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“[...If] we rely on our minds in decision-making processes, we will be correct most of the
time. However, if we add the dimension of the human heart to our decisions, we can
substantially increase the probability of being right. This does not discount professional
objectivity but rather expands the data bases from which we operate. It underscores the
reality that we are humans and should act like humans; and that we must remember that
there are other humans who are depending on us, the scientists, the resource managers,

the decision-makers, to be right.” [1, p.35]

Happy working!



Abstract

Amazonia accounts for approximately half of the world’s tropical forests and one quarter
of all terrestrial species. The forests retain and circulate large amounts of water and store
carbon. Amazonia is thus extremely important both for biodiversity and the global
climate. Yet, we know relatively little about the distribution and amount of above-ground

biomass stored in these forests.

Unflooded Amazonian terra firme forests grow above the maximum flood level of rivers,
streams, and lakes. On their floodplains grow seasonally inundated forests. Every year the
floodplain forests experience an enormous flood. Here, woody plants at all stages of their
life must endure prolonged inundation. In response to the seasonal flooding, they have
developed special tissues and strategies, possibly affecting forest above-ground biomass,
and carbon stocks. Exploring these aspects, I describe structure and composition of an

Amazonian forestscape in the central Jurua River Basin, Brazil.

Comparing flooded and unflooded forests I found that forest structure differed. Most
woody plant species were forest-specific, but some were shared. Flooding affected the
below-ground biota. Bacterial community composition varied with woody plant diversity
and flooding, but eukaryotes appeared unaffected. Flooding influenced the wood density
of the shared tree species. Trees that grew in the seasonally flooded forest had softer
wood than terra firme conspecifics. Considering the differences in forest structure,
species composition and intraspecific wood density, I investigated how conventional
biomass estimation methods performed across the two forests. Regional height allometry
and global wood density measurements were relatively well calibrated to terra firme
forest. They performed much worse in the floodplain forest. Calibrating the allometric
equations with local height data significantly improved biomass estimates in floodplain
forest. Combined with forest-specific genus mean wood density, local allometric height

produced reliable terra firme and floodplain above-ground woody biomass estimates.

In conclusion, the natural, seasonal floods influence species composition, forest structure
and above-ground biomass estimates in the Amazonian forestscape. The results in this
dissertation thus implies that flooding must be accounted for when mapping Amazonian

carbon stocks.

Keywords: forest ecology, carbon stocks, biomass, Amazonia, floodplain forest



Sammendrag

Amazonas er verdens stgrste gjenveerende regnskogomrade og sveert viktig bade for
artsmangfoldet og jordens klima. Skogen sirkulerer store mengder vann og lagrer karbon.
Tross dette vet vi forholdsvis lite om hvor mye og hvordan biomasse og karbon er

disponert i Amazonas’ skoger.

Skog som ikke oversvgmmes kalles i Amazonas for terra firme. Disse ligger bortenfor den
maksimale flomhgyden pa elver og innsjger. Pa elvebreddene vokser flomsletteskog som
oversvgmmes arlig. Her ma planter i alle livsstadier tale lange oversvemmelsesperioder.
Derfor har de utviklet spesielle organer og strategier. Potensielt pavirker disse skogens
biomasse og karbonlager. Gjennom & beskrive strukturen og artssammensetningen i et
skoglandskap i de sentrale delene av Juruavassdraget i Amazonas, Brasil, utforsker jeg

disse aspektene.

Flomsletteskogen og terra firme-skogen hadde forskjellig skogstruktur. De fleste
trevekstene var habitatspesifikke, men skogene hadde ogsa noen felles arter. Flommen
pavirket biota i jordsmonnet. Bakteriesamfunnet endret seg med artsrikdom i
plantesamfunnet og flomniva, men eukaryoter var tilsynelatende upavirket. Flommen
pavirket vedtettheten i de felles tresortene. Traer som vokste i flomslettskogen, hadde
mykere trevirke enn de som vokste i terra firme. Forskjellene i skogstruktur,
artssammensetning og intraspesifikk vedtetthet ble brukt for 3 undersgke hvordan
konvensjonelle metoder for estimering av biomasse presterte i de to skogtypene.
Regional hgydeallometri og globale malinger av vedtetthet var relativt godt kalibrert til
terra firme-skog. De presterte mye darligere i flomsletteskogen. Kalibrering av de
allometriske ligningene med lokale hgydedata forbedret biomassestimatene betydelig i
flomsletteskogen. Kombinert med skogsspesifikke mal for vedtetthet pa slektsniva,
resulterte den lokale hgydeallometrien palitelige biomassestimater bade i

flomslettskogen og terra firme-skogen.

Jeg konkluderer med at naturlige, arlige flommer i Amazonas pavirker
artssammensetning, skogstruktur og biomassestimater. Resultatene i denne
avhandlingen viser at flommens innflytelse ma tas i betraktning nar man kartlegger

karbonlager i Amazonas.

Ngkkelord: skoggkologi, karbonlagre, biomasse, Amazonas, flomsletteskog
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1 Introduction

1.1 Amazonia and the global climate

Amazonia represents approximately half of the world’s tropical forests and one quarter
of all terrestrial species [2]. The forests retain and circulate large amounts of water and
store carbon [3-5]. Almost one fifth of all fossil fuel emissions globally are offset by
tropical forests [6,7]. Amazonia is thus extremely important for biodiversity and the
global climate. However, climate change, deforestation and selective logging severely and
adversely affect forests structure, composition, capacity to store carbon, retain water and
regulate climate [8-12]. Degradation and destruction of tropical forests is the second

most important contributor to global biodiversity loss and climate change [3,6,7].

Recently, accelerated climate change has raised concerns about the future extent and
functioning of the Amazonian forestscape [13,14]. Increased extreme weather events,
intensified forest fires and increased tree mortality rates threaten to push the Amazon
away from a carbon neutral state to become a net source of COz, further aggravating the
impacts of climate change [15,16]. Projected future of the Amazon and its regional and
global climate impacts are highly uncertain [2,13,17-19]. However, the data upon which
such projections are based is limited. More ground-based information is therefore needed

to improve credibility in climate projections.

Regional and global carbon fluxes, which feed into climate models, are mapped by
combining ground-based forest biomass estimates and remotely sensed data [20].
Because of limited information about species compositions and uncertainties in ground-
based above-ground biomass estimates, such maps suffer from huge discrepancies [7,21].
Moreover, floristic inventories have largely been conducted close to urban centres and
predominantly in a single forest type [21,22]. This results in severe biases in our
knowledge of the tree species richness and distribution. Considering the irregular
distribution and local rarity of many tropical tree species [23-27], bias and patchiness of
floristic data presents one of the biggest challenges for conservationists and climate
modellers alike. Hence, on-the-ground efforts are urgently needed to improve our forest

inventory coverage and ground-based above-ground biomass estimates.



1.2 The Amazonian forestscape

The Amazon forestscape covers approximately 5 million km? and many different forest
types. “Unflooded”, upland forests lie above the maximum flood level of rivers, lakes, and
perennial streams. Generically, these are referred to as terra firme. Based on soil
properties and vegetation cover, terra firme forests can be classed into several different
forest types [28-30]. Some examples include campinarana forests on nutrient poor white
sand soils, liana forests on mineral-rich soils, and interfluvial upland forests dominated
by palms and other tree species [28,31,32]. The most typical, closed-canopy terra firme
forests lie on well-drained terrains that tend to be heavily leached and nutrient-poor

[32,33]. These are the most extensive and well-studied of all Amazonian forest types [34]

Floodplain forests along rivers and lakes, represent some of the less well studied
Amazonian forest types. They cover approximately 516,000 km? and include the most
species rich wetland forests in the world [35-37]. Based on the properties of the
floodwaters, the frequency and duration of floods, soil properties, and the plant
communities, these forests may be classed into several different types [38]. The two main
categories, include oligotrophic floodplain forests inundated by black- or clear-water
rivers, which are nutrient poor but rich in organic solutes and eutrophic varzea forests
inundated by white-water rivers (e.g. the Amazonas/Solimdes, Madeira, Purds, and
Jurud). Of these, the varzea forests are the most extensive [36]. Because the white-water
rivers drain Andean landscapes that are geologically young and easily erode [39], they
bring large amounts of suspended nutrient-rich sediments onto the floodplains [40-42].
These sediments give the rivers their muddy appearance and leave the varzea forests

eutrophic, species rich and exceptionally productive [35].

Although species distributional patterns are complex, forest dynamics, seasonality,
topography, and the underlying geology seem to be main drivers of structural,
compositional, and functional diversification in Amazonia [29,43-46]. For example, dry
season length, clay content, soil phosphorus (P) and calcium (Ca), magnesium (Mg) and
potassium (K) cation exchange capacity (CEC) appear to be important for the woody plant
community composition and above-ground biomass in varzea and terra firme [32,47].
Moreover, flood duration (i.e. hydro-period) seems indicative of forest structural

complexity and species composition in varzea forests [38,48-52].



1.3 The flooding gradient

Lowland topography and a high seasonality in rainfall cause Amazonian rivers and lakes
to flood adjacent forests on a seasonal basis [53,54]. This flood pulse gives rise to an
aquatic and terrestrial phase on the floodplains that lasts for several months. Flood
duration and inundation depth vary with the slope of the terrain and distance from the
rivers and lakes that flood the landscape [55,56]. Hence, a flooding gradient is created
from low-lying varzea that floods to greater depths for longer periods of time to high

varzea that floods for shorter periods.

Because of the flood pulse, varzea woody plants, at all stages of their life, must endure
periodic waterlogging. So, floodplain plant species have developed specialised strategies
to resist flooding [57-59] and are fundamentally different from unflooded species
communities. Along the flooding gradient there is also a clear zonation of where different
plant species can establish and only highly specialised wetland tree species survive where

the flooding is most prolonged [e.g. 35].

Adaptations that woody plants have developed to persist in this highly seasonal
environment include dormancy followed by quick growth when times are favourable
[60,61]. Specialised tissues include buttress and adventitious roots, and air-filled spaces
(lenticels) in the wood [60-62]. These features help woody plants aerate their roots to
resist a lack of oxygen at the root level (hypoxia) during the aquatic phase [60-63].
Another important quality in floodplain woody plants is to regrow roots after others have
died in the flood [58,64]. Stem nodulation, which involves nitrogen (N) fixating bacteria,
also seems more common in flooded areas than in unflooded sites [37]. Since both
nitrogen fixation and resource allocation are important to plant development, these

adaptations influence plant growth and structure in varzea forests [60,65,66].

Floodplain seasonality hence favour different growth forms along the flooding gradient
[35,67-70]. Seasonal dynamics with rising and receding waters cause erosion and
sedimentation along the meandering course of white-water rivers [71-73]. This creates
new land for colonizing plants [64,69]. Therefore, varzea forests often feature lower
vegetation than terra firme [74,75] with more successional and fast growing tree species
that have lighter wood [65,66,74]. Wood density moreover fluctuate within tree species,

depending on growth conditions [65,66,76-78]. Through inter- and intraspecific



variations in wood density, species composition, and forest structure, flooding may thus

drive variation in varzea above-ground biomass and carbon stocks.

1.4 Above ground woody biomass and carbon stocks

Above-ground woody biomass and carbon stocks are a function of forest structure
variables and wood density. These variables are often measured at the level of individual
trees within forest plots. Stand biomass is determined through allometric models by
summing the individual biomass of trees at the plot level. Carbon stocks are generally
assumed to equal ~half the above-ground biomass. Plot size is typically determined by
the purpose of the study and local forest conditions. Where small-scale topographic
variability is high, for example, small and narrow floristic plots that follow topographic

contours may be preferred since these will present less within-plot variation [79].

1.4.1 Forest structure variables

Structural field measurements for biomass estimation include stem diameter at breast
height (DBH) and total height for trees above a certain threshold, commonly a stem
diameter above 10 cm. Tree architecture, such as the level of branching and tapering, is
also important for tree biomass, but normally these features are considered through
allometric equations [80]. Stem diameter is measured to the nearest millimetre with a
calliper, DBH tape or converted from circumference measurements made with measuring
tape at 1.30 m above the ground [81]. For buttressed trees, stem diameter is measured
above buttresses [81].Where direct measurements are not possible, e.g. for sulcate trunks
or stranglers, stem diameter may be visually estimated. Whereas stem diameter
measurements are rather straight forward, they are not without error [82]. Diameter

measurements must therefore be done with care [83].

Direct, ground-based height measurements are typically obtained by felling trees and
measuring their stems with a measuring tape [84] but to fell all trees within a plot would
be undesirable. Therefore, common practice is to develop or calibrate diameter-height
allometries from a subset of destructively sampled trees by which the height of the
remaining trees can be inferred [84]. Still, for various reasons, it may not be possible to
destructively measure a subset of trees, for example, within protected areas or permanent
forest plots. In these cases, two alternative, common and non-destructive field methods
are to measure stem height by the tangent (horizonal distance to the trunk and angle to

tree top) or sine (distance and angle to tree top) method using a hypsometer [84,85].






These methods mostly provide reliable height measurements [86,87] but measures in
taller, well-stratified, closed canopy forests become increasingly difficult as the top of
trees are obscured [85,88]. Under like conditions, the sine method systematically
underestimate height with -7% [85,88]. Also, in situ, visual height estimates may be used.
In a study from Espirito Santo, Brazil, da Silva et al., [86] found that visual estimates gave

equally reliable height measurements as the hypsometer measurements.

Where no site-specific height measurements are available, regional diameter-height
allometries may be applied. Ideally, these should be species specific [89], which for most
tropical species is practically unattainable given their sparse distributions and our limited
knowledge [25,26]. Thus, another promising, non-destructive method for deriving tree
height and volume, is laser scanning of trees by LiDAR (light detection and ranging).
However, even LiDAR requires local, field measured diameters for calibration [90].
Therefore, reliable height (or diameter) predictions depend on the calibration of

allometric models with information about local diameter-height relationships [91].

1.4.2 Inter- and intraspecific wood density

Wood density is the fraction of structural matter in wood, e.g. the part that is not water
or air [92,93]. Accordingly, wood density relates to biomass and amount of carbon
captured from the atmosphere and stored in woody vegetation [77,94,95]. Measurements
of wood density are made on tree discs from logs or wood cores. Where destructive
sampling of trees is not possible, wood cores are preferred. Wood cores should cover the
entire radius of the stem to reflect radial change in wood density from pith to bark
[93,96,97]. This radial change in wood density, is a result of adaptive growth and resource
allocation within trees over the course of their lives [98]. For example, a tree that establish
at the upper end of the flooding gradient in a varzea forest may opt to grow tall quickly to
escape submersion by the floodwaters [61,99]. Later, once the tree is established, it may
invest more in structural strength. Such strategy would imply that the wood density of

our tree increases from the pith (wood produced early in life) to the bark.

Because pith and the heartwood are overrepresented in wood core samples, wood cores
should be divided into segments [93,96,97]. The wood density of each segment must then
be weighted by the cross-sectional area of the disc that it represents [96,97]. However,
wood density measurements from wood cores are often not weighted and the radial

change in wood density is therefore not accounted for [93]. Failure to account for the



radial change in wood density could significantly influence the wood density
measurement [65,66,78,100-102]. In the case of our example tree, which invested more
in quick growth early in life, this would result in an underestimation of the tree biomass.

The opposite would be true in species with decreasing wood density from pith to bark.

It thus becomes obvious that wood density is intrinsically linked to growth strategy and
species identity [65,103]. Plot mean wood density accordingly depends on the species
composition. Where local wood density is unavailable, information about wood density is
commonly retrieved from global databases based on species identity [e.g. 104,105].
Species identifications however, are often difficult in tropical rainforests [23-26].
Therefore, many inventories rely on identifications at higher taxonomic levels (i.e. genus
or family level). In addition, information about wood density for many tropical species is
often missing. This could be problematic since wood density varies greatly among and
within species depending on local growing conditions [65,66,76-78]. Using taxonomic or
regional mean wood density measurements that are not calibrated to local conditions

could grossly under-, or overestimate forest biomass [82,106].

To reduce bias in the spatial representation of Amazonian above-ground biomass and
carbon stocks we therefore need more detailed information on tree species composition
and wood density in poorly sampled areas. We also need information about intraspecific
responses to altered environmental conditions and how these vary across the

forestscape.

1.4.3 Uncertainty in biomass estimates

Failure to consider forest-specific differences in species composition, functional traits,
tree architecture, and diameter-height relationships could result in considerable biomass
estimation error [91,107,108]. Because conventionally used pantropical climate-based
diameter-height allometries and global mean wood density values are based on data
primarily derived from well-sampled upland forests [e.g. cf. ,88,104,105] they may
underperform in undersampled forests [100,106]. If potential bias from such methods
could be quantified, systematic errors and uncertainties could also be accounted for in
above-ground biomass and carbon estimates [109,110]. Information on how well
structural and compositional drivers of above-ground biomass in data-poor forests are
captured, or not, by conventional estimation methods will therefore improve credibility

in above-ground biomass and carbon stock estimates.



1.4.4 Targeting varzea floodplain forests

Varzea forests represent some of the most extensive [36], yet data poor forests in
Amazonia [21]. Similarly, the Jurua basin with extensive stretches of adjacent varzea and
terra firme forests, represents an important but undersampled floristic region [22].
Hence, in this thesis I target varzea forest along the Jurud River to explore how flooding -
through structural and functional variables - and commonly used biomass estimation
methods affect forest above-ground biomass and carbon stock estimates in an Amazonian

forestscape.

2 Aim

i. Describe patterns in forest structure, woody plant species diversity and
community composition across varzea and terra firme forest in the central Jurua
(Manuscript 1),

ii.  Describe patterns in forest below-ground diversity and community composition
relative to the flooding gradient and variation in woody plant species diversity
(Manuscript 2)

iii.  Investigate how flooding affects wood density in trees by studying conspecifics in
varzea and terra firme forest (Manuscript 3), and

iv.  Understand how quality in wood density and tree height measurements (e.g.lower

taxonomic resolution or geographic precision) affect biomass estimates in a data

poor forest relative to more well sampled forest (Manuscript 4).




3 Results and discussion

Here I highlight the main findings from Paper I - IV to extend the discussion on
these finding beyond the scope of the individual papers. I analyse how these findings
relate to literature on forest structure, species diversity and above-ground woody

biomass and deliberate over the influence of flooding on Amazonian carbon stocks.

3.1 Paperl:

3.1.1 Forest specialists drive the woody plant diversity

First, we confirmed that varzea and terra firme woody plant communities differed in
structure and species compositions [35,50,74,111-113]. These differences between
floodplain and upland forests were caused by exclusivity in habitat preferences among
plants. Consequently, most woody plant species were found in either varzea or terra
firme. In fact, varzea forests have the greatest number of endemic (habitat specific)
floodplain species in the world [37]. Only ~20% of varzea tree species are expected to
occur in both low and high habitat [35], but very little is known about the number of
species that are shared among varzea and upland forest [37]. In the Jurud, approximately
one quarter of the species (24%) was shared. Most of these shared species occurred
predominantly in one forest type and ~13% were very rare in both forests. These
differences in species composition underpin the supplementary value of seasonally
flooded forests and the adjacent “unflooded” forests for Amazonian woody plant

diversity.

3.1.2 Adaptations to forest dynamics determine forest structure

Varzea forests grow along rivers and lakes and have more edge habitat than terra firme
forests. This makes varzea forests more exposed to wind but also erosion by the seasonal
floodwaters that unseat large landmasses at the outer bends of meandering rivers and
deposit sediments across the floodplains and at the inner bends [73]. Such instability
favours woody lianas and pioneer species that thrive in disturbed areas [64,69,114-116].
High seasonality and deposition of nutrient rich sediments favour palms, which prefer
dynamic habitat with weakly structured, nutrient rich soils [117-119]. These dynamics
could also cause seasonal growth spurts in varzea trees [65] and promote greater stem
diameters with potentially lighter wood density [96]. Larger stem diameters with
increased air spaces in varzea trees would help aerate their roots during the flooded

phase [37,61]. Larger stem diameters could furthermore increase stability against wind



and flood exposure in varzea woody plants [120]. In the less fertile, less seasonal and less
wind exposed terra firme, trees may in contrast grow more evenly and slowly. Slower
lateral growth in woody plants tend to increase structural matter per unit volume wood.
This would support higher stems [56] and in the Jurua, we confirm that upland trees were

taller than varzea trees [74].

3.1.3 Complimentary forest structure variables could regulate carbon stocks

At the level of stands, structural and functional differences, such as different species
composition, the proportions of trees and other life forms, stem density, and tree size
interact to determine the amount of standing, living woody biomass [121]. Accordingly,
forest biomass vary across the landscape [122]. In the Jurug, higher stem diameters and
subsequent basal area in varzea stands is potentially counterbalanced by taller terra
firme stems. Varzea and terra firme forest biomass and carbon stocks are likely to be

driven by different, but potentially complimentary, species and forest structure variables.
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3.2 Paper II:

Change in community composition and woody plant species diversity seem to be driven
by seasonal floods and soil fertility (paper I). So, we tested how edaphic physicochemical
properties and substrate biota - important determinants of nutrient availability, plant

health and forest productivity [123] - were affected by hydroperiod and flood depth.

3.2.1 Flooding but not hydroperiod, boosts nutrient content and influence soil
structure

Through physicochemical soil analyses we could confirm that varzea and terra firme soils
were distinct, but varzea soil properties did not vary with hydroperiod or flood depth.
Both forests were poor in phosphorus (P), but the clayey varzea soils were rich in
magnesium (Mg), potassium (K), and calcium (Ca) and had a high cation exchange
capacity (CEC). These properties are important for plant productivity as soils with
balanced exchangeable magnesium, potassium, and calcium cations can improve plant
growth [124]. Moreover, potassium could be important in plant resistance to
waterlogging by reducing oxidative damage to plant membranes and the photosynthetic
potential caused by hypoxia [125]. In contrast, high sand content, aluminium (Al), and

very low pH (<4.0) characterised the terra firme soils.

High acidity and aluminium are characteristic of highly leached, nutrient poor terra firme
soils [32,33]. Because the sampled terra firme forests in the Jurua were situated on paleo-
varzea sediments we expected them to be richer in nutrients [126,127]. To the contrary
the Jurua terra firme soils were very similar to other terra firme soils further to the west
and east in the Brazilian Amazon [128]. This suggests that nutrients soon leach from
varzea sediments once they no longer flood and thus no longer receive the annual deposit
of nutrient rich sediments. Another potentially interesting observation is that very acidic
conditions could make aluminium unstable and toxic for certain plants when present in
high concentration [129]. Perhaps this could contribute to the segregation of varzea and
terra firme woody plant communities by rendering terra firme soil less suitable for varzea

woody plants.

