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RESUMO

A compreensao, promoc¢ao e manutencdo do funcionamento de florestas antigas e
florestas secundarias ricas em espécies Sdo cruciais para a conservacao da
biodiversidade em um mundo em constante mudanca. Essa afirmagdo vale
especialmente para a Mata Atlantica, um dos biomas brasileiros mais biodiversos, e
cuja area de abrangéncia tem sido drasticamente afetada pelas mudancas no uso da
terra. Esta tese teve como objetivo entender como os usos passados da terra e as
mudancas climaticas podem afetar a Mata Atlantica, com foco particular no seu
funcionamento abaixo do solo, especificamente aqui representado, pelas raizes finas.
Estruturas mais ativas do sistema radicular e que absorvem e transportam a agua e
0S nutrientes necessarios para o crescimento e manutencao das plantas no meio. Para
isso, foram feitas medicOes em 11 parcelas permanentes de um hectare para observar
as respostas em uma variedade de florestas antigas e modificadas pelo homem.
Primeiro, devido a existéncia de varios métodos para quantificar o estoque e a
producao de raizes finas, aprofundamos o método de previsdo temporal para reduzir
o tempo de coleta em campo sem afetar a precisdo da estimativa de biomassa de
raizes finas. Entdo, observamos se o investimento em produtividade de raizes finas
variou entre diferentes florestas atlanticas modificadas pelo homem, anos e estacoes.
Examinamos os principais impulsionadores edéficos da produtividade de raizes finas
em quatro tipos de cobertura florestal e investigamos se havia um trade-off de
alocacao de recursos entre produtividade de raizes finas e estoque de madeira e/ou
produtividade de madeira em cada um deles. Por fim, exploramos a relagdo fungo-
raiz, buscando entender se a producéo de raizes finas continuou a diferir entre os tipos
de cobertura florestal e as esta¢gées do ano apos o controle de algumas estruturas e
substéancias produzidas por fungos micorrizicos arbusculares (FMA), bem como o
minimo tempo necessario para detectar essas diferencas. Descobrimos que,
reduzindo o tempo gasto na remocgdo de raizes usando o método de previsdo
temporal, os pesquisadores podem estimar com precisdo a massa de raizes finas e,
consequentemente, aumentar o numero de testemunhos de solo extraidos por local
de estudo e melhor caracteriza-lo. Destacamos semelhancas e diferengas nas
trajetorias de recuperacdo da produtividade, e pudemos observar uma tendéncia da

biomassa de raizes finas se tornar menos conservadora a medida que a cobertura



florestal muda, embora ndo tenhamos encontrado o mesmo padréo para quase todas
as caracteristicas de FMAs analisadas.

Palavras-chave: produtividade subterranea, biomassa, alocacdo, funcionamento
ecossistémico.



ABSTRACT

The understanding, promotion, and functioning maintenance of old-growth forests and
species-rich secondary forests are crucial for biodiversity conservation in a constantly
changing world. This statement is especially true for Atlantic Forests, one of the most
biodiverse Brazilian biomes, and whose coverage area has been drastically affected
due to changes in land use. This work aimed to understand how past land uses and
climate changes can affect Atlantic Forests with a particular focus upon their
belowground functioning, specifically represented here, by the fine roots. More active
structures of the root system, which absorb and transport water and nutrients
necessary for the growth and maintenance of plants in the environment. For this,
measurements were made at 11 one-hectare permanent plots to observe responses
across a range of old-growth and human-modified forests. First, due to the existence
of several methods to quantify the stock and production of fine roots, we delved deeper
into the temporal prediction method to reduce collection time in the field without
affecting the accuracy of fine-root biomass estimation. Then, we observed whether the
investment in fine-root productivity varied between different human-modified montane
Atlantic Forests, years, and seasons. We examined the main edaphic drivers of fine-
root productivity in four types of forest cover and investigated if there was a resource
allocation trade-off between fine-root productivity and wood stock and/or wood
productivity in each one of them. Finally, we explored the root-fungus relationship,
seeking to understand whether the production of fine roots continued to differ between
types of forest cover and seasons after controlling for some structures and substances
produced by arbuscular mycorrhizal fungi (AMF), as well as the minimum time needed
to detect these differences. We found that, by reducing the time spent on removing
roots using the temporal prediction method, researchers can accurately estimate fine-
root mass, and consequently, increase the number of soil cores extracted per study
site and better characterize it. We highlighted similarities and differences in recovery
trajectories of productivity, and we could observe a tendency for fine-root biomass to
become less conservative as forest cover changes, although we did not find the same

pattern for almost all AMF traits analyzed.

Keywords: belowground productivity, biomass, allocation, ecosystem functioning.
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GENERAL INTRODUCTION

Anthropogenic practices are expected to affect successional trajectories in all
ecosystems, sometimes through changes in their physical and chemical properties and
sometimes through biotic alterations (Mesquita et al. 2015). On a local scale, land use
change can bring economic and social benefits, but on regional, global, and temporal
scales, it can also promote ecological degradation (Foley et al. 2005). In this context,

forest ecosystems have received special attention.

Forests provide food, habitats, and medicines. They maintain biodiversity and
regulate hydrological and biogeochemical cycles (Foley et al. 2005; Postel &
Thompson 2005; Bonan 2008; Poéschl et al. 2010; Spracklen et al. 2012). Tropical
forests, especially, are a critical component of the global carbon cycle, accounting for
almost one-third of the global terrestrial net primary productivity (Melillo et al. 1993;
Beer et al. 2010). The deforestation, cultivation and land abandonment of these forests
have resulted in forest covers with different transition stages (Corlett 1995; Chazdon
2003).

Essentially, plants need solar radiation, water and nutrients (Resende et al.
2002). When the availability of these resources is affected, new habitats are created
and occupied by species with different needs (Tabarelli & Mantovani 1999). The fast-
growing species tend to outnumber late species in abundance through interspecific
competition, while producing an environment that is conducive to their development

(Horn 1974), thus giving rise to the secondary forests.

To maintain different colonization and growth strategies, a considerable and
variable part of plant productivity is allocated to fine roots (Jobbagy & Jackson 2001;
Raich et al. 2014; McCormack et al. 2015). These roots are the most active parts of
the root system and act to transport and absorb an adequate supply of water and
nutrients for plant growth and maintenance (Bgrja et al. 2008; McCormack et al. 2015).
They are morphologically classified as having a diameter of less than or equal to 2 mm
(Jackson et al. 1997), and due to their intimate contact with soil particles, some of the
most complex chemical, physical and biological interactions experienced by land

plants are mediated by such roots (Bais et al. 2006).
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The goal of this study was to understand how past land uses and climate can
affect the investment in fine-root biomass in Atlantic Forests. To achieve that goal, in
Chapter 1, we continued the work initialized in my master's research, when we aimed
to understand if it was possible to reduce collection time in the field without affecting
the accuracy of fine-root biomass estimation by selecting the best-fit model for fine-
root reference samples. This methodological comprehension was important due to the
existence of several methods to quantify fine-root stock and production, and the fact
that almost all of them are associated with various sources of error (Berhongaray et al.
2013; Addo-Danso et al. 2016; Sochacki et al. 2017).

In the Chapter 2, by trusting the accuracy of the sampling method, we explored
the root-fungus relationship, seeking to understand whether the production of fine roots
continued to differ between types of forest cover and seasons after controlling for some
structures and substances produced by arbuscular mycorrhizal fungi (AMF), as well as
the minimum time needed to detect these differences. Additionally, we evaluated the
opposite relationship, where we determined whether the characteristics related to AMF
were affected by different forest covers and seasons after controlling for fine-root

production.

After understanding the belowground functioning of the analyzed forests, in
Chapter 3, we sought to evaluate whether the investment in fine-root productivity
varied between different human-modified montane Atlantic Forests, years, and
seasons. We examined the main edaphic drivers of fine-root productivity in four types
of forest cover and analyzed, in each one of them, if there was a resource allocation
trade-off between fine-root productivity and wood stock and/or wood productivity.

Finally, to summarize all our findings, we presented a general conclusion.
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CHAPTER 1 - TESTING COLLECTION-TIME REDUCTION IN FINE-ROOT
BIOMASS ESTIMATION IN ATLANTIC FORESTS

1.1 Abstract

Fine roots are essential components of the below-ground layer and play an important
role in the carbon cycle. Methods for root extraction and biomass estimation have been
proposed, including the temporal prediction method. However, there are doubts if the
best model to estimate total root mass varies between study sites. Additionally, there
are no records regarding the prediction method’s efficiency for shorter collection times
than 40 min. Here, we aim to clarify these doubts. We extracted 1080 fine-root samples
from two contrasting ecosystems at 60-time intervals of 2 min each. We then performed
a model selection to identify the best fit model and used it to find the shortest time
suitable for collecting fine-root samples (40, 32, 24, 16, or 8 min). Other 448 root
samples were collected from seven ecosystems by employing the shortest time tested
(8 min). We calculated the percentage of estimated mass at 120 min and tested for
differences between ecosystems. We found that Weibull was the best fit model, and it
performed well for modelling root extraction at shorter collection times. All collection
times tested had excellent goodness of fit, and there was strong evidence that the
estimated mass did not differ between them. Moreover, collections at 8 min were
enough to make reliable estimates of fine-root mass at 120 min in all ecosystems.
Weibull is a flexible model and can accurately estimate fine-root mass at 120 min in
different ecosystems. The extraction of fine roots can be reduced to four-time intervals
of 2 min each when using the temporal prediction method. By reducing the time spent
removing roots from each soil core, researchers can increase the number of soil cores

extracted per study site and characterize the environment properly.

Keywords: fine-root biomass; root collection time; root-sampling method; temporal

prediction method.
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1.2 Introduction

Fine roots comprise an important plant-photosynthate and resource investment
(Jackson et al. 1997b; Yuan & Chen 2012; McCormack et al. 2015). They have been
identified by different classification systems, but are mainly known for absorbing and
transporting water and nutrients from the soil, and for playing a vital role in the
ecosystem carbon (C) cycle (Yuan & Chen 2012; McCormack et al. 2015). Fine roots
represent the bulk of a root system’s annual turnover (Freschet et al. 2013). Their litter
production can exceed the amount of litter from leaves (Rdderstein et al. 2005), and
their mean residence time of C can be more than twofold higher than that of shoots
(Rasse et al. 2005). However, due to the difficulties related to root sampling, fine roots
have been often ignored in field studies or estimated as a theoretical proportion of
aboveground values (Clark et al. 2001a; Trumbore & Gaudinski 2003).

In the last few decades, a set of different methods have been proposed to quantify
the fine-root C pool compartment and production, but their accuracy still needs to be
improved due to some sources of error. Especially in fine-root biomass estimations,
these errors may be related to soil density, soil seasonal fluctuations of resources and
conditions, distance from sampled trees, and the use of sieves with non-standard mesh
openings or even made of fragile and easily deformable materials (such as plastic
sieves) (Livesley et al. 1999; Addo-Danso et al. 2016; Sochacki et al. 2017). Not
surprisingly, there is still a lack of agreement in the literature concerning the most
appropriate method for sampling fine roots in forest ecosystems (Clark et al. 2001a;
Levillain et al. 2011; Addo-Danso et al. 2016; Sochacki et al. 2017).

Similarly to the sample-based interpolation and extrapolation methods for
estimating species richness (Colwell et al. 2012), the temporal prediction method has
emerged as an alternative for fine-root mass estimation. The temporal prediction
method relies on manually extracting roots from soil cores for 40 min (divided into four
time intervals of 10 min each and resulting in four sample masses), and then predicting
the root extraction usually by fitting the data to a logarithmic model beyond that period
(e.g., up to 120 min) (Metcalfe et al. 2007). This approach reduces fieldwork time
during root collection and allows increasing the number of sampling points per area
(Metcalfe et al. 2007).

The temporal prediction method estimates fine-root production per unit area and

time and corrects for underestimating fine-root mass by fitting the data to a model
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(Girardin, Malhi, Aragdo, Mamani, et al. 2010). However, the same model (e.g.,
logarithmic) may not converge for all reference samples, and other models should be
tested (e.g., exponential and Michaelis-Menten) (Marthews et al. 2014). Additionally, it
is assumed that the best-fitting curve formula may vary among study sites (Metcalfe et
al. 2007). There are also no records in the scientific literature regarding the efficiency
of the prediction method in observed collection times shorter or larger than 40 minutes.

In this study, we measured the fine-root mass extracted from soil over time and
tested if it could reduce the fine-root collection time observed by the temporal prediction
method without affecting biomass estimation accuracy. Specifically, we aimed to
answer the following questions: (1) which statistical model best fits the fine-root mass
collected for 120 min?; (2) is the selected model in question 1 capable of making good
and reliable estimations of the total root mass for collecting reference samples in
collection times shorter than the previously tested 40 min (32, 24, 16, or 8 min)?; (3)
does a reduction in the observed collection time affect fine-root mass estimation?; (4)
is the relative error in the estimations associated with the reference collected mass?;
and (5) does the relative estimated biomass vary between sites when a short fine-root
collection time is selected?

Due to the reduced number of reference samples (n=4), we expect the models
with few parameters (e.g., logarithmic) to show a best fit, regardless of the collection
time. Assuming the reliability of estimates from the temporal prediction method
(Metcalfe et al. 2007), we expect to find no differences in biomass estimates at the
different collection times observed. Also, because the method underestimates the fine-
root biomass sampled in the field (Koteen & Baldocchi 2013), we predict that soil cores
with the largest fine-root biomass would have a greater error associated with the
estimates. Finally, because ecosystems have intrinsic characteristics (Marthews et al.
2014), we expect to find variations in the relative estimated biomass by the same model

in short observed collection times.
1.3 Methods
1.3.1 Study region

To answer the questions in this study, we carried out our fieldwork along an

elevational gradient of the Atlantic Forest from 10 m to 1000 m above sea level (asl).
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This is the second largest forest complex in the American continent and an important
biodiversity hotspot (Colombo and Joly, 2010; Myers and Mittermeier, 2000).
Specifically, we worked in seven sites of Serra do Mar State Park, S&o Paulo, south-
eastern Brazil (Fig. 1A): an old-growth seasonally flooded forest - Restinga (RES, + 13
m asl), an old-growth lowland forest (LOW, + 70 m asl), a lower submontane forest
post-selective logging (LSM(SL), + 150 m asl), an old-growth lower submontane forest
(LSM, = 248 m asl), an old-growth upper sub-montane forest (USM, £ 370 m asl), a
montane forest post-selective logging (MON(SL), = 1031 m asl), and finally, an old-
growth montane forest (MON, + 1,038 m asl) (Fig. 1B). We took advantage of the fact
that, in each of these places, there were 1-ha plots (a grid of 100 x 100 m divided into
100 subplots) installed to carry out long-term ecological research (Joly et al. 2012).
These sites varied in elevation, soil texture, soil chemistry, and above-ground biomass
(Table 1).
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Figure 1. The study was carried out in the northern part of Serra do Mar State Park
(red rectangle), Sdo Paulo, south-eastern Brazil (a). Seven ecosystems along an
elevational gradient were selected for collecting root samples (b). Acronyms: RES:
old-growth Restinga; LOW: old-growth lowland forest; LSM(SL): lower sub-montane
forest post-selective logging; LSM: old-growth lower sub-montane forest; USM: old-
growth upper sub-montane forest; MON(SL): montane forest post-selective logging;
MON: old-growth montane forest. Coordinate System: GCS SIRGAS 2000; Datum:
SIRGAS 2000; Author: VL.
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Table 1. Characteristics of ecosystems along an elevational gradient in Serra do
Mar State Park, Sdo Paulo State, south-eastern Brazil. Adapted from Alves et al.
(2010) and Martins et al. (2015).

