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Abstract: Studies of dynamics and biomass accumulation are essential for understanding forest
functioning and productivity. They are also valuable when planning strategies for the conservation
and sustainable use of natural resources. This study was conducted in five one-hectare plots of
gallery forest in the Orinoco basin (three in terra firme and two in igap6 floodplains), located in
the Tomogrande Reserve, Santa Rosalia municipality, Vichada, Colombia. The differences between
these forest types were determined and quantified considering diversity, floristic composition,
aboveground biomass, forest dynamics and the influence of soils” physicochemical composition. Terra
firme forests were more diverse (Fisher’s o = 30.4) and had higher mortality and recruitment rates
than igap6 forests but there were no significant differences in stem turnover rates between forest types.
Relative tree growth rate was also higher in terra firme than in igapd, but the opposite was found
for biomass change (1.47 t/ha/year in igap0), resulting in an average carbon accumulation rate of
0.33 t/ha/year in terra firme and 0.66 t/ha/year in igap6. Igapo forest has high carbon accumulation
potential given the high wood density of certain dominant species. Igap6 soils contained a higher
concentration of sand, silt, phosphorus and potassium ions, while terra firme soils had a higher clay
content with lower pH. In general, the demographic and growth rates were consistent with those
described for Amazonian forests. This study highlights the potential of igap6 forest in the Orinoco
basin as important carbon sinks, which should be included in the management and conservation
strategies for this region.

Keywords: aboveground biomass change; flooded forest; floodplains; gallery forest; soil; tree
turnover; Colombia

1. Introduction

Gallery forests are characterized by a high level of spatial and temporal heterogeneity,
mainly owing to their geomorphology and hydrological regimes [1,2]. Gallery forests are
embedded in tropical savannas and mostly correspond to narrow forest in proximity to
streams and rivers. Despite covering less land area than nearby savannas, they are of high
biological value for the Colombian Orinoco basin [3]. These riparian ecosystems are rich in
species, water and forest resources not found in open savannas. They also have important
ecological roles [4,5], serving as biological corridors and providing shelter and food for
numerous species [3,6,7]. They act as carbon sinks [8,9] and fulfill important hydrological
functions such as runoff control, riverbank stability, thermal balance of water, nutrient
cycling and control of soil erosion [7].
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Moreover, gallery forests can be useful for assessing the effects of long-term frag-
mentation in tropical forests, serving as proxies for the stability of fragments of tropical
forest [10]. The management and sustainable use of tropical forests is of prime importance
for the conservation of global biodiversity and the survival of the people who depend
on forest resources [11,12]. The appropriate use of natural resources and comprehensive
conservation of tropical forests largely depends on understanding how these forests vary
in time and space [13,14]. Studies of biomass accumulation and carbon fixation in tropical
forests have therefore gradually gained importance [15-17]. Most of these studies are based
on measurements of forest productivity and dynamics achieved through the monitoring
of permanent vegetation plots [14,18]. Forest dynamics are usually estimated based on
annual changes in the diametric growth of trees and seasonal changes in the composition,
mortality and recruitment of trees in natural [19-21] and disturbed [20,22] areas. Spatial
and temporal differences in the dynamics and variation of biomass accumulation have
been analyzed in neotropical forests [20,23,24], and are mostly associated with soil charac-
teristics [22,25] and seasonal events such as flooding [26-28]. Diversity, productivity and
carbon accumulation also vary within flooded forests, as a function of the physicochemical
properties of fluvial systems [29,30]. Varzea floodplains are flooded by whitewater rivers,
rich in sediments and nutrients, while igap6 floodplains are flooded by blackwater rivers,
which are nutrient poor and contain dissolved organic matter in the form of tannins [31].

The occurrence, frequency and duration of floods influence tree ecophysiology by
causing changes in the availability of nutrients, oxygen levels and concentrations of phyto-
toxins [32,33]. These conditions drive floodplain trees to survive and adapt to periodical
floods, leading to the hydrological segregation of niche species [28,34] and the shaping of
tree species’ diversity and geographical distribution [28,35]. As a result, forests exposed
to flooding normally contain fewer tree species than adjacent terra firme forests [30-33].
One of the adaptations of floodplain trees that enables them to endure periodical anoxia
conditions is a reduction in metabolism rates during the aquatic phase, leading to reduced
wood growth rates [32]. For igap6 forests, the lower rates of diameter increases in tree
species and the low nutrient content of the soil have been associated with higher wood
density [36,37]. Since wood density and tree diameter are crucial parameters for estimating
the aboveground biomass [38], it has been reported that flood regimes can be positively
correlated with the biomass stock and carbon accumulation in neotropical forests [37,39].

