante a realizacdo de estudos que ajudem a elucidar
as mudancas ecossistémicas provocada por esse uso da terra. Por fim, faz-se necessaria a
atencdo maior ao manejo destes ecossistemas, e a viabilizacdo de politicas de protecéo e regu-
lagdo do extrativismo para retardarem a perda dos servicos ecossistémicos importantes provi-

dos pela Caatinga, bem como o uso sustentavel de recursos naturais.
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2 REFERENCIAL TEORICO
2.1 A perturbacdo antrdpica em florestas tropicais

Tratar das perturbacGes ocorrentes nos ambientes naturais ndo é uma tarefa trivial,
visto que a dinamica ocorrente na natureza € intensa e complexa. Quando ha a queda causal
de uma arvore por exemplo, abre-se uma clareira que, dentre muitas outras, pode proporcionar
o efeito de borda. Outro exemplo é a erupcao vulcanica que pode gerar perda extensa de habi-
tat. Esse tipo de perturbacdo é costumeiramente chamado de natural (CHAZDON, 2012) que
causa em pequena ou grande escala alteracdo de parametros de organizacdo do ecossistema,
gerando a colonizacéo e proliferacdo de espécies primarias e diminuicdo da riqueza e diversi-
dade local. Contudo, o efeito das interferéncias humanas sobre os ecossistemas, chamadas de
perturbacdes antropicas (SINGH, 1998), sdo capazes de modificar drasticamente os padrdes
de biodiversidade, além de enfraquecer as relacdes especificas ao romper os ciclos bioldgicos
(CHAZDON, 2003). Essas perturbacGes também podem variar tanto em intensidade quanto
em frequéncia sendo classificas como agudas e crénicas (SINGH, 1998), que podem alterar de

forma distinta as interac6es e funcbes bioldgicas, além de servigcos ecossistémicos.

As perturbacdes antropicas a serem classificadas como aguda, geram perda rapida e
consideravel de biomassa e habitat (BARLOW et al., 2016). Tais perturbacdes sdo estudadas
h& mais tempo, e por isso tem conceitos mais bem definidos causando danos graves aos servi-
¢os ecossistémicos providos. E um exemplo comum a eliminacéo de floresta para implantacéo
de sistemas agropastoris. O segundo tipo de perturbagdo antrdpica é definido como cronica.
Os efeitos que causam ao ecossistema provém de alteracdes sutis, onde por exemplo, ha a
remocdo da biomassa de forma gradativa que alteram gradativamente estes ecossistemas
(SINGH, 1998). Podemos relacionar o corte seletivo de madeira, a caca, o sobrepastejo por
animais domesticos e a introducdo de espécies exoticas como perturbacdes cronicas na escala
de paisagem (BARLOW et al., 2016; MARTORELL; PETERS, 2005). Em contraste com a
perturbacdo aguda podemos assumir que a cronica frequente atua em pequena escala espacial
(RIBEIRO-NETO et al., 2016) muitas vezes sequer é detectado através de método tradicio-
nais, como por sensoriamento remoto (LAURANCE; PERES, 2006) e muito certamente nao

cessara.

As florestas tropicais, que possuem altas riqueza de espécies, biomassa e produtivi-
dade (JORDAN, 1983), vém se transformando em sistemas agricolas limitando os habitats e
ameacando a biodiversidade local (LAURANCE et al., 2002). Por isso, 0s ecossistemas tropi-
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cais sdo tidos como os mais vulneraveis a perda da diversidade biolégica (LAURANCE et al.,
2011), a reducdo significativa de biomassa e a desbalanco nos fluxo e estoques de nutrientes
(URQUIZA-HAAS; DOLMAN; PERES, 2007). Este cenario é agravado onde a exploracéo
dos recursos naturais € mais intensa, principalmente por haver a concentracdo de grandes po-
pulagdes humanas (HIROTA et al., 2011). Esta “sobrexploragdo” ¢ bastante comum em regi-
0es socioeconomicamente mais pobres, com maior dependéncia de recursos naturais para a
subsisténcia que tipicamente estdo localizadas em areas tidas como florestas tropicais sazo-
nalmente secas (FTSS) (SINGH, 1998). As FTSS sdo muito ameacadas e lidam constante-
mente com perdas de diversidade taxondmica e funcional devido perturbagdo antropica croni-
ca (RITO etal., 2017).

2.1.1 Regeneragdo natural em florestas secas

E um consenso que as florestas tropicais sazonalmente secas (em diante florestas se-
cas) sdo amplamente distribuidas no globo, enquanto sdo areas muito afetadas pelas perturba-
cOes em larga escala, como a imposicao de agricultura e pecuaria (BECKNELL; KISSING
KUCEK; POWERS, 2012). O estudo da Organizacdo das Nacgdes Unidas para Agricultura e
Alimentacdo apontaram que no ano até 2010 pelo menos 57% das florestas do mundo ja havi-
am sido convertidas em florestas secundarias (FAO, 2010). Dados alarmantes semelhantes a
este reforcam a ideia de que os ecossistemas florestais caminham para uma perda sem prece-
dentes de servicos ecossistémicos essenciais a subsisténcia humana. Assim, esses ecossiste-
mas sdo tidos como mosaicos de florestas maduras e secundarias (i.e. Caatinga sensu
TABARELLI et al., 2017).

Ap0s o cenario de degradacdo, 0 ecossistema entra em processo de regeneragdo natu-
ral (CHAZDON, 2012). Porem, como explica Chazdon (2012), as florestas tropicais estéo
muito suscetiveis as perturbacdes rotineiras (como as de ordem natural, i.e. quedas de arvo-
res), sendo assim, comum observar-se a variacao de trajetdrias de sucessao secundaria. Enten-
de-se que a regeneracgdo florestal € um processo de sucessdo secundaria nas comunidades e
nos ecossistemas, em uma area que possuia floresta e foi desmatada e segue uma progressao
demarcada por estagios onde florestas apresentam um crescimento gradual da riqueza de es-

pécies e de complexidade estrutural e funcional (CHAZDON, 2012).

Geralmente a regeneracdo natural é lenta e inconstante, porém, varios fatores podem

fazer variar os periodos de sucessdo florestal, tais como disponibilidade de agua e nutrientes,
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condigdes a que foram submetidos os solos durante os ciclos de agricultura e/ou pastejo além
da qualidade dos bancos de semente e capacidade de rebrota das espécies (CHAZDON, 2012;
CHAZDON et al., 2006). Estudos de Lebrija-Trejos et al. (2011) apontam que fatores abioti-
cos como a sazonalidade hidrica e disponibilidade de luz sdo decisivos na regeneracdo de flo-
restas secas. A trajetdria de recuperacdo dos parametros ecoldgicos nem sempre é continuo,
pois enfrenta crescentes niveis de perturbacGes humanos, que apesar de ndo acarretar perda e
fragmentacdo de habitat, apresentam impactos nocivos a biota (LAURANCE; PERES, 2006;
SINGH, 1998).

Por isso deve-se ter atencdo com o0s ecossistemas que, além do periodo de agricultu-
ra, sofrem rotineiramente com prevaléncia de distdrbios antrépicos, pois estes podem atrasar
ainda mais a recuperagdo das areas degradadas. Quando as florestas sucessionais amadure-
cem, esses Novos ecossistemas apresentam uma composicao de espécies diferentes com rique-
za semelhante, além de um grande potencial em sequestrar C do as florestas primarias
(MARIN-SPIOTTA; OSTERTAG:; SILVER, 2007). Porem, esta capacidade em sequestrar
carbono certamente se deve a alta taxa de produtividade primaria, pois € uma floresta em
crescimento. Mas, isso nao significa que havera captacdo de C emitido por queima de com-
bustiveis fosseis, ora estas florestas secundérias sao fruto de emissdo de C através do desma-

tamento.

2.1.2 Caatinga: floresta seca em um cenario de regeneracdo ap0s perturbacdes antropicas

A Caatinga é um bioma exclusivamente brasileiro caracterizando-se de clima semié-
rido, com vegetacdo de arbustos e arvores espinhosas, além de uma grande biodiversidade de
fauna e flora. Este bioma é fundamental para a regido Nordeste do pais, ndo sé por sua impor-
tancia ecoldgica, mas tambem por ser o lar de diversas comunidades tradicionais, que depen-
dem dos recursos naturais da caatinga para sua sobrevivéncia (TABARELLI et al., 2017).
Além do mais, representa as florestas tropicais sazonalmente secas (STDF) com grande im-
portancia ecoldgica, mas negligenciada com relagdo a conservacdo (LEAL et al., 2005;
SZYJA etal., 2019; TABARELLI et al., 2017).

Esta € uma regido rica em espécies endémicas com uma populagdo humana extre-
mamente dependente de recursos naturais para a sobrevivéncia (SILVA; LEAL,
TABARELLI, 2018). Além disso, é um importante corredor ecologico, que liga a Floresta

Amazénica ao Cerrado e a Mata Atlantica. A vegetacdo predominante é majoritariamente
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formada por floresta seca constituida de um mosaico de caatingas arboreas e arbustivas, des-
tacando-se os grupos vegetais Cactaceae, Euphorbiaceae e Fabaceae (RITO et al., 2017).

Nesta floresta, a precipitacdo pluviométrica média anual chega a variar entre 500 e
1400 mm e suas chuvas séo concentradas entre 0s meses de marc¢o e julho (SAMPAIQO, 1995).
A pluviosidade € um fator critico para a sobrevivéncia da fauna e flora da Caatinga. As chu-
vas, que sdo altamente variaveis e imprevisiveis, podem apresentar periodos de seca prolon-
gados que chegam a durar anos. E bem sabido que ha uma tendéncia de aumento nas tempera-
turas e reducdo na pluviosidade da regido nos ultimos anos, o que pode afetar a distribuicéo e
sobrevivéncia das espécies (OYAMA; NOBRE, 2004). Além disso é importante monitorar a
pluviosidade na regido para entender suas variacdes e impactos na vegetacao local. Observa-
se que as mudangas climéaticas podem afetar o regime de chuvas da regido, com possiveis
efeitos na produtividade priméaria (SALIMON; ANDERSON, 2017), o que afeta diretamente a
agricultura e a biodiversidade. Essas informac@es enfatizam a necessidade de se entender me-
Ihor os padrdes de pluviosidade na Caatinga e aprimorar as medidas de conservacao e manejo

do ecossistema.

Sua érea ocupa cerca de 11% do territorio brasileiro, estando presente em oito esta-
dos do Nordeste e parte de Minas Gerais (ANDRADE et al., 2005). O bioma possui uma ve-
getacdo resistente e adaptada as condicGes de aridez, o que o torna Unico e valioso em termos
de conservacao da biodiversidade. Além disso, é responsavel por fornecer diversos servicos
ecossistémicos, como a regulacdo do clima e do ciclo hidrolégico, a producdo de agua, o se-
questro de carbono e a manutencdo da fertilidade do solo (TABARELLI et al., 2018). Esta é
uma das florestas mais importantes do pais em termos de provisdo de &gua e regulacdo do
clima, além de contribuir significativamente para a producdo de alimentos e outros recursos

naturais.

No entanto, a Caatinga enfrenta diversas ameacas, principalmente devido a acdo hu-
mana. O desmatamento, a conversdo da vegetacdo em areas de pastagem e agricultura, a ex-
ploracéo predatdria dos recursos naturais e as mudancas climaticas sdo algumas das principais
ameacas enfrentadas pela Caatinga (TABARELLI et al., 2017). Estas atividades tém levado a
perda da biodiversidade e a desertificacdo da regido. Uma das principais causas do desmata-
mento é a conversdo da vegetacdo em areas de pastagem e agricultura, além da exploracéo

predatdria dos recursos naturais, como a caca e a pesca (TABARELLI et al., 2018).
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Assim como outras florestas tropicais secas, vem sendo rapidamente transformada
em um conjunto de paisagens antropicas, composta por mosaicos formados por &reas inten-
samente agricolas, rocas abandonadas, florestas em regeneracdo e algumas poucas florestas
maduras, respondendo a agricultura itinerante e a criacdo de rebanhos que normalmente séo
alimentados com vegetacao nativa (TABARELLI et al., 2017). Neste cenério ecoldgico emer-
gente e dinamico, espera-se uma relacdo complexa entre os humanos e a dindmica de regene-
racdo da Caatinga (MENEZES, 2018). Torna-se fundamental que sejam adotadas politicas
publicas que promovam a conservacdo da Caatinga, bem como o uso sustentavel de seus re-
cursos naturais. Pois, € um patriménio natural do Brasil e do mundo e sua conservacéo € es-
sencial para a manutencdo da biodiversidade e para o bem-estar humano (SILVA; LEAL,;
TABARELLI, 2018).

2.2 Produtividade primaria bruta, liquida e as mudancas climéticas

A produtividade primaria pode ser definida basicamente como sendo a taxa de pro-
ducdo de biomassa por organismos fotossintetizantes em uma area, podendo ser representada
em valores de unidade de energia (i.e. J m2), matéria organica (i.e. kg ha ano™) e carbono
(i.e. g C mtano™) (BEGON; TOWNSEND; HARPER, 2007). Mas, a produtividade primaria
requer bem mais do que a fotossintese por si so, ela necessita dos processos fisioldgicos que
precedem o processo fotossintético, como a incorporacao de nutrientes inorganicos nos com-
postos organicos do protoplasma celular (LIETH, 1975a). Além de incremento de biomassa,
os produtos da fotossintese sdo a base fundamental do fluxo de energia entre 0s organismos
vivos e o carbono (C) assimilado que compde metade da matéria organica terrestre (CHAPIN;
MATSON; VITOUSEK, 2011).

Portanto, a produtividade primaria, energia real ligada a matéria organica, € tida co-
mo o produto da fotossintese (LIETH, 1975a). Sabendo disso, seguramente podemos associar
as alteracOes na produtividade priméaria as mudancgas mais gerais no globo como as climaticas
que atraem mais atencdo (RUNNING et al., 2000). Seguindo este raciocinio acerca das mu-
dancas no clima, segundo dados do IPCC (2001), a quantidade de C concentrado na atmosfe-
ra, na forma de CO2, aumentou cerca de 31%. Isso causou 0 aumento significativo da tempe-
ratura do ar e dos niveis do mar (RAHMSTOREF et al., 2007), que, por sua vez, afetam dire-
tamente os ecossistemas terrestres (LIETH, 1975a).
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A produtividade priméria ainda é dividida em duas outras especificas, a produtivida-
de primaria bruta (PPB) e liquida (PPL). Ambas sdo importantes para diferentes abordagens
ecologicas teodrico-praticas, onde as suas defini¢cbes basicas sdo: quantidade total de biomassa
produzida pela fotossintese (PPB) e a taxa de biomassa nova produzida e estocada pelos vege-
tais (PPL) (BEGON; TOWNSEND; HARPER, 2007). A PPB terrestre é tida como o maior
fluxo de C do planeta e estimula vérias fun¢bes do ecossistema como o metabolismo de cres-
cimento dos organismos (BEER et al., 2010). Esse C quando acumulado em biomassa fica
disponibilizado para os demais organismos heterotrofos, gerando o fluxo energético dentro
dos ecossistemas (SCHOWALTER, 2011). Quando analisada junto a taxa de respiracdo dos
organismos, a taxa bruta de produtividade priméria é um dos principais controladores do equi-
librio das trocas de CO; entre a terra e a atmosfera (BEER et al., 2010). Isso acentua-se quan-
do fica comprovado que a atividade dos herbivoros depende intimamente das taxas de produ-
tividade primaria (MCNAUGHTON et al., 1989).

As florestas tropicais e savanas representam 60% da produtividade priméria bruta no
planeta (BEER et al., 2010), portanto, com as maiores taxas de PPL globais, chegando a um
terco do total (MALHI; DOUGHTY; GALBRAITH, 2011). Dessa forma, esses ecossistemas
sdo de grande importéncia para a manutencdo da vida terrestre, amortizagdo do aquecimento
global e desaceleracédo do efeito estufa. Em termos gerais a produtividade primaria esta ligada
ao bem-estar da humanidade (LIETH, 1975b), e pode balancear parcialmente as emissdes de
gas carbonico (COy) antrépico (BEER et al., 2010).

As mudancas climaticas sdo as principais pautas cientificas da atualidade. Isso se da
pelo fato de que as perdas de grandes porgdes de florestas e a poluicdo ambiental alarmam
para futuros cenarios criticos a existéncia humana. Estima-se que desde a revolucao industrial
se langou na atmosfera mais de 406 Pg C, sinalizando um aumento em torno de 30% da con-
centracdo total (LAL, 2004). Lal (2004) ainda fraciona que deste total, 66 % das emissoes
tiveram origem da queima de combustiveis fosseis e o restante das mudangas de uso do solo.
Esperando-se um pior cenario, estipula-se um aumento expressivo da concentragdo de C na

atmosfera até 2200 (figura 3) através de emissdes antropogénicas (SCHIMEL et al., 1995).