Atlantic Forest physiognomy

Parameter

Restinga Lowland Sub-montane Montane

LSM(SL), LSM MON(SL) and
Plot codes RES LOW an(d U)SM I\/(IOI\)I
Elevation (m) 0-50 50-100 100-500 500-1,200
Rainfall (mm) * 2,146 2,146 2,146 1,975
Temperature (°C) * 22.3 22.3 22.3 16.3
Slope (°) 0-10 10-30 > 30 > 30
. Inceptisol Inceptisol Inceptisol
Soil type ( Quartz'f::;‘::mems) (T;pic (T;pic (Typpic
Dystrudepts) Dystrudepts) Dystrudepts)

Soil texture
Clay (%) 5.6 34.8 20.6 20.8
Silt (%) 4.2 7.8 17.0 24.6
Sand (%) 90.2 57.4 62.5 54.7
Soil chemistry
Bulk density (g.cm-3) 1.2 1.2 1.2 0.9
C (Mg.ha?) 63.4 102.6 126.2 139.5
N (Mg.ha?) 3.7 7.6 10.0 10.6
P (mg.kg?) 11.5 17.6 12.9 21.2
K (mmolc.kg?) 1.0 1.8 2.2 2.1
Mg (mmolc.kg?) 11 4.6 7.2 5.3
Ca (mmolc.kg™) 15 5.4 12.0 7.2
Al (mmolc.kg?) 15.6 14.3 25.1 26.7
pH 3.6 4.6 3.8 3.7
CEC (mmolc.kg?) 85.4 110.9 160.2 121.3
(Br:;eolsftk:r_f‘)t'on 3.0 7.2 153 8.1
Aboveground biomass
Trees (Mg.ha) 163.5 204.8 247.7 271.3
Palms (Mg.ha?) 2.8 3.9 6.0 11.3
Ferns (Mg.hat) 0.0 0.2 0.1 0.8

(*): Annual rainfall and temperature data are from the automatic weather stations installed by the
Biota Functional Gradient Project, near the plot in the montane forest, and by the Agrometeorological
Information Centre (CIIAGRO), near the plots in the Restinga, lowlands and sub-montane forests for
the period from March/2013 to February/2014. Acronyms: RES: old-growth Restinga; LOW: old-
growth lowland forest; LSM(SL): lower sub-montane forest post-selective logging; LSM: old-growth
lower sub-montane forest; USM: old-growth upper sub-montane forest; MON(SL): montane forest
post-selective logging; MON: old-growth montane forest.
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1.3.2 Root sampling

The fine roots (roots < 2 mm) sampled to fit the best model were collected in
USM and MON forests. These two sites had been previously studied (Sousa Neto et
al. 2011) and were known for containing contrasting fine-root stocks (small in the sub-
montane forest and large in the montane forest). Soil cores with the stocked fine roots
were extracted from nine subplots in each study site (sub-montane and montane
forests) during fieldwork in March 2013. We used a systematic design to collect the
soil cores: three subplots were selected at the bottom of the grid, three in the middle,
and three in the upper part. Soil cores (measuring 14 cm in diameter and 10 cm in
depth) were extracted at the right upper corner of each subplot using a manual auger.
Roots that had not been cut by the auger and remained on the wall of the open soil
cavity were cut off using scissors. We maintained a minimum distance of 40 m in the
soil core collections. The sampling points were moved up to a maximum of 2 m away
if they fell on rocks or trees.

The soil cores extracted from both study sites (n = 18) were placed on previously
identified trays, and roots were hand-picked in the field for 120 min, split into 2-min
time intervals (60-time intervals of 2 min each, 1080 min per study site). Six people
participated in removing the roots from the soil cores, and they were instructed to
maintain the same collection pace throughout the sampling. Also, if a person quickly
collected the roots from a portion of the soil, (s)he would be instructed to keep
searching for roots (at the same pace) until the allotted time elapsed. We did not
evaluate the performance of more than one field worker on the same soil sample.

In total, we collected 540 root samples per study site. The roots collected at the
end of each 2-min interval were stored in identified paper bags with the site
identification, the soil core number, and the collection time interval (e.g., 0—-2 min, 2—4
min, 118-120 min). The root samples were taken to the Laboratory of Ecology,
Department of Plant Biology at the University of Campinas, where the roots were
washed in a particle size sieve (0.50 and 0.25-mm opening) and oven-dried at 60 °C
until reaching a constant dry weight. We weighed the 540 root samples from each study
site on a precision scale and summed their masses (in g) according to the soil core.
Thus, we attained the information concerning the observed root mass at different time

intervals over 120 min.
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1.3.3 Testing the shortest observed collection time under different conditions

We carried out another fieldwork in July 2014 to collect new fine-root samples
(also, roots < 2 mm) after identifying the best fit model and the shortest time for
collecting reference samples. These samples were used to test if the percentage of
estimated mass differed between ecosystems, soil types, and land uses. We tested for
differences in the estimated fine-root mass percentage (and not for the absolute mass)
because the absolute mass would vary naturally between ecosystems. Our objective
was to verify the model’s efficiency.

New fine-root samples were collected in the Serra do Mar State Park covering
all seven sites selected for this study (Fig. 1B). Soil cores (diameter, 14 cm; depth, 10
cm) were extracted in the right upper corner of 16 systematically assigned 100-m?
subplots. We collected soil cores in four subplots at the bottom of the grid, eight soil
cores in the middle, and four in the upper part. The subplots were 30 m away from
each other. A manual auger was used to extract the soil cores, and before rotating the
auger, the surface roots were cut off to prevent fine-root samples higher than 14 cm
from being sampled. Again, the sampling points were moved up to a maximum of 2 m
away if they fell on rocks or trees. The soil cores extracted were placed on identified
trays, and roots were hand-picked in the field in the four-time intervals of 2 min each
(8 min per soil core, 128 min per study site) — the shortest collection time tested, as
described in the subsection Statistical analysis. We chose to collect roots in the
shortest time to capture the increments of root biomass at the early phases of the root
picking (Berhongaray et al., 2013). Thus, with less time spent in the field it would be in
that shortest time if the method were unstable. Sixty-four root samples were extracted
per study site, and they were placed in identified paper bags. Root samples were taken
to the Laboratory of Ecology at the University of Campinas, where the roots were

washed, oven-dried, and weighed on a precision scale. The absolute mass was

calculated in Mg.ha™".

1.3.4 Statistical analysis

To identify the best-fit model for the fine-root mass accumulation curve (study

guestion 1), we constructed a cumulative curve of fine-root mass for 120 min for each
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soil core (the reference samples). Thus, we had 18 cumulative curves in total and fitted
the models to each one of them. We evaluated the fine-root mass cumulative curves’
shape by assessing ten statistical models’ predictive accuracy using the Akaike
Information Criterion (AIC) obtained from the aictab function of the AICcmodavg
package (Table 2). Only models having AAIC < 2 were considered to be models with
substantial best-fit support/evidence (Burnham & Anderson 2004). Next, an
independence test with the most appropriate models was performed to quantify the
percentage of fit of the mass curves. In situations where there was a tie, i.e., more than

one model best fitted the curves, all models were considered.
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Table 2. Models tested for best fit for fine-root mass accumulation. Root samples
were collected over 120 minutes in time intervals of 2 min each in Sub-Montane and
Montane Forests (540 root samples per area) in Serra do Mar State Park, south-

eastern Braazil.

Model

Fit formula

Reference

(1) Chapman-Richards

(2) Exponential
(3) Gompertz

(4) Hyperbolic

(5) Logarithmic
(6) Logistic
(7) Monomolecular

(8) Power law

(9) Second-order
polynomial

(10) Weibull

Ri= a(1-eP)°) +¢
R[: ea+b/t+l +&
Rt: ae-bexp(-ct) +£

R= at/(b+t)

R:= a+ blog(t) +¢
Ri=a/(1+ be®) +¢
Ri=a(1- ce™) +¢

Ri= atb+¢

Ri¢= a+bt+ct?+¢

R: = a[l-exp(-bt°)] +&

(Richards 1959; Huang et al. 1992)
(Wykoff et al. 1982; Huang et al. 1992)
(Winsor 1932; Huang et al. 1992)

(Bates & Watts 1980; Ratkowsky &
Reedy 1986)

(Curtis 1967; Arabatzis & Burkhart 1992)
(Pearl & Reed 1920; Huang et al. 1992)
(Brody 1945; Draper & Smith 1981)

(Stoffels & van Soeset 1953; Stage 1975;
Huang et al. 1992)

(Henriksen 1950; Curtis 1967)

(Bailey & Dell 1972; Fang & Bailey 1998)

Notes: R; is the cumulative root mass at time t; a, b, ¢ are parameters estimated by least squares, and
€ is the statistical error with Gaussian distribution, zero mean and constant variance.

To analyse the performance of the best-fit model at shorter collection times
lower than that previously tested (40 min), we kept the original number of reference
samples (n = 4) and tested different time interval reductions of 2, 4, 6 and 8 min (study
question 2). The reductions resulted in the following collection times: 40 min (four time
intervals of 10 min each), 32 min (four time intervals of 8 min each), 24 min (four time
intervals of 6 min each), 16 min (four time intervals of 4 min each), and 8 min (four time
intervals of 2 min each). To observe the mass per each time interval, we used the mass
collected over 120 min (Figure 2, observed mass/reference samples).

We chose not to work with time intervals shorter than 2 min due to the increased
chance of collecting large fine root masses at one time interval after another, in which
we found little or no mass (where the opposite is expected by the temporal prediction
method). This could result in poor model fits and, consequently, errors in fine-root mass

estimates, especially in ecosystems where fine-root stock is large. Additionally, these
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tests are laborious, especially when cleaning the samples, which made us believe that
five different lengths of time intervals would be enough to explore the method’s
potential.

Estimations of total fine-root mass were noticed to be significantly improved by
the parameter controlling the asymptote in one of the ten models tested (parameter
alpha (a) of the Weibull model). Thus, we performed a simple linear regression
between the observed cumulative mass at 40, 32, 24, 16, and 8 min (the predictive
variable) and the a parameter (the response variable). The a parameter calculated for
the observed cumulative mass at different observed times was used to construct back-
transformed equations (Table S1 — Appendix A). The a parameter is necessary as a
starting value during the Weibull model’s optimization procedure to estimate the fine-
root mass accumulated at the same cut-off point used for the observed data. After this
adjustment, the model can be used to predict the fine-root mass at 120 min (Figure 2
- estimated mass/extrapolated time), the period in which we observed total
accumulated dry mass in the soil cores. Therefore, it is noteworthy that we collected
roots for 120 min (observed mass). Then we used the observed mass at different time
intervals (40, 32, 24, 16, and 8 min) to predict the mass at 120 min (estimated mass).

We applied the Relative Root Mean Squared Error (RRMSE) using the
gofRRMSE function of the ehaGoF package (Gulbe & Eyduran 2020), which provides
information about a model’s performance (goodness of fit) to investigate whether a
reduction in fine-root observed collection time affects fine-root mass estimation (study
guestion 3). Model accuracy was considered excellent when RRMSE was < 10%; good
when RRMSE was = 10% and < 20%; fair when = 20% and < 30%; and poor when
RRMSE was = 30% (Despotovic et al. 2016). Additionally, we performed an analysis
of variance (one-way ANOVA) to test if the estimated mass differed between collection
times (40, 32, 24, 16, and 8 min) (categorical variable: collection time, response
variable: estimated mass for 18 soil cores).

To test if the relative error in the model’s estimations was associated with field-
observed mass (study question 4), we performed simple linear regressions for each
observed collection time by summing each soil core’s mass values. The model's
relative prediction error was calculated as follows: (observed mass - predicted
mass)/observed mass x 100. The test has the purpose of evaluating if the model’s error

is associated with the observed mass, e. g. if large samples have large errors (40 min)
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and small samples have minor errors (8 min). The observed mass was used to predict
the relative error (response variable) in performing the linear regressions.

We fitted the best model selected from previous analyses to the observed fine-
root mass and estimated the mass at 120 min (Figure 2 - extrapolated time/estimated
mass). Then, we calculated the estimated/total mass ratio (proportion data) and
transformed the proportions into logit to meet the assumptions for ANOVA (Warton &
Hui 2011). We performed a one-way ANOVA to analyse if the estimated mass differed
between ecosystems (Restinga, lowland forest, lower sub-montane forest, lower sub-
montane forest post-selective logging, upper sub-montane forest, montane forest post-
selective logging, and old-growth montane forest), soil types (Entisol versus
Inceptisol), and land uses (post-selective logging versus old-growth) (study question
5). Logit data were back-transformed to present the results of the percentage of
estimated fine-root mass. We used R 4.0.3 (R Core Team 2020) to perform the

analyses.
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Figure 2. Hypothetical representation of how the best-fit model was applied to the
temporal prediction method. The chequered background represents the observed
mass collected in the field. The white background represents the mass estimated by
the model. A is the fine-root mass accumulated over the first-time interval; B is the
mass accumulated at the end of the first-time interval plus the fine-root mass
accumulated in the second-time interval; C is the mass accumulated at the end of the
second-time interval plus the fine-root mass accumulated in the third-time interval; D
is the mass accumulated at the end of the third-time interval plus the fine-root mass
accumulated in the fourth-time interval. Based on these first four reference samples,
the model of best fit to the observed data was again fitted and used to estimate the
total accumulated fine-root mass for 120 min (E).

1.4 Results

1.4.1 Best fit model and the shortest collection time

We found that Gompertz, logistic, monomolecular, and second-order polynomial
models did not converge for accumulated mass curves using the full 120-min dataset
(observed mass). Among the remaining models, the best-fit model was Weibull (study

guestion 1); its fit was independent (had no association with the observed fine-root
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collection times (x? = 10.88; df = 16; p = 0.82) and had 58.6% of relative frequency
(Table 3). Other models with the best goodness of fit (AAIC < 2), but with a low fit
percentage were Chapman-Richards (25.2%), power (8.1%), logarithmic (4.5%), and
hyperbolic (3.6%) (Table 3).

Table 3. Absolute (n) and relative (%) frequency for models with the best fit (AAIC <
2) for 1,080 cumulative fine-root mass samples collected in different durations of

observed time over 120 minutes, and in 18 sampling points.

Number and duration of Model

each time interval

Chapman- Hyperbolic Logarithmic Power Weibull

Richards
12 intervals of 10 min 6 (23.1) 2(7.7) 2(7.7) 3(11.5) 13(50.0)
15 intervals of 8 min 7 (31.8) 1(4.5) 1(4.5) 1(4.5) 12 (54.5)
20 intervals of 6 min 7 (30.4) 1(4.3) 1(4.3) 2(8.7) 12 (52.2)
30 intervals of 4 min 5 (25.0) 0 (0.0) 0 (0.0) 0 (0.0) 15 (75.0)
60 intervals of 2 min 3(15.0) 0 (0.0) 1(5.0) 3(15.0) 13(65.0)
Total (%) 28 (25.2) 4 (3.6) 5 (4.5) 9(8.1) 65 (58.6)

We found an excellent fit (R*> = 93%) by regressing the mass estimated by the
Weibull model at each observed collection time as a function of the observed mass at
the same time intervals (Figure 3). This result implies that there is no evidence of
accuracy loss when we fitted the same model for all sample roots (study question 2).
The goodness of fit of the Weibull predictions was also excellent for all collection times
(RRMSE < 10%) (Figure 3). Moreover, we found no significant differences in the
relative estimated mass among the different observed time collections (F4 = 0.08; p =
0.99). This result indicates that there are no grounds to state that reductions in the
observed time interval can affect fine-root estimation (study question 3). We also found
no significant relationship between the relative prediction error of the Weibull model



30

and the observed mass for any observed collection times (study question 4) (Figure
4). Thus, the estimated mass in long (40 min) or short (8 min) time intervals was not

associated with estimation errors.
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Figure 3. Fine-root mass estimated (rarefied) by the Weibull model at 40, 32, 24, 16,
and 8 min as a function of the observed root mass for the same periods. Notice that
all estimations were significant (p-value), had a high coefficient of determination (R?),
and excellent accuracy (RRMSE < 10). The confidence intervals (95%) at each point
are displayed in a grey shade. RRMSE = Relative Root Mean Squared Error.
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Figure 4. The Weibull model estimation relative error at different rarefaction times (40,
32, 24, 16, and 8 min) as a function of the observed fine-root mass. There was no
association between the relative error and observed mass for any collection times (p-
value > 0.05).

