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Abstract: Increases in water scarcity due to climate change, especially in dry regions, can affect
the dynamics of successional species. In view of the longest sequence of dry years (2010–2019) to
have occurred in the Brazilian semi-arid region, with a consequent reduction in water availability,
the influence of rainfall distribution on the production of above-ground plant biomass was investigated
in a Dry Tropical Forest (DTF). This natural change monitoring experiment was conducted over
11 years (2009–2019) in a fragment of DTF under regeneration for 40 years, in the district of Iguatu,
Ceará, Brazil. All living individuals of the woody component with a Diameter at Ground Level (DGL)
≥3 cm and a height (h) ≥100 cm were measured during 2009–2010, 2015–2016, 2018–2019. Biomass
production was calculated using an allometric equation defined for DTF species. A mean mortality
rate of 134 ind. ha−1 yr−1 was registered, with a recruitment of 39 ind. ha−1 yr−1, generating a mean
deficit of 95 ind. ha−1 yr−1. The mean reduction in biomass was 3.26 Mg ha−1 yr−1. Climate conditions
during consecutive dry years have a direct effect on the mortality and recruitment of woody species,
with a recruitment/mortality ratio of 0.11. Shrubby-tree individuals of smaller diameter showed less
resilience to the cumulative effect of drought.
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1. Introduction

The dryland domain represents 41.5% of the world’s surface [1]. These regions are home to 14.4%
of the world’s population and their sustainability depends on, among other factors, the scarce water
availability [1]. The potential evapotranspiration to rainfall ratio is greater than one, with a five to eight
month dry season and a Thornthwaite’s aridity index of 0.65 [1]. Vegetation is typically rangeland and
savanna-steppe [2]. The most striking feature of dry regions is the water deficit that predominates for
8 to 10 months of the year [3].

According to the latest simulation models, climate change may increase this area by 11 to 23% by
the end of the 21st century, with the largest increase occurring in semi-arid regions [3]. Dry Tropical
Forests (DTFs) are part of this domain and account for 42% of tropical and subtropical forest resources,
occupying around 2.7 million km2 distributed across the globe [4]. Tropical dry forests (TDFs) are
located in regions of tropical dry climate, with average monthly temperatures above 18 ◦C, annual
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precipitation below the 1800 mm isohyet, and rainfall events concentrated within four to seven months
characterizing a long period of continuous dry days (CDDs) [5]. This characteristic may be aggravated
by possible changes in climate.

In Brazil, the DTF is known as Caatinga, and is located in the northeast of Brazil within the limits
of the semi-arid region [6]. It has an area of approximately 844 thousand km2 and a population of
27 million people [6]. Areas of Caatinga are generally exploited for firewood, agriculture and pasture,
and subsequently abandoned, starting the process of regeneration [7]. This process gives rise to new
forest fragments that present a high rate of recruitment and high density of new individuals, with
small individuals that show quick growth with a large increase in biomass [8,9]. In DTFs the biomass
dynamics during the early processes of succession of succession are dominated by more tolerant
species to drought that are better able to cope with the harsh environment during the initial stages of
succession [10,11].

This dynamic of vegetation biomass depends on several factors, such as species composition and
variability [12], the soil, the level and type of anthropogenic disturbance and the rainfall pattern [13–15].
Among the determinants of biomass production, changes in water availability are the most limiting on
the dynamics of successional species [12,16].

Successive years of drought and the frequent occurrence of short dry spells impair the ability of
plants to recover [13]. During drought, trees reduce their evapotranspiration through mechanisms of
water-deficit tolerance, such as stomatal closure and deciduousness [17]. When climate conditions
exceed the limits of plant tolerance due to an increase in temperature, vapor pressure and water
deficit [10], the probability of tree mortality of some trees may increase. Long periods of drought
can generate several problems, such as xylem hydraulic failure [18] embolisms that cut off the water
supply, leading to tissue mortality [19].