Most forest ecological dynamics studies in the neotropics are focused on the Ama-
zon [30-33,36]. Ecological studies of gallery forests in the Colombian Orinoco basin are very
limited, despite their significance in maintaining regional biodiversity and biomass [7,40].
Most available research in this region focuses on the composition and structure of these
forests [1,3,41], and there are no known quantitative studies on population dynamics or
carbon accumulation [42]. To our knowledge, there are only seven one-hectare permanent
vegetation plots for research in the gallery forests of the Colombian Orinoco basin [43]. We
studied five of these one-hectare vegetation plots, three in terra firme [44] and two in igap6
flooded forests [4].

Our aim was to describe the differences between terra firme and igap6 gallery forests
in terms of diversity, forest structure, forest dynamics, as well as variation in aboveground
biomass and the physicochemical composition of their soils. We hypothesized that, due
to various ecological processes driven by the periodic floods, igap6 forest would differ
from terra firme forest in tree species composition and diversity; forest structure (tree
diameter at the breast height (DBH), total height); annual dynamics (mortality, recruitment,
stem turnover and growth rates); soil composition; and biomass stock and accumulation,
despite being less than 2 km apart [20,22,32,34,43,45]. Considering what is known from the
Amazon about the adaptations of floodplain tree species to the stress imposed by flooding,
including periodic hypoxia, soil microflora alteration and associated reduction in growth
periods [29,30,32,36,46], we predicted: (1) higher plant diversity, growth rates and biomass
accumulation in terra firme than in igap6 forests [32,43,47,48], (2) higher mortality rates in
igapo than in terra firme forests, as a result of the impact of flooding on trees [14,46] and
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(3) lower tree recruitment rates in igapo than in terra firme forests due to low levels of soil
nutrients in igap6 forests [30,49,50].

2. Materials and Methods
2.1. Study Area

The study was conducted in the Tomogrande Biological Reserve (municipality of
Santa Rosalia, Vichada, Colombia) (Figure 1). The area is located in the highlands of
the Colombian Eastern Plains and is part of the seasonal tropical savanna pedobiome,
characterized by extensive savannas and gallery forests. The annual average temperature
ranges from 24.5 °C to 27.0 °C. The precipitation recorded at the nearest climatological
station shows an annual average of 2673 mm [51]. Precipitation is seasonal and unimodal,
with a maximum value in June. A long dry season (4 or 5 months, between November and
March) favors the periodic occurrence of fires in the savannas [52,53].

Colombia
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Figure 1. Map showing the study area in the Colombian Orinoco basin, municipality of Santa
Rosalia, Vichada (indicated by the red square in the inset map), and the locations of five one-hectare
permanent vegetation plots in terra firme (black) and igap6 forests (grey). The map was generated
using ArcGIS v10.7.

The largest floodplains in this area are located on the banks of the Tomo River, which
has blackwaters and supports igap6 forests [54]. Based on in situ measurements and
satellite imagery, these floodplains remain flooded for up to 8 3 months of the year [55].

2.2. Data Collection

Three one-hectare plots of terra firme forest were established during the first half of
2009 [44] and two one-hectare plots of igap6 forest were established between February and
March 2010 [4]. The five plots were re-sampled from January to May 2014, following the
RAINFOR protocol [56], according to the recommended time interval census for tropical
forest plots [13,19]. The minimum linear distance between plots of igap6 and terra firme
forest was 1.5 km (Figure 1). Individuals with a DBH (i.e., 1.3 m) of >10 cm were included
in the analyses. Total height (H) was calculated for each individual using an inclinometer.
Tree inclination was recorded for individuals with a slant angle of >10° with respect to the
vertical axis. For tilted trees, the length of the stem (H) was estimated using the inclination
angle (6, angle between the vertical axis and the stem), following the formula:

h

= Sin(90° —0) M
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where F is the vertical distance from the tree crown to the ground.