De forma severa, desde o século XX, alteracdes no meio ambiente que afetam a ca-
pacidade ecossistémica de prover servigos inerentes a subsisténcia humana sdo observadas no
planeta Terra (LIETH; WHITTAKER, 1975). Em 2003, por exemplo, observou-se que uma

onda de calor causou, para Europa, a reducdo em 16 gCm=2més™ (figura 1), equivalente & 30%
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da produtividade primaria liquida, influenciando diretamente o sequestro de C que vinha
acontecendo nos quatro anos antecedentes (CIAIS et al., 2005). Isto pode justificar o0 aumento
da concentracdo de C na atmosfera que vinha sendo observado (SCHIMEL et al., 1995). Estes
resultados podem nortear quanto aos efeitos a longo prazo do aquecimento global, onde as
florestas podem mudar de sumidouros para fontes de C (DUFRESNE et al., 2002).

Figura 1. Variacdo do clima e temperatura observados na Franga (Hesse) e Italia (San Rosso-
re), em duas florestas, entre os anos de 2002 e 2003. Em a observa-se 0s campos climaticos,
enquanto em b os fluxos de CO2 no ecossistema ao longo dos meses. As variacdes diarias
foram excluidas pelo autor com um fiveday running average, enquanto os valores de precipi-
tacdo sdo as médias mensais. Dados para 2002 em preto e 2003 em azul.
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llustracdo pertencente a Ciais et al. (2005).

2.2.1 Biomassa de raizes em florestas tropicais sazonalmente secas

Vaérios autores tentam classificar a biomassa, mas ainda ndo ha um consenso sobre
sua real definicdo. Ha uma definicdo de que a biomassa € a juncéo da massa seca vegetal (fi-
tomassa) com a dos animais (zoomassa) (BRIGAGAO, 1992). Por sua vez, hé outra definicio
gue considera a massa seca vegetal como representativa de biomassa (MARTINELLI et al.,
1994). Mas a representatividade da fitomassa dentro da biomassa se da pelo fato da vegetacédo

ser responsavel por estocar grande porcdo do C organico do planeta (HOUGHTON, 1994), e
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por isso h& um maior interesse em estimar a biomassa das florestas (RATUCHNE et al.,
2016). Em termos globais, estudos estimaram que até o final do século 20 havia mais de 290
Pg de biomassa de raizes no planeta, sendo 31 Pg s6 em florestas tropicais sazonais
(JACKSON; MOONEY; SCHULZE, 1997). Estudos apontam que a biomassa radicular é
subestimada em 60% e que um pool global de raizes entre 520 e 540 Pg é aceitavel, contendo
cerca de 268 Pg de C (ROBINSON, 2007). Para florestas secas Robinson (2007) sugeriu que
123 Pg de C estdo somente nas florestas tropicais em geral, por isso assumimos o papel de
FTSS em grande relevancia no pool global de biomassa e C. Quantificar dos estoques de bio-
massa em FTSS madura e em regeneragdo destaca-se, pois envolve a construcdo de or¢camen-
tos globais de C e proporciona a elaboracdo de politicas locais e ferramentas de gestdo proje-

tadas para o sequestro e armazenamento de C.

Muitos estudos estimam a biomassa acima do solo da vegetacdo, pois é mais facil-
mente amostrada. Em contrapartida, a biomassa abaixo do solo é mais criptica, 0 que prejudi-
ca a coleta de dados. Historicamente busca-se compreender a biomassa radicular ha mais de
280 anos (JACKSON et al., 1996), desenvolvendo-se técnicas para sua dificil amostragem
como a escavagdo para obter a profundidade maxima das raizes (JACKSON et al., 1996;
PINHEIRO; COSTA; DE ARAUJO, 2013). Adicionalmente, técnicas para avaliar o cresci-
mento de raizes (REIS et al., 2006) ou ainda técnicas para estimar a biomassa de raizes por
monolitos removidos do solo (ALBUQUERQUE et al., 2015) tém sido desenvolvidas por

pesquisadores.

As raizes sdo importantes pois além de fixarem-na no solo, sdo responsaveis pela ab-
sorcdo de agua e nutrientes para a planta (FREITAS; BARROSO; CARNEIRO, 2008;
RATUCHNE et al., 2016). A biomassa radicular de uma floresta, por sua vez, pode represen-
tar diferentes propor¢des em relacdo a biomassa aérea, sendo influenciada principalmente por
fatores climéticos (i.e. regime de chuvas) e antropogénicos (i.e. perturbacdo) (RATUCHNE et
al., 2016). O estudo local em savana brasileira (cerrado) evidencia que diferentes fitofisiono-
mias demonstram que a razdo da biomassa vegetal da parte subterranea e parte aérea viva po-
de variar, sendo menor em &reas mais abertas e maior em areas de vegetagdo mais densa, as-
sim, é responsavel por estocar até 76% da biomassa vegetal local (CASTRO; KAUFFMAN,
1998). As florestas tropicais em si apresentam grandes concentracdes de biomassa, chegando
a5 kg m?, sendo maior que outros biomas de vegetagdo menos densa (i.e. Tundra, desertos e
areas agricolas) chegando & 1,5 kg m? (JACKSON et al., 1996). Jackson et al. (1996) ainda

evidencia que de modo geral nos biomas menos densos ha uma maior razao biomassa de ra-
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iz/parte aérea (variando de 4 a 7) do que nas areas florestais tropicais e agricolas (0,1 a 0,5).
Em buscas, ndo se encontra de forma clara e sintética, muitos dados sobre os estoques de bi-
omassa de raizes globais nas STDF. Temos exemplos, como os descritos por Meena et al.
(2019) em Delhi, india que apresenta valores médios em torno de 28 Mg ha*, e por Jaramillo

et al. (2003) em Chamela, México com um valor mais baixo, em torno de 17 Mg ha™.

Por fim, o maior crescimento da biomassa de raizes se da nos estagios iniciais do de-
senvolvimento vegetativo da planta em contrapartida ao periodo de desenvolvimento reprodu-
tivo (HEAD, 2012). Demonstrando-se um agente determinante para o sucesso ecologico do
vegetal (LAUGHLIN, 2014). As raizes, ainda, interagem com outros organismos (principal-
mente microbios, fungos e outras plantas) que sdo responsaveis pela aquisi¢do e armazena-
mento dos recursos (ERKTAN; MCCORMACK; ROUMET, 2018). Entdo, fatores como re-
ducdo de chuvas e o corte e queima diminui drasticamente a biomassa abaixo do solo, colo-

cando em risco toda sua interagdo com o ecossistema (CASTELLANOS et al., 2001)

2.3 Ciclagem de nutrientes em florestas tropicais

As florestas tropicais s&o tidas como as mais ricas em nutrientes (VITOUSEK;
SANFORD, 1986). Por isso, estudos acerca da concentragdo de nutrientes na biomassa, bem
como a sua ciclagem tém recebido maior aten¢do nos ultimos cem anos (ATTIWILL;
ADAMS, 1993). Considerando que a biomassa viva tem relacdo direta aos estogues e fluxos
de nutrientes em ecossistemas, € relevante quantificar a biomassa viva das florestas tropicais
(SAMPAIQ; SILVA, 2005) (KELLER; PALACE; HURTT, 2001). Além de estimar a bio-
massa, obter outras informacdes, como sobre a introducdo de espécies exdticas, também sédo
importantes aos estudos de ciclagem de nutriente, uma vez que essas espécies alteram drasti-
camente 0s ecossistemas em termos de produtividade, quimica, morfologia e fenologia
(EHRENFELD, 2003).

A biomassa vegetal € composta pelos elementos quimicos orgéanicos basicos, tais
como C (em média 50% da biomassa de uma planta), H (43%) e O (6%), além de outros
componentes minerais que somam apenas 1% da massa total divididos em macro e micro nu-
trientes (LARCHER, 2001). Séo estes nutrientes o nitrogénio (N), fosforo (P), potassio (K),
calcio (Ca), magnesio (Mg) e enxofre (S) (macronutrientes) e ferro (Fe), manganés (Mn), bo-
ro (B), cobre (Cu), zinco (Zn), molibdénio (Mo) e cloro (CI) (micronutrientes) (RATUCHNE
et al., 2016). Dentre estes macro e micronutrientes destacam-se o N, P e K, responsaveis pela
regulacao de diversas funcdes organicas (RAVEN; EVERT; EICHHORN, 2014).
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Dos vérios nutrientes encontrados na biomassa e nos solos dos ecossistemas, o N é
um dos mais limitantes para a produtividade primaria, principalmente em ambientes intensa-
mente degradados, pois o0 ecossistema tende a perder fluxo de nutrientes entre a vegetacao
viva e a serapilheira (VITOUSEK; HOWARTH, 1991). Por sua vez, o N pode atuar como
fator importante no processo de regeneragdo natural da floresta (COLETTA, 2010). Em flo-
restas tropicais, por exemplo, um grupo de plantas se destaca na fixacdo de N, a familia Faba-
ceae que possui associacao radicular com bactérias fixadoras de nitrogénio gasoso (N2), acele-
rando a colonizacdo e crescimento da floresta nestes ambientes degradados e a recuperacao
dos niveis de nitrogénio (SIDDIQUE et al., 2008).

A fixacao bioldgica € o mecanismo bésico de entrada de nutrientes no planeta. Por
exemplo, a fixacéo de nitrogénio, processo geralmente bacteriano, onde ha a transformacéo do
di-nitrogénio em amonia que fica disponivel aos vegetais (GALLOWAY et al., 2004). Além
da fixacao bioldgica, também existe a antropogénica, que disponibiliza nutrientes (i.e. nitro-
génio) para os ecossistemas através da fertilizacdo por adubos quimicos (GALLOWAY et al.,
2011). Estoques globais de nitrogénio sdo fortemente influenciados por a¢ées humanas, prin-
cipalmente em florestas tropicais que possuem muitas espécies fixadoras (BARRON et al.,
2009) e por gue nestas regides ha mais disponibilidade de nitrogénio gasoso do que em outras
(GALLOWAY et al., 2004). Além disso, os estagios iniciais de desenvolvimento de um ecos-
sistema sustentam maiores taxas de fixacdo de nutrientes que os estagios finais (CREWS;
FARRINGTON; VITOUSEK, 2000).

O processo quimico da fixacdo bioldgica de nitrogénio em microrganismos depende
da acdo da enzima nitrogenase (reducdo de acetileno), como sua limitagdo por retroalimenta-
cao pelo excesso do produto da reacdo no ambiente, ou presenca de alguns nutrientes que po-
dem agir como cofatores na reacdo quimica (BARRON et al., 2009). Pensava-se que 0s niveis
de nitrogénio afetavam bem menos as florestas tropicais em detrimento de outras, mas estudos
recentes demonstraram por exemplo que 0 aumento de nitrogénio antropogénico gera aumen-
to de nitrogénio em diversos tecidos da planta (GALLOWAY et al., 2011).

Outro nutriente de grande relevancia, tanto pela baixa disponibilidade, quanto pela
dificuldade em absorver e sua importancia para a formagdo de um organismo vivo é o fésforo
(P). Sabe-se que o carbono, nitrogénio e enxofre, por exemplo, podem ser encontrados na
forma gasosa, em grande disponibilidade e assimilacdo mais facilitada, enquanto o P esta pro-

tegido, mineralizado, e precisa sofre intemperismo para ser disponibilizado (CHADWICK et
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al., 1999) Um antigo modelo propde que no inicio do desenvolvimento do solo, a maior parte
do P est4 na forma de mineral priméario, em maioria a apatita, que durante a intemperizagéo,
vai liberando outras formas de P (como PO®~ %) (WALKER; SYERS, 1976). Walker e Syers
(1976) ainda dimensionam que certa quantidade do P é absorvida por plantas e microrganis-
mos, outra parte retorna aos pocos inorganicos (Pi) no solo através da mineralizagdo, enquan-
to certa quantidade permanece dentro o solo em formas orgéanicas (PO). Outros caminhos se-
cundarios pouco convencionais podem ser a absor¢ao por minerais secundarios do solo, pre-
cipitacdo ou lixiviacdo em formas organicas ou inorganicas, o que esgotaria gradativamente
0s pools de P total e disponivel (WALKER; SYERS, 1976).

A disponibilidade de P em florestas tropicais é fator limitante na proviséo de diversos
servicos ecossistémicos (REED et al., 2011). Estas florestas, por armazenarem até um terco de
todo o carbono global, tornam-se alvo de maior atencdo para a agdo de nutrientes sensiveis as
mudancas climaticas (YANG et al., 2014). Ha evidencias de que a disponibilidade de P, bem
como outros nutrientes, no solo pode regular as respostas das florestas tropicais a perturbagéo
antropogénica (como apontam os estudos CLEVELAND; REED; TOWNSEND, 2006;
PAOLI; CURRAN; SLIK, 2008). Sendo assim, os esforcos cientificos para compreender a

ciclagem de diversos nutrientes nos mais diversos estratos da floresta sdo necessarios.
2.3.1 Estoque de nutrientes na floresta: o papel de raizes no estoque de nutrientes

A exploragdo de recursos naturais afeta, em longo prazo, o ciclo dos nutrientes em
ecossistemas tropicais, pois este estoque é diretamente relacionado com a biomassa local
(ARIAS et al., 2011). A biomassa, por sua vez, é parte fundamental do ecossistema, sendo
resultante dos ganhos e das perdas, principalmente, de carbono atraves dos ciclos bioquimicos
(CHAPIN; MATSON; VITOUSEK, 2011). Estima-se que 42% do carbono disponivel do pla-
neta esteja estocado na biomassa vegetal (PAN et al., 2011), sendo que, grande parte desse
carbono se encontra na biomassa radicular (WARING; POWERS, 2017). No entanto, quanti-
dades expressivas de carbono sdo devolvidas a atmosfera através do desmatamento e da

queima de madeira, contribuindo para o agquecimento global.

Por representar até mais da metade da biomassa vegetal total, as raizes séo importan-
tes para o processo de ciclagem de nutrientes, tanto na entrada e estocagem, quanto na devo-
lucdo de nutrientes ao meio ambiente (POORTER et al., 2012). O desenvolvimento de raizes
finas, por exemplo, podem responder a concentracdo de nitrogénio (N) disponivel no solo

(CAVELIER, 1992). Ainda as raizes podem responder ao nitrogénio para a absorcdo de ou-
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tros nutrientes (P, K e Ca) (FREITAS; BARROSO; CARNEIRO, 2008). Freitas; Barroso;
Carneiro (2008) apontam que além disso, 0 modo e quantidade de absorcéo de nutrientes afe-
tam tanto o crescimento quanto a longevidade das raizes finas. Um estudo de Jackson;
Mooney; Schulze (1997) apresentou valores globais de estoques de nutrientes em raizes, o
que enfatizou a importancia deste estrato da vegetacdo para o estoque total de nutrientes nos
mais diferentes biomas (Tabela 1).

Elemento  Nutrientes globais em raizes finas Nutrientes globais em
vivas (Pg) raizes finas totais (Pg)

C 19.9 38.1

N 0.48 0.92

P 0.044 0.085

K 0.12 0.24

Ca 0.17 0.32

Mg 0.054 0.11

S 0.036 0.069

Tabela 1. Valores apresentados por Jackson; Mooney; Schulze (1997) destacando pools glo-
bais de nutrientes em raizes finas vivas (Pg) e raizes finas totais (Pg).

Em ecossistemas secos, a biomassa de raizes pode representar também a maior parte
da biomassa total — até mais de 70% do total (KAUFFMAN et al., 2003) — o0 que evidencia
mais ainda sua importancia no estoque e ciclagem de nutrientes (FREITAS; BARROSO;
CARNEIRO, 2008). Para obter nutrientes, as raizes se proliferam nas camadas superficiais do
solo, onde tém acesso ao humus e serrapilheira que estdo em constante decomposicao
(FREITAS; BARROSO; CARNEIRO, 2008; JACKSON et al., 1996). Além de nutrientes, as
raizes buscam maiores profundidades (mais que 2m), como na Caatinga onde as pivotantes
atingem corpos de adgua subterranea para se hidratar (figura 2 — observagdes pessoais do autor
em campo). Geralmente, em resposta aos estresses ambientais (falta de recursos ou competi-
¢ao), as raizes podem atingir profundidades superiores a 10 m (VOGT; EDMONDS; GRIER,
1981).