However, a lack in long-term data on droughts caused by climate change limits the understanding
on tree mortality patterns in TDFs. In general, studies have investigated forest mortality in the short
term without assessing long-term mortality [15]. From 2010–2019, the Brazilian semi-arid region
experienced the longest period of drought reported, and little is known about the biomass dynamics
due to a reduction in water availability during this period. Based on this, this study assessed the
biomass generated from this period by different species of plants in a Dry Tropical Forest in the
Caatinga Phytogeographic Domain (DTF/CPD). Also, we determine the resilience of some species
to this dry period. Specific aims were: (a) to evaluate how tree growth, recruitment and mortality
have contributed to the accumulation of above-ground biomass; (b) the influence of the annual rainfall
distribution on the production of above-ground woody biomass in a fragment of dry tropical forest
under regeneration.

2. Materials and Methods

2.1. Study Area

The study was carried out in a fragment of dry tropical forest in the Caatinga phytogeographic
domain (DTF/CPD), in the district of Iguatu, in the south-central region of the state of Ceará.
The experimental area belongs to the Ceará Federal Institute of Education Science and Technology
(IFCE), located at UTM 047158 E and 9293148 S (Sirgas 2000) (Figure 1).

The climate in the region, according to the Köppen classification, is type BSh’ (hot semi-arid),
the mean temperature is 28 ◦C, ranging from a minimum of 22.4 ◦C to a maximum of 33.5 ◦C (Figure 2).
The mean potential evapotranspiration (PET) is 2000 ± 135 mm yr−1, with the highest rates between
August and January. The mean historical rainfall is 994.2 ± 297.3 mm yr−1, with the rains concentrated
between December and May, and 43% concentrated between March and April.
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Figure 2. Distribution of climate variables in the district of Iguatu, Ceará, Brazil.

The region is inserted in the basin of the Upper Jaguaribe in the Sertaneja Depression, at an altitude
of 217.8 m, and has a gentle, flat relief. The soils are Alluvial, Litholic, Red-Yellow Podzolic and Vertisol.
The predominant vegetation is low deciduous with steppe savannah physiognomy, with a mean
height of 5 m, due to anthropogenic action, the tree density is highly variable (3.000–20,000 individuals
ha−1) [7,12]. The DTF/CPD fragment has an area of 3.6 ha that has been under regeneration since 1980.
Prior to this, the area was used for subsistence farming, i.e., corn farms (Zea mays L.) [20].

2.2. Shrub Layer

To investigate the effect of consecutive dry years on the potential for biomass production in the
DTF/CPD, the functional composition of the vegetation was analyzed via a ten-year series (2009–2019).
The study period corresponds to a transition between wet (2008–2011) and dry (2012–2019) years;
during this period, the area was surveyed six times (September 2009, September 2010, March 2015,
March 2016, March 2018 and February 2019).
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In 2009, eight permanent and contiguous experimental plots of 10 × 10 m were installed along
the watercourse [21]. All living individuals of the woody component with Diameter at Ground Level
(DGL) ≥3 cm and height (h) ≥100 cm were marked with identification plates, measured and quantified
in each plot [12]. The measurements were made 10 cm above the ground level through markings on
the shafts. To characterize the structure of the woody community, the number of individuals and
the absolute and relative density were calculated according to the methodology of Rodal et al. [22].
The allometric equation developed by Sampaio and Silva [23] for the Caatinga species was used to
estimate the biomass of the woody stratum (Biomass (Mg ha−1) = 0.0644 × DGL2.3948), where DGL is
the diameter at ground level.

All the plants that met the inclusion criteria in 2009 were surveyed between 2010–2019. Plants that
had not been registered in previous surveys due to not meeting the inclusion criteria were identified,
marked, measured, and considered recruits. Plants measured in previous years, which were not
found in later surveys, were counted as dead, together with the dead trees, whether standing or on
the ground.

2.3. Climate Variables

A time series of daily rainfall and temperature data for 2008 to 2018 was used. The data
were obtained from the Meteorological Database for Teaching and Research (BDMEP/INMET) [24].
The annual climate normal (1974–2019) was calculated for the series of data available in the INMET
system, in addition to consecutive dry days (CDDs) during the rainy season (December to May) from
2008 to 2018. A dry spell is considered as the occurrence of five CDDs with a rainfall of <2 mm [25].
The dry spells were later separated into classes: C1 (5–10 CDDs), C2 (11–20 CDDs) and C3 (>20 CDDs).