3.2.2 Bacteria, but not eukaryote communities, vary with hydroperiod
Targeting prokaryote (bacteria) and eukaryote biota in soil and litter using a
metabarcoding approach, we found bacterial community composition to vary weakly

with flooding and woody plant diversity. This result could indicate that below-ground

11



bacteria present different tolerances to hydrological stressors and or interdependencies
with certain plant species along the flooding gradient. This would be congruent with more
nodulation in seasonally flooded plant communities compared to unflooded sites [37].
Eukaryote community composition was in contrast apparently unaffected by flooding,
edaphic properties, and floristic diversity in both varzea and terra firme. Both varzea and
terra firme had high proportions of fungi, mostly saprotrophs, highlighting their role in
forest nutrient cycling [123]. The high prevalence of fungi in the eukaryote communities
could relate to a low abundance of fungivores [130], since we failed to detect nematodes

(except for one observation in terra firme).

3.2.3 Below-ground diversity does not reflect above-ground diversity

There was no relationship between above- and below-ground diversity across the varzea
or terra firme forests. This result was in part expected since the varzea flood-waters could
have carried organisms across the entire flooding gradient, but that is not the case in terra
firme. Indeed, in terra firme there was a slight indication that bacterial diversity might
correlate with woody plant diversity, although this was not significant. Hence, our results
echo those of Cameron[131] and Ritter [132] who found no clear relationship between

below- and above-ground biota diversity globally or in Amazonia.
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3.3. Paper III:

Diversity within as well as among species is important for forest resilience and
functioning. Returning to the shared tree species (paper I) we investigated how within
species diversity affect wood density and carbon stocks across flooded and unflooded

forests.

3.3.1 Flooded trees store less carbon per unit volume wood

Tree species occurring in both varzea and terra firme forests tended to adapt to their local
environments by developing lower wood density in floodplain habitat. With decreased
taxonomic accuracy (genus and family level instead of species), the difference in wood
density between varzea and terra firme trees became larger. At the family level, switched
wood densities (e.g. terra firme values in varzea and vice versa) overestimated varzea
above-ground biomass with +17% and underestimated terra firme above-ground
biomass with -14%. Furthermore, our results show that for large trees the bias in wood
density might be even greater than for small trees. Ignoring intraspecific differences
among habitats could therefore result in very erroneous estimates of forest biomass that
systematically bias regional carbon stock estimates and impair the accuracy of climate
models. Considering that most studies fail to account for forest type in their above-ground
biomass estimates [82,84] and that large trees tend to have disproportionate influence on
forest above-ground biomass [133,134], this is not trivial. We support the call for more
habitat-specific wood density data [122]. Where site-specific measurements are absent,

we recommend adjustments of regional wood density values to the local forest type.

3.3.2 Shared species show plasticity in interspecific responses to flooding

Responses among species, genera and families to flooding were not consistent. Some
species, genera and families had lighter, others greater, or similar wood density across
varzea and terra firme. For example, the Clusiaceae and Sapotaceae families had highest
or similar wood density in varzea. All other families had highest wood density in terra
firme. From the results in this paper (paper III), we cannot discern whether the variations
are due to different responses among conspecifics to hydrological stressors or soil
nutrient availability. However, as we saw in paper I, varzea soils are richer in nutrients
than terra firme soils. This may promote rapid growth in varzea plants during the low-
water season, particularly in younger individuals [73,99]. Additionally, varzea plants
commonly produce air-filled lenticels in their wood to avoid a lack of oxygen at the root

level during the high-water season [60-62] and they have developed strategies [e.g. 64]
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to cope with the high levels of erosion and alluvial sedimentation present on the
floodplains [73]. Thus, we speculate that shared tree species in flooded and unflooded
forests can respond to altered environmental condition by adapting their growth
strategies. We suggest that high soil nutrient availability, seasonal growth spurts and
specialised tissues are likely to cause lower wood densities in varzea trees compared to

terra firme conspecifics.

3.4 Paper1V:

Functional traits (paper III), forest structure and diameter-height relationships (paper I)
vary between varzea and terra firme. Failure to consider these forest-specific differences
could result in erroneous biomass estimates [91,107,108]. To quantify the expected error
and uncertainty associated with commonly used estimation methods, we test how
flooding - through structural and functional variables - affect above-ground biomass and

carbon stock estimates in the Jurué forests.

3.4.1 Conventional methods - data in data out

Regional allometric height performed well in the terra firme forest and produced similar
results in the Jurua (overestimation of -3-10%) as previously shown for an upland forest
in Malaysia [135]. Global mean wood density overestimated terra firme biomass,
although on average with less than the 10% error rate assumed in Chave et al. [82]. This
suggests that existing methods for large-scale above-ground biomass mapping are

reasonably well-calibrated for upland forests.

Regional allometric height consistently overestimated floodplain biomass (by up to 10-
19%). Similarly, work from Madagascar showed that regional allometric height
performed poorly in forests with high endemism [108]. Hence, pantropical climate-based
height allometries seem to induce substantial errors in poorly sampled forests.
Combinations with commonly used global mean wood density produced large
overestimates in varzea biomass estimates. This is consistent with paper III and with
work from central Africa that showed estimated biomass errors of up to 40% with global
mean wood density [100]. These results are likely applicable to other poorly sampled
forest types across the tropics. Regional height allometries and global wood density data

should therefore be sparingly in data-poor forest types.

Contrary to da Silva et al.[86], we found that for both varzea and terra firme our visual

height estimates consistently underestimated above-ground biomass. This is of course a
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result that depends on the skill and training of the person performing the estimates.
However, just as this argument could favour the conclusions in da Silva et al. [86], the

discrepancy between our studies shows how erratic the method performance can be.

3.4.2 Local allometric height with unweighted, forest-specific wood density
produce reliable biomass estimates

Local height calibration data significantly improve above-ground biomass estimates
based on general-purpose allometric equations in data-poor floodplain forest. Locally
calibrated diameter-height relationships following Sullivan et al. [91] showed no
systematic estimation biases in floodplain or upland biomass estimates (95% CI: VZ=-1-
5%, TF = -2-8%). Local allometric height also performed well with local, forest-specific,
wood density values, weighted or unweighted, at different taxonomic levels (varzea = -3-

6%; terra firme = -8-12%).

Forest specific wood density of lower taxonomic accuracy and/or omission of radial
change in wood density induced small differences on varzea and terra firme biomass
estimates. This result is in agreement with paper Il and with Baker et al. [43] as both
studies report low variation among taxa within taxonomic levels. Our results may,
however, seem contrary to studies that advocate the use of radially weighted wood
densities in biomass estimates [93,96,97]. Such studies have found large effects on
individuals or species with large radial variations along the core. In this study, we see very
small and systematic under- or overestimates for some unweighted wood densities when
combined with measured tree heights (paper 1V, Fig. 2e-f). The regression results further
indicate that stem diameter and radial trends in wood density could affect the biomass
estimates. However, when unweighted wood densities were combined with local
allometric height our biomass estimates improved. Local height allometry and
unweighted wood densities did not produce systematic bias. Uncertainties around mean
estimates were within the same ranges as for radially weighted wood densities but better
centred around zero. There were no indications that radial trends in wood density or tree

diameter size would affect the estimates.

In conclusion, our results align with previous studies, but show that forest-specific
unweighted wood density, combined with local allometric height, reduce the errors of the
separate measurements to produce better above-ground biomass estimates. In the

absence of direct, individual measurements, local allometric height and forest-specific

15



unweighted genus mean wood density produce the most accurate varzea and terra firme
biomass estimates. We believe that these results are transferable to other, undersampled
tropical forests. In data poor forests, short of destructively sampled trees, forest-specific
height allometries and/or wood density measurements, we recommend local height

calibration data, field-measured diameters, and local, forest-specific wood density to

calibrate global mean wood density measurements.
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4 Conclusions

Chapters I through IV reveal the importance of flooding in determining forest structure,
above- and below-ground species composition, wood density and forest biomass across
the Amazonian forestscape. They showcase the complimentary value of seasonally
flooded and “unflooded” forests for the Amazonian woody plant diversity and provide a
handy guide to reduce bias in ground-based above-ground biomass estimates. Take home

messages from this thesis are:

o Forest specialists determine varzea and terra firme woody plant
composition.

e Different proportions of trees and other lifeforms, species composition,
stem density, and tree size drive forest structure in varzea and terra firme.
Hence, biomass and carbon stocks are likely to be driven by different, but
potentially complimentary, forest structure variables in the two forests.

e Studying below-ground communities along complex environmental
gradients can further our understanding of the patterns in below-ground
biodiversity, their roles in the dynamics of seasonally flooded forests, and
their potential responses to anthropogenic pressure and climate change.

e The many questions left open highlight the need for further investigations
of Amazonian soil biodiversity and its ecology.

e High soil nutrient availability, rapid seasonal growth, and specialised
tissues are likely to cause lower wood densities in varzea trees compared
to conspecific terra firme trees.

e Tree species occurring in both flooded and unflooded forests seem to adapt
to their local environment. This indicates an intraspecific phenotypic
plasticity in responses to different environmental stressors.

o Existing methods for large-scale above-ground biomass mapping are well-
calibrated for terra firme forest.

e Uncertainty in above-ground biomass estimates from data-poor tropical
forests could be greatly reduced by local height calibration data, field-
measured stem diameters, and local, forest-specific wood density to

calibrate global wood density to the forest type of interest.

17



5 Future research

5.1 The missing soil fauna

We did not pick up on nematodes and arthropods in our soil samples (paper II). This was
surprising since previous studies with the same methods and primers always registered
these groups. Both nematodes and arthropods are common in soils. It is therefore
questionable if these groups were truly absent from the Jurua soils. Yet, our positive and
negative controls worked well, and we got a good number of reads in our samples. Hence,
the result is not an obvious artefact of the method used. We hypothesise that the absence
of nematodes and arthropods in the varzea soils could be due to a high clay content and
seasonal floods that would render varzea soil and litter unfit for nematode occupation.
This would, however, not explain the absence of soil animals in our terra firme samples
since these were not flooded and relatively clay-free. To test our hypothesis, we need
further studies in soils with a gradual difference in clay proportion and specific primers
targeting nematodes [136] alongside morphological examination of the diversity in the

samples.

5.2 Above-ground - below-ground diversity relationships

There was no relationship between above- and below-ground diversity across the
different forest types included in this thesis. This result was partly expected since the
seasonal flood waters could carry DNA across all varzea flood levels and mask any
pattern, but not for terra firme. Indeed, bacterial diversity in terra firme appeared to
correlate with woody plant diversity (paper II, Fig. 3A). A more exhaustive study, in area
and samples, could serve to refute or confirm this potential correlation. It would
furthermore be interesting to test for specific interactions between specific taxa. For
example, more nodulation has been observed in flooded areas than in unflooded areas
[37]. In the varzea forest, the bacterial community composition co-correlated with woody
plant diversity along the flooding gradient. Hence, it would be interesting to study
interactions between nitrogen fixating bacteria and woody plant species (e.g. in the
Fabaceae family) in more detail to better understand the correlations between bacteria

and woody plants.

5.3 Epigenetics and phenotypic responses
Intraspecific variations in wood density reported on in this thesis (paper III) and by
Parolin [cf. 65] suggest that tree species have intraspecific phenotypic plasticity in

responding to different environmental stressors. For example, in Norway spruce (Picea
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abies), a high latitude species to which temperature is a limiting factor, studies show that
trees adapt their bud set and bud burst dependent on the temperature sum that they are
exposed to during zygotic development [137]. This means that Norway spruce has an
epigenetic mechanism that allows them to adapt their bud phenology in response to the
environmental conditions that they experienced during early development. If the same
mechanism exists in the tree species that are shared between varzea and terra firme this
could imply that they adjust their growth and wood phenology dependent of the amount
of flooding exposure they experience as zygotic embryos. To test this, an experimental
design based on tree species that occur in both flooded and unflooded forests could be set
up with genetically identical (i.e. cloned) trees exposed to different flooding times. This
type of experiment could inform us about how rapidly varzea and terra firme trees would
be able to respond to changed climatic conditions. More data on intraspecific responses
in trees to altered environmental conditions across the tropics could therefore reveal
potential future tree species composition and carbon stocks under hydrological and

climate change [138].

5.4 Present and future distributions of species and carbon stocks in the Jurua

Using information and insights from papers [, Il and IV and a newly developed and
detailed topographic map over the middle reaches of the Jurud River Basin, we could
model woody plant species distributions and above-ground biomass to examine how
carbon stocks are distributed along the flooding gradient of the Jurua forestscape.
Expanding on this species distribution model we could add information about projected
future alterations in precipitation and flooding regimes. This would allow us to examine
how possible climate change scenarios could impact species composition, forest

structure, and the carbon holding capacity of the Jurua forests.
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Abstract: Research Highlights: Rare, or sparsely distributed, species drive the floristic diversity
of upland, terra firme and seasonally flooded forests in the central Jurud—a remote and hitherto
floristically poorly known area in the Brazilian Amazon. Background and Objectives: Floristic inventories
are critical for modelling and understanding the role of Amazonian forests in climate regulation,
for sustainable management of forest resources and efficient conservation planning. Yet, detailed
information about the often complex spatial distributions of many Amazonian woody plants is
limited. Here, we provide information about forest structure and species composition from a remote
terra firme forest and an adjacent floodplain forest in the western Brazilian Amazon. More specifically,
we ask (1) how floristically different are the terra firme and floodplain forests? and (2) how variable
is species composition within the same forest type? Materials and Methods: Between September
2016 and October 2017, we inventoried 97 plots (each 0.1 ha; 100 x 10 m) placed at least 800 m
apart, with 46 plots in terra firme forest and 51 in seasonally flooded forest. We included all trees,
hemi-epiphytes and palms with diameter at breast height (dbh) > 10 cm and woody lianas > 5 cm dbh.
We examine forest structure, family- and species-level floristic composition and species diversity
within and between forest types using family and species importance values, rarefaction curves
and dissimilarity matrices. Results: Terra firme forest and seasonally flooded forest woody plant
communities differ both in structure and species composition, which was highly variable within
forest types. Many species were shared between terra firme and seasonally flooded forests, but most
species were forest type-specific. Whereas species richness was greatest in the terra firme forest,
floodplain species richness was among the highest regionally. Conclusions: Floodplain forests are a
crucial complement to terra firme forests in terms of Amazonian woody plant diversity.

Keywords: Amazon; forest structure; floodplain forest; paleo-varzea; plant diversity; species composition;
terra firme; varzea; woody plants

1. Introduction

Floristic inventories are critical for modelling and understanding the role of Amazonian forests in
climate regulation, for sustainable management of forest resources and efficient conservation planning.
Yet, for a number of reasons, floristic inventories in Amazonian forests are notoriously difficult
and detailed information about the often complex spatial distributions of many Amazonian trees is
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limited [1-4]. Additionally, the majority of published floristic inventories have been conducted close to
urban centres [5] and focus on terra firme forests [6]. This results in severe biases in our knowledge of
tree species richness and distribution, and many remote areas remain neglected and poorly represented
in herbaria [7,8].

Considering the irregular distribution and local rarity of many tropical tree species [9], the bias
and patchiness of floristic data from the Amazon presents one of the biggest challenges for conservation
biologists and climate modellers alike. Although it is the largest remaining tract of tropical forest
on Earth, the status of the Amazon is precarious, as threats from deforestation, logging and other
disturbances continue to increase [10-13]. Such activities adversely affect forest structure and
composition, as well as the forest capacity to store carbon, retain water and regulate climate [14-19].
Thus, we urgently need on-the-ground efforts to improve our forest inventory coverage.

Broadly speaking, Amazonian forests may be divided into upland forests (hereafter, terra firme)
that lie above the maximum flood level of rivers and perennial streams, and lowland, forested wetlands
that are either seasonally or permanently inundated. In general, closed-canopy terra firme forests lie on
well-drained terrains that tend to be heavily leached and nutrient-poor [20,21]. However, some terra
firme forests, such as the forests on the elevated terraces alongside the floodplains of the Jurua River,
have relatively nutrient-rich soils as they occupy substrates that were once eutrophic floodplains.
Such lowland terra firme forests typically fringe the seasonally inundated floodplains but are no longer
under the influence of the monomodal flood pulse that dominate the floodplains.

Seasonally flooded forests comprise the second major forest type in the Amazon [22]. Because of
the lowland topography of the basin and the high seasonality in rainfall, forests in central Amazonia
may endure floods lasting up to 210 days per year and reaching 10-15 m in amplitude [23]. Depending
on the hydro-chemical and floristic characteristics, these floodplain forests are divided into seven
main types [24]. Of these, the most extensive floodplain forests are those inundated by white-water
rivers (e.g., the Amazonas/Solimdes, Madeira, Puris and Jurua), and are called varzea. Because
the rivers that flood vérzea forests drain Andean landscapes that are geologically young and easily
erode [25], they bring large amounts of suspended nutrient-rich sediments onto the floodplains [26-28].
These sediments give the rivers their muddy appearance and leave the varzea floodplains eutrophic,
species-rich and exceptionally productive [29].

Floodplain forests are severely under-represented in herbaria, with a collection density for wetland
forests averaging only 0.05 records per 100 km? [6] and many botanical samples lack information about
detailed habitat conditions. Varzeas are the best-collected category of floodplain forests in Amazonia,
but although a highly important floristic region, inventories have been particularly scarce in the Jurua
River region [5]. Moreover, while terra firme forests are comparatively well-represented in Amazonian
forest inventories, few studies recognise and focus on the lowland terra firme forests that grow on old
eutrophic floodplain sediments (paleo-varzea sediments) adjacent to seasonally inundated varzeas [30].
The Jurua floodplain, with its extensive stretch of adjacent flooded and terra firme forests, is therefore
a priority area for botanical inventories to improve our knowledge on Amazonian tree diversity [6].

Here, we present a floristic inventory from lowland terra firme forest and adjacent seasonally
inundated vérzea forest from the central Jurua River basin. More specifically, we ask (1) how floristically
different are terra firme and vdrzea forests? and (2) how variable is species composition among plots
within the same forest type? We use species rarefactions and dissimilarity indices to examine these
differences in structure and composition within and between terra firme and varzea forests. We discuss
our findings in relation to wider patterns of forest structure and species distributions in the Amazon
basin and conclude that varzea forests are an important complement to terra firme forests.
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2. Materials and Methods

2.1. Study Area

This study took place in the central Jurua River basin, western Brazilian Amazonia. The region
contains both seasonally flooded vérzea (VZ) and lowland terra firme forests on paleo-vdrzea sediments
(TF). The study area was located between 05°08” S, 67°01’ W and 05°87” S, 67°88" W and includes
the Uacari Sustainable Development Reserve (RDS Uacari, 632,949 ha), but excludes the Médio Jurua
Extractive Reserve (ResEx Médio Jurua, 253,227 ha; Figure 1). The climate of the region is wet and
tropical. Annual temperatures and rainfall average 27.1 °C and 3679 mm, respectively [31]. The elevation
within the inventoried forests ranges from 67 to 153 m above sea level for terra firme and 68-137 m
above sea level for varzea. The forests represent structurally intact vegetation.

'~ N

Figure 1. Map showing the study area in western Brazilian Amazonia (indicated by the white square in
the inset map) and plot locations of woody plant inventories in terra firme (orange) and varzea forests
(dark blue) along 150 km of the Jurud River (in beige). Smaller rivers are shown as black lines. The Médio
Jurud Extractive Reserve (ResEx Médio Jurud) and Uacari Sustainable Development Reserve (RDS Uacari)
are shown in green with black borders. The map was generated in QGIS v.3.12.2, using background
maps from the GADM database of Global Administrative Areas [32]. The shapefiles for the ResEx Médio
Jurua and RDS Uacari were provided by Instituto Chico Mendes de Conservacao da Biodiversidade
(ICMBio) and the Amazonas State Environmental Agency (SEMA-DEMUC), respectively.
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2.2. Floristic Inventories and Measurements

Between September 2016 and October 2017, we inventoried 97 plots (each 0.1 ha; 100 x 10 m),
with 46 plots in terra firme forest (TF) and 51 in seasonally flooded varzea forest (VZ). The shortest
distance between inventory plots was 800 m. To capture vérzea forest at different inundation depths
and periodicity as well as different soil types, topographic conditions and microhabitats, the plots were
placed along transects that extended along the flooding gradient, with increasing elevation at greater
distances from the main river channel.

Within each plot, all trees, hemi-epiphytes and palms > 10 cm diameter at breast height (dbh),
and all woody lianas > 5 cm dbh, were measured and identified. Peripheral individuals straddling
the boundary of the plots were included in the inventory if the mid-point of their trunks fell within
the plot. We measured the dbh of buttressed trees immediately above the buttresses. When direct
measurement with a dbh-tape was not possible (e.g., sulcate trunks, stranglers or where buttresses
were too high), we estimated the diameters. We used a Haglof Vertex IV and Transponder T3 to
measure tree, palm and hemi-epiphyte total heights based on trigonometric calculations using the
measuring angle and distance to the trunk [33], and/or estimated total heights where this was not
possible. For trees and hemi-epiphytes, we also determined the height of the first branch. For palms,
we determined the height of the stem. To remove observer bias, the same person (Y.K.B.) administered
all height measurements.

All individuals were aluminium-tagged, numbered and identified in situ and/or in the herbarium
at the National Institute of Amazonian Research (INPA), Manaus, Brazil. Skilled INPA herbarium
technicians with extensive field and herbarium experience from floristic inventories in the central-western
Brazilian Amazon performed all identifications. Vouchers from 1174 individuals were collected and
subsequently identified at the INPA herbarium to verify the accuracy of field identifications at the
level of genus and species. Individuals that could not be determined to species level were sorted to
morpho-species or, where applicable, higher taxonomic levels.

2.3. Data Analyses

To test for differences in woody plant stem density, dbh, basal area (BA), total height, height of
first branching, branching depth and proportion of stem with branches in relation to total height,
we first ran Shapiro-Wilk’s tests of normality and compared the variances of terra firme and varzea
using Fisher’s F-test. For normally distributed data, we ran Student’s two-sample {-tests where data
conformed to homoscedasticity, or Welch two-sample t-tests where they did not. Where the data did
not conform to normality, we ran independent two-group Wilcoxon-Mann-Whitney tests.

For each family and species, we calculated the relative density (Rel. Den.), relative dominance
(Rel. Dom.), relative diversity (Rel. Div.) and relative frequency (Rel. Freq.). For formulas, see Appendix A.
In addition, we calculated the Family Importance Value (FIV = }’ Rel. Den. + Rel. Dom. + Rel. Div.) for
each family [34] and the Importance Value Index (IVI = }; Rel. Dens + Rel. Dom. + Rel. Freq.) for each
species [35].

We used the ‘BiodiversityR’ package version 2.11-1 [36] to calculate indices of species richness
and diversity, and to produce species rarefaction curves estimating the expected number of additional
species for every additional survey plot, in relation to the mean number of individuals per plot. Species
rarefactions were based on 100 permutations.