1.4.2 Reducing the observed collection time does not affect fine-root estimation

under different conditions

We observed that collecting fine roots from soil cores in four-time intervals of 2
min each was sufficient to collect approximately 64.5% of the mass in the first 8 min,
and 35.5% was predicted by the model (Figure 5). As expected, the ecosystems’
absolute mass varied, but there was strong evidence that the percentage of the
observed mass collected for 8 min did not differ across sites from the percentage of
relative biomass estimated by the model (Fs, 105 = 0.897; p = 0.499) (study question 5).

Figure 5. Absolute (Mg ha-1) and relative (%) fine-root mass quantified for 120 min in
seven ecosystems along an elevational gradient of Atlantic Forests. The black colour
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represents the percentage of the mass collected in the first 8 min (fieldwork with four
series of 2 min/each), and the grey colour represents the percentage of mass
estimated (uncollected) by the Weibull model at 120 min. The percentage of collected
and estimated mass did not differ among ecosystems, soil types (Entisol versus
Inceptisol), and land-use histories (old-growth versus selective-logging). RES: old-
growth Restinga; LOW: old-growth lowland forest; LSM(SL): lower sub-montane forest
post-selective logging; LSM: old-growth lower sub-montane forest; USM: old-growth
upper sub-montane forest; MON(SL): montane forest post-selective logging; MON:
old-growth montane forest.

1.5 Discussion

The results provide insights into the usefulness of predictive models and the
appropriate time to extract fine roots from soil cores. We found that the Weibull model
best fitted the observed mass for 120 min and predicted the fine-root mass correctly at
shorter collection times. Unlike other studies suggesting that the model for predicting
fine-root mass can vary among study sites (Metcalfe, Williams, Aragao, Da Costa, De
Almeida, Braga, Gongalves, Silva, et al. 2007; Marthews et al. 2014), we observed that
the same model could estimate root mass for different ecosystems and conditions. Our
results are partially explained by the fact that we were dealing with mass accumulation

curves of similar shapes. The same model could fit almost all of them, partially because
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of the model properties. Weibull is a type of distribution that has been known as highly
flexible and able to assume virtually all monotonically increasing sigmoid growth
shapes, allowing an increase or decrease in the rate over time (Yang et al. 1978).

The Weibull distribution has been commonly used in forest science, particularly
to predict patterns of above-ground structures, such as tree diameter distributions
(Zhang & Liu 2006; Mcgarrigle et al. 2011) and height-diameter relationships (Huang
et al. 1992; Scaranello et al. 2012). Although the Weibull model has been shown to
provide the best realistic growth pattern above-ground (Payandeh & Wang 1995), few
attempts have been made to test this model for below-ground structures (Schwarz et
al. 2013; Guo et al. 2021). We found that Weibull works well for modelling root removal
over time and suggest other studies to consider this model when fitting their data
collected below-ground. Our results also show that there is no appropriate time for
extracting fine roots from the soil as there was no evidence of difference between
collection times. This finding is significant, as researchers can spend less time
collecting roots in the field. In this study, for example, just by reducing the observed
collection time per soil core to 8 min, we spent 88% less time extracting roots per study

site - from 1080 min to 128 min.

The temporal prediction method has raised doubts concerning its accuracy
(Koteen & Baldocchi 2013), especially due to the small roots remaining in the soill
matrix. However, our study shows that, despite not using all the root mass present in
the soil sample, it proved to be efficient by comparing samples of different sites even
when shorter collection times were used. Since most of the total estimated mass for
120 min was collected in the initial minutes, even at the shortest observed collection
time (whose accumulated reference sample masses represented 64.5%, and the
remaining mass was estimated by modelling), it is possible to observe that more than
half of the root mass could be collected. In a high-density Populus plantation in
Belgium, for example, 10 min was enough to pick 90% of the fine-root biomass in the
summer (Berhongaray et al. 2013). Thereby, based on the collected reference
samples, the remaining biomass in the soil is not neglected, but considered by the

modelling process, whose final estimate will have the built-in correction.

Thus, this study corroborates the method’s estimation efficiency evaluated by

Metcalfe et al. (2007), as well as defending the suggestion that assertive reference
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sample collections combined with models that best fit them provide two ways to
achieve more realistic values even at shorter time intervals than those previously used.
The lack of differences in the estimated mass percentage that was observed along the
Atlantic Forest’s elevational gradient (Figure 5) shows that the method is consistent

regardless of the mass variations among the different ecosystems analyzed.

Given the fact that we tested different models on soil samples up to 10 cm in
depth only, the soil layer where the greatest fine-root biomass is found in the Atlantic
Forest (Rosado et al. 2011a; Sousa Neto et al. 2011; Silva et al. 2020), we are still
unable to state whether similar results can be obtained when soil layers above 10 cm
are handled during the same collection times as those tested. However, others can
apply these procedures in ecosystems with similar conditions to ours. In addition, we
still need further clarification concerning the effect of soil texture, organic matter, and
soil water content during fine-root removal, since, based on our experiences in the
field, it has been noticed that the soil becomes very sticky as the water content
increases. This can become a big problem when sampling roots, especially those

growing in rainforest oxisols, for example.

Choosing the most appropriate method to answer the questions of below-ground
research is crucial for studies to ensure that sufficient and meaningful replication is
statistically robust (Freschet et al., 2021). We conclude that the findings obtained here
reinforce the usefulness of the temporal prediction method to achieve these goals and
have a broader impact in the root ecology field. This impact is significant in a changing
environment, where roots and their associated microorganisms can shape how
ecosystems respond to climate change (Pennisi & Cornwall 2020), and we still know

little about how this happens.
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CHAPTER 2 - FINE ROOT-ARBUSCULAR MYCORRHIZAL FUNGI
INTERACTION IN TROPICAL MONTANE FORESTS: EFFECTS OF
COVER MODIFICATIONS AND SEASON

2.1 Abstract

Tropical Montane Forests are unique climate-influenced ecosystems with a vital role
for some ecosystem services, of which one of the most important is soil carbon storage.
Changes in forest cover affect forest structure, composition and functioning, but little
is known about how such changes influence the belowground carbon content. In this
study, we addressed this issue by evaluating whether fine-root production differed
between forest-cover types and contrasting seasons after controlling arbuscular
mycorrhizal fungi (AMF) traits, and what the minimum time required to detect such
differences is. We also determined whether AMF-related traits were affected by distinct
forest cover and seasons after controlling fine-root production. The objects of study
were four forests with distinct degradation histories in the Atlantic Forest: old-growth,
post-selective logging, post clear-cut and post-pasture forests. Data were collected in
four 2500-m?2 plots installed in each area and analyzed through multivariate statistics.
Fine-root production differed significantly between forest covers, and marginally
between seasons, as it was greater in the post-pasture area and in the rainy season.
Some AMF traits also differed between forest covers and seasons, especially the
abundance of viable spores in the dry season. We found that six months was the
shortest period necessary to identify differences in the production of fine roots. This
study shows that forests with different degradation histories and annual climatic
variations significantly affect fine-root production and AMF dynamics in Tropical
Montane Forests. In particular, ecosystems that have been more perturbed tend to
invest more in fine-root production (post-pasture). Our results help to better understand
belowground interactions and biomass investment under different managed

ecosystems.

Keywords: Atlantic Forest; belowground functioning; biomass; seasonality.
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2.2 Introduction

Tropical Montane Forests are the predominant forest type in zones of maximum
cloud condensation in mountain ranges (Boehmer 2011). Although fragmented,
reduced and disturbed by human intervention, these forests are considered hotspots
of biodiversity (Gradstein et al. 2008) and are strongly influenced by temperature,
precipitation and soil fertility gradients, generally associated with elevation. Montane
Forests invest substantial amounts of biomass in the production and functioning of
belowground structures (Hertel et al. 2009; Moser et al. 2011; Girardin et al. 2013) that
are vital for some ecosystem services, such as hydrology, slope stability and,
especially, soil carbon (C) storage (Girardin, Malhi, Aragao, Mamani, et al. 2010; Vieira
et al. 2011).

Together, natural and man-induced disturbances can modify the intensity,
duration and frequency of the time that it takes for systems to restore (Liebsch et al.
2008; Brearley 2011). Such modifications occur because once resource availability is
affected (such as changes in water, light and nutrient availabilities), new habitats are
created and occupied by species with different needs (Tabarelli & Mantovani 1997;
Tabarelli 1999). A considerable and variable part of plant productivity is destined to
belowground structures, such as fine roots, in order to maintain diverse growth
strategies (Litton et al. 2007; Malhi et al. 2011; Raich et al. 2014). Therefore, it is
expected that root biomass will vary depending on the type of disturbance and recovery
time, although few studies have addressed these effects on the belowground
compartment in wet tropical forests (Hertel et al. 2007).

Fine roots, especially, are key to the root system because they actively function
in the transportation and absorption of adequate supplies of water and nutrients for
plant growth and maintenance (Gordon & Jackson 2000; McCormack et al. 2015).
They are morphologically classified with a diameter less than or equal to 2 mm
(Jackson et al. 1997a) and, due to their close contact with soil particles, some of the
most complex chemical, physical and biological interactions experienced by terrestrial
plants are mediated by these types of roots (Vogt et al. 1993; Bais et al. 2006).
Although C inputs to the soil through fine-root turnover are lower as compared to C
inputs via aboveground sources, they are the main source for soil organic C formation

(Berhongaray et al. 2019).
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In general, root production in tropical forests occurs continuously throughout the
year, but its growth is affected by environmental and plant characteristics (Meier et al.
2013; Mommer et al. 2016) as well as by the microorganisms with which it interacts.
Root-fungi associations, in particular, are reported as the most widespread symbiotic
associations, and they occur in more than 80% of higher-plant species (Wang & Qiu
2006; Smith & Read 2008). This is particularly important in tropical forest where the C
stored in aboveground biomass is mainly derived from plants that are associated with
arbuscular mycorrhizal fungi (Soudzilovskaia et al. 2019; Steidinger et al. 2019).

In this association, arbuscular mycorrhizal fungi (AMF), which are necessarily
biotrophs, completely depend on their plant hosts for C supply (Bago et al. 2003). AMF,
in turn, improve plant fithess and productivity by increasing nutrient uptake capacity,
required in photosynthetic and other metabolic processes (van der Heijden et al. 2008;
Cavagnaro et al. 2015). Regarding C fluxes, arbuscular mycorrhizal symbiosis
significantly contributes to C allocation to both roots and AMF structures in the soll
(Drigo et al. 2010). Considering fine-root production as a source of potential entry
points of AMF hyphae, understanding how root-microbial interactions respond to
seasonal climate variations may shed light on net primary productivity and soil C-
storage capacities (Leake et al. 2006; Newbold et al. 2015).

In order to address the consequences of forest-cover changes on the
belowground C content, our goals in this study were to analyze the effects of forest
cover on fine-root production as well as evaluate the minimum time required to detect
these effects by directly measuring fine-root biomass production. Moreover,
considering that recently produced fine roots are the structures by which AMF
accesses photoassimilated C and that it can significantly influence plant growth and
nutrients and water acquisition (Pasqualini et al. 2007), we investigated if by controlling
the production of fine roots, AM symbiosis components would be altered by different
forest covers and seasonality. We also checked if soil parameters differed between
forest-cover types and seasons and if they were correlated with fine-root production
and AMF symbiosis components.

Based on previous studies which predict that in Montane Forests higher
radiation and vapor pressure deficits lead to higher water loss from trees (Rosado et
al. 2016), we expect that different forest-cover types will influence fine-root biomass

production as well as its AMF association. Thus, the more managed the ecosystems
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are (in this case, a post-pasture area), the more roots will be produced and/or the more
permissive these roots will be to AMF associations due to such higher radiation and
water loss. In addition, because, in rainy seasons, plant metabolic activities are high in
these forests (Marchiori et al. 2019), we also expect to find variations between

contrasting seasons.

2.3 Materials and Methods
2.3.1 Study site and sample collection

The study was carried out in the protected area of Serra do Mar State Park in
Sao Paulo state, southeastern Brazil (Fig. 1a). Serra do Mar State Park holds the most
well preserved Atlantic Forest remnants (Oliveira-Filho & Fontes 2000; IBGE 2012).
Since the 1970s, with the State Park creation, changes in forest use in many areas
have ceased or have been reduced (Tabarelli et al. 1993; SIMA 2006).

The regional climate is the Cwa type in K&ppen'’s classification (Alvares et al.
2013). The winter (from June to September) is usually cold and, exceptionally, in June
and July, there is scarce humidity and precipitation (Colombo & Joly 2010). In contrast,
the summer (from December to March) is hot and humid. Fog is observed sporadically
throughout the year, being common during the dry season (Salemi et al. 2013). Here,
we consider both mentioned periods and all their intrinsic processes as contrasting
seasons and, for comparative purposes, we call winter the dry season and summer
the rainy season.

In the study period (from July 2016 to June 2017), the mean annual temperature
was approximately 17 °C, with monthly averages ranging from a minimum of 13 °C in
July to a maximum of 20 °C in January. Annual precipitation was close to 1500 mm,
with high seasonal variation and the monthly amount ranging from a minimum of 2.2
mm in July/2016 to a maximum of 327 mm in January/2017, according to data from
meteorological stations close to the plots and provided by the Climate and Biosphere
Laboratory - DCA/IAG-USP and by the S&o Paulo State Forestry Institute.

We selected 16 plots of 50 m x 50 m in size (2500 m2 each) with four replicate
plots representing forests with past modifications that affected the characteristics of

the forest cover, which we considered here as forest-cover types and defined as
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follows: (i) Old-growth forest (OG), a forest without evidence of human impact; (ii) Post-
selective logging forest (SL), a forest characterized by irregular extraction of large-
diameter stems and considered here as low to medium human impact; (iii) Post clear-
cut forest (PCC), a forest grown after a total cut of tree individuals, and thus, classified
as a tree community after medium to high human impact, and (iv) Post-pasture forest
(PP), a forest undergoing a regeneration process after forest-cover conversion by
clear-cut followed by pasture, considered a regenerating forest cover after high human
impact (Fig. 1b). All these plots are included in an old-growth forest matrix and the

maximum distance from each other is approximately 13 km (Fig.1b).
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Figure 1. The study areas were in the Serra do Mar State Park, S&do Paulo State, southeastern
Brazil (a). Four forests with distinct levels of human impact in the past were the objects of
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study: Old-growth was a mature forest; Post-selective logging had irregular extraction of large-
diameter stems; Post clear-cut had all trees removed; and Post-pasture was an area used for
livestock and then abandoned for natural regeneration (b). The level of human impact
(hemeroby) can be considered from low to high from Old-growth to post-pasture.