The Maximum Cumulative Water Deficit (MCWD) was calculated following the methodology
described in Aragão et al. [26]. The MCWD is an annual estimate of the water deficit that considers
both the duration and intensity of the dry season based solely on climate variables, i.e., the properties
of the soil were not considered. The water year starting in December, at the start of the rainy season,
was used to calculate the MCWD, as the beginning of the water year does not necessarily follow
the calendar year [27]. Calculation of the water deficit used the potential evapotranspiration (PET),
estimated as a function of temperature based on the Thornthwaite equation; whereas, Aragão et al. [26]
determined a value derived from the mean evapotranspiration in different locations and seasons in the
Amazon, of 100 mm mo−1.

2.4. Statistical Analysis

The annual biomass data were subjected to Friedman’s nonparametric test at a significance level
of 5%, once it did not show normal distribution by the Shapiro–Wilk test. In addition to descriptive
statistics, cluster analysis (CA) was used to assess the similarity of the climate indicators (Maximum
Cumulative Water Deficit, Temperature, Precipitation, Potential Evapotranspiration and Classes of
consecutive dry days). The IBM SPSS 16.0 software for Windows was used in the statistical analysis.

3. Results and Discussion

3.1. Similarity between the Years under Study

The cluster analysis showed three homogeneous groups (Figure 3).
The criterion used to define the cut-off point, and consequently the group number, was the first

jump of the rescaled distance [28]. The first group (G1) was defined by the years 2012, 2013, 2015, 2016
and 2017, which correspond to those with the largest annual water deficit (Table 1). G1 comprised the
highest values for temperature and evapotranspiration, in addition to the lowest rainfall, and was
characterized as the group with the driest years or with the largest water deficit.
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Figure 3. Grouping dendrogram of homogeneous years for the district of Iguatu, Ceará, Brazil.

Table 1. Mean values and standard deviations of the climate variables for each group formed, for the
district of Iguatu, Ceará, Brazil.

Group Year MCWD (mm yr−1) T (◦C) R (mm yr−1) C1 C2 C3

1

2012 −1478.8 28.4 925.0 2 0 1
2013 −1376.0 28.5 957.7 5 1 1
2015 −1458.2 28.6 785.0 5 2 0
2016 −1481.3 28.6 929.0 3 1 3
2017 −1440.4 28.2 753.5 5 3 0

X −1446.9 28.5 870.0 4 1 1
σ ±43.0 ±0.2 ±93.5 ±1 ±1 ±1

2

2008 −1239.1 27.4 1303.5 7 2 0
2009 −970.9 27.3 1462.0 4 1 0
2011 −1018.1 27.6 1651.5 6 2 0

X −1076.1 27.4 1472.3 6 2 0
σ ±143.2 ±0.2 ±174.2 ±2 ±1 ±0

3

2010 −1179.5 28.4 1054.0 9 1 1
2014 −1203.3 27.8 960.0 7 2 2

X −1191.4 28.1 1007.0 8 2 2
σ ±16.9 ±0.4 ±66.5 ±1 ±1 ±1

MCWD—maximum cumulative water deficit; T: Temperature; R: Rainfall; C1: 5–10 consecutive dry days; C2: 11–20
consecutive dry days; C3: > 20 consecutive dry days.

The second group (G2) was formed by 2008, 2009 and 2011, which correspond to the years with
the highest water availability. The lowest temperatures and evapotranspiration were seen, in addition
to the highest values for rainfall, characterizing G2 as the most humid among the three groups formed.
The third and last group (G3) comprised 2010 and 2014, the two years with values closest to the mean,
and considered as intermediate; 2010 had above-average values, while values for 2014 were below
average, defining their similarity and placing them together as an intermediate group among the
three formed.

3.2. Shrub Layer

For the diversity of woody cover in the area of DTF/CPD under regeneration for approximately
40 years, nine families, 14 genera and 15 species were identified in total which did not vary over the
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11 years (Table 2), characterizing the area as a representative fragment of crystalline caatinga [15].
The number of families ranged from six to 26, while species from 12 to 64 [15]. The occurrence of
families Anacardiaceae and Burseraceae, represented by the species Myracrodruon urundeuva and
Commiphora leptophloeos respectively, show that the area is in an advanced process of regeneration,
since these are indicators of more-protected or well-preserved areas of the Caatinga [9,29].

Table 2. Botanical relationship for the mean number of individuals in a fragment of dry tropical forest
under regeneration for approximately 40 years, in the district of Iguatu, Ceará, Brazil, from 2009 to 2019.