To investigate the spatial variation in woody plant species composition, we used the ‘vegan’
package, version 2.5-5 [37]. We tested for spatial autocorrelation among plots using a partial Mantel
test with a Bray-Curtis dissimilarity matrix for the woody plant species composition, and a Euclidian
distance matrix for the geographic distances [37]. To assess variations in species composition, we used
non-metric multidimensional scaling (NMDS) through the metaMDS function with the Bray-Curtis
dissimilarity index. We used the envfit method to fit forest type (i.e., TF or VZ) onto the NMDS ordination
as a measure of the correlation of forest type with the NMDS axes. Additionally, we performed a
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permutational multivariate analysis of variance test (PERMANOVA) with forest type as predictor of the
woody plant composition dissimilarity matrices, with the Bray-Curtis index as the response variable.
To analyse for multivariate homogeneity of group dispersions, we used the betadisper function
in vegan. Analyses for multivariate homogeneity of group dispersions inform us how the variances
within groups differ among groups [38]. Defining 3-diversity as the variability in species composition
among sampling units within groups, tests of multivariate homogeneity of group dispersions may thus
inform us about differences in 3-diversity between the two forest types [39]. To minimise the influence
of the most abundant species on the multivariate dispersion analyses, we first square-root transformed
the species abundance matrix [40]. To adjust for potential small sample bias in the analyses, we used
the bias.adjust option of the betadisper function [40,41]. All analyses were run in R, version 3.5.2 [42].

3. Results

3.1. Forest Structure

In total, we recorded 4690 individual trees, 274 palms, 25 hemi-epiphytes and 450 lianas across
both terra firme and varzea forests (n = 97 plots; 9.7 ha), yielding 5439 individuals or 5483 stems
(Table 1). The dbh size class distributions in the two forest types show inverse J-shaped curves for both
the combined tree and hemi-epiphyte assemblages and the lianas (Figure 2). For palms, the size class
distribution was a sigmoid shape, showing a slight shift in climax towards larger diameters in varzea
palms (20-25 cm dbh) compared to terra firme palms (15-20 cm dbh; Figure 2).

Table 1. Number of plots (Plots) and number of ha. (Ha.) inventoried in terra firme (TF) and varzea
(VZ) forests along the Jurud River, western Brazilian Amazon. Number of stems (Stems), including
hollow stems, and number of individuals (Inds.), including multi-stemmed individuals, are given as
count data with percentiles in parentheses (%). Mean number of stems per plot (Plot mean) is given
+ standard deviations (sd). Mean diameter at breast height (dbh) + sd is in cm, basal area (BA) in
m? and mean height + sd in m. All values are given per growth form, forest type and for both forest
types combined. Values refer to trees, palms and hemi-epiphytes (hemi-ep.) with dbh > 10 cm and
woody lianas > 5 cm dbh. Total height in m is also given as overall minimum (Min), maximum (Max),
median and mode values. Differences in stem density, dbh, plot BA and mean total height between
varzea and terra firme for normally distributed data were tested with classic Student’s two-sample
t-tests where group variances were homogenous or Welch two-sample ¢-tests where group variances
were heterogenous. Where data did not conform to normality, we used independent two-group
Wilcoxon-Mann-Whitney tests. Asterisks in the table indicate significant results.

TF vz Total
Plots 46 51 97
Ha. 4.60 5.10 9.70
Stems Trees (%) 2288 (89.80) 2443 (83.24) 4731 (86.28)
Hemi-ep. (%) 5(0.20) 22 (0.75) 27 (0.49)
Palms (%) 104 (4.08) 170 (5.79) 274 (5.00)
Lianas (%) 151 (5.93) 300 (10.22) 451 (8.23)
Total (%) 2548 (100.00) 2935 (100.00) 5483 (100.00)
Hollow (%) 34 (1.33) 63 (2.15) 97 (1.77)
Plot mean + sd 55.39 + 11.07 57.55 +12.29 56.53 +11.72
Inds. Trees (%) 2282 (89.77) 2408 (83.12) 4690 (86.23)
Hemi-ep. (%) 5(0.20) 20 (0.69) 25 (0.46)
Palms (%) 104 (4.09) 170 (5.87) 274 (5.04)
Lianas (%) 151 (5.94) 299 (10.32) 450 (8.27)
Total (%) 2542 (100.00) 2897 (100.00) 5439 (100)
Multi-stemmed (%) 4(0.16) 30 (1.04) 34 (0.63)
Mean dbh =+ sd, cm Trees 21.85 + 13.40 22.71 + 16.09 22.29 + 14.85
Hemi-ep. 27.28 +9.36 44.05 +42.81 40.94 + 39.22
Palms *** 16.65 + 4.60 2293 + 6.84 20.54 + 6.80
Lianas 8.48 +£2.79 9.14 + 4.04 8.92 + 3.68

Total 20.85 +13.17 21.50 + 15.93 21.40 + 14.71
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Table 1. Cont.
TF vz Total
BA, m? Tree 118.03 148.59 266.62
Hemi-ep. 0.32 6.38 6.70
Palm 244 7.64 10.08
Liana 0.94 2.35 3.29
Total 121.73 164.96 286.69
Plot mean + sd * 2.65+0.71 323 +1.18 2.96 +1.03
Mean height + sd, m Tree ** 20.16 +7.40 16.20 £ 7.71 18.12 +7.81
Hemi-ep. 27.67 + 8.74 24.30 +7.95 24.89 +7.92
Palm 17.88 + 5.94 16.90 + 6.12 17.27 + 6.06
Overall *** 20.07 + 7.36 16.29 + 7.64 18.10 + 7.74
Overall height, m Min 3.00 1.70 1.70
Max 50.00 47.37 50.00
Median 19.00 15.00 16.43
Mode 20.00 10.00 15.00
Significant difference between VZ and TF values at * p < 0.05 and *** p < 0.001.
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Figure 2. Number of stems per hectare across diameter at breast height (Dbh) size classes with five cm
intervals where, e.g., 5-9.99 is from five cm dbh up to, but not including, 10 cm dbh. Values are given

per growth form for terra firme (yellow = lianas, red = palms, orange = trees and hemi-epiphytes)

and varzea (light blue = lianas, grey = palms, dark blue = trees and hemi-epiphytes) forests along the

central reaches of the Jurua River, western Brazilian Amazon.

Smaller trees measuring <30 cm dbh dominated both forest types. These accounted for 72.8% of
all inventoried individuals in terra firme (80.9% of all terra firme trees) and 66.4% of all individuals in
seasonally inundated forest (79.1% of all varzea trees). Large trees (>70 cm dbh) represented just 2.0%
of all trees (1.5% and 2.4% of the TF and VZ trees, respectively), or 1.7% of all individuals (1.4% and
2.0% of the TF and VZ individuals, respectively). Only 18 (0.4%) trees in the entire sample attained
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diameters greater than 100 cm dbh, two in terra firme and 16 in vérzea. Six of these sixteen emergents
were Hura crepitans (Euphorbiaceae) in varzea.

Mean total height was greater among terra firme woody plants compared to varzea (Wilcoxon—
Mann-Whitney’s W = 4,094,644, p < 0.001). However, when examining growth forms separately,
only trees were significantly taller in terra firme compared to varzea (Wilcoxon-Mann-Whitney’s
W = 3,676,156, p < 0.001). There was no significant height difference between forest types for
hemi-epiphytes or palms (Table 1). Palm dbh was significantly lower in terra firme compared
to varzea (Wilcoxon-Mann-Whitney’s W = 3739.5, p < 0.001; Table 1). There was no significant
difference in dbh for trees, hemi-epiphytes or lianas. Terra firme had significantly lower basal area
(Wilcoxon-Mann-Whitney’s W = 818, p-value = 0.01) and fewer palms, hemi-epiphytes, lianas, hollow
stems and multi-stemmed individuals compared to varzea (Table 1). The most frequently encountered
multi-stemmed varzea species (1 = 5) was Theobroma cacao (Malvaceae). The species most frequently
encountered with hollow trunks were Cecropia species (VZ: n =19, TF: n = 16). Varzea woody plants
branched closer to the ground (Wilcoxon-Mann-Whitney’s W = 3,520,973, p < 0.001), had greater
branching depth (Wilcoxon-Mann-Whitney’s W = 2,091,770, p < 0.001) and had branches along a greater
portion of their stems, compared to terra firme trees and hemi-epiphytes (Wilcoxon-Mann-Whitney’s
W = 1,392,508, p < 0.001).

3.2. Floristic Diversity

In total, 931 species were recorded in the lowland terra firme and varzea forests combined (Table 2).
Of these, 625 species occurred in terra firme and 526 in varzea (Table 2). Two hundred and twenty
species (23.6%) were shared among terra firme and vérzea forests, comprising 44.4% of all individuals.
However, most species were unique to either terra firme (43.5%; Table 2) or vérzea (32.9%; Table 2) and
many species occurred only in a single plot (TF: 45.6%, n = 285; VZ: 42.2%, n = 222). Most of the shared
species were rare and occurred with few observations in one forest type and single observations in
the other (69.5%, n = 153), or as singletons in both forest types (13.2%, n = 29). Only 44 (20.0%) of the
220 shared species had 10 or more individuals recorded in at least one forest type. Three species (1.4%)
had 10 or more individuals recorded in both forest types. Although the species rarefaction curves
clearly indicate a greater species richness in terra firme compared to varzea, the curves did not reach
an asymptote for either forest type (Figure 3).

Table 2. Number of species (Spp.), number of genera (Gen.) and number of families (Fam.) found within
the terra firme (TF) and varzea (VZ) forests along the Jurua River, western Brazilian Amazon. Values
are given as counts per growth form, forest type and for both forest types combined, with percentiles of
individuals not identified to each taxonomic level in parentheses (N/A, %). In addition, the numbers of
Spp., Gen. and Fam. that were unique to either forest type (Unique) or occurred as singletons in either
or both forest types (Singleton) are given as counts and percentiles in parenthesis (%). All values refer
to trees, palms and hemi-epiphytes (hemi-ep.) with dbh > 10 cm and woody lianas > 5 cm dbh.

TF vz Total

Spp- Trees (N/A, %) 576 (4.08) 466 (4.98) 847 (4.54)
Hemi-ep. (N/A, %) 3 (0.00) 9 (5.00) 11 (4.00)
Palms (N/A, %) 7 (4.81) 5 (0.00) 9(1.82)

Lianas (N/A, %) 41 (29.80) 58 (21.74) 79 (24.44)

Total (N/A, %) 625 (5.63) 526 (6.42) 931 (6.05)

Unique (%) 405 (43.50) 306 (32.87) 711 (76.37)

Singleton (%) 285 (45.60) 222 (42.21) 314 (33.73)

Gen. Trees (N/A, %) 214 (2.50) 188 (1.00) 273 (1.73)
Hemi-ep. (N/A, %) 2 (0.00) 2 (0.00) 2 (0.00)

Palms (N/A, %) 7 (3.85) 4 (0.00) 7 (1.46)
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Table 2. Cont.

TF vz Total
Lianas (N/A, %) 31(23.18) 45 (14.72) 54 (17.56)
Total (N/A, %) 247 (3.78) 226 (2.35) 317 (3.02)
Unique (%) 91 (28.71) 70 (22.08) 161 (50.79)
Singleton (%) 66 (26.72) 42 (18.58) 56 (17.67)
Fam. Trees (N/A, %) 63 (1.97) 53 (0.58) 67 (1.26)
Hemi-ep. (N/A, %) 2 (0.00) 2 (0.00) 2 (0.00)
Palms (N/A, %) 1 (0.00) 1 (0.00) 1 (0.00)
Lianas (N/A, %) 17 (17.88) 23 (12.71) 28 (14.44)
Total (N/A, %) 69 (2.83) 63 (1.79) 77 (2.28)
Unique (%) 14 (18.18) 8 (10.39) 22 (28.57)
Singleton (%) 9 (13.04) 4 (6.35) 6(7.79)
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Figure 3. Sample-based rarefaction curves, scaled by the number of pooled individuals per survey
plot (sample) for terra firme forest (TF, in orange) and vérzea forest (VZ, in blue). The bars indicate +2
standard deviations.

3.3. Family Importance Value

Leguminosae (Fabaceae) dominated the family importance value (FIV) in both forest types, mainly
because of the large number of species in this super-family (TF: FIV = 40.93; 15.7%; VZ: FIV = 38.9§;
13.9%; Table 3; Table 4). In both forest types, Lecythidaceae was the second most important family,
followed by Sapotaceae. In terra firme, Lecythidaceae represented both the highest number of
individuals (1 = 383) and the greatest basal area (BA) (Table 3). In varzea, Lecythidaceae was the
second most dominant family, Sapotaceae was the second most species-rich family and Annonaceae
was the second most abundant family (Table 4). The full FIV list for all families is presented in
Supplementary Table S1.
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Table 3. The ten most important families in lowland terra firme, listed in descending order of family
importance value (FIV). Values are based on all woody plants with species identifications. The number
of individuals (No. Inds.) and the number of species within each family (No. Spp.) are given as counts.
Basal area (BA) in m2. Relative density (Rel. Den.), relative dominance (Rel. Dom.) and relative
diversity (Rel. Div.) are given as percentages, where 100 equals 100% (Supplementary Table S1).

Family No. Inds. BA (m?) No. Spp. Rel. Den. Rel. Dom.  Rel. Diw. FIV
Leguminosae 286 16.12 98 11.58 13.67 15.68 40.93
Lecythidaceae 383 20.70 30 15.51 17.55 4.80 37.86

Sapotaceae 163 9.54 47 6.60 8.09 7.52 2221
Chrysobalanaceae 186 9.61 33 7.53 8.15 5.28 20.96
Mpyristicaceae 203 8.49 21 8.22 7.20 3.36 18.78
Moraceae 134 8.68 31 5.43 7.36 4.96 17.75
Lauraceae 91 6.50 30 3.68 5.51 4.80 14.00
Burseraceae 114 3.03 34 4.62 2.57 5.44 12.62
Urticaceae 73 4.35 17 2.96 3.69 2.72 9.36
Malvaceae 89 2.26 21 3.60 1.92 3.36 8.88
Subtotal 1722 89.26 362 69.72 75.70 57.92 203.34
Remaining 748 28.65 263 30.28 24.30 42.08 96.66
Total 2470 117.91 625 100 100 100 300

Table 4. The ten most important varzea families listed in descending order of family importance value
(FIV). Values are based on all woody plants with species identifications. The number of individuals
(No. Inds.) and the number of species within each family (No. Spp.) are given as counts. Basal area (BA)
in m2. Relative density (Rel. Den.), relative dominance (Rel. Dom.) and relative diversity (Rel. Div.)
are given as percentages, where 100 equals 100% (Supplementary Table S1).

Family No. Inds. BA (m?) No. Spp. Rel. Den. Rel. Dom.  Rel. Div. FIV
Leguminosae 357 20.46 73 12.55 12.55 13.88 38.98
Lecythidaceae 201 19.05 22 7.07 11.69 4.18 22.94

Sapotaceae 201 13.66 38 7.07 8.38 7.22 22.67
Annonaceae 279 8.70 35 9.81 5.34 6.65 21.80
Euphorbiaceae 138 17.05 22 4.85 10.46 418 19.50
Malvaceae 134 9.16 24 4.71 5.62 4.56 14.89
Arecaceae 170 7.64 5 5.98 4.69 0.95 11.61
Urticaceae 65 8.21 15 2.28 5.04 2.85 10.18
Mpyristicaceae 107 7.66 8 3.76 4.70 1.52 9.98
Moraceae 64 4.15 22 225 2.55 418 8.98
Subtotal 1716 115.75 264 60.32 71.01 50.19 181.51
Remaining 1129 47.26 262 39.68 28.99 49.81 118.49
Total 2845 163.01 526 100 100 100 300

3.4. Species Importance Value Index

Three Eschweilera spp. (Lecythidaceae) top the terra firme Importance Value Index (IVI). Of these,
Eschuweilera coriacea was the most important, largely due to the high basal area derived from its large stems
and high abundance (Table 5). In varzea, Hura crepitans (Euphorbiaceae) was the most important tree
species and dominated the basal area, despite its relatively low abundance (Table 6). Palms (Arecaceae)
were abundant in both forest types and both Euterpe precatoria (TF) and Astrocaryum jauari (VZ) were
among the most important species. None of the 10 most important species were shared between terra
firme and vérzea. The IVI for all species is presented in Supplementary Table S2.
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3.5. Community Composition

Overall dissimilarity in species composition was high among plots. Only four between-plot
Bray-Curtis dissimilarities were below 60%, all within varzea. The lowest recorded Bray-Curtis
dissimilarity between forest types was 79.6% (Supplementary Table S3). No species occurred in all
plots of either forest type and only two species occurred in more than half of the terra firme plots:
Eschweilera wachenheimii (Lecythidaceae; n = 36) and Eschweilera coriacea (Lecythidaceae; n = 33).
Despite a lower total species richness in varzea, only Virola surinamensis (Myristicaceae) occurred in at
least half of the varzea plots (n = 26).

We found greater resemblance in species composition among plots within the same forest type
than when comparing plots between forest types (envfit: R? = 0.59, p < 0.001; PERMANOVA: R? = 0.11,
F =11.27, p = 0.001; Figure 4), although there was spatial autocorrelation between plots (Mantel test:
r=0.19, p = 0.001). Multivariate dispersion of inventory plots indicates that neither varzea nor terra
firme plots are more clustered around their respective multivariate means than the other (befadisper:
F =0.30, N.Perm =99, p = 0.57). Thus, both forest types show a similar variation in species composition
among plots.

A
0.2
0.1 A
Forest €N
xTF 2 00 A
vz =
Z
-0.1
-0.2
Stress = 0.24
-0.2 0.0 0.2
NMDS1

Figure 4. Non-metric multidimensional scaling (NMDS) ordination showing the relative position of
inventory plots in terra firme forest (orange circles) and varzea forests (dark blue triangles), along axes
NMDS1 and NMDS2. Ellipses represent 95% confidence intervals (CI) around group centroids.
Plot positions within ordination space are based on Bray-Curtis dissimilarities. The stress measure
indicates similarity of observed distance to ordination distance.
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4. Discussion

4.1. Forest Structure

As seen from the high number of late-successional species characteristic of the central Jurua and the
different strata that these represent, our inventory is typical of structurally intact and late-successional
forests [43-45]. Both the terra firme and vérzea forests of the central Jurua had well-stratified canopies
featuring emergent trees of up to ca. 50 and 47 m, respectively.

The varzea forest had a greater diversity in growth forms than terra firme, and more multi-stemmed
or hollow individuals. This may reflect the differences in disturbance regimes between the two forest
types, with higher levels of disturbance in varzea forests driven by the impact of seasonal floods
and their proximity to the Jurud River. For example, woody lianas typically occur in disturbed areas,
such as secondary forests or forest edges [46,47]. In structurally intact terra firme forests, lianas are
likely to become dominant only in treefall gaps [47], whereas with both natural clearings and the
river margin, the propensity of edge habitat is considerably larger in structurally intact varzea forests.
Similarly, the high number of hollow individuals that we observed in varzea forest was mostly driven
by pioneer species typical of disturbed floodplain habitat, such as Cecropia spp. [48-50]. Moreover, since
palms are associated with highly dynamic forests on weakly structured and nutrient-rich soils [51-53],
the higher frequency and size of palms recorded in varzea may further reflect the influence of flooding
on substrate properties and forest dynamics.

Both the terra firme and varzea forests had similar stem densities and high proportions of smaller
trees (i.e., 10-30 cm dbh). However, trees grew taller in terra firme, whereas BA and degree of branching
were significantly higher in varzea. These structural differences between terra firme and varzea woody
plants may result from differences in forest dynamics and substrate fertility. High seasonality and
substrate fertility in varzea might cause trees to grow quicker or better during favourable times of the
year (i.e., dynamic growth in response to the changing environment) [54], thus supporting higher BA
but potentially lighter wood density [55]. In contrast, less seasonal variability and lower substrate
fertility in terra firme may cause woody plants to grow slower, but more evenly, throughout the year.
Slow lateral growth results in more structural matter per unit volume wood, and thus greater stability,
supportive of higher stems [56].

Structural and functional differences between forest types interact to determine the amount of
standing, living woody biomass across the forest landscape. Therefore, the higher BA and degree
of branching in varzea woody plants is potentially counterbalanced by taller terra firme stems,
plus previous findings from the same region which show that terra firme trees store more carbon per
unit volume than varzea conspecifics [57]. Hence, both varzea and terra firme may produce similar
amounts of standing, live woody biomass in the Jurua. This would compare to a case from the southern
Amazon where dry season length and storm frequency affected stem density and individual biomass
of trees and palms differently across two forest types but resulted in similar forest biomass due to
complementary responses in structural variables to these environmental stresses [58].

4.2. Floristic Composition and Diversity

In the Jurua, almost one quarter of all woody plant species (23.6%) occurred in both terra firme
and varzea. Our findings thus support previous reports of several shared species among terra
firme and seasonally flooded forests [29,59]. However, most of these occurred predominantly in
one forest type or as singletons in both forest types. This could indicate that many of the shared
species are generally rare within the forest matrix or represent outlier observations of individuals
in one of the forest types where they would straddle the extremes of their environmental tolerance
limits [60-63]. Thus, we see that differences in environmental stress, e.g., seasonal flooding versus
no seasonal flooding, between varzea and terra firme forests limit species distributions and cause
the woody plant communities to shift. The great dissimilarity in species composition among varzea
forest plots may result from the diversity of microhabitats and successional stages they cover along the
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hydro-topographic gradient [29,43]. This variability in species composition contributed to a high total
species richness. The species rarefactions suggest that the central Jurua varzeas are some of the most
species-rich floodplains in the Amazon [24,64].

Amazonian terra firme forests are well-documented to be more species-rich than seasonally
flooded forests [17]. This is supported by our study, where terra firme displayed a higher total species
richness than the varzea forest. At the Amazon basin-wide scale, the greater diversity in terra firme
woody plants is attributed to habitat availability (terra firme comprises ca. 87% of available forest
habitat in the Amazon compared to ca. 13% forested floodplain habitat) [3,65], habitat stability [66],
adiversity in climatic and edaphic conditions [67-70] and the evolutionary dynamics of land formations,
e.g., through processes that undo or induce dispersal barriers and subsequent speciation [71]. At local
scales, a higher diversity in terra firme woody plant communities compared to its floodplain counterpart
may also be attributed to a greater stability and longer history. Terra firme habitat has been available
for colonisation by woody plants for much longer than present varzea habitat. Moreover, even at this
local scale, the rate of disturbance in the terra firme is much lower compared to the varzea, where forest
habitat is formed and eroded on a dynamic, seasonal basis [43,72]. Given these different drivers
of woody plant diversification across seasonally flooded and terra firme forests, it is perhaps not
surprising that terra firme and varzea forests in the Jurua showed similar levels of variation in species
composition among plots around their respective multivariate means (i.e., similar 3-diversities).