Regional vegetation is typical of Montane Atlantic Forest and the above-ground
biomass tends to decrease with increasing intensity of human modifications. The plots
are close to 1000 m of altitude (Alves et al., 2010; Marchiori et al., 2016) and according
to the testimony of residents next to the forest, the last modifications in the structure of
the tree community occurred about 50 years ago, when the Serra do Mar State Park
was created. In addition, the most abundant tree families make associations with AMF
(Table 1).

The soils are mostly classified as Inceptisols, with medium texture and shallow
depth (Martins et al., 2015; SIMA, 2006). The chemical soil analyses of the plots were
carried out at the Soil Science Department of Luiz de Queiroz College of Agriculture
(ESALQ-USP), in which pH was measured in 0.01 M CaCl2 with a soil-solution ratio of
1:2.5; exchangeable Al by means of extraction with solution of KCI 1 N and titration
with 0.05 mol L-1 NaOH in the presence of bromothymol blue; potential acidity by
means of pH; K, Na, Ca and Mg with extraction of elements by ion exchange resins
and reading by an atomic absorption spectrophotometer (Ca and Mg) and flame
photometer (K and Na); and P by water extraction using anion exchange resins and
quantification by colorimetry. N concentrations were determined by a Carlo Erba
elemental analyzer (FlashEA1112) at the Center of Nuclear Energy in Agriculture —
University of Sdo Paulo CENA/USP. Total organic C was determined at the Center for
Research and Development of Soils and Environmental Resources — Agronomic
Institute of Campinas (IAC) by dichromate oxidation method.



Table 1 — Tree community and soil chemical characteristics in different forest-cover types in Serra do Mar State Park,

Brazil. Values represent the means and standard errors.

Site parameter Forest cover? Statistic
oG PSL PCC PP F p
Tree community characteristics
Aboveground biomass (Mg ha)? 303.10 242.90 171.78 126.31 * *
Arecaceae Chrysobalanaceae Euphorbiaceae  Euphorbiaceae
Most abundant families® Sapotaceae Monimiaceae Arecaceae Primulaceae * *
Chrysobalanaceae Sapotaceae  Cyatheaceae Lauraceae
Mycorrhizal status* AM only AM only >90% AM >90% AM * *
Soil chemical characteristics®
C organic matter (g kg™?) 11.39+0.482 8.21+0.33" 8.68+0.35% 7.65+0.25° 5.25 0.02
N (g kg?) 6.75+0.53? 4.51+0.39° 5.92+0.432° 7.69+0.52% 8.08 <0.01
P (mg kg™?) 19.22+5.05aP 13.25+2.15° 16.13+0.622° 20+1.57* 3.66 0.02
K (mg kg?) 60.85+6.70? 67.20+6.672 66.23+3.982 79.67+4.482 2.02 0.12
Mg (mg kg?) 56.25+9.63?2 33+5.37° 25.13+3.25° 37.88+3.54% 528 <0.01
S (mg kg?) 24.3815.642 22.03+3.452 25.13+1.582 20.25+1.17* 1.20 0.32
Ca (mg kg?) 96.88+28.01°° 90+16.38%®  46.25+13.87¢  173.75+30.83% 8.11 <0.0001
Al (mg kg™) 245.81+19.67° 204.75+11.73* 193.50+10.29*  192.09+17.72* 2.68 0.05
H+AI 146.72+15.522 114.0346.99% 122.09+9.34%  103.31+10.46° 2.80 0.05
pH 3.51+0.05° 3.63+0.032° 3.76+0.03? 3.76+0.08* 4.89 <0.01
SB (mmolc kg?) 12.304£2.322 9.88+1.192 4.68+0.66° 13.51+1.79% 11.00 <0.0001
CTC (mmolc kg?t) 159.02+16.742 123.91+7.47  126.78+9.082 116.82+9.98* 2.07 0.11

IForest cover types: OGF = Old-Growth Forest; PSLF = Post Selective Logging Forest; PCCF = Post Clear-Cut Forest; PPF = Post Pasture Forest;
2Data from Ramos et al. (unpublished); 2Data from Padgurschi et al. (2011), Marchiori et al. (2016) and Oliveira et al. (unpublished). *Estimated
according to Wang and Qiu (2006) and Steidinger et al. (2015); 3Martins et al. (2015) and Silva et al (present study); AM= arbuscular mycorrhizal;
SB = Sum of basis; CEC = Cationic Exchange Capacity. Lower case letters indicate differences between forest cover types (p < 0.05).

42
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2.3.2 Fine-root production characterization

We accessed net fine-root biomass production by the ingrowth core method
(Steingrobe et al. 2001; Hendricks et al. 2006). To that end, we first opened four
cavities per plot (14 cm in diameter by 30 cm in height) in a systematic design of about
30 m equidistant. Then, to avoid the transfer of soil with high nutrient content from the
top to the bottom layers (as suggested by Aragéo et al., 2009), we held each soil
sample on trays referring to 0-10, 10-20 and 20-30 cm soil depths and manually
collected stored roots from soil by the temporal prediction method (Metcalfe et al.,
2007). We kept the collected roots in paper bags so that we could later (in the
laboratory) triage, carefully wash, dry, weigh and, with measured masses, convert
them to an Mg ha? scale. Live and eventually dead roots were not separated but
treated together under the term biomass.

In each open cavity, we inserted a plastic mesh (1 cm-opening) and filled it with
root-free soil. At the end of each season, we removed the fine roots produced inside
the mesh (according to the same method previously mentioned) until one year of
monitoring was completed. Due to variation in the response time between the different
types of forest cover, we evaluated the fine-root biomass produced in the winter (June
to September/2016) and summer (December to March/2017) as well as in a longer
period of time, consisting of the sum of the fine-root biomass produced in the autumn
and winter (March to September/2016) as well as in the spring and summer
(September/2016 to March/2017). Here, we identified them as samples of three and
six months.

To avoid comparisons of different belowground performances, we carried out
Kruskal-Wallis tests to evaluate differences between soil depths and observed that
biomass root production differed and was higher in the superficial layer (0-10 cm) in all
study areas (Old-growth: X2 = 11.08, p = 0.004; Post-pasture: X2 = 19.2, p <0.0001;
Selective logging: X? = 16.09, p <0.001; Post clear-cut: X2 = 19.69, p <0.0001) (Figure
S1, Appendix B). Thus, we restricted this study only to the evaluation of processes that
occurred at a depth of 0-10 cm, which is in direct contact with decomposing litter,
recognized as an important driver of root proliferation (Sayer et al., 2006).

After quantifying the biomass produced from fine roots, we selected three

samples of each forest-cover type for 3C content analysis. Fine-root carbon
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concentrations were determined by Carlo Erba elemental analyzer (FlashEA1112) at

the Center of Nuclear Energy in Agriculture — University of S&o Paulo CENA/USP.

2.3.3 Microbial soil C and AMF traits

Near each ingrowth core, we randomly sampled a volume of soil equivalent to
10 cm in diameter and 10 cm in depth in order to analyze the relation between fine
roots and AMF traits. We homogenized the roots and soil from each plot, totalizing four
composed samples by forest-cover type. We quantified soil microbial biomass C (uC
gt soil) (Jenkinson & Powlson 1976) and soil basal respiration (CO2 g soil h'!) (Alef &
Nannipieri 1995) in order to estimate C stocks and efflux capacity through soil
microbiota. The metabolic quotient (qCO2) was calculated using the ratio between the
basal respiration of the soil and soil microbial biomass C (Anderson & Domsch 1993b).
We conducted the following procedures to characterize AMF traits: intraradical
colonization, extraradical hyphae, viable spores and soil glomalin contents.

We analyzed the percentage of fine-root length colonized by AMF by first
clarifying the roots with 10% (w/v) KOH, and in case roots were still dark, they were
treated with alkaline peroxide (3% H202 10v and 20% NH4OH) (Koske & Gemma
1989). After bleaching, the roots were acidified in 2% HCI and stained in 0.05% (w/v)
trypan blue in acidified glycerol (Giovannetti & Mosse 1980). We observed 30 root
segments of 1 cm under a light microscope (100-400x magnification) and then
calculated the percentage of colonized root length (Trouvelot 1986) for each composed
sample in each plot (n = 30).

We estimated the extent of the extraradical mycelium using the flotation and
quantification method, after filtration and staining (Boddington et al. 1999; Melloni &
Cardoso 2001). To that end, 10 g of soil from each composed sample were used for
hyphal extraction. The washing solution was passed through a 0.45-mm mesh and
then collected in dark flasks. The mycelium suspension was vacuum filtered using a
nitrocellulose membrane with a cross-linked grid and stained with 0.05% trypan blue
in acidified glycerol. The total length of extraradical mycelium was estimated under an
optical microscope (100x magnification) in 64 fields. Only hyphae with AMF

characteristics and morphology were considered (blue stained non-melanized,
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aseptate hyphae with characteristic bifurcations angles), and the length of extraradical
hyphae was expressed as meters per gram of soil (m g soil).

Viable spores were determined under the light of a stereomicroscope lens by
counting those with an intact wall and clear internal content and, expressed by number
of spores per g soil (Gerdemann & Nicolson 1963). The spores were extracted from
a 20-g soil subsamples of each composite sample by wet sieving through 0.250- and
0.025-mm sieves. The content in the later sieving was transferred to a tube and
centrifuged in 70% sucrose solution.

A significant amount of photosynthetically fixed carbon is allocated by AMF to
glomalin- related soil-protein (GRSP) production (Rillig et al. 2001; Lovelock et al.
2004). We extracted GRSP from 1 g of soil (three technical replicates) with 8 mL of
sodium citrate (50 mmol L pH 8) and autoclaved it at 121 °C for 1 h. The solution was
centrifuged at 8000g for 15 min and the supernatant separated. This process was
repeated until the supernatant solution became translucent (Wright & Upadhyaya
1998). Bradford assay was used to estimate the protein amount in the extracts, using

bovine serum albumin as a standard (Bradford 1976) and expressed by mg g soil.

2.3.4 Temperature and soil-water content monitoring

We monthly measured soil temperature and soil-water content, totalizing four
measurements per plot (n = 16 by forest-cover type). To that end, we used precision
sensors of 0.3 °C (STP-2, PP Systems) and 3% (HydroSense Il, Campbell Scientific),

respectively.
2.3.5 Data analysis

We began by checking the assumptions of multivariate normality and
homogeneity of variance-covariance matrices through Mardia and Box's M tests,
respectively. The data were then transformed into log+1 to standardize the variables
and achieve such assumptions. A two-way multivariate covariance analysis (two-way
MANCOVA) was performed to evaluate whether the type of forest cover and season
(independent variables) as well as their interaction affected the biomass production of

fine roots collected every three and six months (dependent variables). The AMF traits
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(i.e. root colonization, extraradical mycelium length, number of viable spores and
GRSP) were used as covariates. To avoid Type-l error across the pairwise
comparisons, we used Bonferroni procedure.

A two-way MANCOVA was also performed to evaluate the opposite direction of
interaction, that is, whether the type of forest cover, season and root production
affected AMF-related traits. In this case, the type of forest cover and season were used
as independent variables and the performance of the AMF traits as dependent
variables, after controlling the fine-root production identified in the first MANCOVA.
Bonferroni tests were also used for pairwise comparisons.

We performed a two-way multivariate analysis of variance (two-way MANOVA)
to examine if soil parameters (microbial biomass C, basal respiration, soil temperature
and water content) differed between forest-cover types and seasons. Finally,
Pearson’s correlations were performed to evaluate the relation between biomass fine-
root production and AMF traits with a series of soil variables (these variables are
described in Tables 3 and 4). The statistical analyses were carried out by the R i386
3.6.0 free software environment (Wickham et al. 2016; R Core Team 2020) and SPSS
23 software (IBM 2019).

2.4 Results

We found a significant difference between forest-cover types (Fs, 38 = 2.58, P =
0.03, Wilks’ A = 0.505) and a marginal significant difference between seasons (F2, 10 =
3.01, P =0.07, Wilks’ A = 0.759) for the combined dependent variables (biomass fine-
root production every three and six months) after controlling the studied AMF traits
(mycelium colonization, mycelium length, viable spores and GRSP content), which
were not significant in the model (Fig. 2). There was also a significant interaction
between forest cover and season in biomass fine-root production after controlling the
covariates (Fs, 38 = 2.56, P = 0.04, Wilks’ A = 0.507).

Looking specifically at the collection period (three and six months), we observed
that fine-root production differed between forest-cover types and between seasons
only when roots were collected every six months (Fs=5.28, P = 0.01, Wilks’ A = 0.505
forest cover; F1 = 5.39, P = 0.03, Wilks’” A = 0.759 season) (Fig. 2). The average
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production of fine roots was greater in the post-pasture forest and in the rainy season
(Fig. 2b).
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Figure 2 Fine-root biomass production at (a) three months and (b) six months. Forest-
cover types: OG — Old-growth, PSL — Post-selective logging, PCC — Post clear-cut and
PP — Post-pasture. Bars represent the standard error (n = 16). Upper-case letters
indicate significant differences between forest-cover types and lower-case letters
indicate significant differences between seasons for the same forest type.

Regarding the influence of forest cover and season on AMF traits, we found a
statistically significant difference between forest cover (Fi2,5056 =2.11, P = 0.03, Wilks’
N\ =0.341) and season (Fas, 19 = 14.66, P < 0.001, Wilks’ A = 0.245) in the combined
AMF traits after controlling the production of fine roots, which were not significant in
the model (Fig. 3). There was also a significant interaction of forest cover and season
in AMF traits after controlling the production of fine roots (Fiz, s0.56 = 3.93, P < 0.0001,
Wilks’ A = 0.175).

Analyzing each component of the AMF traits separately, we found no significant
differences in root colonization between forest-cover types (Fs = 1.83, P = 0.17, Wilks’
N\ =0.341), but significant differences between seasons (F1= 25, P < 0.01, Wilks’ A =
0.245), with more colonization occurring in the rainy season (Fig. 3a). Extraradical

mycelium length and soil GRSP content differed between seasons (F1 = 18.50, P <
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0.001, Wilks’ A = 0.245 for mycelium, and F1 = 5.00, P = 0.036, Wilks’ A = 0.245 for
GRSP), and both components were more produced in the rainy season (Fig. 3b/d).
The number of viable soil spores differed significantly between forest-cover types (Fs
= 7.27, P = 0.001, Wilks’ A = 0.341) (higher in old-growth and post-pasture) and
seasons (F1 = 16.83, P < 0.001, Wilks’ A = 0.245) (higher in the rainy season) (Fig.
2¢).
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Figure 3. Arbuscular Mycorrhizal Fungi (AMF) traits based on (a) Fine-root
colonization, (b) Extraradical mycelium length, (c) Number of viable spores and (d)
Glomalin-related soil protein of the forest covers examined in this study. Forest-cover
types: OG — Old-growth, PSL — Post-selective logging, PCC — Post clear-cut and PP —
Post-pasture. Error bars represent one standard error (n = 4). Upper-case letters
indicate significant differences between forest covers and lower-case letters indicate
significant differences between seasons for the same forest type.

T

a

&
=

—

Fine root colonization (log+1)
GRSP content (log=1)

Number of viable spores (log+1)

Extraradical mycelium length (log+1)

0.0 0o

B
a
p

2 3
n~|
06

We found that biotic and abiotic soil parameters significantly differed between
forest covers (Fs3, 15 = 2.28, P = 0.01, Wilks’ A = 0.27), and mainly between seasons
(F1,5 = 13.59, P < 0.001, Wilks’ A = 0.23). There was no interaction between forest
cover and season in soil biotic and abiotic parameters (Fs, 15 = 1.22, P = 0.28, Wilks’ A

= 0.46). In addition, we observed that soil temperature varied between forest covers
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(F3=5.30; P <0.01); qCO2 was also the highest (F1=43.01; P <0.001), and soil-water
content was the lowest (F1=24.47; P < 0.001) in the dry season. Opposite results were
found for the rainy season (Table 2).
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Table 1 — Average of soil parameters in four forest-cover types analyzed in the dry and in the rainy seasons at Serra do Mar State

Park, southeastern Brazil.