Figura 2. ObservacGes em campo das raizes pivotantes profundas em solo da Caatinga no
Parque Nacional do Catimbau, Buique-PE.
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Muitos dos nutrientes contidos na biomassa vegetal retornam ao ambiente através da
producéo de serrapilheira (ATTIWILL; ADAMS, 1993). AlteragOes no regime de ciclagem
consistem em importantes fatores que contribuem para o desequilibrio do fluxo energético,
alterando a fisiologia dos vegetais e modificando a distribuicdo das espécies. Podemos citar
que 0s niveis de certos nutrientes, como o nitrogénio, podem influenciar a producéo e a rege-
neracdo de raizes em varios ecossistemas (VOGT, K. A.; BLOOMFIELD, 1991), fato impor-
tante para o funcionamento do organismo vegetal. Isso indica que as modifica¢es no fluxo
energético estdo ligadas a dificuldade de regeneracdo natural dos ecossistemas perturbados

quando, por exemplo, limitam o estabelecimento das plantas.
2.3.2 Estoque de carbono e a mitigacdo do efeito estufa

As arvores tém papel fundamental no sequestro de carbono, diminuindo a concentra-
cdo dos gases do efeito estufa ao estocarem C advindo do CO: atmosférico (DANIEL
BRIANEZI et al., 2013). Este C tende a ficar alocado na biomassa produzida (SANTOS et al.,
2016). Ha estimativas que apontam um estoque de 38,1 Pg de C em cerca nas raizes do pla-
neta, sendo e eu florestas tropicais tem maior contribuicdo nesses estoques (JACKSON;
MOONEY; SCHULZE, 1997). Com isso, as florestas tropicais com suas raizes, sao responsa-
veis por grande parte do sequestro de C, como por exemplo as raizes finas que podem contri-
buir entre 25 e 80% do acUimulo anual de carbono no solo destas florestas (FREITAS;
BARROSO; CARNEIRO, 2008). Converter terras degradadas em areas de restauragdo, como
por meio da implantacdo de culturas restauradoras, pode reestruturar o ecossistema, quando
sequestraria de 50 a 100 kg C ha™ ano®. Assim, a producéo de novas raizes pode representar
ainda metade da taxa de produtividade primaria local, sendo uma das principais vias de entra-
da de carbono ao solo (FREITAS; BARROSO; CARNEIRO, 2008). Enguanto isso, a biomas-
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sa de raizes vem declinando devido as mudancas no uso do solo (ALBUQUERQUE, 2015),
fendmeno esse observado em todo o planeta.

De modo geral, é bem estabelecido que as florestas tropicais sazonalmente secas,
como a Caatinga, tem alto potencial de estoque de C (inversamente sua degradacdo gera per-
das consideraveis desse C). Estudos apontam que este ecossistema pode estocar cerca de 5,7
Mg hal a 85 Mg ha' (SAMPAIO; COSTA, 2011; SANTOS et al., 2016). Entretanto, este
ecossistema é muito negligenciado quanto a conservacdo (LEAL et al., 2005) e a maioria das
florestas secas permanecem expostas as ameacas da perturbacdo antropica (MILES et al.,
2006). Por isso que se buscam alternativas de conservacdo destes ecossistemas secos para

evitar o avancar das mudancas climaticas globais.
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Abstract

Tropical forests deliver key ecosystem services associated to aboveground biomass. However,
information on belowground biomass (i.e. root biomass) is still scarce, particularly in the case
of dry forests. In this article, we examine how increasing chronic anthropogenic disturbances
(CAD) and decreasing rainfall affect belowground biomass and nutrient stocks at different
depths. Our samplings were carried out in the Catimbau National Park, which encompasses
the Brazilian seasonally dry forest, called Caatinga. Eleven forest stands were selected and are
characterized by different CAD intensities and also for following a precipitation gradient. We
also analysed the effects of some biotic metrics, such as annual litter productivity, coarse
woody debris accumulation, and biocrust soil cover. In each forest stand, we dug three trench-
es (0,7 mx 0,7 mx 1 m), and sampled 10 different layers of 10 cm each. The samples were
sieved separately, and roots separated by category, dried and weighed. Across the 11 forest
stands, belowground biomass ranged from 3.2 Mg ha* to 29.6 Mg ha™, averaging 14.6 + 9.2
Mg hal, with belowground in average accounting to less than 1/3 of total forest biomass; i.e.
a root to shoot ratio of 0.29 £ 0.1 (mean £ SD). Root biomass was concentrated in the soil
superficial layer (< 50 cm deep) and in the large roots (diameter >2.01 cm), but with an im-
mense cross-stand variation. Root nutrient concentration varied little across the stands with
small roots exhibiting higher nutrient concentrations. Finally, root biomass responded posi-
tively to average annual precipitation, while carbon concentration responded negatively to
chronic disturbance and root sizes. Our results suggest that the Caatinga dry forest shows a
reduction in root biomass and nutrient concentration and stocks, with predictable scores on
landscape spatial scales by a combination of variables and their relationships with environ-

mental vegetation.
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1 Introduction

A significant increase in the carbon (C) concentration is estimated for the next decades
speeding up climate change and all their pervasive impacts on global
sustainability (Schmittner et al., 2008). In this context, the role played by natural ecosystem
and their services has received increased attention relative to both C sequestration and stor-
age (Abreu et al., 2017) and other nutrients. It has been estimated that 42% of the available C
on biosphere is stored in plant biomass (Pan et al., 2011), including both above and below-
ground (Waring & Powers, 2017), particularly in the tropical forests, as they respond for most
of the C stored in natural ecosystems, especially rain forests (Huang et al., 2021). It is be-
lieved on a global scale that belowground biomass (BGB) accounts for 20 to 26% of total
biomass, making it a significant carbon reserve for a variety of vegetation types and land use
systems (Handavu et al., 2021). In this BGB, we found about 292 Pg of root containing ap-
proximately 38.1 Pg of carbon, 0.92 Pg of nitrogen and 0.085 Pg of phosphorus in the fine
roots alone (Jackson et al., 1997) This is one of the main reasons tropical forests have been
considered an irreplaceable habitat in the context of global sustainable goals, including cli-
mate regulation, biodiversity protection and poverty alleviation (Ferraz et al., 2014). Although
much of the attention has been given to rain forests, recent reviews have highlighted ecosys-
tem services provided by seasonally dry tropical forests (hereafter dry forests), including cli-

mate regulation via C sequestration and storage (Quijas et al., 2019).

There are several differences between dry and rain forests in the context of ecosystem ser-
vices provision as follow. First, dry forests encompass a wide gradient relative to forest struc-
ture and biomass, from low-statured or even scrub vegetation to tall forests (Pennington et al.,
2018). Second, a substantial portion of the rain forest is still of old-growth forest with little
exposition to local human disturbances across all tropical regions (Barlow et al., 2016). Con-
versely, most of the dry forest cover globally has been converted into human-modified land-
scapes, through which high biomass old-growth forest tracts are relatively small and ra-

re (Nanni et al., 2019). Finally, while tropical rain forests can persist as a collection of both
forest fragments exposed to little extraction of forest products depending on the income pro-
file of rural populations, remaining dry forest vegetation in human-modified landscapes is
converted into successional mosaics due to a disturbance package consisting of slash-and-
burn agriculture, exploitation of forest products and livestock production via free-ranging
animals; i.e. human-chronic disturbance (sensu Singh, 1998). Accordingly, dry forests are
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experiencing degradation (Ghazoul & Chazdon, 2017; Songer et al., 2009) and most of them
are expected to experience increased aridity due to climate changes (Magrin et al., 2014). In
synthesis, the ecosystem services provided by dry forests in human-modified landscapes and
its drivers are still to be properly documented, particularly in the case of regulating and sup-
port (Calvo-Rodriguez et al., 2017; Sanchez-Azofeifa et al., 2005). This is a key research
agenda in the case society wants to benefits from dry forest services by encouraging better
agropastoral practices and conservation initiatives able to guarantee forest integrity in human-
modified landscapes, since less than 5% of dry forest original cover have set under protected
areas (Miles et al., 2006)

Global data indicate that more than half of the world's forests, about 57%, are secondary for-
ests remnants from severe anthropic disturbances (FAO, 2010). The loss of biomass has great
potential to impact the nutrients cycling of great importance for the balance of the ecosystem,
such as nitrogen (N) and phosphorus (P). Aditionally, big trees play a special role as they ac-
count for 50% of the C by tropical forests (Pinho et al., 2020). We also refer to 14.24 Mg ha’
! of C associated to aboveground biomass, ranging from 1.86 to 61.3 Mg ha*in the case of
dry forests (Souza et al., 2019). This contribution is not surprisingly since dry forests respond
to 40% of tropical forest original cover (Miles et al., 2006). In both cases, forest aboveground
biomass and C content (usually 50% of biomass) respond to a myriad of factors including
climatic conditions (particularly precipitation and water availability), soil fertility, forest suc-
cessional status and both natural and human disturbance regimes, such as hurricanes and
slash-and-burn agriculture (Moore et al., 2018; Souza et al., 2019). In both cases, the role
played by belowground biomass remains uncertainty, although estimates suggest up to 80%

of forest biomass stored belowground (Freitas et al., 2008).

The Caatinga dry forest in northeast Brazil has been considered one of the largest blocks of
dry forest globally, with a five-century long exposition to human disturbances since the arri-
val of European settlers (Silva et al., 2017). Slash-and-burn agriculture and livestock produc-
tion have converted most the original old-growth forest into successional mosaics with regen-
erating forest stands of varying age (Barros et al., 2021). Moreover, forest stands regardless of
the successional status remain exploited for forest products such as firewood, building materi-
al and fodder; stands are also freely accessed by livestock, particularly goats feeding on the
native vegetation (Arnan et al., 2018; Souza et al., 2019). In this context, precipitation, soil
conditions, forest successional status and woody plant species as the main drivers of above-
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ground biomass (Souza et al., 2019). Finally, Caatinga dry forest usually covers precipitation
gradients at both landscape and regional spatial scales, with a tendency of increased aridity as
climate changes proceed (Magrin et al., 2014). Thereby, Caatinga dry forest offers an interest-
ing opportunity to investigate dry forest ability to produce and storage biomass/nutrients in
human-modified landscapes. We refer not only to biomass as a way to stock C (a key service
in the context of climate change), but biomass as nutrients as key products for rural liveli-
hood (Araujo et al., 2021).

Based on what was exposed above, it is reasonable to assume that quantifying the biomass
and nutrient stocks in dry forests is important to understand global values, particularly of C,
and influence future effective actions for C sequestration (Becknell et al., 2012). This study
investigates the belowground biomass of the Caatinga dry forest (hereafter referred to as root
biomass) and its nutrient stocks, in order to estimate the forest's capacity to store biomass and
nutrients when exposed to anthropogenic disturbances and changes in precipitation. Biomass
and nutrient scores (C, N, and P) at various soil depths are provided for eleven forest stands
along a gradient of five hundred precipitation and varying intensities of chronic human dis-
turbance. Overall, it was expected (1) biomass and nutrients concentrated in the soil surface
layer, (2) biomass and nutrients positively related to precipitation and aboveground biomass,
while negatively correlated to human disturbances, (3) a low concentration of both N and P on
biomass, regardless of the environmental conditions. Our findings are discussed in the light of
drivers for dry forest biomass and forest ability to provide services.

2 Material and methods
2.1 Study area

This study was carried out in the Catimbau National Park, a 607-km2 human-modified land-
scape in northeast Brazil (Figure 1). This focal landscape is dominated by flat lands with a
predominance of nutrient-impoverished sandy soils (Corréa et al., 2015). Climate is markedly
seasonal with an average temperature around 23C and annual precipitation varying from 480
up to 1000 mm? year across the landscape. Rain concentrates from April to July (Vanderlei
et al., 2022). The predominant vegetation type refers to a low-statured seasonally dry forest
dominated by multiple-stem shrub and tree species from Euphorbiaceae and Fabaceae fami-
lies (Rito et al., 2017). A dense layer of weeds (containing a few grasses) is present during the

wet season (Vieira et al., 2022). Subsistence farming activities still present into the protected
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area have converted the old-growth forest into a successional mosaic consisting of
crop/pasture fields, regenerating and old-growth forest stands, with aboveground forest bio-
mass ranging from 28.9 to 74.5 Mg ha (Souza et al., 2019). Forest stands provide a myriad
of products for the rural population from firewood to nutrients for subsistence agriculture and
fodder for free-ranging livestock, particularly goats (T. L. d. S. R. Costa et al., 2021; Manhaes
etal., 2016).

2.2 Biomass and nutrient drivers

Here we considered mean annual precipitation, chronic anthropogenic disturbance, soil depth
and aboveground biomass as the explanatory variables for belowground forest biomass and
nutrients. Scores for all explanatory were provided by previous published studies in our focal
plots in the last five last years. The average annual precipitation for each plot was provided
by Rito et al., (2017), and it was obtained through historical data contained in the Wordclim®
platform. Our focal plots ranged from 555 to 940 mm year™. Chronic anthropogenic disturb-
ance refers to an index developed by Arnan et al. (2018), with scores ranging form from 0
(no disturbance) to 100 (maximum disturbance). Briefly, this integrative index combines di-
rect measures of disturbance measured at plot level (e.g. the number of stumps and livestock
feaces) with metrics considered proxies of human disturbance pressure such as plot distance
to farm holdings (Arnan et al. 2018). According to the scores measured and provided by these
authors, the disturbance index for our plots ranged from 2.74 to 58.07. Data on forest above-
ground biomass was provided by Souza et al., (2019) with biomass estimated obtained via an
allometric equation developed to Caatinga dry forest. Aboveground biomass ranged from 20.9

to 74.5 Mg ha* across our focal plots.
2.3 Belowground biomass and nutrient stocks

Belowground biomass and nutrient concentration/stocks were recorded in 11 permanent plots
of 0.2 ha out of a total of 30 permanent plots previously established in our focal landscape
(see Barros et al., 2021; Rito et al., 2017). Plots were located at least 2 km apart each other
and were covered by old-growth forest in the sense that there was no record of previous agri-
cultural activities as informed by locals (Souza et al. 2019). Root biomass was obtained by a
destructive method, digging three trenches of 0,7 m x 0,7 m x 1 m each (Costa et al., 2014,
Figure S1) from July 2020 to March 2021. The excavation was carried out with a metal shov-

el, while trenches were subdivided into 10 depth intervals of 10 cm each. All root material
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was carefully sieved in the field using a wooden sieve with a 2 mm metal grid. After being
separated from soil sediment, the plant material was packed in individual paper bags. There
was no effort to separate live and dead roots or by species. All material was dried in an oven
at 60°C until reaching constant mass. Root exudates and materials other than the roots were
eliminated from the samples in the laboratory through a screening. Subsequently, the roots
were separated and classified into three different categories, according to their diameter: i)
<2.0 cm for small-sized roots; ii) between 2.01 cm and 10.0 cm for medium-sized roots; and
iii)> 10.01 cm for large roots. Finally, root samples were weighed and subsequently crushed
and then sent to a commercial laboratory for phosphorus, carbon and nitrogen content. Brief-
ly, nutrient context followed (Surruge & Haag, 1974). As medium and large-sized roots have
a similar function in terms of nutrient stock, we use the sum of these classes together in a sin-
gle measure for nutrient analyses. To extrapolate our samples for biomass in Mg ha?, the val-
ue (g) collected for each type of root was multiplied by the expansion factor of 1.69 on order
to account for those uncollected roots in the base of stems as recommend by

reached Albuquerque et al. (2015).

2.4 Data analysis

Due to reduced biomass context, root biomass was collapsed into two categories: social
superficial layer (< 50 cm depth) and deep layer (50 -100 cm depth). To compare root
biomass, nutrient concentration and stock according to dry forest plots, size class and soil
layer, we use one-way ANOVA. Data were log-transformed to comply with the assumptions
of normality and homoscedasticity of residuals when necessary. We used Generalized Linear
Mixed Models (GLMMs) to examine the influence of aboveground biomass, chronic
anthropogenic disturbance (CAD), mean annual precipitation (MAP) and soil depth on root
biomass and root nutrient concentration. Accordingly, in our models we accommo-

date trenches per plot as random factor, while aboveground biomass, CAD, MAP and soil
depth were entered as fixed factors. For this, we first assessed the collinearity among
predictor variables with the variance inflation factor (VIF) using the “car” package (Fox and
Weisberg 2011) in the R software (R Core Team, 2017). All VIF values were lower than 1.5
(ranging from 1.0 to 1.46), suggesting independence among predictors (Chattefujee & Hadi,

2006). All analyses were run using the R environment (R Development Core Team 2017).