Family Species Wood Density
(g cm−3) Habit

Density

Absolute
(ind. ha−1)

Relative
(%)

Euphorbiaceae Croton spp. 0.760 Shrub 885 32.1
Apocynaceae Aspidosperma spp. 0.710 Tree 538 19.5
Combretaceae Combretum spp. 0.696 Shrub 279 10.1

Fabaceae Mimosa caesalpiniifolia Benth. 0.839 Tree 277 10.0
Fabaceae Bauhinia cheilantha (Bong.) Steud. 0.865 Shrub 217 7.8

Mimosaceae Piptadenia stipulacea (Benth.) Ducke 0.653 Shrub 127 4.6
Euphorbiaceae Jatropha mollissima (Pohl) Baill. 0.270 Shrub 117 4.2

Burseraceae Commiphora leptophloeos (Mart.) J.B.Gillett 0.309 Shrub/Tree 94 3.4
Olacaceae Ximenia americana L. 0.700 Shrub 73 2.6

Anacardiaceae Myracrodruon urundeuva Allemao 0.845 Tree 50 1.8
Fabaceae Caesalpinia ferrea Mart. ex Tul. 0.820 Tree 35 1.3
Fabaceae Anadenanthera colubrina (Vell.) Brenan 0.811 Tree 21 0.8
Fabaceae Amburana cearensis (Allemão) A.C.Sm. 0.449 Tree 27 1.0

Malvaceae Pseudobombax marginatum (A.St.Hil.) A. Robyns - Tree 13 0.5
Unknown Unknown - - 10 0.4

Total 2.763 100

Araújo [7] found that after 25 years of fallow the density of the bushes begins to decrease to values
below 5000 plants ha−1, and after 45 years there is a dominance of tree species. Shrub species are in the
majority (1762 ind. ha−1), while tree species account for 921 ind. ha−1 (Table 2). It is therefore believed
that the DTF fragment is in the process of transition between the third and fourth phase of secondary
succession, due to the predominance of shrub species.

The families with the highest number of identified species were represented by Fabaceae and
Euphorbiaceae, with six and two species, respectively (Table 2). These two families are generally
found in the floristic pattern of fragments of dry forest in the northeast of Brazil [15] and in other DTF
across the world [2]; they are the most abundant woody families in terms of gender, species and plant
abundance [22].

Among the identified species, Croton spp. (885 ind.), Aspidosperma spp. (538 ind.), Combretum spp.
(279 ind.), Mimosa caesalpiniifolia Benth. (277 ind.) and Bauhinia cheilantha (Bong.) Steud. (217 ind.) are
noteworthy, and together accounted for around 80% of the total density (Table 2). Croton spp. is a
commonly reported species in floristic surveys due to its shrub habit and great capacity for regrowth
and is considered the main colonizing shrub in successive DTF/CPD [7]. Aspidosperma spp. is present
in more preserved environments with little anthropogenic intervention [12]. Mimosa caesalpiniifolia
Benth. and Bauhinia cheilantha (Bong.) Steud are pioneer species, common in primary and secondary
formations [11], and characterized by fast growth, high regenerative capacity and resistance to drought.

In the first survey (2010), with above average rainfall, the abundance of most species was slightly
less in 2010 than in 2009 (Figure 4). However, it cannot be said whether there was any real significant
change or simply random variation. This reduction in species abundance may be related to intra-
and interspecific competition. The greatest increases in recruited individuals were seen in Ximenia
americana L. (37.5 ind. ha−1), Aspidosperma spp. (37.5 ind. ha−1) and Jatropha mollissima (Pohl) Baill.
(25 ind. ha−1). In the survey 2015 to 2019, a period below-average rainfall, there was a reduction in the
number of individuals, especially for Croton spp., Aspidosperma spp. and Piptadenia stipulacea (Benth.)
Duck., with a mean mortality rate of 45.0, 41.3 and 16.3 ind. ha−1, respectively.
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Figure 4. Annual distribution of species density in a fragment of dry tropical forest under preservation
for approximately 40 years, in the district of Iguatu, Ceará, Brazil.