All individuals not previously tagged with a DBH >10 cm were included as recruits.
Mode of death was recorded for tagged dead individuals, following RAINFOR [56], which
describes the physical mechanism that caused the death of the tree. We collected 25 samples
of topsoil per plot, from the center of 20 x 20 m? subplots, and analyzed them to obtain
soil texture (% of clay, sand and silt), pH and composition of organic carbon and inorganic
elements (N, Na, P, Ca, Mg, K). We also divided each one-hectare plot into 20 m x 20 m
subplots to statistically quantify variations in diversity, structure, composition and forest
dynamics between forest types.

2.3. Data Analysis
2.3.1. Diversity and Structure

Species richness, Fisher’s « diversity index and the exponential Shannon entropy
index e were used to estimate tree species diversity. Fisher’s o diversity is a common
index, useful for comparisons [57]; it is defined by the following formula:

S = ocln(lJrg) 2

where S is the number of species; n is the number of individuals; and o is the Fisher’s alpha.
The exponential Shannon entropy index is a transformation of Shannon’s index that
weights species in proportion to their frequency [58] and is calculated as:

e = exp(= Y7, i In(p) ®)

where S is the number of species and p; is the proportion of species i.

Rarefaction curves of cumulative individuals were created, one for each type of forest,
using the BiodiversityR package in R 4.0.5 [59]. A simple linear regression model was
performed to determine the relationship between DBH and the total height of individuals in
each forest type using the total height as the response variable. Palms were excluded from
this analysis because stem thickening occurs before stem elongation in most species [60].
A classification was performed according to diameter class, every 10 cm, to quantify
variations in abundance between the different classes. The percentage of tilted individuals
was also calculated per forest type.

2.3.2. Floristic and Soil Composition

A non-metric multidimensional scaling (NMDS) ordination was performed based on

the Bray—Curtis dissimilarity index (BC), using R 4.0.5 [59] to compare the floristic and
soil composition data of the five vegetation plots. The Bray—Curtis dissimilarity index was
calculated by the formula:
X s — x|
v Z?:l (xis + x]’s)
where BC;; is the Bray—Curtis distance between plots i and j; n is the number of species; and
x;s and xj; are the abundances of species s in plots i and j [61]. For soil composition, BC;;
is the Bray—Curtis distance between subplots i and j, # is the number of physicochemical
variables and x;s and xjs are the values of variable s in subplots i and j [61].

To analyze floristic composition, the five plots were compared using the abundance of
species and the Importance Value Index (IVI), which is a useful indicator to determine the
ecological importance of species per forest type based on their relative values of abundance,
dominance and frequency [62]. For soil composition, we estimated the mean values of
the physicochemical parameters (clay, silt, sand, organic carbon, nitrogen, phosphorus,
pH, exchange acidity, cation exchange capacity (CEC), effective CEC (ECEC), calcium,
magnesium, potassium and sodium) for both forest types.

BC 4)
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2.3.3. Estimation of the Aboveground Biomass of Trees

The type I model of allometric models for Colombia, which includes diameter (D),
total tree height (H) and wood density (o) [63], was applied to estimate the aboveground
biomass (AGB) of the two gallery forest types.

AGB = exp(—2.261 +0.937 * In(D * 2H * p)) ()

The equation was assigned according to the life zones proposed by Holdridge et al.
(1971) to which the study area corresponds (i.e., tropical humid forest) [64]. The wood
density of each species (genus or family mean were used when species identity was
unknown) was obtained from the database available from L.F. Casas et al. 2017 [65], which
presents data from wood cores collected from the same study system. AGB was estimated
for each plot and each forest type for each census period. The AGB of dead and recruit trees
was calculated between census periods. The Wilcoxon test was used to detect significant
differences in AGB between forest types. Carbon stocks and accumulation were estimated,
considering that in the tropics 45% of aboveground biomass corresponds to carbon [66].

2.3.4. Forest Dynamics

The data obtained in 2009 and 2010 were compared to those from 2014, to estab-
lish annual tree relative growth rates (RGR), mortality (m), recruitment (r) and stem
turnover (y), for each forest type. These rates were calculated by applying an exponential
growth model in continuous time, proposed by Lewis et al. (2004) [67]. As the time inter-
val between measurements was different, we applied the correction factor proposed by
Lewis et al., 2004 [68].