3 Results
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3.1 Belowground forest biomass and nutrients

Across the 11 forest stands, belowground biomass ranged from 3.23 Mg ha* to 29.6 Mg ha,
averaging 14.6 + 9.2 Mg ha* (Table 1). It implied much more aboveground than belowground
biomass (Table 1), with belowground in average accounting to less than 1/3 of total forest
biomass; i.e. a mean root to shoot ratio (R/S) of 0.28 £ 0.1 (mean £ SD). Root biomass varied
significantly among plots regarding small-sized roots (ANOVA F= 3.55, P< 0.01), medium-
sized roots (ANOVA F= 9.9, P< 0.001), large-sized roots (ANOVA F=3.16, P< 0.01) and
total root biomass (ANOVA F=5.61, P< 0.001) (Table 2, Figure 2). Moreover, root distribu-
tion varied by size class and soil depth with belowground or root biomass concentrated in the
superficial soil layer and among large roots. Precisely, large roots support higher biomass
than small and medium-sized roots (ANOVA F=5.85, P< 0.01) (Figure 3) and 75% of the
total root biomass in average was in the top 50 cm of soil (Figure S2) with large roots ac-
counting for more one third of the total biomass and concentrated in in the superficial soil
layers (Figure S2). In fact, total root biomass (ANOVA F= 25.58, P< 0.001), small-sized roots
(ANOVA F=59.42, P< 0.001), medium-sized roots (ANOVA F= 38.68, P< 0.001) and large-
sized roots (ANOVA F= 6.82, P< 0.01) exhibited significantly higher root biomass in superfi-
cial than in deep layer (Figure 4).

Moving to nutrient concentration, the N (ANOVA F= 0.94, P=0.52), C (ANOVA F=0.75, P=
0.66) and P (ANOVA F= 2.14, P=0.11) root concentrations did not vary significantly among
dry forest standings regarding small-sized roots (Figure S3) and medium-+large roots (Figure
S4). In terms of size class, nutrient concentration ranges from 132.1 to 483.3 g kg™ for C, 8.6
t0 29.7 g kg* for N and 0.24 to 0.59 g kg™ for P regarding small-sized roots, while for large-
sized roots these concentrations range from 4.7 to 32.7 g kg™ for N, 139.7 to 476.1 g kg* for
C and 0.08 to 0.55 g kg* for P across all sites (Table 3). More specifically, small-sized roots
support significantly higher concentration of P than medium+large-sized roots (small roots
Mean + SE 0.34 + 0.05 g kg; medium+large roots 0.28 + 0.09 g kg*) with a similar tendency
to N (small roots Mean + SE 16.01 + 0.06 g kg™*; medium+large roots 14.31 + 0.07 g kg™

Yy and C (small roots Mean + SE 366.2 + 11.42 g kg'!; medium+large roots 354.7 +

13.35 g kgl) (Table 3 Figure 5).

Finally, the mean values of nutrient stock in small-sized roots (Mg ha-1) was 0.008+0 (N),
0.1620.06 (C) and 0.00015%0 (P), while for medium-sized roots size was 0.008+0 (N),
0.17+0.11 (C) and 0.00017%0 (P), and large roots were 0.041+0.09 (N), 0.66x1.2 (C) and
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0.00053 0 (P) (see Table 4). Although medium-+large roots and deep layer support more
nutrient stocks than small roots and superficial layer, respectively, these variations among dry
forest plots were not significant (Superficial layer: N stock ANOVA F=2.4, P=0.11, C stock
ANOVA F= 252, P=0.11, P stock ANOVA F=2.14, P=0.14; Deep layer: N stock ANOVA
F=0.57, P=0.44, C stock ANOVA F=0.62, P=0.43, P stock ANOVA F=0.71, P=0.4) (Table
5, Figure S5).

3.2 Root biomass and nutrient drivers

In general, precipitation and soil depth were the most important predictors affecting root bio-
mass, while chronic disturbance and aboveground biomass playing a minor role (Table 2,
Figure 6). Precisely, total root biomass, medium-sized and large roots on superficial layer
were positively affected by precipitation (Table 2, Figure 6). In terms of nutrients, chronic
anthropogenic disturbance affected strong and negatively C concentration regarding both
small and large-sized roots, while for both N and P concentration chronic disturbance and
aboveground biomass did not significantly affect these nutrients (Table 4, Figure

7).

5 Discussion

Our findings indicate that belowground biomass is a key component of the Caatinga forest
biomass as in average it represents one third of the entire forest biomass regardless of the
cross-stand variation. Large roots predominate although small and medium-sized roots are
also relevant by summing up more than a half of total root biomass. Total belowground bio-
mass concentrates in the soil superficial layer (up to 50 cm deep) across all the stands. More-
over, forest stands tend to exhibit similar scores relative to root-nutrient concentration (C, N,
P), but small roots support a higher concentration as compared to other size classes. Below-
ground or root biomass is highly sensible to precipitation but does not respond to above-
ground biomass or chronic disturbance, while root nutrient concentration appears to be less
sensible to environmental driver, with exception to C concentration, and accumulate on small
roots. In synthesis, the Caatinga belowground biomass across human-modified landscapes is
highly variable but it is predictable in some extent, while nutrient concentration occurs more
homogenously across forest stands with little sensitivity to environmental drivers but associ-

ate to root size.
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So far, there is little information on belowground biomass from dry forests, what limits gener-
alizations. Overall, there is an immense variation across tropical dry forest and stands from
the same forest relative to both above and belowground forest biomass (J. Castellanos et al.,
1991; Souza et al., 2019). Briefly, belowground biomass or root biomass varies between 10
up to 82 Mg ha, with root to shoot ratio ranging from 0.08 to 0.65; i.e. 8-65% of the total trop-
ical forest biomass (Brown et al., 1986; J. Castellanos et al., 1991; Jaramillo et al., 2003;
Murphy & Lugo, 1986; Naveenkumar et al., 2017; Raherison & Grouzis, 2005). In general,
root biomass represents up to 30% of total biomass in dry forest but less than 15% across hu-
mid forests (Sanford & Cuevas, 1996). Alternatively, R/S ratio in dry forest averages 0.17
while it averages 0.08 in humid forests (Naveenkumar et al., 2017; Raherison & Grouzis,
2005) or 8-50% in dry forest vs. 5-33% in wet forests (Roa-Fuentes et al., 2012). Other
densely populated semi-arid ecosystems, such as the ridge forests in Delhi (India), had a high-
er average biomass stock of about 28.4 Mg ha™! and carbon stock of 15.49 Mg C ha™! (Meena
et al., 2019). Our mean root biomass when compared with data for dry forest in India and in

Chamela, Mexico with 17.1 Mg ha* (Jaramillo et al., 2003) of root biomass is low.

It appears clearly that the R/S ratio increases with dry conditions (Raherison & Grouzis,
2005) and it has been interpretated as a strategy to cope with low water availability by reduc-
ing evapotranspiration and incrementing absorption (Orians et al., 1996). In synthesis, forest
biomass responds to water availability (Murphy & Lugo, 1986; Raherison & Grouzis, 2005),
particularly in the case of aboveground biomass, as over 80% of variation is explained by
mean annual rainfall (Raherison & Grouzis, 2005). However, soil conditions (Col6n & Lugo,
2006), leaf-area index (Raherison & Grouzis, 2005) and the abundance of lianas also affect
root biomass (Smith-Martin et al., 2020).

The carbon concentration in root biomass in other dry forests is at 39 g kg™ (i.e. Jaramillo et
al., 2003), while N ranges from 6.3 g kg*(Jaramillo et al., 2003) to 12 g kg™ (Lugo & Mur-
phy, 1986). Root carbon concentration also exhibits insignificant differences in relation to
root size class or soil depth, but nitrogen depends on root diameter (Jaramillo et al., 2003).
Other studies in different types of forests indicate nitrogen and phosphorus are still present in
greater concentration in fine roots, with diameter > 2 mm (Gordon & Robert, 2000). Howev-
er, nutrients accumulate (i.e. stocks or pools) in the superficial soil layer as roots also concen-

trate in this layer (Jaramillo et al., 2003; Lugo & Murphy, 1986). Finally, nutrient concentra-
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tion in roots is higher in old-growth as compared to early-successional vegetation (Lugo &
Murphy, 1986).

In this context, our findings confirm a stand scale variation in belowground biomass, where
roots predominate in the surface layer of the soil and a protagonism of annual precipitation as
a main driver of belowground biomass. Although data on nutrients stocks or pools are still
missing here, they shall concentrate on the superficial soil layer as pools are directly correlat-
ed to biomass distribution across the soil profile. However, we documented a negative impact
from chronic disturbance on C concentration and lack of effect by aboveground biomass on
belowground biomass and root nutrient concentration, while concentration respond to root
size class. Moreover, our scores relative to aboveground biomass and nutrient concentration
reaches the lower values of range by dry forests, while R/S ratio fits in the average; i.e. 30%
of the whole forest biomass by roots (Albuquerque et al., 2015; Lugo & Murphy, 1986; Mur-
phy & Lugo, 1986; Vitousek, 1984).

Overall, forest biomass should respond positively to increases in soil water and nutrient avail-
ability, which may affect forest productivity (Roa-Fuentes et al., 2012). This underlying
mechanism is the best explanation for the documented relationship with precipitation, but also
the amount of belowground biomass we found (14.6 + 9.2 Mg ha), as our focal landscape is
covered by a nutrient-poor sandy soil (Rito et al., 2017), which is also expected to retain little
amount of water due to a coarse granulometry and low content of organic matter typical of
tropical sand soils (Kay, 2018). This is consistent with the relative high investment in roots as
compared to aboveground biomass documented for Catimbau forest stands by our group (see
Vitousek & Sanford, 1986).

Aboveground forest biomass also responds positively to precipitation in the Catimbau land-
scapes but in this case, it is mediated by woody plant species richness and forest successional
status (Souza et al., 2019). In other words, water and nutrient scarcity (1) leads to the devel-
opment of more conservative plants (i.e. the economic spectrum sensu Wright Et Al. (2004),
(2) should favour more resource conservative species, and thus (3) increment the R/S ratio
across resource gradients (see (Roa-Fuentes et al., 2012). In fact, a reasonable proportion of
our local woody species flora has been classified as drought-tolerant by bearing both foliar
and wood traits associated with conservative strategies, with precipitation as the major drivers
of species assembly at landscape level (Pinho et al., 2019). The opposite strategy associated

with more humid habitats was also observed (Pinho et al., 2019).
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Low nutrient availability and its concentration on superficial soil layers as well as water con-
tent {i.e. data from 30 soils samples across our focal landscapes (Barros et al., 2021; Rito et
al., 2017)} also explain root concentration on the superficial soil layers (see Raherison &
Grouzis, 2005), with fine roots concentrating the nutrients. Fine roots are considered seasonal
and the most productive component of the root system (Ibrahim et al., 2020; Kauffman et al.,
2003). Thus, it makes sense physiologically that fine roots exhibit a higher nutrient concentra-
tion as compared to other root size class. In this context, it is well known that plants accumu-
late nutrients and also C on the roots to deal with climate seasonally and seasonal

growth (Barros et al., 2021; Piper, 2011).

Chronic disturbance such as firewood and fodder collection might deplete nutrient stocks de-
pending on how intense biomass is harvested and thus explain the CAD effects we document-
ed here. Although our forest stands were classified as old-growth forests; i.e. no record of
agricultural activities by locals (Barros et al., 2021; Rito et al., 2017), they are exposed to
chronic disturbances including browsing by free-range exotic goats and collection of wood
materials (see Specht et al., 2019). Precisely, firewood consumption in our focal landscape
achieves in average 154 kg of fire wood a month and per family, while each household raise
22-35 goats in average (Jamelli et al., 2021; Specht et al., 2019), with animal feeding based on
native vegetation, from litter to fruits (Formiga et al., 2020; Jamelli et al., 2021). Here we
document a potential chronic-disturbance effect on plant nutrient concentration, thus incre-
menting the long list of chronic disturbance effects, we already documented in the Caatinga
dry forest, particularly in the case of plant assemblages (see Barlow et al., 2016; Sfair et al.,
2018). Finally, the lack of relationships between above and belowground biomass remains to
be investigated. Although these two components of forest biomass correlate positively at large
spatial scales, this relationship is highly variable at local and regional scale (Huang et al.,
2021). One of the possibilities is a cross-stand variation in the abundance of long-root species
such as the tree species Pityrocarpa moniliformis, which has been document to develop dense
root networks connecting several adults (see Vanderlei et al., 2022) and occurs abundantly at
both regenerating and old-growth forest stands in our focal landscape (Barros et al., 2021;
Rito et al., 2017).

Caatinga dry forest has been transformed into a successional mosaic (Souza et al., 2019), in-
dicating that soon or later old-growth stands will be incorporated via slash-and-burn agricul-
ture plus chronic disturbances. Note that the Caatinga dry forest is one of the most populated
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semiarid regions with dense rural populations (Figueirda et al., 2006). Old-growth stands per-
sist in our focal landscape probably because of a certain level of restriction imposed by pro-
tected area regulations. In the Caatinga dry forest, slash-and-burn agriculture is proposed to
eliminate most of all aboveground biomass and their nutrients via volatilization and wind ero-
sion of ashes; it may require a century to recover nutrients stocks via forest regenera-

tion (Kauffman et al., 1993). Locals report intensive labour to eliminate roots from native
plants in order to reduce plant resprouting and the consequent competition with

crops (Vanderlei et al., 2022). This type of land use, which combines two sources of disturb-
ance (i.e. acute and chronic) is expected to reduce root biomass and probably nutrient concen-
tration by depleting soil water and nutrient availability (see Lawrence et al. 2007) and causing
root death by fire and weeding operations (Anjos Bittencourt Barreto-Garcia et al., 2021,
Jorge Castellanos et al., 2001; Kauffman et al., 2003; Schulz et al., 2016). Such working hy-
pothesis is particularly relevant by (1) considering root concentration and nutrient pools in the
superficial soil layer as we documented here, (2) Caatinga depends on resprouting for regen-
eration (see (Barros et al., 2021; Bezerra et al., 2022; Vanderlei et al., 2022), (3) in dry for-
ests, root biomass not only represent a substantial proportion of total forest biomass, but also
affect soil nutrient pools, particularly C (Kauffman et al., 2003), and (4) Caatinga is expected
to experience increased aridity and higher exploitation of forest resources associated with
climate changes (Tabarelli et al., 2017). Accordingly, our findings and proposed hypotheses

deserve attention.
6 Conclusion

In summary, root biomass makes an important contribution to the concentration of nutrients at
surface soil levels (i.e. the first 50 cm of the crust). Especially when it comes to small-sized
roots, as they are very dependent on biotic and abiotic variations above the ground. Likewise,
this soil layer becomes the most sensitive to drastic changes in plant cover through human
disturbances (chronic or acute) as well as changes in rainfall patterns caused by natural phe-
nomena (such as global warming). The Caatinga old-growth forest, even composing a mosaic
of different phytophysiognomies, are strongly affected by human activities and present a dras-
tic tendency to desertification, because, once lost, the nutrients of these poor soils will be
lacking in the remaining plant communities. Efforts to elucidate the roles of subterranean bi-

omass in dry forests such as the Caatinga are generally slow and time and resource consum-
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ing, but should occupy more space in the scientific effort to understand nutrient cycling in
these ecosystems.
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Table 1. Average description of the plots regarding chronic anthropogenic disturbance (CAD); mean annual precipitation (MAP); above-
ground biomass (AGB); belowground biomass in small-sized roots, medium-sized roots, large-sized roots and total root biomass; and roots /
shoot ratio (R / S) and mean value more standard deviation (M+SD) in in the Catimbau National Park, in Pernambuco state, northeastern Bra-

zil.

8 MAP AGB Small-sized Medium-sized Large-sized Total roots

2 CAD 3 R R/S

§ mm Mg ha Mg ha' % Mgha! % Mgha!l % Mg ha'
2.08 940 58.5 3.89 15.2 6.41 25.0 15.34 59.8 25.65 0.44
7.35 653 42.8 4.17 15.5 4.35 16.1 18.44 68.4 26.97 0.63
15.04 578 64.8 3.65 36.5 2.46 24.6 3.88 38.9 9.98 0.15

é 15.68 588 74.5 10.92 36.9 8.50 28.7 10.20 34.4 29.62 0.40

_g 16.48 591 49.9 4.43 21.5 5.36 26.1 10.78 52.4 20.57 0.41

3

E 27.95 762 36.0 4.00 48.8 2.84 34.6 1.36 16.6 8.20 0.23

; 33.02 555 67.1 4.25 50.3 3.48 41.1 0.73 8.6 8.46 0.13

§ 34.35 647 60.3 3.74 30.5 1.96 16.0 6.54 53.5 12.23 0.20
45.77 785 28.9 1.82 24.3 3.05 40.7 2.63 35.1 7.49 0.26
48.27 673 39.3 1.77 54.8 1.46 45.2 0.00 0.0 3.23 0.08
52.06 913 49.7 3.00 33.6 2.13 23.8 3.82 42.6 8.95 0.18

M+SD 29.09+17 698+134 51.9+16 4.15+2.4  33.4+13 3.8+2.1 29.2¥9 6.7+6.1 37.3+21 14.6%9.2 0.28+0.1
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Table 2. Results of the Generalized Linear Mixed Models (GLMMs) exhibiting the effects
zof aboveground biomass, chronic anthropogenic disturbance (CAD), soil layer and mean
annual precipitation (mm) on root biomass sampled in the Catimbau National Park, in Per-
nambuco state, northeastern Brazil.