4.3. Important Families and Species

In accordance with previous work from central Amazonia, Leguminosae (Fabaceae), Lecythidaceae,
Sapotaceae and Myristicaceae were among the most important families in both terra firme and varzea
forests [73-75]. For other Amazonian regions, however, these families may be considerably less
common. As an example, Lecythidaceae is much less important in terra firme forests of western
(e.g., References [76-78]) and eastern Amazonia (e.g., References [79,80]). Our survey further
corroborates the importance of Chrysobalanaceae and Moraceae in terra firme forests [73-75] and
of Annonaceae and Euphorbiaceae in varzea forests [6,59,79,81]. Additionally, palms constitute an
important part of both the Jurua and Amazonian arborescent flora.

A recent study found that six of the ten most common Amazonian arborescent species were
palms [82]. In the Jurud, palms contributed 4%—6% of the inventoried individuals and 2%-5% of
the total BA in the terra firme and varzea forests, respectively. Euterpe precatoria, potentially the
most common woody species across the entire Amazon [83], was the most prominent terra firme
palm species for the Jurud, where it was twice as common and more widespread than in varzea.
Astrocaryum jauari was the most important varzea palm species. Overall, however, Eschweilera tree
species were particularly prominent in the terra firme forest and Eschweilera coriacea was the most
common tree, both for the Jurua and the Amazon at large [82]. Hura crepitans (Euphorbiaceae) was the
most important floodplain species. In fact, Hura crepitans, as well as Virola surinamensis (Myristicaceae),
the second most important varzea species in the Jurud, are both scarce in many floodplain areas across
the Amazon basin due to logging [84,85]. Their importance in the central Jurua may therefore reflect
the protected status of these floodplains [86].

Together, the most conspicuous woody plant species of the Jurua represented the entire terra firme
and varzea canopy strata. In terra firme, Cariniana micrantha is an emergent tree, Eschweilera coriacea,
Eschweilera truncata and Euterpe precatoria are common upper-canopy features, Brosimum rubescens
occurs mid- to upper-canopy, Osteophloeum platyspermum grows mid-canopy and Eschweilera grandiflora,
Iryanthera hostmannii and Eschweilera wachenheimii feature in the understorey [87-90]. In vérzea,
Hura crepitans and Virola surinamensis are upper-canopy to emergent trees, Astrocaryum jauari and
Eschweilera parviflora grow in the upper canopy, Tapura juruana, Pouteria glomerata, Himatanthus sucuuba,
Pouteria procera and Leonia glycycarpa occur mid-canopy, and Theobroma cacao grows in the
understorey [91]. Except for Pouteria glomerata, a late-secondary forest species, the other characteristic
varzea species are late-successional species [91].
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5. Conclusions

Rare or sparsely distributed species drive most of the woody plant diversity in both low-lying
terra firme forests on paleo-varzea sediments and seasonally flooded varzea forests on the floodplain
of the central Jurua River basin. Both terra firme and varzea show high variation in plot-level species
composition, demonstrating heterogeneity within forest types, even at small spatial scales. Although
species richness was highest in terra firme, the Jurud varzea forest contain more woody species than
most inventories have recorded for Amazonian floodplain forests. Given the high species turnover
across terra firme and vérzea, floodplain forests are clearly an important complement to terra firme
woody plant diversity. The high proportion of singleton observations and forest type specialists in the
central Jurua highlight the need for further floristic inventories from a wider range of geographically
remote areas if we are to discover and properly describe the Amazonian flora. As a step in that
direction, this study helps address the patchy botanical records of sparsely distributed Amazonian
woody species.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/11/12/1361/
sl, Table S1: Family Importance Value, Table S2: Species Importance Value Index, Table S3: Bray-Curtis
Dissimilarity Matrix.
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Appendix A

Formulas for calculating (a) relative density (Rel. Den.), (b) relative dominance (Rel. Dom.),
(c) relative diversity (Rel. Div.) and (d) relative frequency (Rel. Freq.).

No. of individuals of a family or species X 100

Rel.Den. =
(a) Rel.Den Total no. of individuals in sample
Basal area of a family or species x 100
b) Rel.Dom. =
(b) Rel.Dom Total basal area in sample
(c) Rel.Di No. of species in a family x 100
¢) Rel.Div. =

Total no. of species

Sampling units containing a species X 100

Rel.Freq. =
(d) Rel Freq Sum of all frequencies
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Abstract

Amazonia encompasses forests that grow in areas that are periodically inundated by
overflowing rivers. The inundation depth and duration vary according to the slope of the
terrain, creating a flooding gradient. This gradient directly affects the biota, but the effect
on soil organisms remains elusive. Here, we use DNA metabarcoding to estimate
prokaryote and eukaryote diversity from soil and litter samples in a seasonally flooded
forest and its adjacent unflooded forest in central-western Amazonia using 16S and 18S
gene sequences, respectively. We characterize the below-ground diversity and
community composition based on Amplicon Sequence Variants (ASVs) along the flooding
gradient. We test for the relationship of soil biota with the flooding gradient, soil
properties and above-ground woody plant diversity. The flooding gradient did not
explain below-ground biodiversity. Nor was the below-ground diversity explained by the
above-ground woody plant diversity. However, we found taxonomic groups not
previously reported in Amazonian seasonally flooded forests and the flooding gradient
and woody plant diversity did, in part, explain the community composition of soil
bacteria. Although the effects of the flooding gradient, soil properties and above-ground
woody plant diversity is hard to quantify, our results thus indicate that flood stress could

influence below-ground bacterial community composition.

Keywords: Amazonia; Below-ground biodiversity; Jurua; Metabarcoding; Seasonally

flooded forests; Flooding gradient.



1. Introduction

Amazonia comprises the largest continuous tropical rainforest in the world. Accounting
for only 3.6% of the terrestrial global surface, Amazonia harbours 10% of the world’s
known biodiversity (Maretti, 2014) and potentially hosts the largest Linnaean
biodiversity knowledge deficit on Earth (Moura and Jetz, 2021). Amazonia is
heterogeneous and encompasses several distinct environments. These include tropical
rainforests known as terra firme, non-forested areas, such as the edaphic open areas
associated with white sand soils, and seasonally flooded forests (Myster, 2016).
Seasonally flooded forests grow in areas that are periodically inundated by overflowing
rivers, lakes and perennial streams (Prance, 1996). These forests are characterized by
low taxonomic diversity compared to terra firme forests (Haugaasen and Peres, 2006;
Myster, 2016; ter Steege and Hammond, 2001). However, they have a characteristic fauna
and flora often restricted to these environments (Myster, 2016; Ramalho et al,, 2016). At
least 9% of the Amazon basin is formed by seasonally or permanently flooded forests
(Hess et al., 2015), which are crucial for the maintenance of biodiversity and climatic

dynamics in the region (Castello and Macedo, 2016).

Two determinants are decisive for the extent of periodically flooded forests in Amazonia.
The first is the uneven annual distribution of rainfall. In most parts of Amazonia, the rainy
season is followed by a drier period lasting several months, but this is not synchronous
across the basin. The second is the topography of the Amazon basin and its low-lying
floodplains. Combined, these factors lead to an annual rise in fluvial discharge which
causes an enormous flood pulse (Junk, 1989; Kubitzki, 1990) and gives rise to an aquatic
and a terrestrial phase in the flooded areas. The inundation depth and duration of the
flood waters vary according to the slope of the terrain and the volume of the rivers that
flood the landscape (Assis et al., 2015; Wittmann et al,, 2010). This creates a gradient in
flood depth and duration from low-lying areas flood to greater depths for longer periods
of time to areas higher up in the terrain that flood for shorter periods. This gradient
directly affects the biota, generating thresholds for species establishment (Petit and
Hampe, 2006). Additionally, the physical and chemical properties of the waters also affect

the distribution of biota in inundated areas (Prance, 1979).



In the Amazon basin, seasonally flooded forests can be classified into two major types
according to the hydro-chemical characteristics of the rivers that flood them (Assis et al.,
2015; Haugaasen and Peres, 2006; Myster, 2016; Prance, 1979). Whereas eutrophic
varzea forests are flooded by nutrient-rich white-water rivers originating in the Andes,
oligotrophic igapé forests are inundated by nutrient poor, black- or clear-water rivers
(Rios-Villamizar et al., 2020). Thus, fluvial geochemistry determines the physical
properties of substrate, such as moisture retention and hydraulic conductivity,
accumulation of organic matter, nutrient availability and soil biota (Parolin et al.,, 2004).
It has been demonstrated that changes in above-ground species richness and
composition in seasonally flooded forests can occur due to the physicochemical
characteristics of the water (Myster, 2016) and/or flood depth (Julido et al., 2018). Few
studies have evaluated this difference in soil biota (Ritter et al., 2019b), and to our
knowledge no study has yet examined the influence of the flooding gradient on seasonally

flooded forest soil biota.

Soil biota represent a large reservoir of terrestrial biodiversity and provide fundamental
ecosystem services that are key to the functionality of terrestrial ecosystems (Bardgett
and Van Der Putten, 2014; Pereira et al., 2018; Pietramellara et al., 2002). For instance,
larger soil invertebrates are responsible for processing large amounts of detritus and
make it available to other organisms (Garcia-Palacios et al., 2013; Hattenschwiler and
Gasser, 2005). Similarly, micro-organisms are essential for nutrient cycling (Delgado-
Baquerizo et al., 2020), and ectomycorrhizal fungi underlie ecosystem processes such as
soil carbon cycling (Johnson et al., 2016). Yet, soil biodiversity remains elusive and has
been neglected in many global biodiversity assessments and policies (Cameron et al.,
2019; Ritter et al, 2017). This omission is undoubtedly related to the scarcity of
comprehensive information on soil biodiversity, especially in megadiverse and remote
tropical environments, such as Amazonia. Fortunately, molecular approaches, including
high throughput sequencing (HTS), such as metabarcoding (Creer et al., 2016), are now
able to address many previous obstacles to understanding the diversity and composition

of soil communities (Cameron et al., 2019; Ritter et al., 2019b; Tedersoo et al., 2014).

In this study we use a metabarcoding approach to characterize the soil biodiversity along
the flooding gradient of an Amazonian varzea landscape. More specifically, we investigate

the diversity and composition of soil communities across three flood-levels and explore
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if, and how, soil biota changes along the flooding gradient. In addition, by comparing the
soil communities to the above-ground woody plant community, we examine the degree
to which the above- and below-ground biodiversity are congruent. The results are
discussed in relation to other studies and interpreted in light of differences experienced
by seasonal flooding, soil characteristics and above-ground woody plant diversity.

Finally, we draw some general implications to the conservation of Amazonian biota.

2. Materials and Methods

2.1.  Study area: We conducted the study in the Uacari Sustainable Development
Reserve (RDS Uacari) and nearby forests along the central reaches of the Jurua River,
western Brazilian Amazonia (Fig. 1). The climate of the region is hot and humid with a
mean annual temperature of ~27°C, average annual rainfall of ~3,679 mm, and a well-
defined rainy season from December until May (Hawes and Peres, 2016). We sampled
above-ground woody plant communities and below-ground microbial communities at
three different flood levels in varzea (VZ) and adjacent upland forest (i.e. terra firme, TF)
that does not flood on a seasonal basis. This “unflooded” forest is growing on Pleistocene
floodplain sediments (i.e.,, paleo-varzea sediments; Assis et al., 2015) abandoned by the
meandering Jurua River and at higher elevations than the river’s maximum flood level.
The varzea communities were sampled during the 2016 and 2017 dry seasons and the

terra firme communities were sampled in the 2017 wet and dry seasons.



Legend
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Fig. 1. Sampling localities along the central Jurua River (main map) in the central-
western Brazilian Amazon (upper left inset). The lower right inset shows a schematic
cross-section of flood levels in the varzea forest, with low- and high-water states
separated by the dotted vertical lines. Low-varzea is low-lying and subject to the longest
flooding periods (5-12 mo/yr); mid-varzea is subject to intermediate periods of flooding
(2-4 mo/yr); and high-varzea is located higher up in the terrain and subject to the
shortest flooding periods (0-1 mo/yr). Terra firme forests are beyond the maximum flood

levels of rivers and perennial streams.

2.2.  Determination of the hydro-topographic gradient: To position the plots along the
hydro-topographic gradient, we used inundation period mapped with multi-date ALOS-1
PALSAR satellite imagery (Fine-beam mode, resampled to 30 m) freely available from the
Alaska Satellite Facility Distributed Active Archive Center (asf.alaska.edu). Water levels

at the Porto Gavido gauge on the Jurua River (66.9W, 4.88S) were retrieved from Brazil's

Agéncia Nacional de Aguas (ANA; http://www.snirh.gov.br/hidroweb /serieshistoricas)
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for each of the 28 PALSAR imaging dates between 2007 and 2011 (9-10 dates for each of
3 PALSAR swaths covering the forest plots). The average number of months inundated
per year were calculated over the 47-year Gavido river level record (1972-2018). Due to
small-scale variability in flood duration even at the 0.1 ha scale, we defined the flooding
gradient by approximating the average number of months each plot was flooded
annually. Thus, plots were grouped into the following four flood levels: (1) terra firme =
not seasonally flooded (n = 6); (2) high-varzea = 0-1 mo/yr, maximum high-water levels
<1.5m (n = 6); (3) mid-varzea = 2-4 mo/yr, maximum high-water levels = 1-2 m (n = 6);
and (4) low-varzea = 5-12 mo/yr, maximum high-water levels = 2 m (n = 4). Flood depth
within each plot was determined by measuring the height of visible watermarks left on
tree trunks within each plot after the most recent inundation peak. These measurements
were made with a measuring tape to the nearest mm.

2.3.  Above-ground woody plant diversity: We used 0.1 ha floristic plots (100 m x 10 m)
placed perpendicular to the main river channel to minimize variability in flood depth and
duration within plots. We inventoried woody plant diversity as described in Bredin et al.
(2020). Briefly, within each floristic plot, all trees, hemiepiphytes, and palms =210cm
diameter at breast height (dbh) - as well as all high-climbing woody lianas = 5 cm dbh -
were measured and identified. Individuals that could not be determined to species level
were sorted to morpho-species or, where applicable, higher taxonomic levels. For the
following analyses we only retained floristic data from plots where we also obtained
information about substrate biota (n = 18).

2.4.  Below-ground microbial diversity: To allow for comparisons with other studies of
below-ground biodiversity, we used the sampling strategy described in Tedersoo et al.
(2014) and Ritter et al. (2019b). Briefly, we superimposed 22 circular plots with a 28 m
radius over the floristic plots by matching exactly the midpoints of the circular substrate
plot with those of the rectangular floristic plots. Within each circular plot, we randomly
selected 20 trees and collected litter and soil samples at the opposite sides of each stem.
We first took a litter sample at every sampling point. After removing the leaf litter, we
used a soil auger (2.5 cm in diameter) to collect the top 5 cm of the soil. In total, we
collected litter and soil at 40 points per plot. The samples were then mixed to provide one
composite litter sample and one composite soil sample per plot. For each plot, soil
samples were divided into two parts. The first part was sun-dried and transported to the

EMBRAPA laboratory in Manaus (Brazil) where physicochemical analyses were



performed following standardized procedures (Donagema et al., 2011; Ritter et al., 2018).
The second part of the soil samples, as well as the litter samples, were dried with
sterilized white silica gel 1-4 mm and transported to the University of Gothenburg,

Sweden, for DNA extraction.

2.5.  DNA extraction and sequencing: For total DNA extraction, we used the PowerMax®
Soil DNA Isolation Kit (MO BIO Laboratories, USA) according to the manufacturer’s
instructions. We used 10 g (dry weight) from all soil samples and 15 ml of the litter
samples (corresponding to 3-10 g of dry weight litter, depending on texture and
composition). We checked DNA extraction quality and concentration in a Qubit 30®
fluorimeter (Invitrogen, Sweden). The soil and litter samples from which DNA was
successfully extracted were sent to Aimethods (Germany) for amplification and
sequencing. We targeted prokaryotes with the V3-V4 region (~460 bases) of the 16S
rDNA gene using the forward primer (5’-CCTACGGGN GGCWGCAG-3’) and the reverse
primer (5’-GACTACH VGGGTATCTAATCC-3’) from Klindworth et al. (2013). Eukaryotes
were targeted with the V7 region of the 18S rDNA gene using the forward and reverse
primers (5-TTTGTCTGSTTAATTSCG-3’) and (5’-TCACAGACCTGTTATTGC-3") designed
by Guardiola et al. (2015) to yield 100-110 bases long fragments. The 16S rDNA fragment
was sequenced with the [llumina MiSeq 2x300 platform, and the 18S rDNA fragment with
[llumina Microarray 2x150. We sequenced negative controls in all steps: three for the

extraction, two for the amplification, and two for the index ligation.

2.6.  Sequence analyses and taxonomic assessment: We used the Cutadapt package
(Martin, 2011) in Python v.3.3 (Van Rossum and Drake, 2009) to remove primers. We
then used the DADA2 package (Callahan et al,, 2016) in R v. 4.0.2 (R Core Team, 2020) to
quality filter reads, merge sequences, remove chimeras, and to infer amplicon sequence
variants (ASVs). We excluded reads with ambiguous bases (maxN=0). Based on the
quality scores of the forward and reverse sequences, each read was required to have <3
or <5 errors, respectively (maxEE=c (3,5), truncQ=2). Therefore, ASVs were inferred for
forward and reverse reads for each sample using the run-specific error rates. To assemble
paired-end reads, we considered a minimum of 12 base pairs of overlap and excluded
reads with mismatches in the overlapping region. Chimeras were removed using the
consensus method of "removeBimeraDenovo" implemented in DADA2. We removed

ASVs present in negative controls in a proportion larger than 40% of the reads for 18S
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and all ASVs present in negative control for 16S. We used the SILVAngs 132.1 reference
database (Quast et al., 2012) for assessment of the taxonomic composition of the ASVs for
both markers. The ASV reads by sample and taxonomic affiliation are provided in the
Appendix 1 (for 16S) and Appendix 2 (for 18S). Additionally, we identified the functional
guild for the ASVs assigned to the fungal kingdom using the FungalTraits database (Polme
etal, 2020).

2.7.  Statistical analysis: We conducted all analyses in R using RStudio (2015). We used
the tidyverse package v. 1.3.0 (Wickham, 2017) for data curation and ggplot2 v. 3.3.2
(Wickham, 2016), ggfortify v. 0.4.11 (Tang et al., 2016), gridExtra v. 2.3 (Auguie and
Antonov, 2016), and ggpubr v. 0.4.0 (Kassambara and Kassambara, 2020) for data
visualisation (scripts in Appendix 3).

2.7.1. Soil properties - To compare our results with other areas, we included the soil
property data from terra firme and varzea in Benjamin Constant (far western Brazilian
Amazonia) and Caxiuana (far eastern Amazonia), available in Ritter et al. (2018), in our
data analyses (Appendix 4 Table A1). We first normalized all soil variables to zero mean
and unit variance using the “scale’ function of vegan v. 2.4-3 (Oksanen et al,, 2010). We
then performed a principal component analysis (PCA) to reduce the number of soil
property variables for subsequent analyses and visualise soil physicochemical properties
in relation to forest type and flood level (i.e. terra firme, high-varzea, mid-varzea, low-
varzea, or varzea where information on placement along the flooding gradient was
absent).

2.7.2. Alpha diversity - As the richness estimates could be biased by rare ASVs
(Haegeman et al., 2013), we calculated ASV Fisher’s alpha diversity (i.e., the relationship
between the number of ASVs in any given plot and the number of reads of each ASV) using
the phyloseq R package v.1.34.0 (McMurdie and Holmes, 2013) separately for the
prokaryote (16S) and eukaryote (18S) datasets. For the plant communities we used an
abundance species matrix. We calculated the metrics within each plot and compared
visually the non-normalized Fisher’s alpha diversity indices of the below-ground biota
and above-ground plant communities. We analysed soil and litter Fisher’s alpha diversity
as a function of flood level (modelled as a continuous variable represented by the
measured floodwater marks on trees, with terra firme being zero, and categorically
according to forest type, i.e. flood level), soil properties (represented by PC1 of the soil

PCA), type of sample (litter or soil), and above-ground Fisher’s alpha diversity for woody
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plants. We normalized all the Fisher’s alpha diversities to zero mean and unit variance
using the “scale’ function in vegan. Thus, we defined a set of models to explain below-
ground alpha diversity. The final model set included models with flood level, inundation
depth of the last flood, PC1 from the soil properties PCA, type of sample (litter or soil) and
woody plant Fisher’s alpha diversity as predictor variables, and additional models with
interaction terms among the flood levels and sample types with woody plant Fisher’s
alpha diversity and soil PC1. The final model set also included a constant, intercept-only
model, comprising a total of nine models for each dependent variable (Table 1).

Models were selected using an information theory approach based on AIC (Akaike, 1974)
and corrected AICs (AICc) for small sample sizes (Burnham and Anderson, 2002). Models
with dAIC < 2 were considered equally plausible, and we used the normalized model
weight (wi) to contrast the best model to the constant (no-effect) model. We used
generalized linear models (Crawley, 2007) with Gaussian error distributions after
checking for the distributions of residuals. The GLM analyses were performed using the
vegan package, and model selection was carried out using the bbmle package v.1.0.20
(Bolker and Bolker, 2017).

2.7.3. Beta diversity - We constructed two-dimensional non-metric multidimensional
scaling (NMDS) ordinations of the abundance (reads) matrices of prokaryotes (16S) and
eukaryotes  (18S). We  first transformed read counts using the
‘varianceStabilizingTransformation’ function in DESeq2 v.1.30.1 (Love et al,, 2014) as
suggested by McMurdie & Holmes (2013). This transformation normalizes the count data
with respect to sample size (number of reads in each sample) and variances, based on
fitted dispersion-mean relationships (Love et al,, 2014). We then used the ‘metaMDS’
function and Bray-Curtis distances in the vegan package to assess community
dissimilarity among all samples in the NMDS. We used the ‘envfit’ method in vegan to fit
flood levels and sample types onto the NMDS ordination as a measure of the correlation
among these factors with the NMDS axes. Additionally, we constructed two-dimensional
non-metric multidimensional scaling (NMDS) ordinations based on the abundance data
of the woody plants.