In ng — 11’1(1’[0 — Dt)
m =

; % 100 (6)
po e lnt(”o —D9) 100 )
_ Inm —Inng ;ln "0 100 ®)
Acorr = A x 1008 ©9)

where t is the time between censuses; 1; and ng are the number of individuals at the end
and at the beginning of the census, respectively; D is the number of individuals dying
over the census interval; and Aoy is a corrected rate of mortality, recruitment or turnover.
Equivalent equations were used to calculate mortality, recruitment rates and net change in
terms of AGB, substituting ng with the total AGB in the first census, D; with AGB lost from
died stems over the census interval and n; with the total AGB in the second census [67].

To reduce the effect of pseudo-replication in the 25 subplots, a subset of eight non-
adjacent subplots were selected for each one-hectare plot to statistically analyze differences
in mortality, recruitment, stem turnover, AGB mortality and AGB recruitment between
forest types. Moran’s index (Moran’s I) was calculated for each of these variables to
analyze possible spatial autocorrelation. We used Student s t-tests and Wilcoxon tests to
analyze statistical differences according to data normality.

RGR were calculated for surviving trees using the following formula:

In DBH), — InDBH}
12—t

RGR = x 100 (10)
where DBH is the diameter at the breast height of an individual at time 2 and time 1,
divided by the number of years between censuses [25]. The total forest RGR is the mean
of the individual trees RGR by forest type. We used the Wilcoxon test to analyze RGR
differences between forests.
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3. Results
3.1. Forest Structure and Diversity

Twice the number of species was recorded in terra firme forest compared to igapo
forest (Table 1). Furthermore, terra firme was the most diverse forest type based on
Fisher’s « index and the exponential Shannon entropy index. Rarefaction curves (Figure
S1) corroborate these differences and suggest that the sampling effort in each forest covered
most of the species present.

Table 1. Summary of diversity, species richness and percentage of tilted individuals, according to forest type, based on three
one-hectare vegetation plots in terra firme forest and two plots in igap6 flooded forest in the Tomogrande Reserve, Vichada.
ef refers to the exponential Shannon entropy index.

Forest Tvpe Mean No. of Individuals/ha Mean No. of Species /ha Fisher’s H Tilted Trees (%)
M (Min.-Max.) (Min.-Max.) o € (Min.-Max.)
Terra firme 450.3 (440-478) 77 (65-85) 30.39 49.89 2.07 (3.2-1.1)
Igap6 691.5 (607-776) 41 (36-46) 12.52 22.59 8.53 (6.1-10.4)

A higher proportion of individuals was found within the smallest diameter classes
in both forest types. Trees with the smallest DBH were mainly found in igap¢6 (Figure 2a),
which also had more individuals per hectare than terra firme forests. The largest di-
ameter individuals in terra firme plots belonged to the species Erisma uncinatum Warm.
(DBH = 74.6 cm) and Enterolobium schomburgkii (Benth) Benth. (DBH = 77.3 cm). In igapd,
individuals with the highest DBH were Licania heteromorpha Benth. (DBH = 65.9 cm) and
Tachigali tinctoria (Benth.) Zarucchi & Herend. (DBH= 64.9). When considering the DBH
vs. height relationship, lower dispersion was found in terra firme than igap6 (R? = 0.50 vs.
R? = 0.26), thus large trees with the same DBH tend to be taller on terra firme than igap6

(Figure 2b).
Igapo (Ig) 2= 0.26 N
= Terra firme — (Tf)r"2=0.50

500
]

300
1

Number of individuals per heetare
Height (m)

00

1

. @ Igapd
— " W Terra firme

T T T T T T 1
10-20 20-30 30-40 40-50 50-60 60-70 70-80 10 20 30 40 50 60 70

DBH (cm) DBH (cm)

(a) (b)

Figure 2. (a) Vegetation structure based on the frequency of individuals per hectare, classified according to diameter at
breast height (DBH) classes for igap6 and terra firme gallery forests in Tomogrande Reserve. (b) Relationship between DBH
and total tree height for all tree individuals (excluding palms) sampled in two igap6 and three terra firme one-hectare plots.
The lines represent the linear regression fit.
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3.2. Floristic and Soil Composition