Total_roots Estimate  SE tvalue p R?
Inercept -149.97 64.5 -2.325 0.021
Aboveground biomass 2.2x10? 5.85x 10! 0.385 0.708
Precipitation (mm) 3.21x 10 579x10-2 554 <0.001 0.24

CAD -1.77x10? 4.64x10* -0.383 0.701
Small-sized_roots

Intercept 16.01 12.26 1.306 0.192
Aboveground_biomass -2.39 x 10 0.11 -2.161 0.031
Precipitation (mm) 9.59x10° 0.01 0.874 0.383 0.27
CAD 9.99x 10° 0.08 0.114 0.901

Soil layer -19.23 2.51 -7.636 <0.001
Medium-sized_roots

Intercept -32.39 12.43 -2.621 0.009
Aboveground_biomass -2.23 x 102 0.11 -0.197 0.843
Precipitation (mm) 7.01x102 0.01 6.302 <0.001 0.43
CAD -4.88 x 102 0.08 -0.546 0.585

Soil layer -16.29 2.55 -6.378 <0.001
Large-sized_roots

Intercept -158.42 56.46 -2.81 0.005
Aboveground_biomass 4.86 x 10 0.511 0.953 0.341
Precipitation (mm) 2.31x 10" 0.050 4572 <0.001 0.2
CAD -2.38 x 10t 0.405 -0.589 0.556

Soil layer -29.28 11.59 -2.524 0.012
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Table 3. Mean values of concentration (g kg™) adjusted by standard deviation (M + SD) to nitrogen (N), carbon (C), phosphorus (P) and car-

bon / nitrogen ratio (C/N) in areas subjected to different chronic disturbance anthropogenic pressures (CAD) and rainfall regimes in Catimbau

National Park, Caatinga natural reserve, a seasonally tropical dry forest (STDF) of northeastern Brazil. Values with (*) do not have data com-

pared to obtain standard deviation. The area with (**) does not have nutrient information for this root category.

Small sized root (g kg™)

Large sized root (g kg™)

c%; CAD Rainfall

= C P C/N N C P C/N

>
2.08 940 20.27+0.7 407.71+22.4 0.39+0.04 20.10+0.4 11.99+1.8 434.31+26.7 0.35+0.20 37.1+7.1
7.35 653 16.61+2.0 447.10£55.3 0.26+£0.03 26.92+0.1 12.37+4.5 347.66+91.9 0.17+£0.03 29.0+3.2
15.04 578 14.58+0.7 346.79+20.4 0.34+0.02 23.82+1.3 14.24+(*) 323.32%(*) 0.45+(*) 22.7+(*)
15.68 588 11.62+2.6 244.49+97.3 0.37+0.02 20.42+3.7 9.98+4.6  318.44+156.2 0.17+0.08 31.5+1.3

ﬁ 16.48 591 15.51+1.8 404.54+36.5 0.41+0.02 26.17+1.4 (**) (**) (**) (**)

% 27.95 762 16.79+0.5 398.57+31.9 0.42+0.14 23.77£1.9 10.35%(*) 418.05%(*) 0.20+(*) 40.4%(*)

§ 33.02 555 14.47+£1.2 322.35+49.9 0.374£0.02 22.25+1.9 16.40+2.2 412.36+71.4 0.46+0.02 28.1+0.4

N 34.35 647 16.59+1.3 435.53+9.9 0.49+0.04 26.42+2 13.34+0.4 238.92454.0  0.24+0.07 18.0+£3.3
45.72 673 16.30+4.6 343.67+113.2 0.42+0.14 20.89+1.8 24.20+3.2 410.09+93.33 0.41+0.06 16.8+1.1
45.77 785 24.40+4.5 373.82+38.6 0.34+0.06 15.52+1.7 19.89+18.1 383.08+84.6  0.20+0.06 29.7+16.1
52.06 913 21.1741.6 388.27+19.9 0.36+0.02 18.45+1.8 14.82+6.0 303.38+140.44 0.32+0.13 20.1+3.1

M1SD 26.86+16 699+128 17.12+3.9 373.9+71.9 0.38+0.08 21.9+43.3  14.61+6.4 358.87+98.6 0.29+0.13 27.3+7.5
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Table 4. Mean values of nutrient stocks (Mg kg™?) for nitrogen (N), carbon (C) and phosphorus (P) in areas subjected to different chronic dis-
turbances, anthropic pressures (CAD) and rainfall regimes in the Catimbau National Park, Caatinga nature reserve of the Caatinga, a Brazilian

seasonally tropical dry forest (STDF).

8 Small sized root (Mg hat) Medium sized root (Mg ha) Large sized root (Mg hal)

3 CAD Rainfall

§ N C P N C P N C P
16.48 591 0.007 0.18 0.00018 0.008 0.22 0.00021 0.016 0.45 0.00042
15.04 578 0.005 0.13 0.00013 0.004 0.09 0.00008 0.005 0.13 0.00014
34.35 647 0.007 0.17 0.00019 0.003 0.09 0.00010 0.011 0.29 0.00035
45.72 673 0.004 0.08 0.00009 0.003 0.07 0.00006 0.000 0.00 0.00000

§ 33.02 555 0.006 0.14 0.00016 0.005 0.13 0.00013 0.001 0.02 0.00003

% 2.08 940 0.009 0.19 0.00018 0.017 0.35 0.00035 0.042 0.85 0.00083

g 7.35 653 0.007 0.18 0.00010 0.005 0.14 0.00008 0.003 0.07 0.00004

- 45.77 785 0.019 0.29 0.00028 0.021 0.33 0.00030 0.317 4.38 0.00306
15.68 588 0.002 0.05 0.00007 0.004 0.07 0.00012 0.003 0.06 0.00010
27.95 762 0.007 0.15 0.00015 0.005 0.11 0.00011 0.008 0.21 0.00018
52.06 913 0.011 0.19 0.00018 0.017 0.31 0.00028 0.039 0.77 0.00067

M£SD 26.86%16 699+128 0.008+0 0.16+0,06 0.00015+0 0.008+0 0.17+0,11 0.00017+0  0.041+0,09 0.66+1,2 0.00053+0
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Table 5. Results of the Generalized Linear Mixed Models (GLMMs) exhibiting the effects
of aboveground biomass, chronic anthropogenic disturbance (CAD) and mean annual pre-
cipitation (mm?3) on root nutrient concentration regarding small and large-sized roots sam-
pled in the Catimbau National Park, in Pernambuco state, northeastern Brazil.

Nutrient  Root class Estimate SE tvalue p R?

a) Small-sized roots

Intercept 2.58 0.33 7.82  <0.001

_ Aboveground biomass  3.0x10-3 4.0x10-3 081 042 0.18

2 CAD -40x10-3 2.0x10-3 -0.13 0.383

% Precipitation (mm) 3.0x10-3 1.0x10-3 165 0.09

%’ b) Large-sized roots

; Intercept 3.09 0.39 7.80  <0.001
Aboveground biomass -8 x 10-3 40x10-3 -183 0.06 0.28
CAD 9x10-3 3.0x10-3 265 <0.01
Precipitation (mm) -3.0x10-3 1.0x10-3 -1.21 0.22
a) Small-sized roots
Intercept 6.06 0.06 86.8  <0.001

c Aboveground biomass  -9.49 x 10-4 8.58 x 10-4 -1.01 0.27 0.1

% CAD -450 x 10-3 6.28 x10-4 -7.16  <0.001

% Precipitation (mm) 5.92x10° 4.14x10-5 1.42 0.15

§ b) Large-sized roots

o Intercept 6.1 8.15x 10-2 74.75 <0.001
Aboveground biomass  -3.63 x 10-3 9.04 x 10-4 -4.02 <0.001 0.1
CAD -3.13x10-3 6.65x10-4 -4.76 <0.001
Precipitation (mm) 8.83x1-5 6.09x10-5 1.44 0.14
a) Small-sized roots
Intercept 9.1x10-1 194 0.5 0.61

S Aboveground biomass  -8.19 x 10-4 2.57 x 10-2 -0.03 0.97 0.01

g CAD 152x10-3 2.1x10-2 0.07 0.93

§ Precipitation (mm) -3.22x10-6 9.63x10-4 -0.003 0.99

§ b) Large-sized roots

U Intercept 1.67 2.94 057 056
Aboveground biomass  6.33x10-3 3.32x10-2 0.19 0.85 0.08
CAD 7.07x10-3 2.48x10-2 0.28 0.77

Precipitation (mm) -1.61 x10-4 2.11x10-3 -0.07 0.93
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| Rainfall (mm)
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Figure 1. Location of the 11 forest stands (red circles), where we collected all the samples in
the Catimbau National Park (PARNA Catimbau), Pernambuco state, Brazil.



a)

200

g

small sized roots (Mg ha')
8

c)

750

b=
=

large sized roots (Mg ha')
&
b

[
S
T —

P4 P8 p10 P11 P16 P17 P20 P23 P25 P29 P30

—

P4 P8 p10 P11 P16 P17 P20 P23 P25 P29 P30
plot

b)

medium sized roots (Mg ha')

10001

total biomass (Mg ha')

1501

1001

7501

2501

57

i Ik =
:ﬂ:HIDTEf

P8 p10 P11 P16 P17 P20 P23 P25 P29 P30

LiE oy i

pé p8 p10 p11 p16 p17 p20 p23 p25 p29 p30
plot

Figure 2. Root biomass according to size class across dry forest satnds in the Catimbau Na-

tional Park, in Pernambuco, northeastern Brazil
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cal forest based on (COSTA et al., 2014).
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Abstract

Tropical-forest ability to deliver ecosystem services in human-modified landscapes de-
pends on patterns of forest resilience (i.e. regrowth rate) and its drivers. Here we inves-
tigate the stock of belowground biomass and nutrients (C, N, P) in a Caatinga dry forest.
Biomass/nutrient estimates were obtained once by a destructive method across old-
growth and regenerating forest stands. Scores were examined according to two soil
depths and root size with precipitation, aboveground biomass, chronic-anthropogenic
disturbances, forest age and successional status as explanatory variables. Root biomass
varied from 1.89 up to 17.53 Mg ha* averaging 8.34 + 1.7 Mg ha™* across regenerating
forest stands. The root to shoot (R/S) achieved 0.92 + 0.9, with biomass concentrated in
the soil superficial layer and among middle and large roots. Regenerating forest stands
exhibited significant variation for all class sizes (small-sized roots ANOVA F =451, P
< 0.001; medium-sized roots ANOVA F = 6.39, P < 0.001; large-sized roots ANOVA F
=4.11, P <0.001; total root biomass ANOVA F =7.2, P <0.001). Belowground bio-
mass did not differ between the different classes and did not exhibit successional trends,
responding positively to annual precipitation but negatively to aboveground biomass
and chronic disturbances. The roots were concentrated in the surface layer of the soil.
Nutrient concentration was in the range by dry forests and exhibit higher scores across
small roots, but no successional trends. Medium and large roots and deep layer support
more nutrient stocks than small roots and superficial layer, respectively. Our results
suggest that the Caatinga dry forest covering sand soils has a natural limitation (water
and nutrients) to produce and accumulate forest biomass, including root biomass. Forest
regeneration benefits from the roots and stumps available across some old fields result-
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ing in relatively high R/S ratio across secondary forests, while it limits the emergence of
successional trends related to belowground biomass. Both roots and nutrients concen-
trate in the superficial soil layer, including middle and large roots targeted by weeding
operations. Thereby, the Caatinga belowground biomass and their role relative to forest
resilience and provision of ecosystem services appear to be very sensitive to increased

aridity and exploitation of forest resources as predicted.

Kyes words: Root biomass; Seasonally tropical dry forest; Secondary Forest; Chronic

anthropogenic disturbance; Nutrient cycling
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INTRODUCTION

Tropical forests have been considered a key component in support for global sustaina-
bility by providing key ecosystem services such as climate regulation, carbon sequestra-
tion/storage, soil/watershed protection freshwater provision (Brandon, 2014). For most
cases, forest ability to deliver services correlated to forest biomass, what has fueled the
academic interest relative to drivers for biomass storage, distribution (above vs. below-
ground), and recovery rates in response to disturbances and its drivers. This is particu-
larly relevant by considering that tropical forests continue to be incorporated into hu-
man-modified landscapes (Gardner et al., 2009; Melo et al., 2013; Wies et al., 2021),
through which forest persistence and ecosystem service delivery rely on forest ability to
regenerate and thus accumulate biomass at distinct rates as regeneration pro-

ceeds (Chazdon et al., 2016).

Patterns of forest recovery or growth rate in response to human disturbance has long
been exanimated, particularly in the case of forest regeneration following agriculture
and cattle production (Robin L. Chazdon, 2014). Overall, stem abundance and tree spe-
cies richness tend to recover (i.e. approach the scores by old-growth forest stands) faster
than taxonomic composition and aboveground biomass and forest physical structure
such as the abundance of large trees (Guariguata & Ostertag, 2001). Although regener-
ating forest stands aging 40-50 yr old are able to support tree species richness similar to
those by old-growth forests, centuries may be required in the case of aboveground bio-
mass (Chazdon et al., 2016). Regardless of forest attribute, recovery rate responds to
myriad of drivers, particularly soil water/nutrient content, seed availability, presence of
resprout sources and the incidence of additional disturbances (e.g. browsing by live-
stock) while regeneration proceeds. Land use imposing soil degradation can drastically
reduce the recovery rate or forest resilience or even eliminate the possibility of forest

regeneration without human assistance.

However, most of the knowledge on forest regeneration have emerged from the rain
forests and the aboveground biomass. Much less attention has been given to dry forests
and the role played by belowground biomass and its ability to store nutrients. A substan-
tial coverage by dry forests globally has been exposed to a land use combining slash-
and-burn agriculture, free-range cattle raising and the extraction of forest products, par-

ticularly firewood collection (Powers et al., 2018; Sfair et al., 2018). Slash-and-burn
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agriculture is a common practice across dry forests, where after the cutting down
(slash), the vegetation is burned. Although positive effects can be detected with this
archaic method (e.g. elimination of weeds and rapid incorporation of nutrients in the
soil), a great variety of negative effects (from disruption of soil seed bank to dispersal
limitation) can impact drastically dry forests (Bezerra et al., 2022). In such an extractiv-
ism-based land use, forest reliance is essential even to guarantee the nutrient stocks re-
quired for crop and fodder production (Blackie et al., 2014). Evidence accumulated so
far indicates alarming rates of forest degradation (sensu Ghazoul et al., 2015), with
some secondary forest stands supporting a tiny proportion of aboveground forest bio-
mass as compared to old-growth forest stands (Chazdon et al., 2016). The drivers and
the role played by belowground biomass remain little investigated regardless the eco-

logical and social relevance by dry forests.

In the last decade, the Caatinga dry forest in northeast Brazil has contributed to a better
perspective on dry forest ecology, particularly in the case of forest response to human
disturbances (e.g.) and increased aridity as predicted by climatic models (Arnan,
Arcoverde, et al., 2018; Rito et al., 2017). It is worth mention the proliferation of dis-
turbance-adapted plant species, reduced forest biomass across the forest mosaics (Souza
etal., 2019), and a forest regeneration process depending on resprouts, resulting from a
combination of slash-and burn agriculture plus a potential impact by free-range goats
and the exploitation of forest products; i.e. chronic disturbances (Barros et al., 2021).
All forest attributes also respond to precipitation levels, suggesting that increased aridity
shall impact ecological process and sustainability in the human-modified landscapes of
this irreplaceable biota (Rito et al., 2017).

The focus of this study is to understand how the regeneration of areas of Caatinga that
suffered clear cutting and burning recover biomass and nutrients from the roots. In this
paper we examine the Caatinga belowground forest biomass and its nutrient concentra-
tion/stock in order to reveal the role played by this biomass compartment and potential
drivers. We provided biomass and nutrient scores (N, P, C) from regenerating forest
stands (10 to 76 yrs old) in the context of slash-and-burn agriculture and old-growth
forests. Forest-stand spatial distribution covers wide gradients relative to both annual
precipitation, human-chronic disturbances and aboveground biomass. Our findings are
discussed in the light of dry forest potential to produce/store biomass in human-

modified landscapes.
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MATERIAL AND METHODS
Description of the study area

Sampling was conducted in the Parque Nacional do Catimbau, which is a human-
modified landscape covering an area greater than 60,000 ha in northeastern Brazil (see
Figure 1). The relief is predominantly flat and mainly composed of sandy soils poor in
nutrients (Corréa et al., 2015). The climate is characterized by marked seasonal varia-
tions, with an average temperature of approximately 23°C and annual rainfall ranging
from 480 to 1000 mm3 per year across the landscape. The rains are concentrated in the
months of April to July (Vanderlei et al., 2022).