3. Results

We were able to extract, amplify, and sequence DNA for both prokaryotes (16S) and
eukaryotes (18S) in 13 soil samples, 17 litter samples for prokaryotes (16S), and 16 litter
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samples for eukaryotes (18S). We obtained a total of 787,834 reads and 10,213 ASVs for
the prokaryotes (16S). After removing the negative controls, we kept 757,827 reads and
9,337 ASVs. For the eukaryotes (18S), we obtained 616,237 reads belonging to 2,267
ASVs and we kept 572,953 reads belonging to 2,004 ASVs after removing the negative
controls. See Appendix 4Table A2 for the number of reads and ASV richness for each plot,
and Appendix 5 and 6 for krona charts of 16S and 18S taxonomic composition,
respectively. The raw sequences are deposited in Genbank under the Bioproject
PRJNA723037, BioSample SAMN18800640: Jurua (TaxID: 410658), accession SRA
numbers SRR14286278 - SRR14286277.

3.1.  Soil properties: The principal component analysis showed that edaphic properties
varied between terra firme and varzea plots and that flood depth or duration had no
apparent effect on varzea soil physicochemical composition (Fig. 2; Appendix 4 Table A3).
Hence, varzea soils from Jurua largely overlapped (Fig. 2). Varzea soils were dominated
by clay and silt, whereas terra firme soils were sandier (Fig 2). Terra firme soils were less
fertile than varzea soils, with lower concentrations of important nutrients, such as
potassium (K), calcium (Ca), and magnesium (Mg) (Fig 2). Compared with the terra firme
and varzea soils from Benjamin Constant (far western Brazilian Amazonia) and Caxiuana
(far eastern Brazilian Amazonia), the Jurud varzea is characterized by more exchangeable
bases and clay, and less phosphorous (P). The Jurua terra firme soils are placed between

the Benjamin Constant and Caxiuana terra firme soils (Fig. 2).
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Fig. 2. Principal component analysis (PCA) showing the clustering of inventory plots
along the first two PCA axes in relation to the soil physicochemical composition. The
colours of the clusters reveal the geographic location (Jurud - this study - in green
nuances; Benjamin Constant and Caxiuand = purple) and the flooding gradient
represented by the Jurua flood levels: TF: Terra firme; HV: High-varzea; MV: Mid-varzea;
and LV: Low-varzea. The shape of the points indicates plot locality: Jurua = squares,

Benjamin Constant = circle; and Caxiuana = triangles.

3.2.  Below-ground taxonomic composition: The taxonomic composition of the
prokaryote component shows that the groups with the highest number of ASVs were
Alphaproteobacteria (~25% of the taxa identified in our samples, equivalent to ~2000
ASVs per flood level; Fig. 3A; Appendix 4 Fig. A1A), Actinobacteria (~23%, average ~1700
ASVs; Fig. 3A; Appendix 4 Fig. A1A), and Acidobacteria (~18%, average ~1300 ASVs; Fig.
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3A; Appendix 4 Fig. A1A). Among eukaryotes, Fungi had the highest number of ASVs
(~43%, ~600 ASVs), mainly Ascomycota and Basidiomycota (Fig. 3B; Appendix 4 Fig.
A1B) followed by Cercozoa (~18%, ~300 ASVs; Fig. 3B; Appendix 4 Fig S1B) and
Ciliophora (~15%, ~250 ASVs; Fig. 3B; Appendix 4 Fig A1B). Most fungi were classified
as saprotrophs (Appendix 4 Fig. A2). Other groups present were pathogens, parasites,
mycorrhizae fungi and unclassified (Appendix 4 Fig. A2).
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Fig. 3: Fraction of ASVs by taxonomic group and flood level for (A) prokaryotes and (B)
eukaryotes. Flood levels are TF: Terra firme; H-VZ: High-varzea; M-VZ: Mid-varzea; and

L-VZ: Low-varzea.

3.3.  Alpha diversity: We found that the best model to explain bacterial (16S) diversity
included woody plant Fisher’s alpha diversity and sample type (soil or litter) with an
interaction effect between the two (Table 1), but only sample type was significant (Table
2). For eukaryotes (18S), three models had a delta AICc lower than 2 (Table 1). The first
model (dAICc = 0) included only sample type, the second (dAICc = 1.1) included only the
woody plant Fisher’s alpha diversity, and the third model (dAICc = 1.3) included the
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woody plant Fisher’s alpha diversity and sample type with an interaction effect between
the two (Table 1). In all models, only sample type was significant (Table 2). Bacterial
Fisher’s alpha diversity was higher than the Fisher’s alpha diversity of either eukaryotes
or woody plants. In terra firme, bacterial diversity in soil and litter, but not eukaryotes,

appears to correlate with woody plant diversity. For varzea, no pattern was observed
(Fig. 4).

A) Prokaryote (16S) B) Eukaryote (18S)
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Fig. 4. Above-ground woody plant Fisher’s alpha diversity versus below-ground Fisher’s
alpha diversity of A) prokaryotic (16S) and B) eukaryotic (18S) organisms in Jurua litter
and soil samples. Prokaryotic and eukaryotic diversity are shown in negative values.
Woody plant diversity is shown in positive values. Flood levels are TF: Terra firme; H-VZ:

High-varzea; M-VZ: Mid-varzea; and L-VZ: Low-véarzea.

3.4.  Beta diversity: Community compositions were similar among plots across flood
levels and sample types (litter and soil). For bacteria, there is a grouping of terra firme
plots with some overlap with varzea plots (Fig. 5A). No clear pattern was observed for

soil eukaryotes (Fig. 5B). For woody plant communities, there is a turnover in species
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compositions across different flood levels (Fig. 5C). The envfit test indicated a significant
effect of flood level on both the prokaryote (R = 0.24; p = 0.022) and woody plant (R2 =
0.48; p = 0.003) communities, but not for soil eukaryotes (Rz = 0.14; p = 0.28). The envfit
test also indicated a significant effect of sample type on the prokaryote (R2 = 0.25; p =
0.001) and eukaryote (R% = 0.22; p = 0.006) communities.

A) Below-ground prokaryotes (16S) B) Below-ground eukaryotes (18S) C) Above-ground woody plant
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Fig. 5. Community structure in relation to substrate type and flood levels.
Visualisation of non-metric multidimensional scaling (NMDS) for (A) prokaryotes (16S),
(B) eukaryotes (18S), and (C) woody plants using Bray-Curtis dissimilarity indices.
Symbols represent different substrates (i.e. sample types) where filled circles = litter
samples and filled triangles = soil samples. Colours represent the different flood levels:

TF = Terra firme; H-VZ = High-varzea; M-VZ = Mid-varzea; and L-VZ = Low-varzea.

4, Discussion

Our analyses have documented, for the first time, the degree to which soil and litter biota

communities are affected by the flooding gradient in central-western Amazonian forests
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of varying floristic diversity. We show a weak correlation between soil and litter
community composition and inundation period but find that below-ground Fisher’s alpha
diversity cannot be explained by the flooding gradient. We also show that the edaphic
properties differed between terra firme and varzea, but not among varzea forests along

the flooding gradient.

4.1.  Edaphic properties: Varzea edaphic properties in the Jurua differed from the other
two Amazonian varzeas that we included in our analyses (Fig. 2). For instance, the Jurua
varzea was poorer in phosphorus (P) and silt, but rich in magnesium (Mg), calcium (Ca),
potassium (K), and clay. This high-density clay content in the Jurua varzea may act as a
physical barrier to water infiltration. On the other hand, clayey soils also have a high
water holding capacity (Hillel, 2013), which prevents it from drying out completely
during the non-flooded periods. The high clay content additionally made varzea samples
hard to collect and to break once dried. Possibly, this was the main factor that hindered
DNA extraction in our study.

Compared to the terra firme soils, the Jurua varzea soils were more fertile, presumably
due to the yearly inflow of nutrient-rich alluvial sediments by the Jurua River. Moreover,
the Jurud terra firme soils presented similar edaphic properties to those of the terra firme
forests in Benjamin Constant and Caxiuand. This was unexpected since the terra firme
forest that we sampled in the Jurua grow on paleo-varzea sediments (Assis et al., 2015),
and therefore presumably should have been relatively nutrient rich compared to typically
well-drained and heavily leached terra firme soils on older geological formations
(Sombroek, 2000). However, these soils presented similar edaphic properties to those of
the terra firme forests in Benjamin Constant and Caxiuan3, suggesting that nutrients are
soon leached from varzea substrates once they no longer experience flooding and an
influx of river sediments.

4.2.  Below-ground taxonomic composition: Alphaproteobacteria and Planctomycetes
were abundant in our samples, accounting for 40% of our 16S data (Fig. 3A). These
groups are known to be very diverse in undisturbed forests (de Carvalho etal., 2016) and
they are generally common in Amazonian soils (Ritter et al., 2019b; Zinger et al., 2019).
Interestingly, other bacterial groups commonly found in Amazonian soils (Ritter et al.,
2019b; Zinger et al.,, 2019) and elsewhere (Delgado-Baquerizo et al., 2018) - notably

Betaproteobacteria and Bacteroidetes - were not present in the Jurua samples. Because
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these groups are known form a diverse range of habitats, including varzea and terra
firme, this surprised us and clearly highlight that we have much to discover about
Amazonian soil biodiversity.

Patescibacteria (e.g. the candidate phyla radiation group), not previously reported in
other varzea soils, were found in the Jurua samples (Fig. 3A). This group was recently
described (Brown et al,, 2015) and until now it had only been registered in Amazonian
pasture soils (Lemos et al., 2020). An interesting characteristic of Patescibacteria is the
small size of their genomes (usually <1.5 Mbp) and their lack of biosynthetic capabilities
(Brown et al., 2015). These characteristics indicate that they could be co-metabolic
interdependent (He et al., 2015; Lemos et al., 2019). Such interdependencies with other
organisms would suggest a restrict occurrence or different functionality dependent on
the community in which they occur. Yet, Patescibacteria show similar functional profiles
under distinct climate conditions (tropical soils and permafrost; Lemos et al., 2020).
Although their apparent plasticity is interesting, very little information is available for
this group. The design of new 16S rRNA gene primers that better amplify Patescibacteria
isrequired to elucidate the ecology and distribution of Patescibacteria in Amazonian soils
and worldwide. Additionally, analysis of metatranscriptomes could improve our
understanding of the metabolism in Patescibacteria and other bacteria under different

substrate conditions.

Among the eukaryotes, we found a higher proportion of fungi in the Jurua substrates than
previously documented for other areas in Amazonia (Ritter et al,, 2019b). Whereas Ritter
etal. (2020) found fewer fungi in varzea than in other environments, we found more fungi
in varzea than in the adjacent terra firme, most of which were saprotrophs (Appendix 4
Fig. A2). Singer et al. (1983) hypothesized that ectomycorrhizal fungi increase the ability
of their host plants to acquire nutrients and water in low-fertility soils, such as in the
Amazonian sandy-soil ecosystems. However, we found very few ectomycorrhizal fungi in
both varzea (more fertile) and terra firme (less fertile; Appendix 4 Fig. A2). Yet, around
35% of the fungi could be not assigned to any functional guild. This makes comparisons
difficult and highlights the need to further investigate Amazonian soil biodiversity and its

ecology.

Some eukaryotic groups detected in other Amazonian localities by the same 18S primers

as the ones used here (Ritter et al., 2019b; Zinger et al,, 2019), were absent in the Jurua
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samples. Such groups include nematodes and arthropods (Fig. 2B). Although the 18S
primers that we used are not optimal for sequencing animals, it was surprising not to find
these groups in our samples (except for one nematode sequence in varzea and terra
firme). Low nematode diversity in Amazonian varzeas was previously reported by Cares
(1984). One reason for the absence of these animals in varzea substrates could be that
the high amount of clay in the soil and the seasonal floods, make varzea soil and litter
unfit for nematode occupation. However, this does not explain the absence of soil animals
in our terra firme samples since these were relatively clay-free and unflooded. To test
this hypothesis, we need further studies in soils with a gradual difference in clay
proportion and specific primers targeting nematodes (e.g. Kawanobe et al., 2021)

alongside morphological examination of the diversity in the samples.

4.3.  Above- versus below-ground diversity: There was no relationship between above-
and below-ground alpha diversity across the different forest types included in this study.
This mismatch could be explained by the flood pulse that may have masked any pattern
by carrying organisms across all flood levels. A lack of clear relationships between above-
and below-ground biodiversity has previously been demonstrated globally (Cameron et
al,, 2019) and for other Amazonian areas (Ritter et al., 2019a). However, for Amazonia
this mismatch was partial. Across habitats, no correspondence was found between
below-ground prokaryote or eukaryote alpha diversity and above-ground bird or tree
alpha diversity (Ritter etal., 2019a). Nevertheless, there was a gradual decrease in below-
and above-ground alpha diversity from the west to the east across the Amazon basin
(Ritter et al., 2019a). Indeed, bacterial diversity appears to correlate with woody plant
diversity in terra firme forests (Fig. 3A), but due to the sample limitation, just four terra

firme plots, we could not find a significance in this relationship.

4.4  Flooding gradient and community composition: Most ASVs occur throughout the
flooding gradient (Appendix 1 and 2). This result was partly expected since the seasonal
flood waters could carry DNA (e.g. of inactive spores, dead or living organisms) across all
varzea flood levels. Yet, the bacterial community composition of the Jurua substrate
varied with flood level and woody plant diversity. This result indicates that below-ground
bacteria may present different tolerances to hydrological stressors and or

interdependencies with certain woody plant species. For instance, nodulation caused by
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nitrogen fixing bacteria are more frequent in Amazonian seasonally flooded forests,

indicating that nodulation may be favored in flooded areas (Parolin and Wittmann, 2010).

5. Conclusion

This is the first study to investigate the degree to which soil and litter biota are affected
by the flooding gradient in Amazonian forests. In fact, as far as we are aware, substrates
from only six other Amazonian varzeas have previously been investigated using a
metabarcoding approach, and these studies did not consider the flooding gradient (Ritter
et al, 2019b, 2019a; Ritter, 2018). Hence, the DNA barcoding data herein - consisting of
a total of 19,550 ASVs, from 14 varzea and four terra firme plots - more than doubles the
total database from Amazonian varzeas available to date. Considering the extent of
lowland Amazonian floodplain forests, approx. 516,000 km?2 (Hess et al.,, 2015), the need

for more data from different geographical areas is obvious.

Studying below-ground communities along complex environmental gradients, like the
one in the present study, offers an excellent opportunity to explore the responses of
substrate biota to varying degrees of environmental stressors. Such studies can further
our understanding of the patterns in below-ground biodiversity, their roles in the
dynamics of seasonally flooded forests, and how these communities might respond to
anthropogenic pressure and climate change. Therefore, the characterization of below-
ground biodiversity in flooded forests, has theoretical implications for elucidating the
patterns of biological diversity distribution. Practical implications include the
identification of strategically important areas or areas of greater environmental
sensitivity, for the conservation of biological diversity in face of environmental change.
This not trivial, as infrastructural development (e.g. hydroelectric dams) and climate
change (more frequent extreme floods and droughts) are severely affecting the natural
flood pulse and threaten the ecological integrity of seasonally flooded forests across
Amazonia (Gloor et al, 2013; Junk et al., 2018; Latrubesse et al., 2020). Increased
pressures in these ecosystems highlight the urgency for more studies of this kind to
improve our understanding of biodiversity patterns and community structures as these
will allow us to better foresee and mitigate climate change impacts on ecosystem

functions.
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Tables:

Table 1. Variables used in model selection with their respective delta dAICc and weight
values. The best fit model has a dAICc = 0 and is presented in bold as the alternative good
models (dAICc =< 2). The response variables are below-ground Fisher's diversity for
prokaryotes (16S) and eukaryotes (18S). The independent variables are flood level,
sample type, water mark (measured floodwater marks on trees, with terra firme being
zero), and the woody plant Fisher's diversity. The model used flood level and sample type

as a fixed factor or as interacting variable.

Marker  Model AlCc dAICc df weight
~1 89 15.9 2 <0.001
~ Flood level 96.5 23.4 5 <0.001
~ Sample type 75.5 2.3 3 0.2355

g ~ Water mark 89.7 16.5 3 <0.001
ié ~PC1 91.9 18.7 3 <0.001
% ~ PC1 * Flood level 127.2 54 9 <0.001
} ~ Fisher div. 85.6 12.5 3 0.0015
~ Fisher div. * Flood level 113.3 40.1 9 <0.001
~ Fisher div. * Sample 73.1 0 5 0.7625
~1 86.2 3.8 2 0.066
~ Flood level 94 11.6 5 0.0013
~ Sample type 82.4 0 3 0.4357
g ~ Watermark 89.2 6.8 3 0.0148
§ ~PC1 91.9 9.4 3 0.0039
g
% ~ PC1 * Flood level 1272 447 9  <0.001
~ Fisher div. 83.6 1.1 3 0.2454
~ Fisher div. * Flood level 111.7 29.3 9 <0.001
~ Fisher div. * Sample 83.7 1.3 5 0.2328
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Table 2. Estimated parameters (values estimated with standardize error, t-value and
respective p-value) of the best fit model for 16S and the third best fit model (that included
the variables selected) for 18S selected in model selection. The response variables are
below-ground Fisher's alpha diversity and (above-ground) woody plant Fisher's alpha
diversity with an interaction term between the above-ground alpha diversity and sample

type (soil or litter). Significant factors (p, 0.05) are marked in bold.

Coefficients Estimate Std.Error tvalue Pr(>|t])
o (Intercept) 0.6427 0.1815 3.54 0.00167
O
=
o fisher.alpha -0.2288 0.1947 -1.175 0.2515
°
e .
g SampleSoil -1.3463 0.2774 -4.853 6.03E-05
3

fisher.alpha:SampleSoil 0.4439 0.2797 1.587 0.12566
—_ (Intercept) 0.43232 0.23733 1.822 0.0816
g
Y fisher.alpha -0.03453 0.25159 -0.137 0.892
g
_c;c' SampleSoil -0.89964 0.35607  -2.527 0.0189
3

fisher.alpha:SampleSoil 0.43738 0.36073 1.212 0.2376
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ARTICLE INFO ABSTRACT

Keywords:

For tropical tree species, wood density can vary greatly both within and between species depending on en-
vironmental conditions. In Amazonian seasonally flooded forests, yearly flood pulses influence tree growth and
floodplain trees have developed specialised strategies to cope with prolonged submersion during flooding. We
therefore hypothesised that seasonal floods significantly affect the capacity of trees to store carbon as woody
biomass per unit volume and that forest hydrology would be an important factor in determining above-ground
woody biomass and carbon stocks across the Amazon Basin. To test these hypotheses, we collected and analysed
wood cores from 44 species occurring in both seasonally flooded (vdrzea) forests and adjacent unflooded (terra
firme) forests along the Jurua River, western Brazilian Amazon. We used wood specific gravity (WSG) as a proxy
of woody biomass and carbon. We compared WSG values within species, genera and families and found higher
WSG in unflooded forest trees compared to their conspecifics in seasonally flooded vérzea. Moreover, the effect
of forest type on WSG was strongest at the family level and weakest at the species level. We further assessed the
implications of WSG accuracy on above-ground woody tree biomass and found significant differences in AGWB
as a function of WSG. Again, the differences became greater with lower taxonomic specificity, but also increased
with lower site-specificity and greater tree dimensions. In conclusion, habitat specific WSG is important to
quantify and map the spatial distribution of above-ground woody biomass and carbon in Amazonian forests.

Biomass

Wood specific gravity
Floodplain forest
Wood density

Terra firme forest
Amazon

Phytomass

1. Introduction

Amazonia represents the largest remaining tract of intact forests and
the most species-rich biome on Earth. Forest areas of the Amazon Basin
cover approximately 5 million km? and contains more than 10,000 tree
species (ter Steege et al., 2019). Of these, 8,049 species have been
taxonomically verified and are represented by voucher specimens in
herbaria (ter Steege et al., 2019). However, this forest domain is not
homogenous and contains several different forest types. Upland, or
unflooded, forests occur above the flood level of rivers and lakes.
Generically, unflooded forests are referred to as terra firme forests, but
based on soil properties and vegetation cover, terra firme forests may be
classed into several types (Prance and Gardens, 1985; Salovaara et al.,
2004; Shepard et al., 2001). Some examples include savanna forests on
nutrient poor white sand soils, liana forests on mineral-rich soils, and
interfluvial upland forests dominated by palms or different tree species
(Murca Pires, 1984; Prance and Gardens, 1985). In addition, dry season
length, topography and the underlying geology and forest dynamics

* Corresponding author.
E-mail address: yennie.bredin@nmbu.no (Y.K. Bredin).

https://doi.org/10.1016/j.foreco.2020.118297

seem to be main drivers of terra firme compositional, structural and
functional diversification (Baker et al., 2004; Higgins et al., 2015;
Salovaara et al., 2004; ter Steege et al., 2006; Terborgh and Andresen,
1998). Such changes may be gradual and give rise to several types of
transitional forests. Among these, one less well documented forest type
is the unflooded paleo-varzea that occurs on old varzea sediments,
which are no longer under direct influence of seasonal floods. Similarly,
floodplain forests that occur on floodplains along rivers and lakes may
be categorised based on the properties of floodwaters, the frequency
and duration of floods, soil properties, and their plant communities
(Junk et al., 2011b).

The largest categories of floodplain forests include igapé forests
inundated by black-, or clear water, which are nutrient poor and rich in
organic solutes. Varzea forests are inundated by white-waters, which
carry high amounts of suspended, nutrient-rich sediments. Seasonally
inundated paleo-varzeas constitute an intermediate floodplain type that
was once flooded by white-waters but are now inundated by black or
clear water (Assis et al., 2015a; Junk et al., 2011b, 2011a). Of these, the
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Fig. 1. Map showing the study area in
western Brazilian Amazonia (indicated by
the white circle in the inset map) and lo-
calities of sample trees in terra firme (blue)
and varzea (red) along 150 km of the Jurua
River (in beige). Smaller rivers and lakes are
shown as black lines and in beige, respec-
tively. The bottom-right submap shows the
spatial distribution of 10 individual sample
trees belonging to four species in one lo-
cality. The shortest distance between in-
dividual trees at this locality was 7 m. The
map was generated in QGIS v.3.12.2 using
background maps from the GADM database
(Development, 2020; GADM database,
2015). (For interpretation of the references
to colour in this figure legend, the reader is
referred to the web version of this article.)
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varzea floodplains are the most extensive. They cover around
530,000 km?, at least 270,000 km? of which are colonized by forests
(Hess et al., 2015, 2003).