Forest cover? Univariate statistics
) oG PSL PCC PP
Soil parameters
Season
Dry Rainy Dry Rainy Dry Rainy Dry Rainy Cover Season Cover*Season
Fine-root biomass C Fs=1.35; F1=1.54; F3=1.86;
37.9t1.6 36.3+3.1 33.2+0.2 36.3+2.9 31.3t0.5 36.7x1.5 36.6+1.2 35.9+0.5
(%) P=0.29 P=0.23 P=0.18
Microbial biomass C 1,358.0+ 1,238.1+ 1,100.0+ 945.2+ 909.3% 1,139.0+ 1,048.8+ 960.0+ Fs=1.53; F1=0.24; F3=0.93;
(HC g* soil) 193.7 241.7 48.1 86.4 49.6 1342 991 1274 P=0.23  P=0.63  P=0.44
Basal respiration Fs=0.90; F1=4.96; F3=0.44;
] 8.1+1.2 4.7+0.6 6.2+0.9 3.0+£0.2 6.9+1.3 10.7+£0.2 5.8+0.5 4.3x0.3
(CO2 g soil h'}) P=0.45  P=0.04 P=0.73
Fs=1.85; F1=43.01; F3=0.31;
qCoO; 6.0+0.12 3.9+0.3> 5.6+0.82 3.1+0.3b 7.7+1.52  3.9+0.3> 5.6+0.22 3.3+0.2°
P=0.17 P<0.001 P=0.82
Soil temperature Fs=5.30; F1=0.01; F3=3.07;
14.1+0.0"8  18.7+0.2°B14.0+0.17B18.8+0.1”8 14.7+0.3* 19.0+0.0A 13.7+0.1819.3+0.28
(°C) P<0.01 P=0.93 P=0.05
Soil water content Fs=3.83; F1=24.47; F3=1.90;
22.3+2.2° 29.843.52 26.2+3.1b 31.3+2.22 22.9+3.60 28.2+0.42 14.7+0.3028.1+1.02
(%) P=0.02  P<0.001  P=0.16

1Forest-cover types: OG — Old-growth, PSL — Post-selective logging, PCC — Post clear-cut and PP — Post-pasture. Upper-case letters
indicate significant differences between forest-cover types and lower-case letters indicate significant differences between seasons (P

< 0.01), respectively.
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When analyzing the correlations of soil parameters with fine roots and AMF
traits in the dry season, we observed strong positive correlations of viable AMF spore
numbers with extraradical mycelium length (r = 0.95, P < 0.01), and of viable spores
with soil GRSP content (r = 0.91, P <0.01) (Table 3). However, we also found a strong
negative correlation between spore numbers and soil pH in the dry season (r = -0.81,
P < 0.01) (Table 3). In the rainy season, the strongest positive correlations of viable
spores were found with fine-root yield (r = 0.76, P < 0.01), AM root colonization (r =
0.84, P < 0.01) and extraradical mycelium length (r = 0.75, P < 0.01) (Table 4). During
this season, the cation exchange capacity (CEC) of the soil was the variable with the

highest negative correlation with viable spores (r = -0.74, P < 0.01) (Table 4).
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Table 3 — Pearson correlation coefficients (r) between soil variables collected during the dry season in four forest-cover types in Serra do
Mar State Park, southeastern Brazil.

Variable 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
1. FRP

2. FRC .06

3. EML 54* -25

4. VSN 42 -13 L95**

5.GRSP .36 -.20 927 Q1

6. MB 34 -29 89** .88 .95

7. MR 32 -46*  53* 40 .66** [ 70**

8. MQ .04 -29 -31 -48* -19 -.20 .56**

9.swC -30 -.70* -.03 -.07 -.09 .00 -02 -03

10. TMP -27 -30 -35 -53* -38 -32 -.02 34 ST

11. N .28 .60** .12 .20 12 -.08 -31 -33 -.68* -58*

12. P 04 44 .30 52* 41 .27 -21 -59% -22 -56* .67*

13.K -20 .51* -49* -30 -52%  -62** -83* -42 -15 -29 .60** .51*

14. Ca -.24 50 -12 .10 -10 -21 -.65** -65** -34 -62** 72** .67** .80*

15. Mg 28 .01 78 .89 78 70** A2 -64* -06 -59%* 46 77 .07 44

16. S A5% -35 .02 -.13 -28 -19 -19 -.04 A3 .26 -29 -44 -03 -26 -.18

17. Al .64** -.36 82 71 .80** .76** .63** -.01 14 -.09 -05 .17 -54* -42 55* .16

18. pH -40 35 -83* -79* -83* -86** -65* .10 -25 .05 26 -20 .61** .46* -55* .04 -.87*

19. SB -10 .33 22 42 .23 12 -44 - 74 225 -7 70 79 62** 93** .73** -25 -10 .13
20.CEC  .55* -40 78 .65 70** .64** 44 -13 .28 .05 -05 .15 -46* -37 53 .28 .95 -79** -07

Acronyms mean: FRP - Fine-root production, FRC - Fine-root colonization, EML - Extraradical mycelium length, VSN - Viable spores number,
GRSP - Glomalin-related soil protein, MB - Microbial biomass, BR - Basal respiration, MQ - Metabolic quotient, SWC = Soil-water content,
TMP - Soil temperature, SB - Sum of bases and CEC - Cation exchange capacity. (*) P <0.05 and (**) P < 0.01.
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Table 4 — Pearson correlation coefficients (r) between soil variables collected during the rainy season in four forest-cover types in

Serra do Mar State Park, southeastern Brazil.

Variable 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
1. FRP

2. FRC ST

3. EML 5% 73

4. VSN 4% 80 71

5.GRSP .13 .03 -36 .18

6. MB -70** -48* -66** -32 .29

7. MR -09 -26 -12 -18 .15 .04

8. MQ 11 -3 -02 -37 -32 -53* .35

9.SwC -82** -30 -.65"* -44 .09 .74 -29 -51*

10. TMP  .94** &57* .68* .63* .22 -63* -08 .05 -71*

11. N 48 33 39 .67 -01 .04 -52¢ -32 -16 .37

12. P .07 15 -12 .28 .50 .49* -40 -59* 33 .24 .55*

13. K 33 .67 .61** .56** -29 -15 -68** -52* .07 .35 .62** .43

14. Ca .00 47 .18 .56 .11 .37 -58** -86** .44 -01 .63** .61** .74*

15. Mg -43 -34 -60** -17 .33 .76** -47* -47* [70** -37 37 74 14 51

16. S - 75*% -56** -54* -75* -50* .28 -05 .19 .60** -77** -41 -37 -23 -19 19

17. Al -23 -72% - 75" -56* 40 .29 o7 3 .19 -17 -13 .19 -56* -42 .50* .26

18. pH 10 .54 59  51* -37 -.08 .02 -43 -05 -04 A7 -25 .46 .48* -39 16 -.90**

19. SB -20 19 -14 33 .21 .58 -62** -81** .62** -19  .59** | 72** 58  O3** 78** 03: -.09 .20
20. CEC -45* -83* -85 -6/ .27 48 .13 27 35 -41 -16 .16 -58** -36 .56** .44 .95%* -79% -02

Acronyms mean: FRP - Fine-root production, FRC - Fine-root colonization, EML - Extraradical mycelium length, VSN - Viable spores
number, GRSP - Glomalin-related soil protein, MB - Microbial biomass, BR - Basal respiration, MQ - Metabolic quotient, SWC - Soil-
water content, TMP - Soil temperature, SB - Sum of bases and CEC - Cation exchange capacity. (*) P <0.05. (**) P < 0.01.
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2.5 Discussion

Our study showed relevant information about the production of fine roots, its
associated AMF and soil microbial C. In general, both fine-root production and AMF
traits were influenced by forest-cover types indicating that past disturbance (and the
intensity of such disturbance) in an ecosystem can alter the belowground interaction
and C dynamics over many years. This can be observed by the increased investment
in fine roots in those forests with the highest human impact in the past, i.e. post clear-
cut and post-pasture. A study on soil C dynamics in a chronosequence of secondary
tropical rainforests showed that pasture soils stored 19% more C than early and late
successional sites in the top 10 cm of mineral soil, and successional sites stored 14—
18% more C in soil than pastures between 10 and 30 cm in depth (Schedlbauer &
Kavanagh 2008).

Contrarily to previous studies in Montane Atlantic forests (Sousa Neto et al.
2011; Rosado et al. 2011b), we found that the most productive period of fine roots was
in the rainy season, confirming the hypothesis of higher production with greater
precipitation, since temperature varies less than precipitation during a single growing
season (Wang et al. 2017). Is important to consider that the inferences of fine-root
biomass made in the abovementioned studies were based on the biomass stored in
the soil and because such biomass is a cumulative response, as there is no way to
ensure that the growing season is the same as that when fine-root sampling was made.
For this reason, by removing the roots produced at the end of each season, our study
can safely confirm that the rainy season is the most productive in that region.

An important issue in studying fine-root production is the adequate period to
collect samples in the field. Here, we found that more than 3 months was needed for
fine-root sampling, which coincides with contrasting dry and rainy seasons (6 months).
The residence time of fine roots in the soil ranges from a few weeks to 1-2 years for
first-order roots, and from years to decades for second- and third-order roots (Vargas
& Allen 2008). Thus, the observed biomass found here can be considered an
accumulated investment. Studies carried out in tropical forests, and specially in
Montane forests, should consider the time necessary for fine roots to grow before

collecting them (i.e. six months and at the end of the growing season).
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Studies on Montane Atlantic Forests have found that there is not a clear pattern
of litterfall inputs, but it is known that stocks are high and decomposition coefficients
are low (Sousa-Neto et al, 2011, Marchiori et al, 2019). In the dry season, microbial
biomass and respiration positively correlated with AMF traits, as there was abundance
of spores in soils and extraradical mycelium, indicating that AM symbiosis contributed
to microbial soil C dynamics, with drier periods of the year significantly diminishing the
activity of soil AMF communities (measured as GRSP content and ERM length), which
could reflect their smaller contribution to soil microbial biomass and activity (measured
as basal respiration).

In general, forest soils showed a higher metabolic quotient (qCO2) in the dry
season, which indicates more stressing conditions for the soil microbiota, which loses
more C through respiration and is less efficient in incorporating C into the microbial
biomass (Anderson and Domsch 1993). On the other hand, lower qCO2 values in the
rainy season may indicate higher stability of soil microbiota under those conditions,
and consequently, higher rates of litter decomposition, whose nutrients may be readily
transported to fine roots by water through the mass flow.

With regard to the AMF symbiosis-related traits, we found no clear differences
between changes in these traits and forest-cover types. Other studies, however,
reported higher AM colonization in roots of more disturbed plant communities (Aidar et
al. 2004; Zangaro et al. 2008). One possible explanation for these contrasting results
may be the time during which forests were left to natural restoration. The investigation
areas in the abovementioned studies were younger than our areas, so older areas with
distinct histories can recover AM traits and respond very much as old-growth forests
do. On the other hand, the high resilience of AMF after several forms of disturbance
has been shown (Soteras et al. 2014; Carrillo-Saucedo et al. 2018; de Ledn et al. 2018;
Mao et al. 2019). For example, in a study comparing mature tropical forests and a
forest after slash-and-burn impact, AMF communities were relatively similar,
suggesting the AMF capacity to reestablish in roots of new cover plants (de Leon et al.
2018). Here, we can also hypothesize that AMF communities more easily recovered
from land-use perturbations than did belowground fine-root C storage, possibly due to
the capacity of AM symbiosis to establish in a wide range of plant species present in
forest covers. With this respect, it can be suggested that the recovery of belowground

forest functions in C storage is mostly dependent on plant restoration levels.
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As for AMF intraradical colonization, we found no significant variation in
extraradical mycelium length between forest covers, meaning that this trait can also be
restored after distinct disturbance types. In the rainy season, even though the length
of AMF extraradical mycelium established an inverse correlation with soil-water
content (higher in this season), it correlated positively with soil temperature. Usually,
soil-water saturation conditions reduce the initiation of root colonization by AMF either
directly or indirectly, but once fungi are established in the roots, they are able to
maintain and expand within the growing root (Miller & Sharitz 2000).

In addition, due to the fact that AM extraradical mycelium length is more
sensitive to soil warming than the intraradical mycelium directly associated with the
host plant (Heinemeyer & Fitter 2004), higher temperatures may lead to higher growth
and activity of extraradical hyphae with consequent greater flux of photosynthetic C
from the host to the soil via AM symbiosis of fine roots, carbon that would be retained
in the form of extraradical mycelium or its secreted compounds to the soil, such as
GRSP (Gawvito et al. 2005; Heinemeyer et al. 2006). This response of AM mycelium to
higher temperatures and the higher photosynthetic activity of this season may explain
why more mycelia were produced in the rainy season.

Because AMF spores have characteristics that are relatively easily recognized
in the taxonomic identification of AMF biodiversity, this component has been found in
some previous studies in other Atlantic Forest physiognomies (Aidar et al. 2004;
Sturmer et al. 2006; Zangaro et al. 2008; Bonfim et al. 2013). Such studies report an
increase in the number of spores in the rainy season the younger the forest is. On the
other hand, we found higher viable spore numbers in the dry season, corroborating the
common tendency for AMF species to sporulate during the period of lower plant
productivity (Bonfim et al. 2013). In addition, plants also have the possibility to sense
the efficiency of the symbiosis and to integrate this information with their nutritional
status (Gutjahr & Parniske 2017). Thus, under stressful conditions, as in cold and drier
seasons in the tropics, the maintenance of active AM symbiosis in plant roots may
depend on the amount of nutrients that the fungi deliver to the plants.

Considering that the number of produced spores greatly varies among the AMF
species that are present in the community as well as according to their adaptation to
environmental and host characteristics (Bonfim et al. 2013), there may be a genetic

tendency for species from a population to sporulate more than others in a given period
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of the year (Moreira et al. 2009; Oehl et al. 2009). Therefore, we did not observe a
clear pattern in the abundance of soil AM spores in the studied forest-cover types. Yet,
another possibility is the functioning resulting from the symbiotic partner composition,
host plant and fungal species in these forest covers. In the post-pasture forest cover,
for example, it was still possible to observe patches of Gramineae among the trees.

GRSP content differed between seasons in almost all forest-cover types, and it
was higher in the rainy season, as well as was slightly higher than that observed in
other studies in soils from the Atlantic Forest (Bonfim et al. 2013; da Silva et al. 2016).
However, there was no significant difference in GRSP content between forest-cover
types. Because GRSP is ubiquitous in terrestrial ecosystems with AMF mycorrhizal
plants and also a very recalcitrant compound, with a long permanence in the system
after its production (Treseder & Turner 2007; Singh et al. 2013), perhaps the types of
disturbances (i.e. selective logging, clear-cutting and pasture) that resulted in the
current forest cover were not severe enough to affect the soil communities or, if they
did, such communities have already recovered.