The predominant vegetation in the area is a low stature, seasonally dry forest, dominat-
ed by multi-stemmed shrubs and tree species from the families Euphorbiaceae, Fabace-
ae and non-tree Cactaceae (Rito et al., 2017). During the rainy season, a dense layer of
herbs and grasses can be found (Vieira et al., 2022). However, subsistence agriculture
activities, which still prevail within the protected area, have resulted in the conversion
of the ancient forest into a successional mosaic composed of cropland/pasture, regenera-
tion and ancient forest stands. Aboveground forest biomass ranges from 3.71 to 38.54
(Mg ha!) (Souza et al., 2019). Sampling was carried out in the Parque Nacional do
Catimbau, which is a human-modified landscape covering an area of over 60,000 ha in
northeastern Brazil (see Figure 1). The relief is predominantly flat and mainly com-
posed of sandy soils poor in nutrients (CORREA, CAVALCANTI, & LIRA, 2015). The
climate is characterized by marked seasonal variations, with an average temperature of
approximately 23°C and annual rainfall ranging from 480 to 1000 mm3 per year across
the landscape. The rains are concentrated in the months of April to July (VANDERLEI
etal., 2022).

The predictors of biomass and nutrients

In this study, we include several explanatory variables to understand variations in
aboveground forest biomass and nutrients, including mean annual rainfall, chronic an-
thropogenic disturbance, aboveground biomass, forest age, and successional status
(vegetation vs. regenerating forest). Previous studies conducted on our focus plots in the
last five years preceding this sampling provided scores for all explanatory variables. We

obtained the average annual rainfall for each plot using historical data from the



140
141
142
143
144
145
146
147
148
149

150

151
152
153
154
155
156
157
158
159

160
161
162
163
164
165
166
167
168
169
170
171

74

Wordclim® platform, which ranged from 555 to 940 mm yr-1 in our focal plots. The
chronic anthropogenic disturbance index ranged from 2.74 to 58.07 in our focal land-
scape, and we calculated it based on direct measurements at the plot level (e.g., number
of stumps and cattle droppings) and metrics considered representative of pressure of
human disturbance, such as the distance from the plot to the farm holdings, as previous-
ly described by Arnan et al., (2018b). In our focal landscape, the disturbance index
ranged from 2.74 to 58.07. We estimated aboveground biomass data using an allometric
equation developed for the Caatinga dry forest, as detailed in Souza et al. (2019). In-
formation on forest stand age and successional status was provided by Barros et al.
(2021).

Sampling design for biomass and nutrients

Belowground biomass and nutrient concentration/stocks were recorded across a total of
15 0.1-ha permanent plots previously established in our focal landscape (see BARROS
etal., 2021; RITO et al., 2017). Plots were located at least 2 km apart each other. Five
plots were located into old-growth forest stands, where there were no sign of prior clear-
cutting. Additionally, ten plots covered regenerating forest stands (10-76 yrs old). These
regenerating forest stands had been previously used for subsistence slash-and-burn agri-
culture including beans, cassava and maze with the regeneration process without human
assistance since abandonment (for more details please see BARROS et al., 2021; SOU-
ZAetal., 2019).

Root biomass was obtained by a destructive method, digging three trenches of 70 cm x
70 cm x 100 cm each (COSTA et al., 2014; Figure S1). The excavation was carried out
with a metal shovel, while trenches were subdivided into 10 depth intervals of 10 cm
each. All root material was carefully sieved in the field using a wooden sieve with a 2
mm metal grid. After being separated from soil sediment, the plant material was packed
in individual paper bags. All material was dried in an oven at 60°C until reaching con-
stant mass. Root exudates and other materials were eliminated from the samples in the
laboratory through a screening. Subsequently, the roots were separated and classified
into three different categories, according to their diameter: i) <2.0 mm for small-sized
roots; ii) between 2.01 mm and 10.0 mm for medium-sized roots; and iii) > 10.01 mm
for large-sized roots. To extrapolate our samples for biomass in Mg ha?, the value (g)

collected for each type of root was multiplied by the expansion factor of 1.69 on order
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to account for those uncollected roots in the base of stems as recommend by
reached Albuquerque et al. (2015).

Chemical Analysis

The root samples were dried at 60°C and grounded to fine powder to pass through a 2
mm sieve. Sub-samples of root material were weighed (2 to 3 mg) and sealed in tin cap-
sules. The capsules were introduced into the elemental analyzer Carlo Erba Model 1110
(Milan, Italy) for the determination of total C and N concentrations. Gases are generated
following the samples’ combustion, then, purified in a chromatography column and
introduced into the mass spectrometer for isotopic ratios determinations (IRMS Delta
Plus, Finnigan Matt, San Jose, CA, USA). Sugarcane leaves were used as standard ma-
terial for vegetation material. The 6 15 N and 6 13 C natural abundance is expressed in
parts per thousand (%o) as a result of a standard internationally recognized equation: &
15N or 8 13 C = (R sample / R standard -1) X 1000...........ccccceevrrrenenn. (1) where, R is the
molar ratio in the sample and standard between 13 C and 12 C or 15 N and 14 N. The
standard used for C isotope was Peedee Belemnite (PDB; limestone of the rand Canyon
region, USA) and atmospheric air for N isotope. The analytical errors accepted were +
0.3%, 0.1%, 0.3 %o and 0.5 %o for C, N, 6 13 C and 6 15 N, respectively. hosphorus
concentration in root samples was determined through a wet digestion method, using
nitric acid and perchloric acid (4:1 ratio), where 10 mL of the mixture of acids was add-
ed to 0.5 g of each sample (Surruge & Haag, 1974). After that, the digests were diluted
to 25 mL and the P concentration determined Inductively Coupled Plasma Optical
Emission pectroscopy (ICP- OES; Perkin ElImer Modelo Optima 8300 DV).

Data analysis

Due to reduced biomass context, root biomass was collapsed into two categories: social
superficial layer (< 50 cm depth) and deep layer (50 -100 cm depth). To compare root
biomass and nutrient concentration between regenerating and old-growth dry forest
plots, we use one-way ANOVA analyses. We used Generalized Linear Mixed Models
(GLMMs) to examine the influence of aboveground biomass, forest age, chronic an-
thropogenic disturbance (CAD), mean annual precipitation (MAP) and soil depth on
root biomass and root nutrient concentration across a chronosequence gradient. Accord-
ingly, in our models we accommodate trenches per plot as random factor, while above-

ground biomass, forest age, CAD, MAP and soil depth were entered as fixed fac-
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tors. For this, we first assessed the collinearity among predictor variables with the vari-
ance inflation factor (VIF) using the “car” package (Fox and Weisberg 2011) in the R
software (R Core Team, 2017). As age and aboveground biomass are correlated (-0.65),
we removed age of your models to reduce the VIF values. In this case, all VIF values
were lower than 1.5 (ranging from 1.0 to 1.46), suggesting independence among predic-
tors (Chattefujee & Hadi, 2006). All analyses were run using the R environment

(R Development Core Team 2017).

RESULTS
General pattern

Across the chronosequence, root biomass ranged from mean + SE 1.89 + 0.33 Mg ha
1t0 17.53 + 2.28 Mg hain regenerating forest stands with 13 and 26 years-old, respec-
tively, with regenerating forest stands exhibited significantly variation for all size class
(small-sized roots ANOVA F = 4.51, P<0.001; medium-sized roots ANOVA F = 6.39,
P<0.001; large-sized roots ANOVA F =4.11, P<0.001; total root biomass ANOVA F =
7.2, P<0.001) (Figure 2). Although, old-growth forests showed higher total root biomass
(mean + SE 15.91 + 1.8 Mg hal) than regenerating forest stands (mean + SE 8.34 +
1.07 Mg ha'}), this difference was not significant (ANOVA F = 3.43, P=0.06). We found
higher R/S (ratio belowground/above ground biomass) ratio across regenerating forest
stands than old-growth forests (Table 1). In terms of size class, root biomass did not
differ for small-sized roots (mean + SE, 2.66 + 1.13 Mg ha regenerating forests; 3.18
+ 1.1 Mg ha! old-growth forests, ANOVA F = 2.63, P= 0.105), medium-sized roots
(mean + SE, 3.09 + 1.7 Mg ha* regenerating forests; 4.48 + 2.3 Mg ha old-growth
forests ANOVA F=0.01, P=0.89) and large-sized roots (mean + SE, 2.51 + 0.88 Mg ha’
! regenerating forests; 8.24 + 1.8 Mg ha™ old-growth forests, ANOVA F=1.97, P=
0.161) and total root biomass (mean + SE, 8.34 + 1.07 Mg ha regenerating forests;
15.91 + 1.8 Mg ha old-growth forests, ANOVA F = 3.43, P=0.06) (Table 1, Figure

2). Regarding the distribution root biomass according to soil layer, root biomass in both
regenerating and old-growth dry forest plots was higher in superficial layer than in deep
layer for all class size (small-sized roots ANOVA F = 13.84, P<0.001; medium-sized
roots mean ANOVA F = 27.45, P<0.001; large-sized roots ANOVA F = 3.28, P=0.07;
total root biomass ANOVA F = 18.98, P<0.001) (Figure 3). Regenerating forests did not
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exhibited significantly variation of root biomass in terms of size class (ANOVA F=
3.28, P=0.07), while large-sized roots across old-growth forests showed significantly
higher root biomass than medium and small-sized roots (ANOVA F = 4.46, P<0.05)
(Figure 4).

In terms of nutrient concentration, the N (ANOVA F= 16.83, P<0.001) and P (ANOVA
F=6.72, P<0.001) concentration varied significantly among regenerating dry forest
stands regarding small-sized roots (Figure S2), while for large-sized roots these nutri-
ents did not show variation (N concentration ANOVA F = 3.91, P=0.08; C concentra-
tion ANOVA F=0.41, P=0.52; P concentration ANOVA F=1.47, P=0.23) (Figure S3).
Moving to size class, nutrient concentration range from 0,68% to 1,8% for N, 21,45% to
41,64% for C and 0,019% to 0,045% for P regarding small-sized roots, while for medi-
um + large-sized roots these concentrations range from 0,71% to 1,53% for N, 20,84%
to 40,47% for C and 0,018% to 1,1% for P (Table 2). More specifically, small-sized
roots support significantly higher concentration of N than medium + large-sized roots
(ANOVA F =5.17, P<0.05) with a similar tendency to C (ANOVA F =0.31,

P=0.57) and P (ANOVA F =0.22, P=0.63) across regenerating forest stands (Figure 5).

As for nutrient stocks, their values (M+SD Mg ha*) for small roots were 0.044+0.02
(N), 1.11+0.5 (C) and 0.0011+0.001 (P), and for medium roots 0.041 +0.02 (N),
1.03+£0.04 (C), and 0.0011+0.001 (P), while for large roots it was 0.043+0.05 (N),
1.03+1 for (C) and 0.0019+ 0.003 (P) (table S1). As expected, medium + large roots
and deep layer support more nutrient stocks than small roots and superficial layer, re-
spectively (Superficial layer: N stock ANOVA F=12.8, P<0.001, C stock ANOVA F=
8.09, P<0.01, P stock ANOVA F=4.91, P<0.05; Deep layer: N stock ANOVA F=11.86,
P<0.001, C stock ANOVA F=12.14, P<0.001, P stock ANOVA F=3.82, P=0.05) (Ta-
ble S1 Figure S4).

Root biomass and nutrient drivers across regenerating dry forest stands

In general, all explanatory variables affected root biomass across regenerating forest
stands (Table 3). More precisely, chronic anthropogenic disturbance had a drastic and
negative effect on medium-sized roots, large-sized roots and total root biomass regard-
ing both superficial and deep soil layer (Figure 6). The annual mean precipitation was a
decisive and positive predictor for root biomass regarding large-sized roots (Figure 7),
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while both soil depth and aboveground biomass had a positive and negative effect, re-

spectively for all size class (Table 3).

Moving to nutrients, annual mean precipitation affected strong and positively N and C
concentration regarding small-sized roots as well as N concentration in terms of medi-
um + large-sized roots, while chronic disturbance and aboveground biomass played a

minor role (Table 4, Figure 8).
DISCUSSION

Our result suggests that the Caatinga regenerating or secondary forest support a variable
amount of root or belowground biomass. Root biomass concentrates in the superficial
layer as well as in medium-sized and large roots rather than in the small or fine roots.
Moreover, regenerating and old-growth forest stands support similar amounts of below-
ground biomass and the same pattern of biomass distribution in the space (i.e. high
cross-stand variation) and relative to soil profile. However, secondary and old-growth
forests differ in terms of the root/shoot ratio, with belowground biomass achieving a
higher contribution in the secondary forest. Secondary forest stands exhibit varying
scores relative to root nutrient concentration (C, N, P), but they support similar scores as
compared to old-growth forest stands; i.e. secondary and old-growth forest support
similar nutrient concentrations. However, in both case nutrients are concentrated into
the small-sized roots. Finally aboveground biomass and its nutrient concentration is
affected by a combination of environmental and forest-stand variables (i.e. aboveground
biomass), particularly annual precipitation and chronic disturbance. In synthesis, above-
ground biomass and nutrient concentration across the successional mosaics of the
Caatinga dry forest are in some extent predictable although the forest successional status

does not represent the main driver with exception of the root to shoot investment.

There is little information relative to belowground forest biomass across dry regenerat-
ing or secondary forests what impose to discuss our uncovered patterns in the light of
the general patterns relative to dry forest biomass (see the syntheses by Guariguata,;
Ostertag, 2001; Murphy; Lugo, 1986). In general, we assume that until the last century
there was around 292 Pg of root biomass globally (Jackson et al., 1997). Furthermore,
the average shoot to root ratio was 0.25 and this biomass supported approximately 38
Pg of carbon, 0.92 Pg of nitrogen and 0.085 Pg of phosphorus in fine roots (Jackson et

al., 1997). More recent studies indicate that these data are underestimated by 60% and
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that the global pool of roots exceeds 520 Pg, concentrating more than 280 Pg

C (Robinson, 2007). We can minimize the global information gap for root biomass and
its nutrients in dry forests by comparing our findings with those from other dry forests.
For example, data from dry forest in Dalhe, India averages 28.4 Mg ha™! of root bio-
mass with carbon stock of 15.49 Mg C ha* (Meena et al., 2019) and in Chamela, Mexi-
co with 17.1 Mg ha™! of biomass (Jaramillo et al., 2003). Also, we found some examples
of C concentration values, being 39 g kg™ (i.e. Jaramillo et al., 2003) and N ranging
from 6.3 g kg (Jaramillo et al., 2003) to 12 g kg* (Lugo & Murphy, 1986). In fact,
there is no information regarding root biomass, nutrient concentration and stocks for dry
forests so far. Briefly, dry forest usually supports lower amounts of total forest biomass
as compared to humid forests, a higher root to shoot ratio and successional trends; i.e.
higher biomass in old-growth forests as compared to secondary forests and positive re-
lationship with stand age, including C stocks (Cavelier et al., 1996; Mora et al., 2018),

but no trends related to fine roots and stand age (Powers & Peréz-Aviles, 2013).

In this context, our findings reinforce the notion of low biomass amounts including,
aboveground biomass with Caatinga scores probably among the lowest (Souza et al.,
2019), but with secondary forest stands supporting in average a high R/S ratios as com-
pared to old-growth forests. In other words, our results indicate higher R/S ratios while
forest is regenerating or higher R/S ratios across secondary forest stands in the context
of slash-and-burn agriculture. In a global perspective, the R/S for Caatinga exceeds the
global average (see Robinson, 2007). Moreover, root biomass concentrates in the soil
superficial layer and in the middle-sized and large root as already document-

ed (Jaramillo et al., 2003), but our findings indicate that such a spatial concentration
occurs regardless of the forest sucessional status (secondary or old-growth) or forest
stand age. Finally, our findings reinforce (1) the range proposed by dry forests relative
to nutrient concentration (see Murphy Et Al., 1995), and (2) a protagonism by smalls
roots, but similar scores as compared to old-growth forests stands; i.e. no successional
trends (see Costa et al., 2014; Vargas; Allen; Allen, 2008). In fact, rather than forest
successional, root biomass and nutrient concentrations are sensitive to a myriad of driv-
ers, particularly rainfall, but also chronic-anthropogenic disturbance as we documented
here. Precisely, it is probably one of the first evidence suggesting that chronic disturb-

ance negatively affect root biomass in dry forests.
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Perhaps the most important patterns to be examined here regarding to potential baseline
mechanisms refers to (1) an elevated R/S ration across secondary stands, (2) the lack of
successional trends, and (3) the negative impact of chronic disturbances. For the others
findings there are reasonable mechanisms proposed in the literature, such as the positive
role by water and nutrients for biomass production/productivity in dry forests

(see Becknell et al., 2021; Becknell; Kissing Kucek; Powers, 2012; Powers; Peréz-
Aviles, 2013), land use effect on soil and roots (Castellanos et al., 2001; Col6n & Lugo,
2006) and a higher R/S ratio as water availability reduce (Metcalfe et al., 2008). In this
context, the Caatinga regeneration following subsistence agriculture has been advocated
to rely on plant resprouting (Barros et al., 2021; Bezerra et al., 2022; Vanderlei et al.,
2022; see also Werden et al., 2020) including those considered root suckers as they
emerge of roots from native plants able to survive or persist across the crop fields. In the
case of our focal landscape, we refer to extensive root systems from clonal plant species
such as Pityrocarpa moniliformis (Vanderlei et al., 2022). As forest regenerates, above-
ground biomass slowly accumulates, what also explain a negative relationship between
aboveground biomass and some belowground biomass attributes as we documented

here.