The dissimilarity in the floristic composition of terra firme and igap6 can be visualized
in the NMDS (Figure 3a); this ordination shows that, in terms of species abundance, igap6
forest is distinct from terra firme forest. This dissimilarity is confirmed by the IVI scores of
the most important species of each forest type. The species with the highest IVI in terra
firme forest were Attalea maripa (Aubl.) Mart. (25.3) and Jacaranda copaia (Aubl.) D. Don.
(24.0) because of their high density and dominance values (Table S1). J. copaia had the
highest density values (11.0%) in this forest type; however, the most dominant species was
A. maripa (8.1%). Mabea trianae Pax was the most dominant (16.4%) and important species
in the igap¢ forest (35.8%). Two species of the Fabaceae family ranked second and third in
importance in the igap6 forest: Tachigali vaupesiana van der Werff and T. tinctoria. These
igapo forest species showed much higher dominance values than the most important terra
firme forest species (Table S1).
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Figure 3. (a) Non-metric multidimensional scaling (NMDS) arrangement (stress value = 0.11), based on Bray—Curtis
dissimilarity, representing the floristic composition of woody plants with DBH > 10 cm in five permanent vegetation plots in

terra firme and igap6 gallery forests. Ellipses represent 95% confidence intervals groups formed by the subplots (20 x 20m)

of each forest type. (b)

NMDS arrangement (stress value = 0.13), using Bray—Curtis dissimilarity, of the physicochemical

composition of soils based on soil texture (clay, silt, sand), nitrogen (N), phosphorus (P), bases (Ca + Mg + K + Na),
aluminum (Al), organic carbon content, and pH for terra firme and igap6 flooded forests. Black and grey points represent

samples of topsoil taken from the center of each 20 x 20 m in terra firme and igap6 forests, respectively.

Igap0 soils differ from those of terra firme in terms of physicochemical composition
(Figure 3b), although some samples from terra firme tend to group with those from igapé.
Differences were observed in soil texture, where the terra firme soil was mainly composed
of clay and igap¢ soil was composed of sand and silt (Table S3). Igap¢ soils had higher pH
than terra firme soils, as well as higher concentrations of nitrogen (IN), potassium (K), and
phosphorus (P), and therefore ECEC.

3.3. Forest Dynamics

There was no spatial autocorrelation among subplots in any of the estimated variables
(Table S2). The average annual mortality rate in igapo forest (1.48%, n = 16) was lower
than in terra firme forest (3.35%, n =24) (W = 1477, p < 0.05) (Figure 4a). Similarly, there
were significant differences in annual recruitment rates (W = 1006, p < 0.05), with lower
values for recruitment in igap6 (2.01%, n = 16) than in terra firme (3.88%, n = 24) (Figure 4b).
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The mean stem turnover rate was positive and equal for both forests (0.53%, n = 16 for
igap6 and 0.53%, n = 24 for terra firme) (t= —0.00095, p = 0.999) (Figure 4c). Similar forest
dynamics were evident when including all the subplots per forest type (50 for igapd and 75
for terra firme) in the analysis. In this scenario, stem turnover was lower in igap6 than in
terra firme forest (Figure S2).
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Figure 4. (a) Annual mortality rate, (b) annual recruitment rate, (c) annual stem turnover rate and (d) annual growth rate,
in percentages, for each forest type, using 20 m x 20 m subplots as the sample unit. A subset of eight non-adjacent subplots
per hectare was used to reduce pseudo-replication effects in mortality, recruitment and stem turnover rates: 16 subplots for
igapo6 and 24 for terra firme. Thick horizontal lines represent the mean for each forest type, and the dotted lines represent
the variance. The letters above indicate statistically significant differences among forest types (p < 0.05) using a Wilcoxon
test for mortality and recruitment rates and a t-test for stem turnover and relative growth rates.

The most common mode of death in igap6 forest was standing dead (50%), while
mortality patterns were more balanced in terra firme forest. In terra firme, 35% of trees died
with broken trunks, 28% were uprooted and 22% died but remained standing (Figure S3).
In igap6 forest, the percentage of dead individuals per hectare was highest in trees with
smaller diameters, where 90.1% had a DBH of <25 cm. In terra firme, the percentage of
dead trees with DBH < 25 cm was 74.0%.
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The mean RGR of individuals in the terra firme forest (1.40%, n = 75) is much higher
than those of the igap6 individuals (1.06%, n = 50) (W = 12.89, p < 0.05, n = 50 (Igap9),
n =75 (Terra firme)) (Figure 4d). Some abundant and important species stand out, with
a higher RGR than those of the other species, including T. tinctoria (1.8%) in igap6 and
Bocageopsis multiflora (Mart.) R.E. Fr. (2.1%) in terra firme.