We identified a high degree of correlation between fine-root biomass and AMF
intraradical colonization, extraradical mycelium and abundance of viable spores in the
rainy season; however, these AMF traits were not important covariates in fine-root
biomass. Some reasons are possible to explain these findings. Firstly, stored
nonstructural carbohydrates may be mobilized to support mycorrhizae (Kobe et al.
2010), with no direct effect of fine-root biomass on AMF traits. Secondly, fine-root
morphological traits, such as specific root length, specific root area and root-tissue
density, may be also more variable than root biomass within seasonal periods and
better predictors in relation to fine-root biomass (Rosado et al. 2011b; Chen et al. 2016;
Addo-Danso et al. 2020).

AMF traits were closely correlated with climate seasonality as also observed in
other Atlantic Forest physiognomies (Aidar et al. 2004; Zangaro et al. 2008; Bonfim et
al. 2013). However, the way this correlation happened was not the same for all. For
example, we observed a tendency to have greater abundance of spores in the dry
season than in the rainy season, while we found the opposite trend in root AM
colonization, extraradical mycelium length and GRSP contents. Because AMF spores
are resting structures that can survive under adverse environmental conditions,

sporulation can be considered a part of the life cycle of the fungi and a strategy of AMF



58

survival until there are favorable conditions to germinate and colonize susceptible roots
in these forests (Lenoir et al. 2016).

Overall, the results show a tendency for fine-root biomass to become less
conservative as more forest cover changes. Despite controlling fine-root biomass, we
did not find the same pattern for almost all AMF traits analyzed. One possibility is that
AM communities are more resilient than plant communities and have already
recovered from the damage that occurred 50 years ago in these Tropical Montane
Forests. In addition, we found a clear effect of climatic variations on both fine roots and
AMF traits. Further studies should be conducted in areas with distinct historical uses,
so that we can fully understand how land change impacts belowground interactions
and how much time belowground components need to restore in Tropical Montane

Forests.

2.6 CRediT author statement

Cinthia Silva: Conceptualization, Investigation, Data Curation and Writing - Original
draft preparation.: Vinicius Londe: Formal analysis, Writing - Reviewing and Editing.:
Sara Andrade: Methodology, Resources, Writing - Reviewing and Editing, Supervision.
Carlos Joly.: Resources, Funding acquisition; Simone Vieira.: Conceptualization,
Validation, Supervision.

2.7 Acknowledgements

This research was co-supported by the Brazilian National Council for Scientific
and Technological Development /CNPqg (PELD grant 403710/2012-0), by the British
Natural Environment Research Council/NERC (NE/K016431/1) and by the State of
Séo Paulo Research Foundation/FAPESP, as part of projects PELD/BIOTA and
ECOFOR (grants 2012/51509-8 and 2012/51872-5, within the BIOTA/FAPESP
Program - The Biodiversity Virtual Institute (www.biota.org.br). COTEC/IF
(002.766/2013 and 010.631/2013) permits. The first author was supported by the
Brazilian National Council for Scientific and Technological Development - CNPq (grant
140354/2017-4).



59

CHAPTER 3 - FINE ROOT PRODUCTIVITY IN HUMAN-MODIFIED
TROPICAL MONTANE FORESTS

3.1 Abstract

Understanding how forests recover and continue providing vital ecosystem services,
such as carbon (C) storage, is crucial for conservation actions in an environmentally
changing world. Here, we monitored the above- and belowground pools in 50-year-old
naturally regenerating and old-growth forests to analyze if the investment in fine roots
varied between forest covers, years, and seasons; to identity which soil properties
predicted the investment in fine-root biomass; to examine if forests with different
anthropogenic impacts prioritized the resource allocation trade-off to wood or fine
roots; to analyze whether and how the wood pool affected the fine-root pool. Six areas
in the Tropical Montane Atlantic Forest (TMAF) were selected to represent different
land uses: three old-growth forests (OG1, OG2 and OG3), one post-selective-logging
forest (PSL), one post-clear-cut forest (PCC), and one post-pasture forest (PP). Fine
roots were collected over two years (eight seasons) to calculate fine-root biomass
(FRB), primary productivity (NPPrr), C stock (Cstockrr), and residence time (RTrRr).
Plants with diameter at breast height = 4.8-cm were measured to compute wood
primary productivity (NPPwood) and C stock (Cstockwood). We found strong evidence
that FRB differs between forest covers and seasons, but not between years. PSL and
OG3 produced more FRB, and production was higher in the summer and spring. PSL
and PP stocked lower C in fine roots than other forests. Soil moisture and S content
better explained NPPrr in the OG forest, while Al, soil moisture, and Mg were the main
predictors in PSL. NPPrr was related with decreasing S in PCC and increasing Al and
soil temperature in PP. There was a greater investment in NPPrr than in NPPwood in
PP and OG3, and a positive relationship between Cstockwood and NPPwood With NPPEr
in PSL and PP forests. NPPrr and NPPwood Can be recovered in the long term in
degraded areas within forested matrixes, but more time is required to restore C stocked
in fine roots. As in temperate forests, FRB varies between seasons, which should be

considered when estimating fine-root production in TMAF. Our study contributes to
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better understanding the biomass allocation patterns in TMAF, and which soil variables

predict FRB production in mature and secondary forests.

Keywords: montane tropical forests, belowground functioning, productivity, allocation

3.2 Introduction

The patterns observed in a current ecosystem usually reflect the diversity of
past acclimations and adaptations accumulated by it. Both phenomena, often
combined, make it difficult to explore how organisms respond physiologically to a
detected change in the environment (Whitehead, 2012). An example is the uptake of
resources by vegetation, which influences and is influenced by spatial-temporal
conditions (Gea-lzquierdo et al., 2009; Guo et al., 2004). Nutrients, water and light are
the three main resources that limit plant growth and promote competition (Craine and
Dybzinski, 2013). Plants usually allocate their net primary productivity (NPP) to pools
that potentially increase their resource acquisition (Dybzinski et al., 2011). Leaves,
stems, branches, fine roots, coarse roots, reproductive organs, root exudates, and root
symbionts are examples of such pools (Clark et al., 2001; Malhi et al., 2011). However,
canopy (NPPcanopy), wood (NPPwood), and fine-root productivity (NPPrr) are the main
descriptors of forest ecosystems’ functioning (Malhi et al., 2011).

NPPcanopy estimation usually differs from other components of NPP, since it
measures outputs from canopy biomass (e.g., litterfall) rather than direct inputs (Malhi
et al., 2011). NPPwood is estimated from stem diameter, and it is generally measured
annually at a height of 1.3 m (Malhi et al., 2011). The largest unknown NPP term is the
transference of material out of fine roots, the connecting link between the soil and
aboveground pools, either through the production of root exudates directly into the soil
or as a carbon supply for mycorrhizae (Hogberg and Read, 2006).

In the tropics, the variation in carbon allocation to wood and fine roots seems to
be the dominant cause of variation in NPP allocation between above- and belowground
pools (Malhi et al., 2011). The enhanced allocation of carbon to root systems can be
an important mechanism in promoting biomass accumulation during forest growth
(Dybzinski et al., 2011; Raich et al., 2014) as well as in plant survival in adverse
periods, such as droughts (Metcalfe et al., 2008). If fine roots are prioritized and less
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involved in trade-offs, environmental conditions and their variations would predict root
productivity better than allocation to roots (Malhi et al., 2011), especially in tropical
montane forests (TMF), where there is highly variable resource availability, and
structural demands imposed by slope, aspect and soil landslide disturbance determine
the variation in allometric partitioning without consistent patterns across sites (Huaraca
Huasco et al., 2021; Malhi et al., 2011).

In studies in large-elevation ranges of TMF (e.g., =2 2000 m), NPPer is usually
reported to increase as NPPwood decreases (Girardin et al., 2010; Leuschner et al.,
2007). But it is still unclear whether TMF at lower-altitude ranges (such as Tropical
Montane Atlantic Forests - TMAF) respond in the same way (Alves et al., 2010; Vieira
et al., 2011). In addition, there is less agreement about the seasonality, location, and
duration of enhanced allocation of carbon to root systems in secondary forests (Raich
et al., 2014). Hence, the effect of local-species composition on forest carbon balances
may entail different growth rates, partitioning of carbon among biomass pools, tissue
turnover rates, and tissue chemistry (Russell et al., 2010; Russell and Raich, 2012).

Considering that the allocation of total NPPrr is crucial for understanding how
ecosystems will respond to soil disturbance and climatic variables (Green et al., 2005;
Huaraca Huasco et al., 2021; Yuan and Chen, 2010), we questioned in this study:
which properties drive NPPrr production in TMAF with different past human-
modifications and, possibly, different trade-offs? We expected that secondary TMAF
established after different land uses may have different environmental conditions
driving their NPPrr and resource allocation trade-offs from those in old-growth forests
(Raich et al., 2014). The objectives assessed were: (1) to analyze if fine-root dynamics
varied among forest cover types of TMAF, years, and seasons; (2) to identify which
soil properties (e.g., nutrient availability, temperature, and moisture) drove carbon
allocation to NPPer in the different forest covers; (3) to examine if forests with different
past human-modifications prioritized resource allocation trade-offs to wood or fine
roots; (4) to analyze whether and how Cstockwood and NPPwood pools affected the

NPPerr pool in different forest covers.
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3.3 Materials and methods
3.3.1 Study sites

The study was carried out in the protected forest matrix of Serra do Mar State
Park in S&o Paulo state, southeastern Brazil (Figure 1A). The Serra do Mar State Park
holds the most well preserved Atlantic Forest remnants along its 332,000 hectares
(IBGE, 2012; Oliveira-Filho and Fontes, 2000). Since the protected area’s
establishment in 1977, sources of land degradation, such as selective logging and
pastures, have ceased or reduced substantially (SIMA, 2006; Tabarelli et al., 1993).
The disturbance cessation created a mosaic of secondary forests with different land
uses in the past: an ideal environment for investigating ecological processes and
succession.

The predominant vegetation type at Serra do Mar State Park is Dense Montane
Ombrophilous Forest (IBGE, 2012), hereafter Tropical Montane Atlantic Forest
(TMAF). However, there is also the presence of taxonomic groups from temperate
Austral/Antarctic lineages, such as Myrceugenia, Drimys and Weinmannia (Meireles
and Shepherd, 2015; Padgurschi et al., 2011). These plant groups are associated with
areas of higher precipitation and lower temperatures rather than tropical evergreen
regions and deciduous species (Barros et al.,, 2022). TMAF holds the highest
aboveground biomass along the elevation gradient where it occurs (Alves et al., 2010).
Carbon stocked in TMAF conserved soils may surpass that of Amazonian forests, and
little carbon is lost to water leach (Andrade et al., 2011; Vieira et al., 2011).

We selected six sites to investigate above- and belowground biomass, but the
data used varied according to the study’s objective. These study sites have a
permanent 1l-hectare plot installed (a grid of 100 m x 100 m), where long-term
ecological research has been carried out (Joly et al., 2012; Marchiori et al., 2016). Each
1-ha plot is divided into 100 subplots of 100 m2 each (10 m x 10 m). In general, we
were interested in representing four forest cover types (our sample unit) with no or
different land uses in the past. The land uses affected the characteristics of the original
forest cover, which we consider here as forest cover types defined as follows: (1) old-
growth forests [site 1 (OG1; 1066 m a.s.l.; n = 1), site 2 (OG2; 1051 m a.s.l.; n = 1),
and site 3 (OG3; 1045 m a.s.l.; n = 1)], forests without evidence of human impacts in
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the last 50 years; (2) post-selective-logging forest (PSL; 1025 m a.s.l; n = 1),
characterized by the irregular extraction of large-diameter stems (DBH > 50 cm) in the
1970s, and from low to medium human impact; (3) post-clear-cut forest (PCC; 1020 m
a.s.l.; n = 1), a secondary forest growing naturally in the last 50 years after a total cut
of tree individuals, and thus, classified as a tree community after medium to high
human impact; (4) post-pasture forest (PP; 1148 m a.s.l.; n = 1), a secondary forest
under natural regeneration for 50 years after forest cover conversion by clear-cut
followed by pasture implementation (high human impact). All forest cover types are
included in an old-growth forest matrix, and the maximum distance between them was

approximately 13 km (Figure 1B).
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Figure 1. The study sites are in the Serra do Mar State Park, S&o Paulo State,
southeastern Brazil (A). Six forest stands with distinct levels of human impact in the
past were the objects of study: Old-growth are mature forests [sites 1 (OG1), 2 (0G2),
and 3 (OG3)]; Post-selective logging (PSL) had irregular extraction of large-diameter
stems; Post clear-cut (PCC) had all trees removed; Post-pasture (PP) was an area
used for livestock and then abandoned for natural regeneration (B). The level of human
impact can be considered from low (OG) to high (PP). Map information: Coordinate
System: GCS SIRGAS 2000; DATUM: SIRGAS 2000; Units: Degree; Satellite imagery
(B): Google Earth®; Imagery date: 7/21/2020; Author: VLonde.

Soils in the study areas are classified as Inceptisols (Typic Dystrudepts), with
medium texture and shallow depth (Martins et al., 2015; SIMA, 2006). The regional
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climate is Cwa (Humid subtropical zone with dry winters and hot summers), according
to Kdppen'’s classification (Alvares et al., 2013). The average annual temperature was
around 17 °C in the study period (from July 2015 to June 2017): monthly averages
ranged from a minimum of 13 °C in July to a maximum of 20 °C in January. The annual
precipitation was close to 1,600 mm year, a low record in relation to that in previous
studies in the same areas (Bonfim et al., 2013; Sousa Neto et al., 2011). Specifically,
the precipitation was around 310 mm in January 2016 and 2.2 mm in July 2016.
Climate data were obtained from weather stations installed close to the study region
(as provided by the Climate and Biosphere Laboratory, DCA/IAG, University of Sao
Paulo, and Sao Paulo State Forestry Institute).

3.3.2 Fine-root productivity

Fine-root biomass productivity was estimated through the ingrowth core method
(Hendricks et al., 2006; Steingrobe et al., 2001), following the Global Ecosystem
Monitoring (GEM) protocol (Marthews et al., 2014). Sixteen holes, measuring
approximately 14 cm in diameter and 30 cm in depth (96 in total), were dug in each
site using a post hole digger. Such holes were opened 30 m away from each other and
were distributed in a systematic design into the 1-hectare plot. To avoid the
transference of soil with high nutrient content from the top to the bottom layers (Aragao
et al., 2009), we kept each soil sample on separated trays and identified them as 0-10
cm, 10-20 cm, and 20-30 cm soil depths.

In order to quantify the carbon present in the fine-root biomass stock (Cstockrr,
Mg C ha™"), we manually collected fine roots (< 2 mm) from each tray according to the
temporal prediction method (Metcalfe et al., 2007; Silva et al., 2022). We stored the
roots in identified paper bags and sent them to the Laboratory of Ecophysiology,
Department of Plant Biology at the University of Campinas. Live and (occasionally)
dead roots were carefully washed, oven-dried until reaching constant weight, and
weighed on a precision scale. Then, we converted the dry mass into carbon units by
their specific carbon content (Silva et al., 2020).

To monitor the fine-root net primary productivity (NPPrr) over time, we inserted
1-cm mesh plastic netting into each open hole and filled it with its own root-free soil. At

the end of each season (i.e., September, December, March, and June), we collected
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the fine roots that had grown inside the plastic mesh repeating the same fine root
removal method used during the quantification of Cstockrr. We evaluated the fine-root
biomass production for two consecutive years (from July 2015 to June 2017)
comprising all four seasons twice, since response time varies between forest cover
types. To assess the carbon content (Mg C ha™' year™"), we also converted the dry
mass into carbon units by their specific carbon content (Silva et al., 2020). For the
purpose of forest cover characterization, we estimated fine-root carbon residence time
(RTer) by dividing Cstockrr by the annual NPPrr (Girardin et al., 2010).