However, some farmers try to eliminate stumps and roots from crop fields via weeding,
causing the emergence of forest stands with low rate of biomass accumulation

(see (Souza et al., 2019), and a great cross-stand variety relative to root biomass. Final-
ly, as regenerating forest stands represent a source of forest products for locals (e.g.
firewood, building materials, fodder) and are used as browsing grounds for livestock,
such a constant removal of plant biomass, although can stimulate root development,
may limit plants ability to accumulate biomass, including in roots. This is particularly
relevant in the context of low water and nutrients availability associated to sandy soils,
since these two resources affect forest productivity and regeneration (Arroyo-Rodriguez
et al., 2016; Moura et al., 2016; Waring et al., 2016).

In synthesis, the Caatinga dry forest covering sand soils has a natural limitation (water
and nutrients) to produce and accumulate forest biomass, including root biomass. Forest
regeneration benefits from the roots and stumps available across some old fields result-
ing in relatively high R/S ratio across secondary forests (see Chidumayo, 2014), while it
limits the emergence of successional trends related to belowground biomass. Both roots

and nutrients concentrate in the superficial soil layer, including middle and large roots
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targeted by weeding operations. As species survival and regeneration process may be
tightly linked to the successful development of superficial, robust rooting systems
across tropical dry forests (Vanderlei et al., 2022), the Caatinga belowground biomass
and their role relative to forest resilience and provision of ecosystem services appear to
be very sensitive to increased aridity and exploitation of forest resources as already pre-
dicted (Silva et al., 2017).
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Table 1. Average data of values for each area with different ages (from 10 to 76 years old) in a chronosequence of natural regeneration of the
Caatinga and areas old-growth forest, discriminating the average annual precipitation (AAP); chronic anthropogenic disturbance (CAD); be-
lowground biomass (BGB); aboveground biomass (AGB); small sized roots (<2.0 mm), medium sized roots (2.01 to 10.0 mm), large sized
roots (> 10.01 mm) and total root biomass (all in Mg ha'); root/shoot ratio (R/S) and mean value + standard error (M+SE) in a seasonally dry

forest in northeastern Brazil.

Small sized (Mg ha!) Medium sized (Mg ha') Large sized (Mg ha') BGB

Forest type Age R/S AGB 1 PAC AAP
Mgha! % Mg hat % Mgha! % Mg ha? Mg ha
a) Regenerating 10 2.10 34.77 2.20 36.49 1.73 28.74 6.03 1.11 5.41 33.14 869
foreststands 12 3.99 34.61 6.20 53.81 1.33 11.58 11.52 3.1 3.71 25.87 919
13 1.19 63.11 0.66 34.94 0.04 1.95 1.89 0.31 5.92 20.84 851
23 4.25 24.23 5.66 32.27 7.63 43.50 17.53 2.01 8.72 35.77 866
29 3.28 22.21 3.22 21.80 8.27 55.99 14.76 1.05 14.05 31.58 900
43 1.25 39.97 1.15 36.90 0.72 23.13 3.12 0.08 38.54 3.61 940
46 3.52 38.77 3.80 41.84 1.76 19.39 9.08 0.47 18.96 23.96 755
51 2.41 30.10 2.44 30.48 3.15 39.42 8.00 0.48 16.44 16.73 897
56 2.48 33.86 3.86 52.69 0.99 13.45 7.33 0.39 18.56 15.46 762
76 2.17 52.48 1.76 42.49 0.21 5.02 4.13 0.27 15.11 48.11 533
M+SE 2.66+1  37.41+11.7 3.09+1.7  38.37+9.2 2.51+0.8 24.22+16.7 8.34+1.7 0.92+0.9 14.55+9.6 25.51+11.8 829+114
b) Old-growth - 4.17 13.74 7.75 25.51 18.44 60.74 30.36 0.48 63.61 2.08 940
forest - 1.58 28.72 2.21 40.33 1.70 30.96 5.49 0.25 22.17 15.68 588
- 4.63 38.38 3.28 27.21 4.15 34.41 12.07 0.33 36.08 27.95 762
- 2.21 50.11 2.20 49.89 0.00 0.00 4.41 0.19 22.74 45,72 673
- 3.32 12.21 6.97 25.62 16.93 62.17 27.22 0.70 39.07 52.06 913

M+SE 3.18+1.1 28.63+14.4 4.48+2.3 33.71+9.8 8.24+1.8 37.66+2.8 15.91+1.8 0.39+0.18 36.73+15 28.87+1.85 775+135
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Table 2. Averages data values of the concentration (g kg?) of nitrogen (N), carbon (C), phosphorus (P) and the ratio carbon/nitrogen (C/N) in
small size (diameter <2,00 cm) and medium-+large size roots (diameter > 2,01 cm) in a chronosequence of secondary forest after slash and

burn agriculture and old-growth forest areas in northeastern Brazil.

Forest type Age Small size root nutrient concentration (g kg™) Medium + large size root nutrient concentration (g kg™)
N C P CIN N C P CIN
a) Secondary forest 10 1751 416.07 0.34 23.76 13.39 377.84 0.18 31.75
12 9.82 214.59 0.28 19.97 12.96 266.13 0.19 20.02
13 12.14 416.42 0.39 34.46 11.12 253.83 0.51 25.78
23 15.07 380.04 0.32 26.17 13.80 352.98 1.10 26.23
29 10.98 305.22 0.32 27.48 14.33 404.79 0.72 28.94
43 14.40 367.15 0.19 26.79 15.39 387.85 0.32 26.27
46 11.07 296.72 0.31 26.65 7.63 208.43 0.25 27.73
51 18.98 404.28 0.45 21.45 11.32 230.71 0.23 20.95
56 8.07 257.79 0.36 32.66 7.11 214.55 0.24 28.54
76 6.85 277.80 0.41 42.04 10.04 377.22 0.29 38.38
MxSD 12.49+37  333.61x68  0.34+0.06 28.14+6.2  11.71+2.6  307.43+75  0.4+0.28 27.46+4.9
b) Old-growth fo- - 20.27 407.71 0.39 20.11 11.99 434.31 0.35 36.22
rest - 11.62 244.49 0.37 21.04 9.98 318.44 0.17 31.92
- 16.79 398.57 0.42 23.74 10.35 418.05 0.20 40.40
- 16.30 343.67 0.42 21.09 24.20 410.09 0.41 16.95
- 21.17 388.27 0.36 18.34 14.82 303.38 0.32 20.47

MxSD 17.23+3.3 356.5+60 0.36+0.02 20.87+1.7 14.27+5.2 376.85+54 0.29+0.08 29.19+9.04
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Table 3. Results of the Generalized Linear Mixed Models (GLMMSs) exhibiting the effects
of aboveground biomass, chronic anthropogenic disturbance (CAD), soil depth and mean
annual precipitation (mm) on root biomass across regenerating dry plots in the Catimbau

National Park, in Pernambuco state, northeastern Brazil

Class size Estimate SE tvalue p R?

Small-sized roots

Intercept -42.68 12.03 -3.547 <0.001
Aboveground biomass -2.30x 102 4.19 x 10° -5.487 <0.001
Precipitation (mm) 3.69x10% 4.14x10*% 0.891 0.38 0.22

CAD -5.81x 102 4.06 x10° -1.451 0.157
Soil depth 7.66x 107 3.2x102% 2393 <0.001
Medium-sized roots

Intercept -55.05 21.71 -2.535 <0.001

Aboveground biomass -3.14 x 102 7.57 x 10 -4.155 <0.001
Precipitation (mm) 5.82x10% 1.02x10° 0.485 0.631 0.18

CAD -1.95x 102 9.49x10° -2.062 <0.05

Soil depth 9.86 x 10 2.96 x 102 33.254 <0.001
Large-sized_roots

Intercept -4.09 0.52 -7.756  <0.001
Aboveground_biomass -9.3x 10! 1.18 -0.676 0.500
Precipitation (mm) 8.56 x 10° 4.35x 10* 19.648 <0.001 0.11
CAD -1.36 43x10% -3.145 <0.01

Soil depth 14.99 7.39 2.028 <0.05

Total root biomass

Intercept -2.31 2.61x 1071 -8.834 <0.001

Aboveground biomass -2.84 x 10° 5.68 x 10° -50.024 <0.001
Precipitation (mm) 7.39x10% 588x10* 1.256 0.219 0.16
CAD -1.77x 10! 4.64x10* -0.383 <0.05
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Table 4. Results of the Generalized Linear Mixed Models (GLMMSs) exhibiting the effects
of aboveground biomass, chronic anthropogenic disturbance (CAD) and mean annual pre-
cipitation (mm) on root nutrient concentration (g kg™) regarding small and large-sized

roots sampled in the Catimbau National Park, in Pernambuco state, northeastern Brazil.

Nutrient Root class Estimate SE tvalue p R?

Small-sized roots
Intercept 1.19 0.75 1.59 0.111

T Aboveground biomass 1.65x10° 232x10% 0.71 047 0.2l

=2 CAD -1.84x10% 7.29x10° -0.25 0.82

é Precipitation (mm) 1.57x10° 7.62x10* 2.06  <0.05

= Large-sized roots

8 Intercept 0.51 0.74 0.68 0.49

8| Aboveground biomass -1.19 x 10° 2.31x10° -0.51 0.63 0.22

< CAD 1.09x 10° 7.38x10%* 1.47 0.13

Precipitation (mm) 2.03x10°% 7.51x10% 267 <0.001
Small-sized roots

. Intercept 5.48 442 x 101 38.1  <0.001

"_'@ Aboveground biomass 4.47 x 10* 2.76 x 10° 559  <0.001 0.11

NS CAD -2.25x10° 3.39x10* -298 0.65

§ Precipitation (mm) 5.92x10° 4.14x10° 1.42 0.15

% Large-sized roots

8 Intercept 6.1 8.15x 102 74.75 <0.001

8| Aboveground biomass -3.63 x 10° 9.04 x 10* -4.02 <0.001 0.01

© CAD -3.13x 102 6.65x10* -4.76 0.08
Precipitation (mm) 3.91x10° 1.45x10° 269  <0.001
Small-sized roots

a Intercept 3.87 2.23 023 081

L Aboveground biomass -8.19 x 10* 2.57x 102 -0.03 0.97 0.15

? CAD 1.52x10° 2.1x102% 0.07 0.93

-% Precipitation (mm) -3.22x10° 9.63x10* -0.003 0.99

= Large-sized roots

§ Intercept 1.67 2.94 057 0.36

8| Aboveground biomass 1.33x10°% 1.63x10* 0.19 075 0.14

o CAD 7.07x10° 2.48x10? 0.28 0.37

Precipitation (mm) -1.61x10* 2.11x10° -0.07 0.43
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Figure 1. Map of the Catimbau National Park, in Pernambuco state, northeastern Brazil
showing the sampling sites in old-growth forests and regeneration areas as well as land-use

across the region.
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SUPPLEMENTARY MATERIAL

Table S1. Mean values of values of forest stands with different ages (from 10 to 76 years) in a chronosequence of natural regeneration of the
Caatinga, and information on average annual precipitation (AAP); chronic anthropogenic disorder (CAD); underground biomass (BGB);
aboveground biomass (AGB); small roots (<2.0 mm), medium roots (2.01 to 10.0 mm), large roots (> 10.01 mm) and total root biomass (all in
Mg ha-1); root/shoot ratio (R/S) and mean value * standard error (M£SE) in a seasonally dry forest in northeastern Brazil. We consider (*) to

be less than 0.001 is the standard deviation value.

Small sized (Mg ha?) Large sized (Mg ha) Medium sized (Mg ha?) AGB_1 CAD AAP

Age (Mg hat)

N C P N C P N C P

10 0.076 1.82 0.0013 0.057 1.35 0.0007 0.040 0.92 0.0005 5.41 33.14 869
13 0.044 0.94 0.0014 0.064 1.39 0.0009 0.021 0.43 0.0003 3.71 25.87 919
13 0.018 0.62 0.0005 0.016 0.37 0.0007 0.001 0.01 0.0000 5.92 20.84 851
23 0.025 0.60 0.0005 0.021 0.57 0.0014 0.010 0.28 0.0009 8.72 35.77 866
29 0.042 1.16 0.0012 0.055 1.55 0.0027 0.150 3.48 0.0124 14.05 31.58 900
43 0.073 1.78 0.0009 0.076 1.85 0.0015 0.123 3.35 0.0024 38.54 3.61 940
46 0.041 1.13 0.0012 0.028 0.81 0.0009 0.015 0.34 0.0005 18.96 23.96 755
51 0.086 1.82 0.0020 0.054 1.08 0.0011 0.061 1.16 0.0012 16.44 16.73 897
56 0.019 0.60 0.0009 0.016 0.46 0.0006 0.007 0.22 0.0002 18.56 15.46 762
76 0.016 0.60 0.0009 0.021 0.85 0.0006 0.002 0.08 0.0001 15.11 48.11 533

M+SD 0.044+0.02 1.11+0.5 0.0011+(*) 0.041+0.02 1.03+0.04 0.0011%(*) 0.043+0.05 1.03+1 0.0019+0.003 14.55+9.6 25.51+11.9 829+114
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5 CONSIDERACOES FINAIS

Os achados para biomassa abaixo do solo na Caatinga apresentados em nosso estudo
apontam para uma consideravel diminuicdo do estoque de biomassa e concentracdo de nutri-
entes com o aumento das perturbacdes antropicas crénicas (PAC) e reducdes na pluviosidade.
Em condicdes ideais, as areas atualmente antropizadas deveriam receber menos pressdo hu-
mana para terem tempo e capacidade de recuperar seus estoques de biomassa e, consequente-
mente, de nutrientes. Isso € importante porque o sustento das comunidades atreladas a estes
ecossistemas serd negativamente afetado a partir do desaparecimento da vegetacdo, e em con-

sequéncia a desertificagao.

Em sintese, em florestas maduras (sem histérico recente de uso do solo para agricul-
tura) e secundarias (ap0s a agricultura de corte e queima) a biomassa de raizes possui contri-
bui muito para a manutencdo dos nutrientes (N/C/P) nos primeiros 50 cm da superficie do
solo. De forma geral, essa mesma camada do solo é muito propensa a alteracfes causadas
tanto pela instalagéo de rogas, quanto por pressdes gradativas (como as causadas pelas PAC) e
por mudancas dos regimes de chuva. Por isso, reforcamos que na Caatinga, que esta tendenci-
ada a desertificacdo, uma vez perdidos os nutrientes desses solos pobres, seu retorno as co-
munidades vegetais remanescentes serd extremamente dificil. Entéo, ressaltamos que, como o
previsto, a biomassa subterranea da Caatinga e seu papel em relacdo a resiliéncia florestal e
prestacdo de servigos ecossistémicos tendem a diminuir com o avancar da aridez e da explo-

racao dos recursos florestais.



105

REFERENCIAS

ALBUQUERQUE, E. R. G. M. DE. BIOMASSA DE RAIZES EM AREAS COM
DIFERENTES USOS DA TERRA E TIPOS DE SOLOS. [s.l.] Universidade Federal Rural
de Pernambuco, 2015.

ALBUQUERQUE, E. R. G. M. et al. Root biomass under stem bases and at different
distances from trees. Journal of Arid Environments, v. 116, p. 82-88, 1 maio 2015.

ANDRADE, L. DE et al. ANALISE DA COBERTURA DE DUAS FITOFISIONOMIAS DE
CAATINGA, COM DIFERENTES HISTORICOS DE USO, NO MUNICIPIO DE SAO
JOAO DO CARIRI, ESTADO DA PARAIBA ANALYSES OF THE STRACT OF TWO
CAATINGA PHYSIONOMY IN SAO JOAO DO CARIRI, PARAIBA STATE. CERNE, v.
11, n. 3, p. 253-262, 2005.

ARIAS, D. et al. Productivity, aboveground biomass, nutrient uptake and carbon content in
fast-growing tree plantations of native and introduced species in the Southern Region of Costa
Rica. Biomass and Bioenergy, v. 35, n. 5, p. 1779-1788, 1 maio 2011.

ATTIWILL, P. M.; ADAMS, M. A. Nutrient cycling in forests. New Phytologist, v. 124, n.
4, p. 561-582, ago. 1993.

BARLOW, J. et al. Anthropogenic disturbance in tropical forests can double biodiversity loss
from deforestation. Nature, v. 535, n. 7610, p. 144-147, 29 jul. 2016.