Previous studies exploring the ecology, succession and colonization
of floodplain forests have found that the annual flood is a major driver
of forest composition and structure (Arias et al., 2016; Assis et al.,
2015b; Junk et al., 2011a; Targhetta et al., 2015; Wittmann et al., 2013,
2006a). Consequently, there is a clear zonation of tree communities
along the hydro-topographic and successional gradients, with highly
specialised wetland tree species occurring where flooding is most pro-
longed (e.g. Wittmann et al., 2006a). Additionally, seasonally in-
undated vérzea forests tend to feature lower statured trees and a larger
number of species typically representing light-wooded genera com-
pared to their unflooded forest counterparts (e.g. Myster, 2016; Parolin,
2002; Wittmann et al., 2006b). Hydroperiod may thus drive variation in
biomass by influencing tree dimensions, stem density and stand-level
WSG in véarzea forests, partly because of either succession or changed
species composition along the flooding gradient. Due to these apparent
differences in forest dynamics, forest structure and tree species com-
position, above-ground woody biomass (AGWB) is highly variable
across the Amazon Basin (Phillips et al., 2019). Moreover, wood
properties, such as wood density, fluctuate within species depending on
growth conditions both within and among forests (Fearnside, 1997;
Nogueira et al., 2008, 2005; Parolin, 2002; Wittmann et al., 2006b).

Although such variation has been documented for Amazonian trees, it is
rarely incorporated into forest biomass estimates.

Here, we question to what extent WSG values from unflooded for-
ests reflect the relationship between local tree species and AGWB in
varzea floodplain forests, given that the seasonal flood pulse affects tree
growth and floodplain trees have developed particular strategies to
cope with prolonged below-ground anoxic conditions (Junk et al.,
2010; Parolin, 2009, 2001). Indeed, we expect generalist species that
straddle the boundary of both flooded and unflooded forest to exhibit
differences in wood density across forest types. Consequently, we hy-
pothesise that seasonal floods significantly affect the amount of carbon
stored as woody biomass per unit volume in tree species occurring
across flooded and unflooded forests, and that forest type is an im-
portant determinant of AGWB and carbon stocks beyond the level of
species composition.

We therefore collected and analysed wood cores from 44 species
occurring in both seasonally flooded vérzea forests and adjacent terra
firme forests in the central Jurud River basin. We use wood specific
gravity (WSG) as a proxy of wood density to first answer the question
(1) How does forest type influence the ability of trees to store carbon as
woody biomass per unit volume across Amazonian flooded and un-
flooded forests? Next, we apply different WSG values to estimate above-
ground tree woody biomass and ask (2) To what extent does accuracy in
WSG affect above-ground woody biomass and carbon stock estimates at
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the level of individual trees across Amazonian flooded and unflooded
forests? We conclude by providing some recommendations on applying
WSG values across vérzea and terra firme forests to quantify and map
the spatial distribution of AGWB and carbon stocks across the
Amazonian forest macro-mosaic.

2. Methods
2.1. Study area

This study was conducted in the central Jurud River basin, western
Brazilian Amazon. This is a region poorly represented by floristic in-
ventories (Feeley, 2015). It includes areas within the Uacari Sustainable
Development Reserve (RDS Uacari, 632,949 ha) and neighbouring
forests located outside the reserve along 150 km of the Jurud River. The
current work was performed in structurally intact seasonally flooded
varzea forests (flooded for ca. 1-10 months annualy; Hawes et al.,
2012) and unflooded forests on paleo-varzea sediments since long
abandoned by the Jurud River (Mesquita de Azevedo et al., 2010), lo-
cated between 05°08’S, 67°01'W to 05°87’S, 67°88’W (Fig. 1). The terra
firme forests of this study should thus be referred to as unflooded paleo-
varzea forests. However, since unflooded paleo-varzea is not under the
influence of seasonal floodwaters they are fundamentally different
from, and must not be confused with, seasonally inundated paleo-
vérzea forests (cf. Assis et al., 2015a; Junk et al., 2011b, 2011a). For
simplicity, the unflooded paleo-vérzea forest is herein called terra
firme.

The climate of the Jurud region is wet-tropical, with annual tem-
peratures and rainfall averaging 27.1 °C and 3,679 mm, respectively
(Hawes and Peres, 2016). The elevation within the study area ranged
between 67 and 153 m above sea level (masl) for unflooded forests and
68-137 masl for varzea forests.

2.2. Wood specific gravity

The specific gravity of wood is the numerator of wood specific
density and describes the relationship between the dry mass of wood at
moisture content 0 and the volume of wood at its saturation point in
relation to the density of water (Skogstad, 2009). It is thus a measure of
the fraction of structural matter in wood (Williamson and Wiemann,
2010). As such, wood specific gravity (WSG) relates to both estimates of
biomass and wood-bound carbon in woody vegetation (Chave et al.,
2014, 2005; Fearnside, 1997). Whereas different wood gravity values
are widely applied within the timber industry for different purposes,
including calculating weights and evaluating wood quality for con-
struction purposes (Skogstad, 2009), WSG is also an important func-
tional trait in forest ecology studies that is central to tree life history,
growth strategies and forest ecosystem services (cf. Parolin, 2002; Peres
et al., 2016; Souza et al., 2018).

The most widely used wood gravity measure within forest ecolo-
gical studies is wood basic gravity (WBG). WBG operates with green/
fresh volumes of wood in relation to dry weights (Skogstad, 2009). It is
therefore widely assumed that WBG better relates to the ecological
properties of standing live trees than other wood gravities (Williamson
and Wiemann, 2010). However, because WBG operates with green
volumes, the moisture content of samples may vary (Simpson, 1993;
Skogstad, 2009). A variation in intraspecific WBG across habitats may
therefore not only reflect a difference in intrinsic abilities of trees to
store carbon as woody biomass, but also the variation in water avail-
ability between habitats and among sites. Therefore, we use WSG
whereby moisture content among samples is standardised at the water
saturation point of the wood (Simpson, 1993; Skogstad, 2009).

2.2.1. Data acquisition
Between September 2016 and November 2017, we collected wood
cores from 398 individuals belonging to 44 tree species occurring in
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both seasonally flooded vérzea forest and adjacent terra firme forest
along the central reaches of the Jurud River (Table S1). We used a
5.15 mm Haglof increment borer to sample trees with a diameter at
breast height (DBH) of =10 cm. We extracted wood cores perpendi-
cular to the bark at a height between 1 m and 1.3 m above ground.
Where trees had buttressed roots, we extracted wood cores from above
the buttress whenever possible. Cores were stored and transported in
paper straws. To protect the cores from moisture and fungal attacks,
samples were dried and kept with silica gel until they were analysed at
the vegetation ecology lab at the National Institute for Amazon
Research (INPA), Manaus.

2.2.2. Lab analysis

For this study, we only considered wood cores that covered at least
80% of the bole radius at breast height and included bark. To determine
the WSG, wood cores were first saturated by submerging them in water
for a minimum of 72 h. Depending on the length of the cores, we di-
vided them into two or more segments. The segments were cut per-
pendicular to the bark and divided into the following sections; bark,
0-50 mm, 50 mm-pith (or middle based on the length of the radius at
breast height), and beyond the middle. Where possible, heartwood and
pith were visually determined, and the samples divided into further
sub-segments to avoid an overrepresentation of heartwood and pith on
the WSG values (Plourde et al., 2015). Saturated wood volume was
measured by the water displacement method, using a fine needle to
submerge the segments into a beaker of water placed on a scale with
precision 0.01 g (Wiemann and Williamson, 2012). We used tap water
kept at 24 °C = 0.6 °C, equivalent to a density of approximately
0.9973 g/cm®. After recording the saturated wet volumes, we dried the
wood cores at 107.5 °C = 2.5 °C for 72 h. This temperature is slightly
higher than what is typically recommended (101-105 °C) (Williamson
and Wiemann, 2010). Consequently, WSG measures presented here
could be conservative as some volatile compounds may have evapo-
rated (Nogueira et al., 2005). We recorded the dry weights of wood core
segments using a scale with a precision of 0.01 g.

To calculate WSG values, we followed the method used by Muller-
Landau (2004). In brief, we calculated a single weighted average value
per tree based on the values for each segment weighted by the cross-
sectional area of the trunk that the segments represented. For trees with
replicate wood cores, we averaged the WSG based on the replicas.

2.3. Statistical analysis

To evaluate how WSG vary within tree species, genera and families
across terra firme and varzea forests, we adapted the methods used by
Mori et al. (2019). We calculated the mean WSG at breast height and
associated standard deviation for each species, genus, and family. We
paired these values across the two forest types at the level of taxonomic
identity to visually inspect differences in WSG between forest types
across taxonomic levels using strip plots (R package Lattice v.0.20-38,
Sarkar, 2008), and boxplots (R package ggplot2 v.3.3.0, Wickham,
2016). To evaluate the influence of forest type on WSG, we used a linear
mixed model for each taxonomic level with forest type as a fixed effect
and taxonomic identity as a random effect (Zuur et al., 2013). For the
following analyses we used the R packages ImerTest v.3.1-1
(Kuznetsova et al., 2017) and psycho v.0.4.0 (Makowski, 2018). For
each taxonomic level, we compared a null model only considering
taxonomic identity (R syntax: model, = WSG ~ (1|species/genus/fa-
mily)), to a model considering both forest type and taxonomic identity
(R syntax: model; = WSG ~ Forest type + (1|species/genus/family)).
To see if models differed with the addition of forest type, we calculated
a likelihood ratio by dividing the log-likelihood of the full model
(model,) by the log-likelihood of the null model (modely). To assess the
relative importance of forest type compared to the influence of taxo-
nomic identity, we calculated the marginal and conditional R squares
(mR? ; cR?) of the full models (Makowski, 2018; Nakagawa and
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Schielzeth, 2013). The mR? describes the relative influence of the fixed
effect (Forest type) and the cR? describes the total explanatory power of
both the fixed and random effect for each model (Forest type + taxo-
nomic identity). Similar mR* and cR? values indicate a negligible in-
fluence of taxonomic identity on WSG.

To assess the influence of accuracy in WSG on above-ground woody
biomass at the level of individual trees, we used the BIOMASS R
package v.2.1.1 (Réjou-Méchain et al., 2017). We calculated the bio-
mass of each tree at each taxonomic level using individual-specific
WSG, habitat specific mean WSG, mean WSG from the other forest type
(e.g. flooded for unflooded trees and vice versa), and the mean WSG for
tropical South America from the Global Wood Density Database (Chave
et al., 2009; Zanne et al., 2009). We inspected differences in AGWB
estimates at each taxonomic level as a result of the different WSG
methods visually through the ggplot function, R package ggplot2
v.3.3.0 (Wickham, 2016, 2009). We plotted the individual AGWB es-
timates against tree diameter (cm) and tree height (m) and fit linear
models to the data through a smoother (Wickham, 2009). To evaluate
the influence of accuracy in WSG on AGWB, we fit a linear mixed model
with WSG as a fixed effect at each taxonomic level using the R package
nlme v.3.1-142 (Pinheiro et al., 2019). Because above-ground woody
biomass was estimated for the same individuals several times, we set
individual as a random effect and assumed a linear autocorrelation
within each individual (R syntax: model; = AGWB ~ WSG, random =
~1lindividual, correlation = corLin(form = ~WSG|individual). At
each taxonomic level, we compared the full model to a null model in-
cluding a fixed effect of 1 and the random effect (R syntax:
model, = AGWB ~ 1, random = ~1|individual) through the rcom-
panion package v.2.3.25 (Mangiafico, 2020). For each full model, we
then ran a post-hoc Tukey-adjusted comparison applying the mult-
compView v.01-8 (Graves et al., 2019), Lsmeans v.2.30-0 (Lenth,
2016), and multcomp v.1.4-13 (Hothorn et al., 2008) packages.

Following the example of Nogueira et al. (2005), we calculated the
fractional difference in WSG across the two forest types, e.g. formula 1
(example formula for calculating the fractional difference in WSG using

information from unflooded trees to predict the WSG of flooded trees):
5 WSGfiooded _ ¥ WSGunflooded
N N

TG iooded ), where N is the total number of observations
Y floodec

z
N
within each group. In addition, we calculated the mean differences in

kg / tree, formula 2b: (W) % 1000, the overall dif-

ferences in Mg AGWB, formula 2a: Y, AGWBingniqua — 2, AGWBy, and

2 AGWBindividual = ¥, AGWBx
X ) 2 AGWBindividual x 100, for
comparisons between AGWB estimates based on the individual WSG

values and each of the other WSG methods. In formulas 2a-2c,
AGWBiygividual i AGWB estimated using individual WSG, AGWB, is
AGWB estimated using a different WSG method X , e.g. habitat specific
mean WSG, and N is the total number of observations. Hence, we
suggest correction levies for WSG values used in AGWB and carbon
estimates across seasonally flooded and unflooded forests and show the
potential influence that such corrections might have on AGWB esti-
mates. All analyses were performed using the R platform, version 3.5.2
(R Environment R Core Team, 2018).

the differences in percent, formula 2c:

3. Results

Of the 44 tree species examined here (Table S1), only eight species
had three or more individuals sampled in each forest type and are
therefore retained in the subsequent analyses. A floristic inventory from
the same region (YKB, unpubl. data) showed that the eight focal species
represented approximately 3% and 8% of all individuals and 2% and
8% of the total basal area in terra firme and vérzea, respectively. At
genus level, 12 genera had a minimum sample of five individuals per
forest type, and at family level, 14 families had a minimum of five in-
dividuals sampled per forest type (Table 1). The 12 genera represented
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35% and 24% of all individuals (45% and 27% of the total basal area)
and the 14 families represented 72% and 66% of all individuals (76%
and 71% of the total basal area) in terra firme and vérzea, respectively.

In general, within-species, within-genus and within-family WSG
values were higher in terra firme forest compared to varzea. However,
the trend was not unidirectional for all species/genera/families and for
some the WSG was almost the same across forest types or higher in
varzea. Nonetheless, forest type had a significant effect on overall mean
WSG across all taxonomic levels (Fig. 2; Table 2). Moreover, the in-
fluence of forest type on WSG increased from species to family level.
The influence of forest type on WSG was thus strongest at the family
level and weakest at the species level (Table 3).

Comparisons of tree AGWB based on different WSG accuracy levels
show that there are significant differences in AGWB as a function of
WSG and that these differences become greater with lower taxonomic
specificity (Table 4, Fig. 3). Differences among AGWB estimates also
become greater with increased tree diameter and tree height. Thus,
discrepancies among AGWB estimates are greatest for the largest trees
(Fig. 3). When terra firme and vérzea trees were analysed together,
AGWB estimates based on global mean WSG were always significantly
different from the AGWB based on individual WSG (Table 4, Fig. 3).
Habitat specific WSG always resulted in AGWB estimates that were
most similar to the reference values based on individual WSG (Table 4,
Fig. 3).

4. Discussion

We found that vérzea trees generally had lower WSG compared to
their conspecifics in terra firme. At the genus and family levels, this
trend became even clearer. Hence, forest type and hydrology clearly
affect within-species, within-genera, and within-family WSG of
Amazonian trees.

To our knowledge, this is the first study to investigate intraspecific
wood gravity across Amazonian forest types with a focus on implica-
tions for above-ground woody biomass (AGWB) estimates. Whereas
previous studies have demonstrated that shifts in species composition,
abundance and tree dimensions across forest types are important de-
terminants of AGWB and carbon stocks in the Amazon, our results
imply that the influence of forest type on WSG is an important addi-
tional factor to consider in forest biomass estimates. In addition, by
comparing AGWB based on different WSG accuracies at the level of
individual trees, we found that greater taxonomic accuracy and greater
habitat- and geographic specificity always result in better AGWB esti-
mates (assuming that individual WSG best reflects true AGWB). Hence,
we show that the difference in intraspecific wood gravity between
unflooded and flooded forests result in an overestimation of woody
biomass for vérzea trees when WSG values from terra firme forests are
used. Our results therefore support previous studies that found flooding
to be an important determinant of WSG in floodplain trees, and that
ignoring habitat-related variability in wood densities leads to large
biases in woody biomass estimates (e.g. Phillips et al., 2019; Wittmann
et al., 2006b). In fact, using WSG values derived from terra firme forest
to predict AGWB in varzea trees or vice versa, even at the species-
specific level, would lead to an estimation error of 5-11%. At higher
taxonomic levels and for larger trees, the estimation errors become
greater. Given the obvious influence that large trees have on the dis-
tribution of AGWB across tropical lowland forests (Ali et al., 2019; Slik
et al., 2013), we may therefore expect that using habitat non-specific
WSG to estimate and predict the distribution of forest biomass may
have serious consequences for the mapping of AGWB.

The overlap in species composition between varzea and terra firme
forests of the central Jurua may be as high as 44.5% (YKB, unpubl.
data). It is likely that a similar overlap can be found elsewhere across
Amazonia. Studies that rely on data from the Global Wood Density
Database (Chave et al., 2009; Zanne et al., 2009) for biomass estimates
in vérzea forest, and those that attempt to provide AGWB estimates for
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Table 1
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Mean WSG at breast height and standard deviation (SD) per forest type and taxonomic level. Number of cores is the total number of individuals that were analysed to

obtain WSG and SD values.

Taxonomic level Scientific name Unflooded Flooded
No. cores Mean WSG SD No. cores Mean WSG SD
Species Oxandra xylopioides, Annonaceae 4 0.86 0.21 4 0.66 0.00
Symphonia globulifera, Clusiaceae 4 0.59 0.04 3 0.58 0.03
Theobroma microcarpum, Malvaceae 4 0.51 0.08 5 0.41 0.02
Carapa guianensis, Meliaceae 5 0.58 0.03 15 0.58 0.07
Guarea guidonia, Meliaceae 4 0.59 0.06 3 0.50 0.02
Virola calophylla, Myristicaceae 8 0.43 0.03 19 0.44 0.09
Virola surinamensis, Myristicaceae 4 0.45 0.04 16 0.42 0.24
Leonia glycycarpa, Violaceae 5 0.56 0.02 11 0.49 0.12
Genus Guatteria, Annonaceae 9 0.41 0.10 13 0.42 0.08
Licania, Chrysobalanaceae 16 0.76 0.06 10 0.64 0.07
Hevea, Euphorbiaceae 6 0.51 0.04 16 0.46 0.05
Eschweilera, Lecythidaceae 42 0.71 0.08 43 0.63 0.06
Theobroma, Malvaceae 12 0.55 0.06 16 0.40 0.04
Carapa, Meliaceae 0.58 0.03 15 0.58 0.07
Guarea, Meliaceae 7 0.62 0.06 7 0.54 0.04
Brosimum, Moraceae 7 0.68 0.08 5 0.58 0.04
Virola, Myristicaceae 22 0.46 0.06 43 0.41 0.16
Neea, Nyctaginaceae 9 0.52 0.08 14 0.41 0.07
Pouteria, Sapotaceae 5 0.68 0.09 33 0.61 0.08
Leonia, Violaceae 5 0.56 0.02 14 0.48 0.11
Family Annonaceae 17 0.54 0.22 90 0.44 0.10
Chrysobalanaceae 18 0.76 0.06 10 0.64 0.07
Clusiaceae 7 0.56 0.13 39 0.60 0.10
Euphorbiaceae 19 0.58 0.08 47 0.43 0.09
Lauraceae 8 0.63 0.10 20 0.50 0.10
Lecythidaceae 49 0.70 0.09 64 0.59 0.09
Leguminosae 17 0.63 0.12 85 0.56 0.14
Malvaceae 21 0.52 0.12 54 0.37 0.07
Meliaceae 15 0.62 0.08 23 0.56 0.07
Moraceae 14 0.65 0.07 17 0.52 0.10
Myristicaceae 40 0.54 0.11 45 0.41 0.15
Nyctaginaceae 0.52 0.08 15 0.41 0.06
Sapotaceae 15 0.61 0.08 57 0.60 0.08
Violaceae 0.58 0.04 22 0.51 0.12

the basin as a whole, may thus carry a significant estimation error. This
is because local WSG variation across habitat types is not appropriately
accounted for. For our focal trees, for example, we found an estimation
error of up to 30% when using Tropical South American mean WSG
compared to individual WSG. This correspond well to findings from
moist tropical Africa where Bastin et al. (2015), found up to 40% dif-
ference in tree AGWB while evaluating the effects of local WSG varia-
tions and global wood density data on tree AGWB. Conversely, at the
species level, we find no difference in AGWB estimates based on global
default WSG or species mean WSG for terra firme trees.
Within-species, within-genus, and within-family differences in WSG
values were, however, not unidirectional across varzea and terra firme
in this study. For some species, genera and families WSG was greater or
similar in vérzea trees compared to their terra firme conspecifics but
WSG values were mostly higher in terra firme trees. Whether these
directional differences in WSG are due to variation among species in
their responses to soil nutrient availability or hydrological stressors
across habitats cannot be determined from the current study. However,
flooding arrests tree growth for part of the year, thereby likely stimu-
lating rapid growth during the low-water season (approx. August to
January), especially in seedlings and saplings (Wittmann et al., 2010).
This growth may be further promoted by the high soil fertility on varzea
floodplains. In addition, seasonal changes in water-level introduce
elements of mechanical stress in floodplain habitats through the erosion
of land and the deposition of alluvial sediments (Wittmann et al., 2010).
In response, floodplain trees have developed special tissues and stra-
tegies to cope with the variable environmental stressors, which in turn
may influence WSG (e.g. Parolin et al., 2002). Hence, we speculate that

high soil nutrient availability, rapid seasonal tree growth, and specia-
lised tissues in vérzea forest trees are likely to cause lower wood
gravities compared to conspecifics in terra firme, particularly in early-
successional species.

This would be consistent with Parolin (2002) and Wittmann et al
(2006b) who found increasing wood gravities from pith to bark in early
successional tree species, but decreasing trends in late successional
species. These findings are expected under the assumption that light-
wooded trees are associated with fast growth rates (Bastin et al., 2015).
In other words, floodplain trees and pioneer species invest in rapid
growth during the establishment phase (=light heartwood), and later
in structural stability (harder outer wood layer). Conversely, slower
growth rates typical of late successional species and assumed invest-
ment in greater structural stability during the establishing phase of
saplings, result in harder heartwood. However, the 35 floodplain spe-
cies investigated by Parolin (2002) did not exhibit unidirectional radial
changes in wood gravity. These intraspecific variations in both radial
trends across different successional stages (cf. Parolin, 2002) and mean
intraspecific WSG across habitats (cf. this study) may suggest in-
traspecific phenotypic plasticity in tree responses to different environ-
mental stressors.