3.4. Estimation of Biomass Stock and Carbon Accumulation

Total average biomass values were higher for igap6 (169.9 t/ha) than terra firme forest
(128.7 t/ha). The change in AGB showed higher values for igapé (1.47 t/ha/year) than
for terra firme forest (0.73 t/ha/year). Thus, carbon accumulation was almost twice as
high in igap¢ forest (Table 2). In terms of AGB, rates were recorded in each forest type for
mortality (terra firme: 2.93% and igap6: 1.09%) and recruitment (terra firme: 3.26% and
igapo: 2.64%). It should be noted that there was spatial correlation for AGB recruitment
(I=0,27, p < 0.05) (Table S2) and that the death of large trees contributed substantially to
biomass mortality rates.

Table 2. Aboveground biomass (AGB) mean, annual change, carbon stock and carbon accumulation in terra firme and
igap0 forests in the Colombian Orinoco basin, calculated over five one-hectare permanent vegetation plots. Carbon mean
values consider that 45% of AGB is carbon.

Change in AGB Carbon Stock Carbon Accumulation
Forest Type Mean AGB (t/ha) (t/ha/Year) (t/ha) (t/ha/Year)
Terra firme (n = 3) 128.7 +£22.14 0.73 £1.15 57.92 £9.96 0.33 £0.51
Igapd (n =2) 169.9 £+ 0.83 1.47 + 0.06 76.46 £ 0.37 0.66 £ 0.03

4. Discussion

We confirmed our hypothesis that plots of terra firme gallery forest and igap¢ flood-
plain forest differ in terms of floristic composition, tree species diversity, forest structure
and annual forest dynamics. Since our study plots in the Colombian Orinoco basin are con-
nected and close to each other (less than 3 km) (Figure 1), the effect of geographic distance
seems unimportant. It is therefore likely that the annual flood regime of 8% months acts
as an environmental filter for species adapted to the flooded conditions, affecting forest
species composition and reducing tree species diversity in the flooded forest. It is also
likely that the strong environmental pressure imposed by flooding causes the observed
differences in soil composition, forest structure and dynamics between the two forest types.

As we also hypothesized, terra firme forest was more diverse than igapé forest.
Fisher’s « index, the exponential Shannon entropy index (Table 1) and rarefaction curves
(Figure S1) support this finding and also provide an idea as to how different these forests
are. This pattern was also found by ter Steege (2000) [48] for the entire Amazon, and
could be explained by more stressful conditions and selection pressures within igap6 forest,
resulting from flooding patterns. Periodical flooding conditions can affect the recruitment
and distribution of species in flooded forests [34] so that only species adapted to these
conditions can persist [47,69]. At the regional level, the diversity of gallery forests in the
Orinoco basin is similar to the less diverse forest types in Amazonia. Tree species diversity
in an igap6 plot is similar to that of swamp or flooded forest in the Guiana shield; tree
species diversity in a terra firme plot is similar to that of swamp forest in western Amazonia
or in a floodplain forest in eastern Amazonia [44,48]. Although this study broadens our
knowledge of tree diversity in gallery forests in the Orinoco basin, we consider that other
aspects that could influence the richness and diversity of these forests should be taken into
account for future studies in the region, such as edge effects, and the influence of flood
depth and duration [30,70,71].

Although the number of individuals per hectare was higher in igap6 than in terra
firme, over 60% of individuals had a DBH of between 10 and 30 cm in both forest types.
Our DBH distribution results (Figure 2a) coincide with the typical DBH distribution curve
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in tropical forests [72] and support the positive balance in stem turnover. It was similarly
determined that, on average, terra firme trees attain a greater height:diameter ratio than
igapo (Figure 2b). Lower height:diameter ratios in flooded forests have been reported to be
related to a morphological adaptation to increase plant stability against water flow and
water disturbances [73]. Tree species adapted to nutrient-poor and low-water-retention
sandy soils (Table S3) also tend to be shorter [74]. Water flow stress could be related to the
higher percentage of inclined trees in igap6 (8.5%) than in terra firme (2.1%) [46] (Table 1).