BECKNELL, J. M.; KISSING KUCEK, L.; POWERS, J. S. Aboveground biomass in mature
and secondary seasonally dry tropical forests: A literature review and global synthesis. Forest
Ecology and Management, v. 276, p. 88-95, 15 jul. 2012.

BEER, C. et al. Terrestrial Gross Carbon Dioxide Uptake: Global Distribution and
Covariation with Climate. Science, v. 329, n. 5993, p. 834-838, 13 ago. 2010.

BEGON, M.; TOWNSEND, C. R.; HARPER, J. L. Ecologia de individuos a ecossistemas.
Forth ed. Oxford: Blackwell Publishing Ltd, 2007.

BRIGAGADO, C. Dicionario de Ecologia. Rio de Janeiro.: Topbook, 1992.

CASTELLANQS, J. et al. Slash-and-burn effects on fine root biomass and productivity in a
tropical dry forest ecosystem in México. Forest Ecology and Management, v. 148, n. 1-3, p.
41-50, 1 jul. 2001.

CASTRO, E. A.; KAUFFMAN, J. B. Ecosystem structure in the Brazilian Cerrado: a
vegetation gradient of aboveground biomass, root mass and consumption by fire. Journal of
Tropical Ecology, v. 14, n. 3, p. 263-283, 1 maio 1998.

CAVELIER, J. Fine-root biomass and soil properties in a semideciduous and a lower montane
rain forest in Panama. Plant and Soil, v. 142, n. 2, p. 187-201, maio 1992.

CHADWICK, O. A. et al. Changing sources of nutrients during four million years of
ecosystem development. Nature 1999 397:6719, v. 397, n. 6719, p. 491-497, 11 fev. 1999.

CHAPIN, F. S.; MATSON, P. A.; VITOUSEK, P. M. Principles of Terrestrial Ecosystem
Ecology. 2° ed. New York, NY: Springer New York, 2011.

CHAZDON, R. Regeneracéo de florestas tropicais. Boletim do Museu Paraense Emilio
Goeldi - Ciéncias Naturais, v. 7, n. 3, p. 195-218, 21 dez. 2012.

CHAZDON, R. L. Tropical forest recovery: legacies of human impact and natural



106

disturbances. Perspectives in Plant Ecology, Evolution and Systematics, v. 6, n. 1-2, p.
51-71, 1 jan. 2003.

CHAZDON, R. L. et al. Rates of change in tree communities of secondary Neotropical forests
following major disturbances. Philosophical Transactions of the Royal Society B:
Biological Sciences, v. 362, n. 1478, p. 273-289, 19 dez. 2006.

CIAIS, P. et al. Europe-wide reduction in primary productivity caused by the heat and
drought in 2003. Nature, v. 437, n. 7058, p. 529-533, set. 2005.

CLEVELAND, C. C.; REED, S. C.; TOWNSEND, A. R. NUTRIENT REGULATION OF
ORGANIC MATTER DECOMPOSITION IN A TROPICAL RAIN FOREST. Ecology, v.
87,n. 2, p. 492-503, 1 fev. 2006.

COSTA, T. L. et al. Root and shoot biomasses in the tropical dry forest of semi-arid Northeast
Brazil. Plant and Soil, v. 378, n. 1-2, p. 113-123, 11 maio 2014.

DANIEL BRIANEZ] et al. EQUAQOE§ ALOMETRICAS PARA ESTIMATIVA DE
CARBONO EM ARVORES DE UMA AREA URBANA EM VICOSA-MG. Revista
Arvore, v. 37, n. 6, p. 1073-1081, 2013.

DUFRESNE, J. L. et al. On the magnitude of positive feedback between future climate
change and the carbon cycle. Geophysical Research Letters, v. 29, n. 10, p. 43-1-43-4, 15
maio 2002.

ERKTAN, A.; MCCORMACK, M. L.; ROUMET, C. Frontiers in root ecology: recent
advances and future challenges. Plant and Soil, v. 424, n. 1-2, p. 1-9, 16 mar. 2018.

FAO, F. AND A. O. OF THE U. N. Extent of forest resources. In: Global forest resources
assessment. 1. ed. Rome, Italy: [s.n.]. p. 377.

FEARNSIDE, P. M. Desmatamento na Amazonia: dinamica, impactos e controle. Acta
Amazonica, v. 36, n. 3, p. 395-400, 2006.

FREITAS, T. A. S.; BARROSO, D. G.; CARNEIRO, J. G. D. A. Dinamica de raizes de
espécies arboreas: Visdo da literatura. Ciencia Florestal, v. 18, n. 1, p. 133-142, 2008.

GARDNER, T. A. et al. Prospects for tropical forest biodiversity in a human-modified world.
Ecology Letters, v. 12, n. 6, p. 561-582, jun. 2009.

HEAD, G. C. Shedding of Roots. In: Shedding of Plants Parts. New York: Academic Press,
2012. p. 237-293.

HIROTA, M. et al. Global resilience of tropical forest and savanna to critical transitions.
Science (New York, N.Y.), v. 334, n. 6053, p. 232-5, 14 out. 2011.

HOUGHTON, R. A. As florestas e o ciclo de carbono global: armazenamento e emissdes
atuais. Anais do Seminério de Emisséo x Sequestro de CO2: uma nova oportunidade de
negocios para o Brasil. Anais...1994

IPCC. Climate change 2001: the scientific basis. . 2001, p. 881.

JACKSON, R. B. et al. A global analysis of root distributions for terrestrial
biomesOecologiaSpringer-Verlag, , nov. 1996. Disponivel em:
<http://link.springer.com/10.1007/BF00333714>. Acesso em: 16 jul. 2019

JACKSON, R. B.; MOONEY, H. A.; SCHULZE, E. D. A global budget for fine root
biomass, surface area, and nutrient contents. Proceedings of the National Academy of
Sciences of the United States of America, v. 94, n. 14, p. 7362-6, 8 jul. 1997.



107

JARAMILLO, V. J. et al. Biomass, Carbon, and Nitrogen Pools in Mexican Tropical Dry
Forest Landscapes. Ecosystems, v. 6, n. 7, p. 609-629, 1 nov. 2003.

JORDAN, C. F. Productivity of tropical rain forest ecosystems and the implications for their
use as future wood and energy sources. In: GOLLEY, F. B. (Ed.). . Ecosystems of the world.
Amsterdan: Elsevier. Amsterdam, 1983. p. 117-136.

KAUFFMAN, J. . et al. Biomass dynamics associated with deforestation, fire, and,
conversion to cattle pasture in a Mexican tropical dry forest. Forest Ecology and
Management, v. 176, n. 1-3, p. 1-12, 17 mar. 2003.

LAL, R. Soil carbon sequestration to mitigate climate change. Geoderma, v. 123, n. 1-2, p.
1-22, 1 nov. 2004.

LARCHER, W. Ecofisiologia vegetal. Sdo Paulo: EPU, 2001.

LAUGHLIN, D. C. The intrinsic dimensionality of plant traits and its relevance to community
assembly. Journal of Ecology, v. 102, n. 1, p. 186-193, jan. 2014.

LAURANCE, W. F. et al. Ecosystem Decay of Amazonian Forest Fragments: a 22-Year
Investigation. Conservation Biology, v. 16, n. 3, p. 605-618, 1 jun. 2002.

LAURANCE, W. F. et al. The fate of Amazonian forest fragments: A 32-year investigation.
Biological Conservation, v. 144, n. 1, p. 56-67, 1 jan. 2011.

LAURANCE, W.; PERES, C. Emerging threats to tropical forests. Chicago: University of
Chicago Press, 2006.

LEAL, I. R. et al. Changing the Course of Biodiversity Conservation in the Caatinga of
Northeastern Brazil. Conservation Biology, v. 19, n. 3, p. 701-706, 1 jun. 2005.

LEBRIJA-TREJOS, E. et al. Environmental changes during secondary succession in a
tropical dry forest in Mexico. Journal of Tropical Ecology, v. 27, n. 5, p. 477-489, 2 ago.
2011.

LIETH, H. Measurement of Caloric Values. In: Primary Productivity of the Biosphere. [s.I:
s.n.]. p. 119-129.

LIETH, H. Modeling the Primary Productivity of the World. In: Primary Productivity of the
Biosphere. New York, NY: Springer New York, 1975b. p. 237-263.

LIETH, H.; WHITTAKER, R. H. Primary Productivity of the Biosphere. Berlin,
Heidelberg: Springer Berlin Heidelberg, 1975. v. 14

MALHI, Y.; DOUGHTY, C.; GALBRAITH, D. The allocation of ecosystem net primary
productivity in tropical forestsPhilosophical Transactions of the Royal Society B:
Biological SciencesThe Royal Society, , 27 nov. 2011. Disponivel em:
<http://rstb.royalsocietypublishing.org/cgi/doi/10.1098/rstb.2011.0062>. Acesso em: 14 fev.
2019

MARIN-SPIOTTA, E.; OSTERTAG, R.; SILVER, W. L. Long-term patterns in tropical
reforestation: Plant community composition and aboveground biomass accumulation.
Ecological Applications, v. 17, n. 3, p. 828-839, abr. 2007.

MARTINELLI, L. A. et al. Incertezas associadas as estimativas de biomassa em florestas
tropicais: o exemplo de uma floresta situada no estado de Rond6nia. Seminario Emissao x
Sequestro de CO2, 1994,

MARTORELL, C.; PETERS, E. M. The measurement of chronic disturbance and its effects



108

on the threatened cactus Mammillaria pectinifera. Biological Conservation, v. 124, n. 2, p.
199-207, 1 jul. 2005.

MCNAUGHTON, S. J. et al. Ecosystem-level patterns of primary productivity and herbivory
in terrestrial habitats. Nature, v. 341, n. 6238, p. 142-144, set. 1989.

MEENA, A. et al. Assessment of above- and belowground carbon pools in a semi-arid forest
ecosystem of Delhi, India. Ecological Processes, v. 8, n. 1, p. 1-11, 1 dez. 2019.

MENEZES, A. G. DE S. Organizacao das crostas bioldgicas de solo em uma paisagem
antropica na Caatinga. [s.I.] UNIVERSIDADE FEDERAL DE PERNAMBUCO, 2018.

MILES, L. et al. A global overview of the conservation status of tropical dry forests. Journal
of Biogeography, v. 33, n. 3, p. 491-505, 2006.

OYAMA, M. D.; NOBRE, C. A. Climatic consequences of a large-scale desertification in
northeast Brazil: A GCM simulation study. Journal of Climate, v. 17, n. 16, p. 3203-3213,
15 ago. 2004.

PAN, Y. et al. A large and persistent carbon sink in the world’s forests. Science (New York,
N.Y.), v. 333, n. 6045, p. 988-93, 19 ago. 2011.

PAOLI, G. D.; CURRAN, L. M.; SLIK, J. W. F. Soil nutrients affect spatial patterns of
aboveground biomass and emergent tree density in southwestern Borneo. Oecologia, v. 155,
n. 2, p. 287-299, 24 mar. 2008.

PINHEIRO, E. A. R.; COSTA, C. A. G.; DE ARAUJO, J. C. Effective root depth of the
Caatinga biome. Journal of Arid Environments, v. 89, p. 1-4, 1 fev. 2013.

POORTER, H. et al. Biomass allocation to leaves, stems and roots: meta-analyses of
interspecific variation and environmental control. New Phytologist, v. 193, n. 1, p. 30-50,
jan. 2012.

RAHMSTOREF, S. et al. Recent climate observations compared to projections. Science (New
York, N.Y.), v. 316, n. 5825, p. 709, 4 maio 2007.

RATUCHNE, L. C. et al. Estado da Arte na Quantificacdo de Biomassa em Raizes de
Formacdes Florestais. v. 23, n. 3, p. 450-462, 2016.

RAVEN, P. H.; EVERT, R. F.; EICHHORN, S. E. Biologia Vegetal. 8° ed. Rio de Janeiro.:
Guanabara, 2014.

REED, S. C. et al. Phosphorus Cycling in Tropical Forests Growing on Highly Weathered
Soils. p. 339-369, 2011.

REIS, G. G. DOS et al. Eucalyptus spp SUBMETIDOS A DOIS REGIMES DE
IRRIGACAO NO CAMPO. Revista Arvore, v. 30, n. 6, p. 921-931, 2006.

RITO, K. F. et al. Precipitation mediates the effect of human disturbance on the Brazilian
Caatinga vegetation. Journal of Ecology, v. 105, n. 3, p. 828-838, 1 maio 2017.

ROBIN L. CHAZDON. Synthesis: The Promise of Tropical Forest Regeneration in an Age of
Deforestation. In: Second Growth. 1. ed. Cgicago, USA: University of Chicago Press, 2014.
v. 1p. 304-316.

ROBINSON, D. Implications of a large global root biomass for carbon sink estimates and for
soil carbon dynamics. Proceedings of the Royal Society B: Biological Sciences, v. 274, n.
1626, p. 2753-2759, 7 nov. 2007.

RUNNING, S. W. et al. Global Terrestrial Gross and Net Primary Productivity from the Earth



109

Observing System. In: Methods in Ecosystem Science. New York, NY: Springer New York,
2000. p. 44-57.

SALIMON, C.; ANDERSON, L. HOW STRONG IS THE RELATIONSHIP BETWEEN
RAINFALL VARIABILITY AND CAATINGA PRODUCTIVITY? A CASE STUDY
UNDER A CHANGING CLIMATE. Anais da Academia Brasileira de Ciéncias, v. 90, n.
2, p. 2121-2127, 22 maio 2017.

SAMPAIOQ, E. S. B. Overview of the Brazilian caatinga. Seasonally dry tropical forests, p.
35-63, 1995.

SAMPAIOQ, E. V. DE S. B.; COSTA, T. L. Estoques e Fluxos de Carbono no Semi-Arido
Nordestino: Estimativas Preliminares. Revista Brasileira de Geografia Fisica, v. 4, n. 6, p.
1275-1291, 2011.

SANTOS, R. C. DOS et al. Estoques de volume, biomassa e carbono na madeira de espécies
da Caatinga em Caic6, RN. Pesquisa Florestal Brasileira, v. 36, n. 85, p. 1, 2016.

SCHIMEL, D. et al. CO2 and the carbon cycle, in Climate Change 1994, Radiative
Forcing of Climate Change and Evaluation of the IPCC 1S92 Emission Scenarios.
Cambridge, UK: Cambridge University Press, 1995.

SCHOWALTER, T. D. Insect ecology: an ecosystem approach. 3rd. ed. London, UK:
Elsevier, 2011.

SILVA, J. DA; LEAL, I.; TABARELLI, M. Caatinga: the largest tropical dry forest
region in South America. 1. ed. Cham, Switzerland: [s.n.]. v. 1

SINGH, S. Chronic disturbance , a principal cause of environmental. Environmental
Conservation, v. 25, n. 1, p. 1-2, 1998.

SZYJA, M. et al. Neglected but Potent Dry Forest Players: Ecological Role and Ecosystem
Service Provision of Biological Soil Crusts in the Human-Modified Caatinga. Frontiers in
Ecology and Evolution, v. 0, p. 482, 17 dez. 2019.

TABARELLI, M. et al. The Future of the Caatinga. In: Caatinga. Cham: Springer
International Publishing, 2017. p. 461-474.

TABARELLI, M. et al. Caatinga: legado, trajetéria e desafios rumo a sustentabilidade.
Ciéncia e Cultura, v. 70, n. 4, p. 25-29, out. 2018.

URQUIZA-HAAS, T.; DOLMAN, P. M.; PERES, C. A. Regional scale variation in forest
structure and biomass in the Yucatan Peninsula, Mexico: Effects of forest disturbance. Forest
Ecology and Management, v. 247, n. 1-3, p. 80-90, 15 ago. 2007.

VOGT, K. A.; BLOOMFIELD, J. Tree root turnover and senescence. In: LASSOIE., J. P. H.
T. M. (Ed.). . Plant roots the hidden half. New York: Marcel Dekker, 1991. p. 287-306.

VOGT, K. A.; EDMONDS, R. L.; GRIER, C. C. Seasonal changes in biomass and vertical
distribution of mycorrhizal and fibrous-textured conifer fine roots in 23- and 180-year-old
subalpine Abies amabilis stands. Canadian Journal of Forest Research, v. 11, n. 2, p. 224—
230, jun. 1981.

WALKER, T. W.; SYERS, J. K. The fate of phosphorus during pedogenesis. Geoderma, v.
15,n.1, p. 1-19, 1 jan. 1976.

WARING, B. G.; POWERS, J. S. Overlooking what is underground: Root:shoot ratios and
coarse root allometric equations for tropical forests. Forest Ecology and Management, v.
385, p. 10-15, 1 fev. 2017.



110

YANG, X. etal. The role of phosphorus dynamics in tropical forests - A modeling study
using CLM-CNP. Biogeosciences, v. 11, n. 6, p. 1667-1681, 28 mar. 2014.