To predict tree survival rates under changing environmental con-
ditions, we need information about how different species respond to
abiotic and biotic stressors, and other sources of tree mortality (Yang
et al., 2018). Hence, information about intraspecific adaptation in trees
to varying environments could be used to predict changes in tree spe-
cies composition and carbon stocks under, for example, changing cli-
mates and forest hydrology (Yang et al., 2018). However, to better



Y.K. Bredin, et al.

al a2

Species
Forest
——  Carapa guianensis =i Flooded
09 & Unflooded
—=—  Guareaguidonia =
08 —— Leonia glycycarpa =i
o .
g 0.7 Oxandra xylopioides =i
§
2 06 —w—  Symphonia globulifera =
8 ; ~e— Theobroma microcarpum ==
74 ——  Virolacalophylla =
04
= Virola surinamensis == .
0.3
Flooded Unflooded 1.25 1.50
Genera Forest
— Brosimum — & Flooded
& Unflooded
—-— Carapa -—
— Eschweilera b |
Guarea L |
——— Guatteria -
09
o
2] — Hevea -
=
s
g 08 — Leonia -
07 _— Licania -
0B —_— Neea -
05 - !
- Theobroma -l
04
—h— Virola -1 .
0.3
Flooded Unflooded 1.25 1.50
Families Forest
— Annonaceae = * & Flooded
& Unflooded
—a— Chrysobalanaceae =
—m Clusiaceae -1
Euphorbiaceae =
- Lauraceae —
e Lecythidaceae =
? Legumi
2 — eguminosae = i
g 09
= — Malvaceae —
08
—_— Meliaceae -1
07 — Moraceae -
06 - Myristicaceae ~ —| .
o8 S Nyctaginaceae =i
— - Sapotaceae =i
04
= Violaceae -1
03
Flooded Unflooded 000 025 050 0.75 100 125 150

Forest

discern potential environmental thresholds in tree survivorship rates
and map gradients of WSG change within species and tree communities
among forest types on different soil types with varying water avail-
ability, we need more information about local WSG from different in-
terfluvial regions and vegetation types across the Amazon and other

WSG

tropical forest regions.

5. Conclusions:
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Fig. 2. Wood specific gravity (WSG) at breast height
for (a) tree species, (b) genera, and (c) families oc-
curring in both terra firme and vérzea forests, with
a)n = 3,b)n = 5, and ¢) n = 5 sampled in-
dividuals per forest type. Strip plots (al-c1) show
the intraspecific difference in mean WSG at breast
height between flooded (vérzea) and unflooded
(terra firme) forests. Boxplots (a2-c2) show the in-
traspecific ranges in WSG within each forest type
and taxonomic level. Colour-coded boxes represent
the interquartile ranges. Thick black lines indicate
median WSG per forest type; whiskers represent one
and a half times the interquartile ranges, and solid
dots represent outlier observations.

Reducing biases in AGWB estimates to better account for the spatial
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Table 2

Variation in within-species, within-genus, and within-family WSG at breast height across seasonally flooded and unflooded forests. The columns indicate taxonomic
level of analyses, B-coefficient, p-value, marginal R? (variance explained by the fixed effect, i.e. Forest type; r?m), conditional R? (variance explained by the fixed
effect + random effect, i.e. Forest type + Taxonomic identity; r2c), and likelihood ratio (p-value indicates if models differ; ratio was calculated as model; / modely, in
R-syntax: WSG ~ Forest type + (1| Taxonomic identity) / WSG ~ (1| Taxonomic identity)).

Taxonomic level WSG ~ Forest type + (1|Taxonomic identity) likelihood
B-coefficient p-value r’m r’c ratio p-value
Species —0.050 < 0.05 0.023 0.434 1.031 < 0.05
Genus —0.077 < 0.001 0.079 0.581 1.090 < 0.001
Family —0.099 < 0.001 0.150 0.405 1.107 < 0.001
Table 3

Mean WSG at breast height and standard deviation (SD) per forest type (TF = terra firme, VZ = vérzea) and taxonomic level for species with minimum three sampled
individuals per forest type (Min. idvs.), genera and families with minimum five sampled individuals per forest type. Number of cores is the total number of
individuals from which wood cores were analysed per forest type and taxonomic level. WSG adjustments describe the correction levy up (1) or down (}) in percent
(%) across forest types (From — To) for WSG values from cores sampled at breast height.

Taxonomic level Forest type Min. idvs. No. cores Mean WSG SD From — To WSG adjustment (%) Up?1/Down|
species TF 3 38 0.56 0.14 uF — F 12.72 |
species VZ 3 76 0.49 0.15 F — uF 14.58 1
genus TF 5 146 0.61 0.13 uF = F 15.57 |
genus vz 5 229 0.52 0.13 F — uF 18.45 1
family TF 5 255 0.61 0.13 uF - F 17.18 I
family vz 5 588 0.51 0.13 F — uF 20.75 i
Table 4

Differences in AGWB as a function of WSG accuracy. All comparisons use tree AGWB based on individual WSG as a reference value. “Other habitat” denotes WSG
from varzea for terra firme trees and vice versa for varzea trees. “Global” WSG refers to Tropical South American mean values retrieved from the Global Wood
Density Database (Chave et al., 2009; Zanne et al., 2009). Differences are reported as mean differences in kg per tree, in Mg for all trees combined, and in percent.
Negative and positive values indicate overestimations and underestimations in AGWB, respectively.

Difference in AGWB for terra firme trees

Difference in AGWB for vérzea trees Overall Difference in AGWB

WSG Kg/tree Mg total % Kg/tree Mg total % Kg/tree Mg total %
Habitat specific species mean -1.7 —0.064 0 -135 —1.016 -4 -9.6 —1.080 -3
Other habitat species mean 17.4 0.643 5 —35.5 —2.665 -11 -18.1 —2.022 -5
Global default mean -1.7 —0.062 0 —-29.9 —2.242 -9 —20.6 —2.304 -6
Habitat specific genus mean 4.9 0.710 2 -1.8 —0.411 -1 0.8 0.300 0
Other habitat genus mean 37.8 5.446 12 -30.7 —6.973 -12 -4.1 -1.527 -1
Global genus mean —80.6 —11.608 -25 —42.9 —9.747 —16 —57.6 —21.355 —20
Habitat specific family mean -6.7 —1.691 -2 -0.9 —0.544 0 -27 —2.235 -1
Other habitat family mean 38.7 9.782 14 —41.3 —24.103 -17 -17.1 —14.322 -7
Global family mean -16.8 —4.239 -6 —73.8 —43.110 -30 —56.6 —47.350 —-22

distribution of wood bound carbon in Amazonian forests and sub-
sequent monitoring are important goals in climate change science and
forest ecology. In this study, we show that applying the same WSG
values across forest types would lead to significantly biased AGWB and
carbon estimates. Since tree species occurring in both terra firme and
varzea forests appear to adapt to their local environments, the topo-
graphy and seasonal floods may not merely determine where different
tree species grow, but also how they express key functional traits, such
as WSG. To reduce bias in the spatial representation of forest above-
ground woody carbon within the Amazon Basin we require more de-
tailed information on tree species composition and habitat specific WSG
values. Where habitat specific WSG values are absent, we recommend
adjustments of regional WSGs to the local forest type.
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Fig. 3. Above-ground woody biomass (AGWB) calculated at the level of individual trees for a) species, b) genera, and c) families occurring in both terra firme and
vérzea forests, witha)n = 3,b) n = 5, and ¢) n = 5 sampled individuals per forest type. Scatter plots (al-c1) show the trends of variability in tree AGWB in relation
to tree diameter in centimetres (cm) as a function of WSG accuracy. Similarly scatter plots (a2-c2) show the trends of variability in tree AGWB in relation to tree
height in meters (m) as a function of WSG accuracy. Trends were fit with linear models and show means as solid lines and associated confidence intervals in grey.
Boxplots (a3-c3) show mean tree AGWB per accuracy-level as colour-coded boxes where whiskers represent one and a half times the interquartile ranges. Different
lower-case letters above the whiskers indicate significant differences in tree AGWB as a function of WSG. Analyses were based on Tukey-adjusted comparisons of
means. AGWB estimates were derived using WSG from individual tree cores (“exact”), habitat specific mean WSG (“habitat.specific”), mean WSG from flooded trees
for terra firme individuals or vice versa (“other.habitat”) and Tropical South American mean WSG (“global.default” or “global.mean”). WSG set to “global.default”
(plots al-a3), were given as species mean WSG when available, otherwise as genus mean WSG. At the genus-, and family-levels “global.mean” WSG were assigned
exclusively at the genus-level (b) or family-level (c).
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Abstract

Accurate and detailed forest biomass and carbon mapping requires reliable ground-
based measurements. Uncertainties with these measurements are therefore a major
obstacle to modelling global carbon fluxes, particularly in hyper diverse tropical forests.
Reducing this uncertainty and understanding the effect of lower-quality measurements
on biomass and carbon estimates are therefore important. We used detailed tree
inventory data collected in the western Brazilian Amazon to test the degree to which the
quality of different variables (taxonomic resolution, geographic precision, tree height,
and wood density) affected biomass estimation in two major Amazonian forest types:
relatively data-poor seasonally inundated floodplain forest and relatively well sampled
upland forest. In general, we found that lower taxonomic accuracy and radial change in
local, forest-specific wood density, induced small differences on biomass estimates for
both forest types. However, we saw that tree height allometries developed for tropical

forests, but based mostly on upland forest trees, and wood density data with lower
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taxonomic resolution, generally produced larger differences in forest biomass for the
data-poor floodplain forest than for the upland forest. Particularly large were
overestimates in forest biomass based on combinations of global mean wood density or
regional height allometry. The combination of lower-quality measurements that
produced the most accurate biomass estimates were local allometric height combined
with unweighted genus mean wood density. Our results are likely applicable to other
undersampled tropical forest types. We highly recommend the use of local height
calibration data, field-measured diameter at breast height, and forest-specific wood-

density to calibrate global mean wood density measurements.

1. Introduction

Accurate and detailed forest biomass and carbon mapping requires reliable ground-
based measurements. Uncertainties with these measurements are therefore a major
obstacle to modelling global carbon fluxes, particularly in tropical forests (Mitchard,
2018; Quéré et al., 2018). Reducing this uncertainty and understanding the effect of
lower-quality measurements on biomass and carbon estimates are therefore important
(Chave etal,, 2019, 2014). Due to limited ground-based measurements, large-scale
biomass and carbon mapping are often based on regional height allometries and wood
density data. However, hyper-diverse tropical forest regions are not homogeneous and
often contain several forest types that differ in both species composition and forest
structure. Therefore, regional height allometries or wood density data skewed toward
better sampled forest types may not perform equally well across tropical landscapes
that include many data-poor forest types. Instead, such treatment may lead to

significant errors in regional biomass and carbon estimates.

Amazonia represents the largest remaining tracts of intact tropical rainforests and one
of the world’s most species rich regions. Covering around 5 million km2, Amazonia
comprise several forest types, including seasonally inundated floodplain forests and
upland forests. Upland terra firme forests lie above the maximum flood levels of
perennial streams, lakes and rivers and represent the best studied and most extensive
forests in Amazonia (Hess et al,, 2003). Characteristic terra firme environments include
the typical, high statured, closed-canopy forests on sedimentary uplands, but there are
also other less well studied upland forests, such as campinarana forests on white sand

soils, liana forests on mineral rich soils, and bamboo forests on soils with high base



saturation (Anderson, 1981; Cardoso da Silva et al,, 1990; Furtado de Mendonga et al.,
2014; Murga Pires, 1984; Sombroek, 2000). Similarly, floodplain forests, which cover
approximately 800 000 km?2 of the Amazon basin (Melack and Hess, 2010), can be
categorized according to soil fertility, inundation periodicity , and the chemical
properties of their floodwaters (Junk et al., 2011; Junk and Piedade, 2010). However, in
contrast to the typical terra firme forests, floodplain forests are less well studied and
therefore represent relatively data-poor forests in Amazonia (Feeley, 2015; Luize et al.,
2018). This is true even for the most extensive of the Amazon floodplain forests, the
seasonally inundated varzea (Hess et al., 2015). Varzea forests, which occur on highly
fertile substrates, are inundated by white-water rivers carrying large amounts of
suspended Andean sediment and may endure inundation periods of up to six months
per year, as seasonal floodwaters can reach over 10 m in amplitude in central Amazonia
(Haugaasen and Peres, 2006). The flora and fauna at all stages of their life cycles are
therefore subjected to alternating terrestrial and aquatic phases (flood pulse, sensu

Junk et al., 1989).

Due to these differences in seasonality, varzea and terra firme harbour very different
plant communities with different species composition (Assis et al.,, 2015; Haugaasen and
Peres, 2006; Wittmann et al., 2017, 2013), vegetation structure (Bredin et al., 2020a;
Myster, 2016; Wittmann et al., 2006a), and wood properties among trees (Bredin et al,,
2020b; Parolin, 2002; Wittmann et al., 2006b). We suspect that there may be large
errors in above-ground woody biomass (AGWB) estimates if such local forest-specific
characteristics are ignored, particularly because tree allometries (based on
measurements of diameter at breast height, DBH) and publicly available wood density
from global databases are mostly derived from upland forest trees (e.g. cf. Chave et al.,
2014; Zanne et al.,, 2009). However, if we could quantify the potential biases induced by
taxonomic or geographic variability in tree parameters, then we could also correct for
any potential systematic over- or underestimations across the floodplain and upland

forests to improve Amazon AGWB estimates (Réjou-Méchain et al., 2019).

To date, important contributions have been made toward asserting the influence of
different field-based methods and approximations on the accuracy of tree height (da
Silva et al., 2012; Larjavaara and Muller-Landau, 2013; Réjou-Méchain et al., 2019;
Sullivan et al., 2018) and wood density (Bastin et al., 2015; Bredin et al., 2020b; Momo



etal, 2020; Nogueira et al,, 2008, 2005; Parolin, 2002; Wittmann et al., 2006b).
Additionally, open access statistical tools, such as the BIOMASS package (Piponiot et al.,
2019; Réjou-Méchain et al., 2017) in R (R Core Team, 2021), allow for known
uncertainties in measurements to be accounted for in AGWB estimates. However, to our
knowledge, no study has assessed the combined effects of imperfect height and wood
density measurements on ground-based AGWB estimates across data-poor tropical

forests and taxonomic levels.

Here, we provide an examination of expected deviations and uncertainties in forest
AGWB induced by combinations of lower-quality tree height and wood density across
terra firme and varzea forests, central-western Amazonia, Brazil. We compare AGWB
estimates from in situ, individually-measured tree height and stem-specific wood
density that accounted for radial variation in the wood (from pith to bark) to AGWB
estimates based on lower-quality height and wood density. We used Bayesian statistics
to develop a guide to reduce bias in height and wood density measurements and

ground-based AGWB estimates by evaluating the following research questions:

(1) How do different methods of determining tree height affect AGWB estimates in

Amazonian seasonally flooded varzea and “unflooded” terra firme?

(2) How does taxonomic accuracy and geographic precision affect AGWB estimates

across varzea and terra firme forests?

(3) How do radial variations in the wood affect varzea and terra firme AGWB estimates

at different taxonomic levels?

(4) How do different combinations of lower-quality tree height and wood density affect

AGWRB across varzea and terra firme?

Answering these questions, we provide quantitative measurements of expected percent
differences in varzea and terra firme AGWB with 95% credible intervals (CI) and
estimate differences in megagrams (Mg) per hectare (ha) forest. Hence, we provide a
means for quantifying the uncertainties introduced by imperfect taxonomic
identifications or lower-quality height and wood density on AGWB estimates across

floodplain and upland forests.



2. Methods

2.1 Study area

Tree inventories were performed between September 2016 and October 2017, in the
central Jurud River basin, western Brazilian Amazonia (Fig. 1). The region contains
forest seasonally flooded by the white-water Jurua River (varzea), and forest situated
on paleo-varzea sediments above the Jurua flood level (terra firme). The study area was
located between 05°08’ S, 67°01' W and 05°87' S, 67°88'W and includes the Uacari
Sustainable Development Reserve (RDS Uacari, 632,949 ha) and surrounding forests,
but excludes the Médio Jurua Extractive Reserve (ResEx Médio Jurud, 253,227 ha; Fig.
1). The climate of the region is wet and tropical. Annual temperatures and rainfall
average 27.1 °C and 3,679 mm, respectively (Hawes and Peres, 2016). The inventoried
forests represent structurally intact vegetation with comparable forest structures and
species compositions to other terra firme (TF) and varzea (VZ) forests in Amazonia
(Bredin et al., 2020a). Elevations ranged from 68-137 m above sea level for varzea and
67-153 m above sea level for terra firme. Field data include 1542 individually sampled
trees (VZ =1137; TF = 405) from 21 varzea plots and seven terra firme plots (each 0.1
ha, 100 m x 10 m, at least 800m apart), and along 26 transects (VZ = 14; TF = 12). For
further details about the inventory design and forest structure, see Bredin et al.

(2020a).
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Figure 1. Map showing the study location along 150 km of the Jurud River (main map) in
central-western Amazonia (white square in inset map). Filled squares indicate woody
plant inventory plots in vdrzea (purple squares) and terra firme (orange squares). Filled
circles indicate individual trees sampled along transects, outside plots in vdrzea (purple)
and terra firme (orange). The delimitations of the Uacari Sustainable Development
Reserve (RDS Uacari) and adjacent Médio Jurud Extractive Reserve (ResEX Médio Jurud)
are shown in white lines. The map was generated in QGIS v.3.12.2, using background maps
from google maps (Google Maps, 2021). The shapefiles for the ResEx Médio Jurud and RDS
Uacari were provided by Instituto Chico Mendes de Conservagdo da Biodiversidade

(ICMBio) and the Amazonas State Environmental Agency (SEMA-DEMUC), respectively.

2.2 Taxonomic identifications

Trees were identified to species level in situ and later verified at the National Institute
for Amazon Research (INPA). Skilled INPA herbarium technicians with extensive field
and herbarium experience from floristic inventories in the central-western Brazilian
Amazon performed all identifications. Individuals that could not be determined to
species level were sorted to morpho-species or, where applicable, higher taxonomic

levels.



2.3 Diameter at breast height and tree height

We included trees 210cm diameter at breast height (DBH). Stem diameter (i.e. DBH)
was determined by measuring the circumference of the trunks at 1.30m above the
ground using a DBH tape. For buttressed trees, we measured the stem diameter
immediately above the buttresses. When direct measurement with a DBH tape was not
possible (e.g. sulcate trunks, stranglers or where buttresses were too high), we visually

estimated the diameters.

We used a Vertex IV hypsometer and Transponder T3 (HAGLOF SWEDEN AB, 2007) to
measure total tree heights in situ on 1085 trees (VZ = 858; TF = 227). Each tree was
measured three times. In addition, we visually estimated tree heights. To remove

observer bias, the same person (YKB) administered all height (H) measurements.

2.4 Wood (specific) density

Wood density (WD) describes the relationship between the dry mass of wood at
moisture content 0 and the volume of wood at a specific moisture content in relation to
the density of water (Skogstad, 2009). It is thus a measure of the fraction of structural
matter in wood (Williamson and Wiemann, 2010). Wood density therefore relates to
both estimates of woody biomass and wood-bound carbon in woody vegetation (Chave
etal, 2014, 2005; Fearnside, 1997). Whereas different wood density values are widely
applied for different purposes within the timber industry and forest ecological studies,
we use wood specific density (WSD) which standardises moisture content among
samples at the water saturation point of the wood (Simpson, 1993; Skogstad, 2009).
Using wood specific density therefore allows us to better assess the influence of among
tree differences in wood density across forest habitats, sample sites and taxonomic

entities.

2.4.1 Field samples

We used a 5,15mm Haglo6f increment borer to collect wood cores from 1252 trees with
stem diameters 210cm in varzea forest (n = 921) and adjacent terra firme forest (n =
331). We extracted wood cores perpendicular to the trunk at a height between 1m and
1,3m off the ground. Where trees had buttressed roots, we extracted wood cores from
above the buttress. For support and storage, we kept the cores in paper straws. To

protect the cores from moisture and fungal attacks, we dried the samples and kept them



with silica gel until analysed at the Biodiversity and Functional Ecology Lab

(Laboratério de Biodiversidade e Ecologia Funcional), INPA, Manaus.

2.4.2 Lab analyses

To determine wood specific density, wood cores were first saturated with water
through submersion for a minimum of 72h. Depending on core length, cores were
divided into the following segments; bark, 0-50mm, 50mm-pith (or middle, stem
diameter/2, for cores with no visible pith), and beyond pith (for cores with skewed
piths). Where possible, heartwood and pith were visually determined and further sub-
divided to avoid an overrepresentation of heartwood or pith on the wood specific
density values. Saturated wood volume was measured by the water displacement
method, using a fine needle to submerge the segments into a beaker of water placed on
a scale with precision 0.01g (Vieilledent et al., 2012; Wiemann and Williamson, 2012).
We used tap water at 24 + 0.6°C, equivalent to a density of pH20 = 0.9973g/cm3. After
recording the saturated wet volumes, we dried the wood cores at 107.5 + 2.5°C for 72h.
This temperature range falls slightly outside the recommended range 101-105°C
(Williamson and Wiemann, 2010). In consequence, our wood specific density values are
conservative (i.e. leading to slight underestimates of AGWB) as some volatile
compounds may have evaporated (Nogueira et al., 2005). We recorded the dry weights

of the wood core segments using a precision scale with a 0.01g accuracy.

To determine the radially weighted wood specific density of trees (rWSD), we followed
the method used by Muller-Landau (2004). In brief, we calculated a single weighted
average wood specific density per tree based on the values for each segment weighted
by the cross-sectional area of the trunk that each segment represented (Formula a). To
obtain unweighted wood specific density values (uWSD), we simply ignored any radial
change along the core following Formula b. For individuals with replicate wood cores,
we averaged the radially weighted or unweighted wood specific density values over the

number of replicas.

Formula a:

Mn
Vn/pH20

A
rWSD = ¥N_,( )

Formula b:



MN

uWsSD =
VN/pH20

N = total number of segments per wood core, Mn = dry mass of a segment n at moisture
content 0, Vn = saturated wet volume of a segment n, An = cross sectional area of a
segment n, AN = total cross sectional area of all N segments, MN = dry mass of all N

segments at moisture content 0, and VN = saturated wet volume of all N segments.

Separately within varzea and terra firme, species, genus and family mean wood specific
densities were obtained by averaging the radially weighted and unweighted wood
specific density values for all stems of a given species, genus or family that was

represented by minimum three individuals in our data.

To determine the rate of radial change along wood cores, we omitted the density of the
bark and divided the wood specific density of the outer 5cm by the wood specific
density of the remaining core segments. Hence, a value >1 indicates an increase in wood
specific density from the inner to outer wood. In contrast, a value <1 indicates a
decrease in wood specific density from the inner to outer wood. A value = 1 indicates no

radial change in wood specific density.

2.5 Analysis

We used R, version 4.0.4 (R Core Team, 2021), to prepare and analyse all data. We used
the BIOMASS package version 2.1.4 (Piponiot et al., 2019; Réjou-Méchain et al., 2017) to
derive AGWB estimates of each tree in our data based on the field-measured total tree
height, the field-measured stem diameter, and stem-specific radially weighted wood
specific density (rWSD). The field-measured total height (HM) is taken as the mean of
the three field measurements, with normally distributed uncertainty with a standard
deviation estimated from data whose magnitude grows linearly with the mean estimate.
We compared these “higher-quality” AGWB estimates to AGWB estimated with various

alternative lower-quality height and wood density parameters.