Individuals that died during the study period had a wood density that was higher than the average
for the area (0.660 g cm−3) (Table 2), suggesting that species with higher density, have less capacity
to resist periods of prolonged drought. Tree species with highly dense wood may find it difficult
to avoid a reduction in water potential compared to species whose wood is less dense [14]. Such a
characteristic can result in smaller variations in leaf water potential over the year [30], in addition to
affecting mechanical stability, inducing cavitation [14]. It is therefore important to conduct studies that
relate wood density to periods of drought and rainfall.

Furthermore, when climate conditions exceed the plant tolerance limits (e.g., an increase in
temperature and vapor pressure) [10], hydraulic failure can result in tree mortality due to [31] xylem
embolism [18,31]. Another factor possibly causing mortality is an excess of water in soils that affects
water potential in both soils and plants [32].

The study area is on a Vertisol, characterized by contraction and expansion of the soil mass due to
expansive clays, showing cracks in the dry periods. Due to restrictions imposed by soil physics, plants
need a large amount of energy to absorb water from the soil, increasing as the soil dries [32]. In times of
drought, the trees approach a limit where it is no longer possible to extract enough water from the soil
to meet the evapotranspiration losses, and irreversible and lethal damage to the system can occur [17].

Furthermore, the observed mortality, mainly between the years 2015 and 2016, may also be
related to the process of ecological succession, also perceived by the reduction of individuals such
as Aspidosperma spp. and Croton spp., which are secondary and pioneer species, respectively. It
is noteworthy the recruitment of individuals such as M. urundeuva Allemao (2015 and 2016) and
C. leptophloeos (Mart.) J.B.Gillett (2015), which are late secondary successional species.

The 3 to 12 cm diameter class concentrated the highest number of dead individuals in relation to
the number of living individuals, followed by the 6 to 9 cm class (Figure 5). Annual mortality increased
from 6% in 2015 to 12.8% in 2019. The effect of drought on plant mortality tends to accumulate, and
there has been an increase in the number of dead individuals over the years. Sixty consecutive dry
days (CDDs) were recorded in 2014; during the following years, the number of CDDs doubled: 2015
(120 days), 2016 (150 days) and 2017 (120 days).

Forest species with a smaller stem diameter have a lower amount of reserves and a root system
that exploration a smaller area [13]. This situation hinders the effective exploitation of water in the
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deeper layers of the soil, as well as the maintenance of individuals through their reserves during
periods of drought. The mortality was also found of larger-diameter individuals, Mimosa caesalpiniifolia
Benth (2015), Aspidosperma spp. (2015), Bauhinia cheilantha (Bong.) Steud. (2016) and Anadenanthera
colubrina (Vell.) Brenan (2018), probably related to the hydraulic failure that affects the wider ducts [8].
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3.3. Biomass

Plant density in 2009 was 3063 ind. ha−1, increasing to 3175 ind. ha−1 in 2010, and decreasing
to 3063 ind. ha−1 in 2015, 2825 ind. ha−1 in 2016, 2338 ind. ha−1 in 2018 and 2113 ind. ha−1 in 2019
(Figure 6). This reduction in plant density is the result of a higher mortality rate than recruitment rate,
seen during the study period, where there was a mean mortality of 134 ind. ha−1 yr−1 and recruitment
of 39 ind. ha−1 yr−1, generating a mean deficit of 95 ind. ha−1 yr−1. Probably, mortality rates that are
higher than those of recruitment are strongly influenced by climate seasonality and consecutive years
of drought. The reduction in plant density from 2015 to 2019, compared to the period from 2009 to
2010, is related to the droughts which have occurred in the region since 2012 [33].

Trees typically reduce evapotranspiration during drought by means of adaptive mechanisms,
such as stomatal closure and the seasonal loss of leaves and canopy [14]. However, the intra- and
interannual variation in rainfall accentuates the influence of water stress and can lead to plant mortality,
which is strongly associated with drought [31]. In forested communities, the prolonged hydric
stress reduces the number of trees, increasing the probability of survival of the remaining trees [10].
The reduction of the competition among vegetable individuals allows the hydric transportation systems
to re-establish themselves, thus diminishing hydric stress [17].

Years of water deficit cause various problems to the development of newly recruited individuals,
including delaying their development. As their roots are shallower than those of the older trees, during
the dry season, they may suffer the negative effects of water stress in the upper layers of the soil [34].
Another important characteristic is the low capacity for accumulating reserves to maintain individuals
during the dry season [13]. These reserves are influenced by phenological stage, genetic load, and the
severity and intensity of the water stress [16].