3.3.3 Soil properties

Soil chemistry for the first 30-cm depth in OG1 and PSL forests were obtained
from a previous study (Martins et al., 2015). To characterize the soil chemistry in the
PCC and PP areas, 32 soil samples (16 per site) were removed in a systematic design
following the same sampling procedures and soil depth used by Martins et al. (2015).
As the sampling design was the same for fine roots and soil chemistry, the soil samples
were collected within a maximum radius of 10 m from each ingrowth core. Soil samples
were sent for chemical analyses at the Department of Soil Science, School of
Agriculture “Luiz de Queiroz”, University of Sdo Paulo (ESALQ/USP). There, the
potential of hydrogen (pH) was measured in 0.01 M CaClz with a soil-solution ratio of
1:2.5 (m/v); total aluminum (Al, mg kg!) by means of extraction using a KCI 1 N solution
and titration with 0.05 mol L™" NaOH in the presence of bromothymol blue; potential
acidity (PA, H+Al), by means of pH; total potassium (K, mg kg%), total sodium (Na, mg
kg?), total calcium (Ca, mg kg?) and total magnesium (Mg, mg kg) with extraction
of elements by ion-exchange resins and determined by absorption spectrophotometry
(Ca and Mg) and flame photometry (K and Na); and total phosphorus (P-resin, mg kg
1) by water extraction using anion-exchange resins and quantification by colorimetry.
Total sulphur (S, mg kg?) was determined by turbidimetry and extraction with 0.01 mol
L1 calcium phosphate.

The sum-of-bases (SB, mmolc kg!) was obtained by the sum of exchangeable
cations (Ca?* + Mg?* + K* + Na*). The cation exchange capacity (CEC, mmolc kg™")
was determined by the compulsive exchange method using a BaCl: solution (Gillman,

1979). The soil base saturation (BS, %), which represents the percentage of CEC
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occupied by bases (Ca?*, Mg?*, K*, and Na*), was calculated as the ratio between
100xSB and CEC. Aluminum saturation (AS, %) represents the percentage of effective
CEC that is occupied by Al. Total nitrogen (N, %) concentrations were determined by
a Carlo Erba elemental analyzer (FlashEA1112) at the Center of Nuclear Energy in
Agriculture, University of Sdo Paulo (CENA/USP). The content of soil organic matter
(OM, g kg!) was determined by the Walkley—Black wet combustion method (Raij et al.,
2001).

To complement the database, we monitored the soil temperature and soil water
content monthly, from July 2015 to June 2017, to estimate the mean annual soil
temperature (MAST, °C) and the mean annual soil moisture (MASM, %) next to the
ingrowth cores, totalizing twenty-four records per forest. The measurements were
taken using a soil temperature probe (STP-2, PP Systems) and a soil moisture monitor

(HydroSense II, Campbell Scientific).

3.3.4 Woody biomass production

The wood net primary productivity (NPPwood) Was estimated considering the
wood biomass production quantified through repeated censuses from November 2015
to March 2016 and from November 2016 to March 2017. Tree, palm and tree-fern
diameters, and wood newly recruited in 96 plots (20 x 20 m; 400 m? each) were used
to monitor the forest growth in the vicinity of the ingrowth cores installed in the soil. The
diameter of all individuals at 1.3-m breast height = 4.8 cm were measured, including
trees, tree palms, and ferns. Tree height was estimated using a specific allometric
equation adjusted to the Montane Atlantic Forest (Scaranello et al., 2012).

Wood density for species was consulted on the Global Wood Density Database
(Chave et al., 2009). We used the genus or family wood density when the information
for a species was not found. If no information was available, the average wood density
of the 400-m2 plot was used. We estimated the wood stock (Mg ha™) for each plot
through allometric equations for trees, palm trees, and ferns (Chave et al., 2014;
Hughes et al., 1999). To assess the biomass-stocked C (Cstockwood; Mg C ha't), we
multiplied the stocked biomass by 45.2%, which is the specific C concentration for
TMAF (Vieira et al., 2011). Wood productivity (NPPwood; Mg C ha? year?) was
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estimated by subtracting the Cstockwood Of the surviving trees in the second census

from that in the first census, and then, dividing by the time interval.

3.3.5 Data analysis

We submitted the data collected over two years (from September 2015 to June
2017) to a three-way repeated measures ANOVA to check if the fine-root biomass
differed among forest cover types (OG1, OG2, OG3, PSL, PCC and PP), between
years (1 and 2), and among seasons (winter, spring, summer, and autumn) (objective
1). We transformed the Cstockrr, NPPrr, and RTrr data into Logio+1 to reach the
assumptions of normality, sphericity, and no significant outliers. Post-hoc tests
included a one-way model at each factor plus multiple pairwise comparisons (Tukey
HSD; a = 0.05) to identify which pairs of variables differed. All computations were
performed in the R package rstatix (Kassambara, 2021).

Previously to the identification of the possible causal relations among soil drivers
and NPPrr in different forest covers, we performed one-way ANOVAs followed up by
Tukey post-hoc tests to understand the nutritional status of the soil forests. To identify
which soil properties affected NPPrr (Objective 2), we performed multiple linear
regressions combined with the backward elimination process (Lilja, 2016) for each
forest cover type. For this propose, we checked the assumption of linearity through a
scatterplot matrix, homoscedasticity by plotting the predicted values and residuals on
a scatterplot, and normality through Shapiro-Wilk tests and normal Q-Q plots.
Moreover, significant outliers were checked through Cook’s Distance, independence
of residuals, and multicollinearity through the variance inflation factor (VIF < 2.5)
(Johnston et al., 2018). Due to the dependence between pH, SB, CEC, BS, AS, PA,
OM, and solil nutrients, we decided not to add them into the modelling. MAST, MASM,
N, P, K, Ca, Mg, Al, and S were used as NPPrr predictors.

We used the NPPrr data transformed in Logio+1 to reach the assumptions of
multivariate normality, homoscedasticity, linearity, independence, and randomness. To
examine if forests with different land uses in the past prioritized the investment above-
or belowground (objective 3), we performed a multivariate analysis of variance (one-
way MANOVA) using the data collected in year 2. Data of only one year was used

because biomass production was similar between years. The normality assumption
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was checked through the Shapiro-Wilk test and normal Q-Q plots (for each dependent
variable), and homogeneity of variance-covariance matrices through the Box’s M test.
We used Tukey HSD for post-hoc multiple comparisons (a = 0.05). The relationships
between above- (Cstockwood and NPPwood) and belowground investment (NPPer)
(objective 4) was examined through simple linear regressions for each forest cover.
Results were graphically represented using the ggplot2 package, and all analyses
were conducted in the R environment (R Core Team, 2020; Wickham et al., 2016).

3.4 Results

We found high variability in Cstockrr, NPPrr, and RTrr across the four forest
cover types analyzed. PSL and PP had the lowest mean Cstockrr and were similar to
each other, while OG and PCC had the highest means (F, 90) = 6.78; P <0.001) (Fig.
2A). When we analyzed the annual NPPer variation, we found similar productivity
between almost all forest covers (1.54 + 0.19 to 2.09 + 0.16 Mg C halyear?), except
for the high productivity in the PP forest (3.17 + 0.31 Mg C hayear?) (F, 90) = 6.56;
P < 0.001) (Fig. 2B), which implied a lower RTrr (0.24£0.03 year) than that in other
forest covers (0.40 £ 0.03 to 0.84 + 0.18 year) (F, 90)= 7.92; P < 0.0001) (Fig. 2C).
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Figure 2. Variation of (A) fine-root C stock (Cstockrr), (B) fine-root net primary
productivity (NPPrr), and (C) fine-root residence time (RTer) in six Tropical Montane
Atlantic Forests with four cover types (n = 16). Lower-case letters indicate significant
differences between sites. Forest cover types: OG = old-growth [sites 1 (OG1), 2 (OG2)
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and 3 (OG3)], PSL = post-selective logging, PCC = post-clear-cut, and PP = post-

pasture.

We found differences in fine-root biomass between forest cover types (F s, 15) =
18.97; P < 0.0001) and seasons (F @, 15) = 37.46; P < 0.0001), but not between the
monitoring years (F @, 15) = 0.12; P = 0.73). In general, FRB was mostly produced in
spring and summer seasons when compared to autumn and winter ones (Fig. 3). Also,
we found significant interactions between forest cover types and the monitoring year
(F 5, 15 = 6.06; P < 0.0001), the monitoring year and seasons (F (3, 15) = 23.61; P <
0.0001), and seasons and forest cover types (F @5, 15) = 3.44; P < 0.0001). There was
no interaction between the three factors together, i.e., forest cover types, monitoring

year and season (F (15,15 = 0.76, P = 0.72).
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Figure 3. Fine-root biomass production (FRB) over seasons in four forest cover types of
Tropical Montane Atlantic Forest monitored for two years (n = 128). Uppercase letters indicate
significant differences between sites, lowercase Greek and Roman letters indicate,
respectively, significant differences between seasons in the first and in the second monitoring

years, and an asterisk (*) indicates differences within seasons. Forest cover types: OG = old-
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growth [sites 1 (OG1), 2 (OG2) and 3 (OG3)], PSL = post-selective logging, PCC = post-clear-
cut and PP = post-pasture.

In general, no soil chemistry patterns were found for the forest cover types
studied (Table 1). In the OGL1 forest, we observed the highest contents of N, Mg, and
Al. Consequently, OM, CEC, and PA were also higher in OGL1 than in the other forest
types. In the PSL forest, we found one of the most S soil contents, and this may have
contributed to the SB observed in this site (such as from PP and OG). AS was higher
in the PCC forest than in others but had similar PA and pH. Also, PCC and PP had the
highest K content. Still, we observed the highest MAST, Ca, and BS content in the PP
forest.

MASM and S were the soil predictors that contributed most to NPPrr in the OG1
forest (F 2, 13) = 4.04; P = 0.04; R2aqj= 0.29) (Fig. 4A and 4B). In the PSL forest, Al,
MASM, and Mg together better explained changes in NPPrr (F (3, 12) = 22.38; P <
0.0001; R2aqj = 0.81). While an increase in Al content affected NPPrr positively, an
increase in MASM and Mg affected it negatively (Fig. 4C-E). In PCC, S was the only
variable affecting (negatively) NPPrr (F (1, 14) = 4.69; P = 0.05; R2aqj = 0.20) (Fig. 4F).
In the PP forest, an increase in NPPrr was positively associated with Al and MAST (F
2,13) = 11.49; p = 0.001; RZaqj = 0.58) (Fig. 4G and 4H).
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Table 1. Soil properties analyzed in the 0-30 cm layer in an old-growth forest (OG1), post-selective-logging forest (PSL), post-clear-
cut forest (PCC) and post-pasture forest (PP) of the montane Atlantic Forest. Different letters indicate differences between areas.

Variables Forest cover? Fs.60 P
0G1 PSL PCC PP
MAST (°C) 15.87+0.09° 15.84+0.06° 16.06+0.07° 16.67+0.16* 14.19  <0.0001
MASM (%) 31.43+2.41 30.80+1.46 26.66+1.20 29.29+0.73  1.55 0.21
pH 3.64+0.04° 3.76+0.032° 3.88+0.022 3.86+0.06®  6.64 0.001
P (mg kg?) 13.17+2.932° 9.11+1.30° 13.95+0.572 14.70+1.182  5.59 0.002
K (mg kg?) 49.00+4.60° 49.80+3.99° 53.08+2.33% 71.21+8.31* 3.91 0.01
Ca (mg kg?) 65.16+15.76" 64.54+8.42° 28.51+4.73° 140.04+ 26.22*  8.55 0.0001
Mg (mg kg?) 40.25+5.83? 24.30+3.33° 19.78+2.53° 28.44+2.45% 536 <0.01
Al (mg kg?t) 229.50+ 5.212 176.34+10.25° 175.64+0.96° 172.2248.62° 4.31 0.01
S (mgkg?) 33.63+6.64% 31.03+3.782 23.63+1.17% 16.60+1.59*  3.08 0.03
SB (mmolc kg?) 8.90+1.352 7.26+0.612 3.39+0.47° 11.05+1.34* 17.61 <0.0001
CEC (mmolckg?) 139.66+11.332 103.01+6.13° 109.04+6.46% 97.28+6.31° 5.31 <0.01
BS (%) 6.08+0.77° 6.80+0.53° 3.52+0.56° 12.77+£1.77*2 18,5 <0.0001
AS (%) 76.68+1.85P 74.69+1.17%° 85.73+£1.972 64.30+4.06° 15.12  <0.0001
N (%) 0.55+0.042 0.35+0.02° 0.22+0.02°¢ 0.23+0.01¢ 35.95 <0.0001
PA (mmol. kg?) 130.77+£10.422 95.75+6.03° 105.66+6.61% 86.23+6.78>  6.33 0.001
OM (g kgt) 127.75+9.712 78.43+5.78° 49.03+2.01° 58.35+3.86° 40.95 <0.0001

(1) mean of 16 replications + SE per site; MAST (mean annual soil temperature); MASM (mean annual soil moisture); SB (sum of
bases); BS (base saturation); AS (aluminum saturation); PA (potential acidity); OM (organic matter); mmolc kg™: millimoles of charge

per kg of dry soil.
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Figure 4. Fine-root productivity (NPPrr) as a function of soil properties in different forest cover types of Montane Atlantic Forest. Mean
annual soil moisture (MASM) and Sulphur (S) were the main soil drivers in the old-growth forest (A, B). Aluminum (Al), MASM, and
Magnesium (Mg) affected NPPrr in the post-selective-logging forest (PSL) (C-E). Sulphur negatively affected NPP in the post-clear-
cut forest (PCC) (F) and Al and the mean annual soil temperature were the main soil properties found in the post-pasture forest (PP)
(G, H). Dashed lines show linear trends for significant relationships. The shaded area represents the 95% confidence interval (n = 16).
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Both, NPPwood and NPPer, differed between forest cover types (F (10, 180) = 4.78;
P < 0.0005), and except for OG3 and PP, C allocation to wood and fine roots was
similar within areas (Fig. 5). Moreover, we found that Cstockwood and NPPwood Were
positively associated with NPPrr only in the PSL and PP forests, respectively (Fig. 6
and Table S1 — Appendix C).
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Figure 5. Above- (wood) and belowground (fine-root) investment of forests with
different land uses in the past: old-growth (OG), post-selective-logging (PSL), post-
clear-cut (PCC), and post-pasture (PP). Uppercase letters indicate significant
differences between sites and lowercase letters indicate significant differences within

sites (pools). NPP = net primary productivity.
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Figure 6. Fine-root net primary productivity (NPPrr) as a function of wood carbon stock
(Cstockwood) and wood net primary productivity (NPPwood) in a post-selective-logging
(A) and post-pasture forest (B) in the Montane Atlantic Forest at Serra do Mar State
Park, Brazil. Lines show linear trends for significant relations. The shaded area
represents the 95% confidence interval, n = 16.

3.5 Discussion

3.5.1 NPPrr over seasons and four forest cover types

Studies of the belowground dynamics in tropical forests have gained much
attention in the last few decades (Girardin et al., 2013; Huaraca Huasco et al., 2021;
Leuschner et al., 2009), and our work sheds light on how NPPrr may vary in different
land uses, seasons and edaphic conditions in montane forests. Contrarily to what we
expected, the carbon stocked in fine roots did not follow a degradation continuum
depending on the intensity of the anthropic impact suffered in the past (i.e., from none
(OG1) to high (PP)). The PSL and PP forests had similar Cstockrr, and PCC was
similar to the OG forests, thus indicating that sites with different uses in the past could
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stock as much C as mature forests after 50 years of natural regeneration. As many
sites in our study, NPPrr was similar between forest cover types in a disturbance
gradient in Malaysia (Riutta et al., 2018). The authors speculate that a growth surge
may have caused increased demand for nutrients, which can be a plausible
explanation for the NPPrr investment in OG3, PCC, and PP forests.