To assess bias and uncertainty introduced by height approximations on varzea and

terra firme AGWB, respectively, we considered:

h1) In situ, visual height estimates (HE),
h 2) Local, habitat specific diameter-height (DBH:H) allometric height (HL),
and



h 3) Regional diameter-height allometric height (HR).

The local, habitat specific diameter-height models were derived separately for varzea
and terra firme using the BIOMASS modelHD function and field-measured total height
from the 10 trees with largest diameter at breast height plus 40 trees stratified by stem
diameter in each habitat (Sullivan et al.,, 2018). For the local diameter-height allometries
(VZ and TF) we chose the models with the lowest RSE. Using the BIOMASS coord
argument, we fit a regional diameter-height model on bioclimatic parameters at the

geographic locations of the tree plots (Chave et al,, 2014).

To assess bias and uncertainty introduced by wood density approximations (Table S1)

on varzea and terra firme AGWB, we considered:

wd 1) radially weighted species mean wood specific density (rWDs),
wd 2) radially weighted genus mean wood specific density (rWDg),
wd 3) radially weighted family mean wood specific density (rWDf),
wd 4) unweighted individual wood specific density (uWSD),

wd 5) unweighted species mean wood specific density (uWDs),

wd 6) unweighted genus mean wood specific density (uWDg),

wd 7) unweighted family mean wood specific density (uWDf), and
wd 8) Global mean wood density (GWD).

Global mean wood density values were derived from the Global Wood Density database
(Chave et al.,, 2009; Zanne et al., 2009) at the lowest possible taxonomic level, e.g.
species mean wood density where information was available at the species level,
through the BIOMASS getWoodDensity argument. We used global mean wood density
data since Oliver and Coomes (2011) show that global mean wood density gives better

results than regional mean wood density values do.

We considered all combinations of lower-quality height and wood density factorially
comparing AGWB estimates for each of these lower-quality data alternatives to the
AGWB estimated with individually measured tree height and stem-specific radially
weighted wood specific density. Hence, we derived 35 deviations from our “ground-

based” tree AGWB.

Proper assessment of the AGWB differences between methods required principled

handling of the non-independence of the estimates due to shared measurements of
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some AGWB parameters. For example, when comparing estimates based on radially
weighted versus unweighted wood density (both using field-measured total height
values), we wished to avoid confounding differences due to the different wood density
with variation due to the uncertainty in the parameters for the allometric relationship
or variation due to uncertainty in the height measurement. Therefore, we
reimplemented the AGBmonteCarlo function of the BIOMASS package to generate
posterior samples for the difference between two methods, where at each posterior
iteration the difference is computed based on the same values (drawn from the
appropriate posterior distributions) for all shared parameters (e.g. the height and the
allometric parameters). To accomplish this for tree height predicted from the
bioclimatic model of Chave et al (2014), we refitted the diameter-height model of Chave
et al’s equation 3 (2014) and predicted AGWB by first predicting height values and then
using the allometry of Chave et al.’s equation 3 (2014). This corresponds to the original
approach of Chave et al (2014) and differs from the approach of Réjou-Méchain et al.
(2017), which estimates AGWB directly based on bioclimatic covariates and stem

diameter using a single regression.

We assessed the accuracy of the various methods separately in varzea and terra firme
by examining the posterior difference between each two methods for AGWB summed
across all stems in each habitat. Subsequently, we explored where the differences in
varzea and terra firme forest AGWB arose by regressing the posterior tree-level AGWB
ratios (i.e. the ratio of tree-level AGWB estimates derived under different
methodologies) on tree diameter at breast height, radial change in wood density, and

random intercepts for genus, family, plot and transect using a log link.

Finally, we calculated what the method-specific percent differences would translate into
in terms of megagrams (Mg) per hectare (ha) forest. This was done by first estimating
plot-level AGWB with measured height and radially weighted wood specific density. To
fill in missing data for individual trees without measured height or radially weighted
wood specific density measurements, we used those height and wood density methods
that produced the smallest percent differences in AGWB across trees for each forest
type. Separately for varzea and terra firme, we then multiplied the sum of plot mean
AGWB by the expected method-specific deviations in AGWB and divided this value by

the total area of all plots.
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3. Results

We evaluated 35 different combinations of lower-quality height and wood density
measurements in varzea and terra firme, respectively. Of these, 20 varzea combinations
and four terra firme combinations under- or overestimated the AGWB across all trees
by 210% on average. Thirty-four combinations of lower-quality wood density and
height measurements (VZ = 15, TF = 19) under- or overestimated AGWB across trees by
<3%, on average. The remaining 12 combinations of lower-quality wood density and
height measurements lead to mean differences in AGWB between >3% and <10%, all in
terra firme. Credible interval (CI) widths were generally smaller in varzea, indicating

less variation in method performances in varzea than in terra firme (Table S2).

The regressions (VZ = 35, TF = 35; Table S3) showed positive spatial and taxonomic
nesting effects within plots, transects, genera, and families. For most regressions, we
could not conclude on directions of effects for stem diameter, radial change in wood
density or their interactions as the 90%Cls crossed 0 (VZ =25, TF = 30). In four cases,
stem diameter had a small positive (VZ = 2) or negative effect (TF = 2) on AGWB. In five
cases, radial change in wood density had a negative effect on terra firme AGWB. In 10
varzea cases and four terra firme cases, stem diameter and radial change in wood

density had a small positive interaction effect on AGWB.

3.1 Effect of lower-quality tree height on AGWB estimates

The probability density distributions of differences in AGWB by height method showed
that local allometric height (HL) produced the best estimates in both varzea (Fig. 2a)
and terra firme (Fig. 2b). Visual height estimates (HE) consistently underestimated
varzea and terra firme AGWB (Fig. 2a-b; Table 1S). For visual height estimates in varzea,
the regression showed a small positive interaction effect between stem diameter and
radial change in wood density -thus indicating less sever visual height underestimates
of AGWB in varzea trees with both larger stem diameter and increased wood density
from pith to bark. Regional allometric height (HR) consistently overestimated varzea
AGWB (Fig. 2a; Table S2) but produced no systematic under- or overestimations in terra

firme AGWB (Fig. 2b; Table S2).

3.2 Effect of taxonomic accuracy and geographic precision on AGWB
Most forest-specific, radially weighted, mean wood specific densities (rWD) did not

systematically under- or overestimate AGWB at the 95%CI level in varzea (Fig. 2c) or
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terra firme (Fig. 2d). The exceptions were species rWD in varzea and family rWD in
terra firme, which produced very small overestimates (Table S2). Decreased taxonomic
accuracy shifted the probability densities to the left in varzea (Fig. 2c), and to the right
in terra firme (Fig. 2d). The varzea regressions showed a small positive interaction
effect for stem diameter and radial change in genus and family rWD (Table S3), but the
effect of this interaction on AGWB estimates is not clear. In terra firme, the regression
for family rWD showed negative coefficients for stem diameter and radial change in
wood density and a positive interaction effect (Table S3). This suggests that
overestimates in terra firme trees with family rWD become less severe with increased
stem diameter size or increased wood density from pith to bark, but that these
moderating effects are reduced in terra firme trees with both larger stem diameter and
increased wood density from pith to bark. At the 95%ClI level, global wood density
overestimated both varzea and terra firme AGWB (Table S2), but global wood density
produced particularly large AGWB overestimates in varzea (95%CI = 25-30%; Fig. 2¢;
Table S2). Additionally, the terra firme regression showed a negative effect for radial
change in wood density, suggesting that with increased wood density from pith to bark,
biomass underestimates with global wood density become more severe in terra firme

trees.

3.3 Effect of radial variations in wood density on AGWB at different taxonomic levels
Ignoring radial change in wood density by using unweighted mean wood specific
density (uWD) has relatively little influence on AGWB estimates varzea and terra firme
(Fig. 2d-e). In varzea, difference in AGWB were smallest at the family level and in terra
firme, they were smallest at the genus level (Table S2). All probability density
distributions were tight, indicating small variability in uWD performance (Fig. 2e-f).
However, the regressions showed small positive effects of stem diameter for stem-
specific uWD and a small positive interaction effect between stem diameter and radial
change in wood density for family uWD in both forests. Additionally, in terra firme, the
regression for AGWB by family uWD had negative coefficients for stem diameter and
radial change in wood density (Table S3). These regression results indicate that
underestimates with stem-specific uWD in varzea become less severe with increased
tree stem diameter size. Additionally, these results indicate that overestimates with
family uWD become less sever in terra firme trees with increased stem diameter or

increased wood density from pith to bark, but that these moderating effects would
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become reduced in terra firme trees with both larger stem diameter and increased
wood density from pith to bark. What these regression results would mean for varzea

biomass estimates with family uWD or terra firme stem-specific uWD is less clear.
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Figure 2. The posterior probability densities show estimated percent difference from
vdrzea and terra firme above-ground woody biomass (AGWB) by height and wood density
method. Negative values indicate underestimates in AGWB. Positive values indicate
overestimates in AGWB. Where the probability distributions cross 0, methods do not

systematically under- or overestimate AGWB. Panels a) and b) show estimated percent
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difference in vdrzea (a) and terra firme (b) AGWB by visual hight estimates (HE), local
allometric hight (HL) and regional allometric hight (HR). Panels c) and d) show estimated
percent difference in vdrzea (c) and terra firme (d) AGWB by taxonomic accuracy where
rWDs, rWDg, and rWDf are species, genus, and family mean radially weighted wood
specific density. GWD is global mean wood density retrieved from the Global Wood Density
database (Zanne et al., 2009; Chave et al, 2009) at the lowest possible taxonomic level.
Panels e) and f) show estimated percent difference in vdrzea (e) and terra firme (f) AGWB
by unweighted mean wood specific density at the stem-specific (uWSD), species (uWDs),
genus (uWDg) and family (uWDf) levels.

3.4 Effect of different combinations of lower-quality tree height and wood density
measures on AGWB

3.4.1 Combinations of visually estimated height (HE) with lower-quality wood density

The posterior distributions showed that visual height estimates combined with lower-
quality, forest-specific wood density always underestimated varzea AGWB by more than
-9% at the 95%ClI level (Fig. 3a, Fig. 4a). However, the regressions showed a small
positive interaction effect for all visual height estimates combinations with forest-
specific wood density in varzea except unweighted wood specific density, suggesting
that underestimates become less severe for varzea trees with larger stem diameters and
increasing wood density from pith to bark (Table S3). In contrast, visual height
estimates combined with global wood density overestimated varzea AGWB with more
than 19% (95%CI; Fig. 3a; Table S2). Except for combinations with genus level wood
density and global wood density, visual height estimates consistently underestimated
terra firme AGWB at the 95%Cl level (Fig. 3b, Fig. 4b; Table S2). Most severe were
underestimates for visual height estimates combined with species rWD or uWD (95%CI

<-16%; Table S2).

3.4.2 Combinations of local allometric height (HL) with lower-quality wood density

Local allometric height combinations with lower-quality forest-specific wood density
(radially weighted or not) did not systematically under- or overestimate varzea (Fig. 3c,
Fig. 4c) or terra firme AGWB, although in terra firme, 95%Cls were relatively wide and
skewed to overestimate AGWB (Fig. 3d, Fig. 4d). In contrast, local allometric height with
global wood density overestimated varzea and terra firme AGWB, and in varzea with

>20% (Fig. 3c; Table S2).
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3.4.3 Combinations of regional allometric height (HR) with lower-quality wood density
The probability density distributions showed systematic overestimations of varzea
AGWSB for all combinations of regional allometric height with lower-quality wood
density (Fig. 3e, Fig. 4e). The largest, overall AGWB difference, among all methods, was
observed for combinations of regional allometric height with global wood density in
varzea. In contrast, the probability density distributions show that regional allometric
height combinations with forest-specific lower-quality wood density do not
systematically under- or overestimate terra firme AGWB (Fig. 3f, Fig. 4f). However,
there is a tendency for differences in terra firme AGWB to increase with decreased
taxonomic accuracy and geographic precision in wood density. Combined with global
wood density, regional allometric height overestimated terra firme AGWB with 3-23%
at 95%CI (Fig. 3f, Fig. 4f, Table S2). Plus, for regional allometric height with family mean
wood density, the regressions showed a negative effect of radial change in wood density
and a positive interaction effect between the radial change in wood density and stem
diameter. Suggesting that the tendency for combinations of regional allometric height
with family mean wood density to overestimate terra firme AGWB would decrease in
terra firme trees with increasing wood density from pith to bark, but also that the
tendency to overestimate terra firme AGWB would increase for terra firme trees with

both larger stem diameter and increasing wood density from pith to bark.
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Figure 3. The posterior probability densities show estimated percent difference from
vdrzea and terra firme above-ground woody biomass (AGWB) by combinations of lower-
quality height and wood density. Negative values indicate underestimates in AGWB.
Positive values indicate overestimates in AGWB. Where the probability distributions cross
0, methods do not systematically under or overestimate AGWB. Panels a) and b) show
estimated percent difference in vdrzea (a) and terra firme (b) AGWB by visually estimated
hight (HE) combined with species, genus, or family mean radially weighted wood specific
density (rWDs, rWDg, or rWDf) or global mean wood density (GWD) retrieved from the
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Global Wood Density database (Zanne et al.,, 2009; Chave et al, 2009) at the lowest
possible taxonomic level. Panels c) and d) show estimated percent difference in vdrzea (c)
and terra firme (d) AGWB by local allometric hight (HL) combined with riWDs, riWDg,
rWDf, or GWD. Panels e) and f) show estimated percent difference in vdrzea (e) and terra
firme (f) AGWB by regional allometric hight (HR) combined with rWDs, rWDg, rWDf or
GWD.
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Figure 4. The posterior probability densities show estimated percent difference from

vdrzea and terra firme above-ground woody biomass (AGWB) by combinations of lower-
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quality height and unweighted mean wood specific density at the stem-specific (uWSD),
species (uWDs), genus (uWDg) and family (uWDf) level. Negative values indicate
underestimates in AGWB. Positive values indicate overestimates in AGWB. Where the
probability distributions cross 0, methods do not systematically under or overestimate
AGWAB. Panels a) and b) show estimated percent difference in vdrzea (a) and terra firme
(b) AGWB by visually estimated hight (HE) combined with uWSD, uWDs, uWDg or uWDf.
Panels c) and d) show estimated percent difference in vdrzea (c) and terra firme (d) AGWB
by local allometric hight (HL) combined with uWSD, uWDs, uWDg, or uWDf. Panels e) and
f) show estimated percent difference in vdrzea (e) and terra firme (f) AGWB by regional
allometric hight (HR) combined with uWSD, uWDs, uWDg, or uWDf.

3.5 AGWB differences in megagrams (Mg) per hectare (ha) forest

Based on the above results, we used local allometric height for individuals without
stem-specific measured height and assigned appropriate species, genus, family, or plot
mean wood specific density values to individuals without stem-specific radially
weighted wood specific density (Table S2). Thus, we estimated varzea and terra firme
forests to hold 254 and 224 Mg per ha forest, respectively. Using lower-quality height
and wood density data resulted in differences of -31-117 Mg/ha in varzea and -47-27
Mg/ha in terra firme (Table S4). The five smallest and five largest mean differences in
varzea ABWG ranged 0-2 Mg/ha and 38-117 Mg/ha, respectively (Fig. 5a). In terra
firme, the five smallest AGWB differences ranged -1-1 Mg/ha, whereas the five largest
differences under- or overestimated AGWB with -43- -47 or 15-27 Mg/ha, respectively
(Fig. 5b).
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quality data. All comparisons were made with AGWB estimated with individually
measured tree height (HM, m) and stem-specific radially weighted wood specific density
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HL = local allometric height, and HR = regional allometric height. Lower-quality wood
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density measurements (in g/cm3) are stem-specific unweighted wood specific density
(uWSD),radially weighted or unweighted mean wood specific density (rWD or uWD) at the
species (rWDs, uWDs), genus (rWDg, uWDg) or family (rWDf, uWDf) level. Negative values

indicate underestimates in AGWB. Positive values indicate overestimates in AGWB.

4. Discussion

Lower-quality measurements regularly overestimated AGWB in varzea forest,
particularly when based on global mean wood density or regional height allometry.
Thus, regional height allometries and wood density data might not perform well in data-

poor forest types.

Because diameter-height relationships vary substantially among sites, Sullivan et al
(2018), suggested that local calibrations of allometric diameter-height models might
yield superior results to regional or global calibrations. Since diameter-height
calibration often is accomplished by felling trees from the area of interest and
subsequently measuring their stems with measuring tape (Burt et al.,, 2020), this is not
possible in protected areas or permanent forest plots, such as in our sample site. In
these cases, two common, alternative, and non-destructive field methods are to measure
tree height by the tangent or sine method using a hypsometer (Burt et al., 2020;
Larjavaara and Muller-Landau, 2013). Although such methods largely provide reliable
tree heights (da Silva et al., 2012; Farve, 2010), measurements in taller, well-stratified,
closed canopy forests become increasingly difficult as the top of trees are obscured
(Larjavaara and Muller-Landau, 2013). Therefore, da Silva et al (2012) suggested that in
situ visual height estimates may be as good as direct heigh measurements by a
hypsometer. However, contrary to da Silva et al.(2012), we found that our visual height

estimates consistently underestimated varzea and terra firme AGWB.

Locally calibrated diameter-height relationships following Sullivan et al. (2018) showed
no systematic estimation biases in floodplain or upland AGWB (95% CI: VZ = -1-5%, TF
= -2-8%). Local allometric height also performed well in combinations with local,
forest-specific, lower-quality wood density values (i.e. unweighted or mean wood
density at different taxonomic levels; 95% Cls ranged within -3-6% in VZ, -8-12% in
TF). In contrast, whereas regional allometric height performed well in terra firme
(overestimation of -3-10%), it consistently overestimated floodplain AGWB (by up to

10-19%). The upland accuracy is comparable to previous evaluations of upland-forest
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accuracy in Malaysia (Rutishauser et al., 2013). Likewise, previous work from
Madagascar has shown that regional allometric height performs poorly in forests with
high endemism (Vieilledent et al., 2012). Hence, pantropical climate-based height
allometries seem to be well-calibrated for dominant forest types but induce substantial
errors in other forests. We echo the conclusions in Sullivan et al. (2018) and highlight

the need for local height calibrations across forest types.

Retrieving wood density data from global databases requires taxonomically resolved
inventory data. However, species identifications in tropical rainforests are difficult
(Cardoso et al.,, 2017; Gentry, 1988; Prance, 1994; ter Steege et al., 2019). Therefore,
wood density often relies on identifications at higher taxonomic levels (i.e. genus or
family level). In addition, species-level wood density is often missing for tropical
rainforest species (c.f. Zanne et al., 2009). This is potentially problematic since wood
density vary greatly among and within species depending on local growing conditions
(Bredin et al., 2020b; Fearnside, 1997; Nogueira et al., 2008, 2005; Parolin, 2002;
Wittmann et al., 2006b). Hence, using taxonomic or regional mean wood density
measurements across forest types could grossly under- or overestimate forest biomass

(Bredin et al., 2020b; Momo et al.,, 2020).

Here, we used forest-specific wood density when testing for effects of taxonomic
accuracy on AGWB estimates in floodplain and upland forests, respectively. Thus, our
results show that lower taxonomic accuracy in wood density, which accounts for local
growing conditions, had little influence on varzea or terra firme AGWB on their own and
in combinations with lower-quality height measurements. This result is in agreement
with Baker (2004), who reported low variation among taxa within taxonomic levels.
Likewise, Bredin et al. (2020b) found small differences in biomass estimates across
taxonomic levels within forest types. For unweighted forest-specific wood densities, our
result also indicated very weak or no systematic bias on AGWB estimates and
differences among taxonomic levels varied little even when combined with lower-
quality height. Overall, unweighted genus mean wood density and local allometric
height was the combination that produced the smallest difference in floodplain and
upland AGWB. This could be good news, given the laborious work to measure every tree
height and to account for radial change in wood cores, especially given the lack of

calibration equations for converting unweighted wood densities to radially weighted
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wood densities (Nogueira et al., 2008). However, as Phillips et al. (2019), Baker et al.
(2004) and our large, systematic overestimates for combinations of global mean wood
density or regional height allometry show, upscaling biomass estimates to map carbon
stocks at regional scales, still requires more collections of wood density and local height

calibration data from different, data-poor, forest types.

5. Conclusions

To conclude, existing methods for large-scale AGWB mapping are well-calibrated for
terra firme forest, but local height calibration data significantly improve AGWB
estimates based on general-purpose allometric equations in data-poor floodplain forest.
Nevertheless, a variety of methods that performed well in the terra firme performed
much worse in the varzea. These results are likely applicable to other poorly sampled
forest types across the tropics. We therefore highly recommend the use of local height
calibration data, field-measured stem diameters, and local, forest-specific wood-density
to calibrate global wood density to the forest type of interest. By performing these
actions, uncertainty in above-ground woody biomass estimates from data-poor tropical

forests could be greatly reduced.
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11. Supplementary Materials

Table S1. Wood Density Values. Summary statistics for the different wood density (WD)
values included in our study of vdrzea and terra firme forest above-ground woody biomass
estimates. Minimum (min), median, mean, and maximum (Max) values are given in g/cm3.
rWSD = stem-specific radially weighted wood specific density, rWDs = radially weighted
species mean wood specific density, rWDg = radially weighted genus mean wood specific
density, rWDf = radially weighted family mean wood specific density, uWSD = stem-specific
unweighted wood specific density, uWDs = unweighted species mean wood specific density,
uWDg = unweighted genus mean wood specific density, uWDf = unweighted family mean
wood specific density, and GWD = Global mean Wood Density at the lowest possible
taxonomic level, retrieved from the Global Wood Density Database (Chave et al., 2009;
Zanne et al., 2009).

Varzea Terra firme

WD Min Median Mean Max Min Median Mean Max

rWSD 0.1244 0.5032 0.5055 1.2982 0.2900 0.6046 0.6118 0.8779
rWDs 0.1825 0.5073 0.5064 0.9304 0.3526 0.6204 0.6177 0.8779
rWDg 0.2321 0.5048 0.5063 0.8524 0.3526 0.6118 0.6155 0.8779
rWDf 0.2321 0.5047 0.5046 0.8038 0.4191 0.5959 0.6125 0.8208
uWSD  0.0526 0.4967 0.4993 0.9813 0.2550 0.6194 0.6161 0.8668
uWDs 0.1214 0.4962 0.5014 0.8842 0.3110 0.6266 0.6256 0.8668
uWDg  0.2207 0.5021 0.5003 0.8842 0.3110 0.6348 0.6205 0.8668
uWDf 0.2207 0.5020 0.4991 0.7261 0.3781 0.6043 0.6128 0.8255
GWD 0.2087 0.6679 0.6485 0.9307 0.2934 0.6565 0.6538 0.9234
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