Following the same trend as plant density, between 2009 and 2010, an increase of 7.26 Mg ha−1

was seen in the biomass stored in the above-ground woody compartment, going from 65.33 to 72.59 Mg
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ha−1 (Figure 7). In succeeding surveys, 2015 (55.20 Mg ha−1), 2016 (45.04 Mg ha−1) and 2018 (43.46 Mg
ha−1), a decreasing sequence was identified for the estimated biomass. In 2019, there was an increase
of 1.1 Mg ha−1, for a total stock of 44.47 Mg ha−1. As such, a mean increase of 1.33 Mg ha−1 yr−1 was
seen in the above-ground woody biomass for the entire study period, with 0.92 Mg ha−1 yr−1 related
to the increase and 0.41 Mg ha−1 yr−1 to recruitment. This was not enough to overcome the loss of
biomass, which averaged 3.26 Mg ha−1 yr−1 due to the mortality of the woody individuals, giving a
negative balance of 1.97 Mg ha−1 yr−1.
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The greatest production of biomass was seen 2010, which differed statistically by the Friedman test
(p ≤ 0.05) from that of 2016, 2018 and 2019, but was like that of 2009 and 2015 (Figure 7). The increase
in biomass from 2009 to 2010 is therefore related to the total rainfall between 2008 and 2009, which was
above average, and resulted in greater water availability for the period. From 2008 to 2011, the total
rainfall depth was 31% higher than the climate normal: 47%, 6% and 66% respectively, with a negative
mean water balance of 558.4 mm yr−1.

Between 2012 and 2018, the total rainfall was below the climate normal by 7%, 4%, 4%, 21%, 7%,
24% and 2% respectively, with a negative mean water balance of 1237.0 mm yr−1, more than double
the previous period. Thus, the biomass seen at the end of 2015 was influenced by the sequence of four
dry years (2012 to 2015), and was worse during the final year (2015), which registered a water deficit of
1422.61 mm. The same was seen for 2016 and 2018.

In semi-arid regions, water is the main limiting factor to increases in biomass [12], since under
conditions of consecutive periods of drought there is an increase in tree and shrub mortality due to the
continuous scarcity of water [16]. Furthermore, the capacity of dry forests to produce biomass year
after year is highly variable, precisely because they are influenced by consecutive years of drought,
which can reduce this capacity [35], demonstrating the impact of climate conditions on biomass
production in the DTF [16].

Therefore, limitations on water availability are not only the result of the total annual amount of
rainfall, but also of the spatial and temporal distribution of the available water, in addition to solar
energy being available for use in the process of evapotranspiration [33]. In addition to the existing
limitations, recent simulation models suggest that semi-arid regions will suffer the greatest impact from
climate change [3]. The mortality which took place demonstrates the reduction in total and potential
biomass produced by the DTF/CPD over consecutive dry years, and which may worsen in the face of
climate change. Climate change is expected to affect rainfall patterns and increase temperatures [36],
culminating in droughts that, though previously tolerable, in the future may reach intolerable levels
for plants, thereby reducing forest formations [10,36].

4. Conclusions

The sequence of consecutive dry years (2012 to 2017) showed the direct influence of climate
conditions on the mortality and recruitment of woody species in a fragment of dry tropical forest
in a phytogeographic domain of the Caatinga (DTF/CPD). After five years of consecutive drought,
there was a reduction in the number of recruited individuals and an increase in the number of dead
individuals, with a recruitment to mortality ratio of 0.11. The woody individuals of smaller diameter
showed the least resilience, i.e., the mortality of individuals found in this study is more related to the
stage of plant development than to species.

The least-resilient woody species were: Croton spp., Aspidosperma spp. and Piptadenia stipulacea
(Benth.) Duck; while the most resilient to the consecutive dry years were: Bauhinia cheilantha (Bong.)
Steud., Mimosa caesalpiniifolia Benth., Combretum spp. and Commiphora leptophloeos (Mart.) J.B.Gillett.
Even with the long dry period (five years), there was no interruption in the recruitment of pioneer or
secondary species, thereby demonstrating the resilience of these species to drought.
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