Our study confirmed the hypothesis that the floristic compositions of terra firme and
igapo forests differ remarkably (Figure 3a), probably as a consequence of the morphological,
anatomical and ecological adaptations of the species present in the floodplains [24,29]. We
also observed that igap6 forests include two dominant species (M. trianae and T. tinctoria),
which make up 26% of the igapo6 forests in terms of importance value. Igap6 species with
high IVI such as M. trianae, L. heteromorpha and Eschweileira parviflora Mart. ex DC. were
reported as common species in other inventories of igap6 forest along the Negro River
and Tapajos Rivers in the Amazon basin [30,75,76]. Furthermore, the gallery forests in
our study include individuals from the most abundant families of the flooded Amazon as
well as the surrounding forests of the eastern Venezuelan plains (Annonaceae, Rubiaceae,
Moraceae, Burseraceae, Fabaceae, Chrysobalanaceae and Euphorbiaceae) [28,44].

The annual rates of recruitment and mortality observed in terra firme and igap6 gallery
forests are within the range previously reported for neotropical forests [20,26]. Contrary
to our hypothesis, high mortality rates were not found in igap6 forests (Figure 4a), even
though these forests are exposed to flood disturbances and anoxic stress during prolonged
floods [10,23]. However, the pattern of tree mortality found in igapo6 forests, where more
trees with DBH < 25 cm die, may be explained by the fact that individuals in juvenile stages
in igap6 forests do not easily survive flooding seasons and die despite their specialized
functional traits [22], leading to low recruitment rates in this forest. On the other hand,
in terra firme gallery forests, edge effects caused by winds may be important for the
mortality of individuals [10,70]. The mode of death in terra firme forest is consistent
with wind disturbance, where broken trunks and uprootings were very common deaths
(Figure S3). This pattern of death may lead to gap formations and could help explain the
higher mortality and recruitment rates in terra firme, compared with igap6 [26], where 50%
of deaths were dead standing. Although this result gives us an indication of the dynamics
of the forest over a period of five years, it is not a conclusive result and more long-term
studies are required to better understand this forest dynamic [14].

The difference in RGR between both forest types supported our main hypothesis,
since RGR for terra firme (1.40%) was higher than that for igapd (1.06%). One of the factors
that can explain this result is the fact that the flood regime has a negative effect on growth
rates due to the lack of oxygen supply to the root, which decreases metabolic activity and
the initiation of dormancy in some species during flood periods [29,46]. However, there
are species with greater tolerance and adaptation to these ecosystems, such as the case of
two species of the Tuchigali genus—T. tinctoria and T. vaupesiana—which are very common
in the floodplains, with RGRs of 1.79% and 1.37%, respectively.

The annual diameter increment values for these gallery forests are within the range
reported for other tropical forests (0.3-5%) [10,57,77]. Kellman et al. (1998) [10] found an
increase in diameter of 1.21% for a gallery forest in Belize; however, they included edge
species, which have higher growth rates. Sherman et al. (2012) [25] also found similar RGR
results to our values from terra firme and igap6 forests in surveys of tropical montane
forest at low and high altitudes, respectively. It can therefore be inferred that gallery forests
of the Orinoco high plains have a relatively low mean RGR compared with Amazonian
forests, but similar RGR compared to montane forests and other gallery forests. For more
conclusive diameter increment results, we would recommend taking more censuses and
using more vegetation plots [29].

Although the annual stem turnover rate (Figure 4c) was positive and equal in both
forest types, the annual change in AGB was greater in igap6 than in terra firme. This may



Forests 2021, 12, 1568

11 of 16

be associated with the size of dead individuals, as terra firme showed a higher frequency
of large dead individuals and hence a higher AGB mortality rate. Thus, the death of
large individuals was the main driver for the higher rates of mortality in terms of AGB in
terra firme.