The RTer variation found in TMAF is below those found at the same elevation
range in Ecuadorian and Andean TMF, respectively (Girardin et al., 2013; Graefe et
al., 2008). Considering that soil temperature has been associated as one of the most
important variables that explain root turnover patterns (Cusack et al.,, 2010;
McCormack and Guo, 2014), it may be useful to understand RTrr. For example, an
increase in temperature is related with an increase in maintenance respiration, higher
rates of nutrient mineralization and increased pathogen and herbivore activity, which
should decrease root lifespan (Gill and Jackson, 2000). Thus, even in forests belonging
to the same altitudinal range, as the soil temperature increases (e.g., due to past
human modifications), RTrr also decreases, requiring constant NPPrr so that the
plant’s soil resource acquisition can be maintained. Indeed, NPPrr was positively
associated with soil temperature in PP, the forest cover that invested most in FRB
production.

Although seasonal FRB production may be species-specific (Forster et al.,
2021; Meinen et al., 2009), we observed that, in the winter and summer, there was
similar fine-root production in all forest cover types. Evidence of differences in FRB
production was found, especially, in the autumn and spring. A previous study in TMAF
found that, during the rainy season (spring and summer), fine roots had larger live
mass than dead mass; contrarily, in the dry season (autumn and winter), there was no
significant difference between live and dead mass (Sousa Neto et al., 2010). Together,
this result and ours, may indicate that, TMAF, similarly to temperate or boreal forests,
are “summer-active” ecosystems where, in “regular” years, physiological activity ramps
up in spring, levels off in early summer, and begins to taper off by mid-summer before
rapidly declining with autumn senescence (Richardson et al., 2010).

It is also important to highlight the greater susceptibility found in this study of
modified forests to seasonal variations between years. While in unmodified or little
modified forests a season of greater variability in FRB production is followed by the

reestablishment of such production in the next (and favorable) season, in modified
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forests the reestablishment of FRB production seems to take longer. In these
secondary forests, fast-growing species have probably been favored, as they are more
efficient in absorbing water and nutrients (Rozendaal et al., 2019; Siminski et al., 2021).
They have a high return in terms of carbon gain, but at the cost of a riskier behavior (a
lower hydraulic safety margin) compared to slow-growing species (Oliveira et al.,
2021). Thus, unless these species can make ecophysiological adjustments for more
conservative water use — as previous studies have identified in TMAF (Eller et al.,
2013; Fauset et al., 2018; Rosado et al., 2016) — they are likely to be more exposed to
water deficits in hot and/or dry weather.

3.5.2 NPPkr as a function of soil properties

When we specifically consider the soils on which tropical forests have grown,
they are predominantly acidic, due to abundant precipitation, leaching of bases or
biological processes driven by nitrification, OM decomposition, dissociation of organic
acids, and the excessive uptake of cations over anions by plants (Binkley and Richter,
1987). Here, we could observe high Al content and low pH in the OG1 forest, but
concomitantly, it also had the highest soil OM. The main variables affecting NPPrr in
this site — MASM (negatively) and S (marginally positive) — are probably the result of
OM influences. Because soil OM is essential for retaining nutrients and water in sandy
soils as well as negatively related to their degree of compaction (Grigal and Vance,
2000), it could mitigate the soil's adverse conditions to NPPkr.

Globally, it is established that forest productivity tends to increase with
increased temperature and precipitation (Grigal and Vance, 2000). Especially in cloud
accumulation stands, soil moisture is typically high, and water logging may persist for
extended periods (Eller et al., 2016; Graefe et al., 2008). Although the forest
community may increase its NPPrr in the rainy season, excessive soil moisture can
negatively affect the root system, as found in the OG1 and PSL sites. Water saturates
the soil pores and hinders gas exchange, root respiration and nutrient uptake (Pan et
al., 2021), thus increasing stress and pressures from pathogens (Jackson and Colmer,
2005; Leppalammi-Kujansuu et al., 2014; McCormack and Guo, 2014).

Considering the context of forests, because a major part of the macronutrient in

soils is in organic combinations (Binkley and Fisher, 2012; Schoenau and Malhi, 2015),
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in order to be useful to trees, they must be converted to inorganic forms by biochemical
or microbiological mineralization (Castellano and Dick, 1991). Due to the negative
charge of those mineralized compounds, forms such as sulfates (S04%7) could remain
in the soil solution. Thus, they could probably be readily leached from upper (and drier)
to lower (and moister) slope positions in OG1 and PCC forests. As the variable
analyzed in this study considers the total S in the soil, we presume that the marginally
inverse effect of that nutrient on NPPrr in the two mentioned forests is related to
possible differences in the mineralization rates of OM and, consequently, to the
availability of plant-assimilable forms to satisfy the vegetation needs, as found in a
TMF in Ecuador (Wilcke et al., 2002).

Acidic and weathered soils also tend to be Mg deficient (Gransee and Fuhrs,
2013; Guo et al., 2016). This nutrient competes with Al for binding sites from the root’s
membrane, increasing Al-toxicity tolerance and promoting root growth (Li et al., 2020).
In the PSL forest, we suspect that the negative relation observed between total soil Mg
content and NPPrr is not causal, probably because Al is binding more sites from the
root's membrane than Mg. Thus, even if the amount of Mg increases in some regions,
the effect of Al on the roots may be predominating, thus decreasing RTrr in this forest.
Once an Mg-deficient condition is established, the plant’s oxidative stress increases,
thus impairing carbon gain and decreasing biomass, due to its effects on night-time
transpiration, respiration, or root exudation (Trankner et al., 2016). If we also consider
the negative effect of MASM, the result is a lower NPPrr as compared to other forests.

Not even at present is there consensus on how Al influences root development
in acidic soils (Bojérquez-Quintal et al., 2017; Osaki et al., 1997; Rehmus et al., 2014;
Wu et al., 2018). Here, we have seen that in forests where there is lower RTrr, such
as in PSL and PP, NPPkr is positively associated with Al content. In temperate forests,
some studies have observed that low pH associated with high concentrations of free
Al may reduce root longevity (Godbold et al., 2003; Raynal et al., 1990). While in the
PSL forest we observed that MASM and Mg negatively affect NPPer, in the PP forest,
MAST contributes positively to NPPer, and this may justify the contrasting productivity

found in these forests.
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3.5.3 Wood and fine-root investment

In general, the soil environment is extremely complex, and a variety of external
factors may be modifying the roots’ dynamics and how the shoot-to-root growth ratio
varies among plant species during plant ontogenesis (Lynch et al., 2011). In the last
few decades, several studies have sought to understand whether there is an internal
pattern of below- and aboveground carbon investment in forest ecosystems (Aragao
et al., 2009; Girardin et al., 2010; Malhi et al., 2011; Raich et al., 2014).

Here, we have observed that some TMAF seems to follow the resource
allocation trade-offs of some montane Andean and old Hawaiian tropical forests (Malhi
et al.,, 2011), where there is higher investment in NPPrr than in NPPwood. In a
disturbance gradient of Indonesian TMF, it was observed that the fractional canopy
cover was the most important factor influencing the FRB and necromass of fine roots
(Leuschner et al., 2006). In accordance with that study, a reduction in canopy cover
from 90% to 75% was associated with a reduction in FRB by approximately 45%. Thus,
although the OG3 and PP forests have had different disturbance histories, the canopy
of both may have some similarities, contributing to greater C investment in below- than
aboveground.

As a positive feedback, it is known that as litter quality declines (due to
decreased soil fertility), SOM accumulates, nutrients are immobilized, and biomass
allocation may shift from aboveground tissues to fine roots and mycorrhizas (Grigal
and Vance, 2000). In this reasoning logic, the C allocation pattern found in OG3 and
PP forests would be consistent with flexible and not fixed C allocation patterns (Raich
et al., 2014). We agree that further studies considering canopy production (and its
nutrient composition), canopy openings, as well as individuals’ access to light can

contribute to a better elucidation of how C allocation works in these forests.

3.5.4 NPPrr as a function of Cstockwood and NPPwood

We observed a positive effect of Cstockwood 0n NPPrr in the PSL forest while,
in the PP forest, we found a positive effect of NPPwood. These positive trends are in
agreement with those reported by a study on mature forests and native tree plantations
performed in Costa Rica (Raich et al., 2014), in which a significantly positive
relationship between below-ground C allocation and aboveground tree growth was
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found. In the PSL forest, there are individuals with DBH > 50 cm and slow growth, and
this characteristic may be indicative that C allocation is determined by changes
occurring over a long time (decades or more). In PP forests, due to competition with
grasses, the establishment of tree seedlings may be hindered (Zanini et al., 2021).
Thus, as in diversity-disturbance relationships (Bohn et al., 2014; Oliveira et al., 2021),
the r-selection may favor fast-growth and generalist colonizing species (in less
populated areas), while the k-selection, may foster slow-growth and specific-
competitor species (in the most populated areas). In this site, carbon allocation would
be determined by changes in a short time (years).

Recent studies estimate that there is about 28% of the native vegetation cover
for the Atlantic Forest, of which 26% is exclusive to forest formations (Rezende et al,
2018). These forests have been facing non-linear changes over time, either in terms
of forest loss and/or gain, as well as in the landscape structure (Costa et al, 2017). In
light of this study, we can conclude that even disturbances considered of low intensity
(such as selective cutting, for example) affect the interaction between plants and soil.
In addition, we observed that old-growth forests tend to function more conservatively,
while secondary forests tend to be more sensitive to changes in resource availability
and soil conditions, presenting a great variability in their responses. We could observe
the same trade-offs in vegetations with different histories (e.g. old-growth and post-
pasture forests), as well as the significant effect of stock and aboveground productivity
on fine root productivity only in a few specific situations. In this context, in addition to
quantification, understanding, maintaining, and promoting the proper functioning of
vegetation become important ways to ensure the quality of ecosystem services that

we want these forests to provide us.
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GENERAL CONCLUSION

In Chapter 1, we advanced in some points of knowledge. Hence, we believe
that we have contributed to the applicability of the temporal prediction method in the
Tropical Montane Atlantic Forest. First, we found that Weibull is a flexible model and
can accurately estimate fine-root mass at 120 min in different ecosystems. This
discovery was important because a reduction in collection time does not compromise
fine-root biomass estimation using the temporal prediction method. These results are
encouraging because by reducing the time spent to remove roots from each soil core,
researchers can increase the number of soil cores extracted per study site and better
characterize it.

Overall, in Chapter 2, we found a tendency for fine-root biomass to become
less conservative as forest cover changes from old-growth to disturbed status. Despite
controlling fine-root biomass, we did not find the same pattern for almost all arbuscular
mycorrhizal (AM) traits analyzed. One possibility is that AM communities are more
resilient than plant communities and have already recovered from the damage that
occurred 50 years ago in these Tropical Montane Forests. In addition, we found a clear
effect of climatic variations on both fine roots and AM traits. Further studies should be
conducted in areas with distinct historical uses, so that we can fully understand how
land use change affects belowground interactions and how much time belowground

components need to be restored in Tropical Montane Forests.

When we considered the natural restoration of Tropical Montane Atlantic
Forests in the Chapter 3, we highlighted similarities and differences in productivity
recovery trajectories. We found different fine-root productivity between forest cover
types and seasons, but not between years. We also observed that more fine roots are
produced in the summer and spring than in the autumn and winter. Furthermore, we
noted that soil moisture and S content, together, explain the fine-root production in the
old-growth forest (OG). In the post-selective-logging forest (PSL), the main predictors
were soil moisture, Mg and Al. The post-clear-cut forest (PCC) was predicted only by
S, and in the post-pasture forest (PP), soil temperature and Al were positively

associated with fine-root productivity. In general, the investment in biomass was higher
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in below- than in aboveground pool in OG3 and PP forests, being that aboveground
components (stock and wood productivity) had a positive effect on belowground
productivity in the PSL and PP forests, consecutively. We think that such findings
concerning how these productivity allocation patterns happen in the Tropical Montane
Atlantic Forest as well as the main edaphic factors that regulate it may be significant
for the functionality conservation and restoration strategies of those ecosystems,

especially those affected by land use changes.
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APPENDIX A - CHAPTER 1

Table S1. Back-transformed equations to obtain the shape parameter of the Weibull model for different time intervals.

Number and Intercept Slope Residuals R2 p-value Weibull shape (a)

duration of each

time interval

12 intervals of 10 min 0.14 1.05 0.08 0.98 <0.0001 a =exp (0.14+1.05*log (cumulative weight)) *exp (0.08)
15 intervals of 8 min  0.17 1.06 0.08 0.98 <0.0001 a=exp (0.17+1.06*log (cumulative weight)) *exp (0.08)
20 intervals of 6 min  0.20 1.06 0.09 0.97 <0.0001 a =exp (0.20+1.06*log (cumulative weight)) *exp (0.09)
30 intervals of 4 min  0.27 1.07 0.11 0.96 <0.0001 a=exp (0.27+1.07*log (cumulative weight)) *exp (0.11)
60 intervals of 2 min  0.47 1.02 0.15 0.92 <0.0001 a=exp (0.47+1.02*log (cumulative weight)) *exp (0.15)
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APPENDIX B - CHAPTER 2
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Figure S1. Fine-root biomass production over three soil depths. Forest-cover types: (a) OG
— Old-growth, (b) PSL — Post-selective logging, (c) PCC — Post clear-cut and (d) PP — Post-
pasture. The numbers above the bars connecting compared groups, represent the

differences found in the Kruskal-Wallis test.
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APPENDIX C - CHAPTER 3

Table S1 - Fine-root biomass productivity (NPPer) as a function of wood stock (Cstockwood)

and productivity (NPPwoog) in different forest cover types of Tropical Montane Atlantic Forest.

Forest cover Explanatory variable Estimate SE  T-value p R2aqj

Intercept 1.728 0.502 3.444 0.004 -0.011
Cstockwood 0.041 0.090 0.459 0.653

o6t Intercept 1.719 0.465 3.699 0.002 -0.051
NPPwood 0.131 0.251 0.521 0.611

Intercept 1.080 0.491 2.202 0.045 0.068
Cstockwood 0.125 0.086 1.450 0.169

062 Intercept 2.175 0.459 4.742 0.000 0.011
NPPwood -0.194 0.179 -1.082 0.298

Intercept 1.533 0.459 3.342 0.005 0.077
Cstockwood 0.101 0.067 1.498 0.156

0G3 Intercept 2110 0.254 8.313 <0.00001 -0.061
NPPwood 0.055 0.150 0.369 0.717

Intercept 0.166 0.499 0.332 0.745 0.331
Cstockwood 0.270 0.093 2.903 0.012

PsL Intercept 1.720 0.461 3.730 0.002 -0.058
NPPwood -0.088 0.209 -0.422 0.680

Intercept 2598 0.431 6.035 <0.0001 0.038
Cstockwood -0.152 0.120 -1.263 0.227

Pec Intercept 1.938 0.305 6.363 <0.0001 -0.045
NPPwood 0.070 0.117 0.598 0.559

Intercept 3.382 0.825 4.099 0.001 -0.065
Cstockwood -0.082 0.294 -0.279 0.784

PP Intercept 1.095 0.943 1.160 0.265 0.222

NPPwood 0.83 0.36 2.30 0.04
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