The igap6 forest had the highest amount of AGB (170 t/ha). Although, on average,
terra firme trees are taller and have greater DBH values than igap¢, this result can be
explained by the difference in the number of individuals per hectare, i.e., stem density
(Table 1), and the wood density of individuals in each forest type [4,65]. According to the
results of Casas et al. 2017 [65] for the same study system, igap6 forest contained trees
with higher wood densities compared to terra firme forest. This result may be related to
the lack of nutrients in igap6 soils and consequent lower growth rates, which produce
hard woods [78], such as the case of important (Table S1) and slow-growing species such
as Duroia micrantha (Ladbr.) Zarucchi & J.H.K (0.34%) and E. parviflora (0.15%) with high
wood densities [4,65]. Our AGB results are consistent with those found in transitional and
seasonal Amazonian forests, as well as in flooded forests. Similarly, the average AGB in
both forest types appears to be higher than that found in a secondary forest in the Amazon,
but lower than the average found in a mature Amazonian forest in terra firme or in an
Andean forest [79-82]. On the other hand, the accumulation of carbon in igap6 forest
(Table 2) was higher than the average observed in Amazonian forests (0.45 t/ha/year) [20],
which may be important for planning conservation strategies for gallery forests or payment
schemes for environmental services within the region.

These results will serve to develop regional strategies for conservation, ecological
restoration, environmental compensation, environmental services and the sustainable use
of tree species of interest for local people. For example, individuals of the genus Tachigali are
commonly used in the region for their timber value, but other species such as B. multiflora
and Byrsonima japurensis A. Juss. are not widely used in the area but are classified as
species with high timber value [83] and are abundant in these gallery forests. Periodic and
long-term studies that include data on topography, climatic variation and flood pulses are
important to increase our knowledge of the functioning and productivity of these forests.

5. Conclusions

This study confirms the patterns found throughout neotropical forests, where terra
firme forests have a richer variety of species and are more diverse than floodplain forests.
We found that on average, terra firme trees have a greater height:diameter ratio than igap6
trees, i.e., trees with the same DBH tend to be taller in terra firme. The floristic composition
of both forest types was also quite different, likely owing to the adaptations of tree species
that occur in flooded forests.

We found differences in recruitment, stem turnover and relative growth rates between
both forest types in terms of forests dynamics. Conversely, there was no difference in the
mortality rate per individual between forest types, but there was in terms of AGB due to
the higher death rate of larger trees in terra firme forest. Similarly, both the total AGB and
change in AGB per hectare were greater in igap6 forest owing to the higher density of
individuals per hectare and high wood density of species in igapo forest. Thus, we found
that carbon accumulation was two-fold higher in igapo forest compared with that in terra
firme. It was also found that soils in igap6 had a higher concentration of sand, silt, nitrogen,
potassium and phosphorous, and higher pH values than terra firme forest.

Our study details the ecological characteristics that distinguish terra firme and flood-
plain gallery forests of the igapo6 type in the Orinoco plains. These results can serve as a
basis for the sustainable use and conservation of forests in this region.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/f12111568/s1, Figure S1: Rarefaction curve comparing the richness of the flooded forest
and the terra firme forest in the Tomogrande Reserve, Vichada (Colombia); Figure S2: Results and
significant differences in (a) annual mortality rate (W = 1477, p-value < 0.05), (b) annual recruitment
rate (W = 1006, p-value < 0.05) and (c) annual stem turnover rate (t = —2.14, p-value < 0.05) in
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percentages, for each forest type, taking a 20 m x 20 m subplot as the sample unit: 50 subplots for
igap6 and 75 for terra firme. The thick line represents the average for each group, and the dotted lines
represent the variance. The letters above indicate statistically significant differences among forest
types (p < 0.05); Figure S3: Individual’s death mode percentage for each type of forest, according to
the mode of death proposed by RAINFOR (2009) [20], where a: dead standing, b: snapped trunk,
c: uprooted, d: standing or broken, dead standing, k: vanished, I: presumed dead, o: lightning, u:
killed, no more information, w: killed by another tree that uprooted, y: killed by branches fallen
from living tree, z: killed by strangler; Table S1: List of the 10 most important species in the flooded
and terra firme forests in the Tomogrande Reserve, where D = relative dominance (basal area/total
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greater than zero are indicative of positive spatial autocorrelation, while values less than 0 are
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subplots with p < 0.05; Table S3: Average values of all variables sampled in the soil of terra firme
and flooded forests, taking 20 m x 20 m subplots as sample units (50 subplots for igap6 and 75 for
terra firme). Organic carbon (CO), nitrogen (N), phosphorus (p), pH, exchange acidity (Al), cation
exchange capacity (CEC), effective cation exchange capacity (ECEC), calcium (Ca), Magnesium (Mg),
potassium (K) and sodium (Na).
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