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Abstract:



The aim of this study was to evaluate the natural regeneration dynamics of Mora paraensis in floodplain forests in three regions of the eastern Amazon, and specifically, to explore the relationship between the abundance of regenerating trees and canopy openness. Tree height and circumference of all individuals of height >50 cm and diameter at breast height (DBH) <5 cm were measured in 2012, 2013 and 2015. A matrix of transitions was created and the natural regeneration (RR), demographic and dynamic rates were calculated. Hemispherical photos were used to measure canopy openness. There was no difference in the density of regenerating trees between the three study regions (mean = 2.957 ind. ha−1). The abundance of regenerating trees was highest in 2013, when 5614 individuals were inventoried, and as such the RR 2012–2013 was positive in all three regions (mean = 7.9%). Between 2013 and 2015, the RR was negative and above 50% in all regions. Canopy openness had no significant effect on the abundance of regenerating trees. The abundance of regenerating trees of M. paraensis was high in estuarine floodplain forests of the Amazon River, but the regeneration dynamics varied between years with more favourable years alternating with periods of high mortality and negative regeneration.
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1. Introduction


Floodplain forests are the second most abundant vegetation type in the Amazon, covering 75,880.8 km2 (approximately 1.6% of the biome). Continuous sedimentation of particles from the river waters in these forests leads to the formation of alluvial soils [1]. In estuarine floodplain forests, the vegetation is subject to daily inundations owing to tidal flow, leading to various ecological, physiological and morphological adaptations [2], which in turn influence dominance [3]. One dominant [4,5,6,7] and endemic [8] tree species in estuarine floodplain forests is Mora paraensis (Ducke) Ducke, or pracuúba, as it is commonly known.



Timber exploitation in these forests began in the 1950s, at which time the first forestry studies were already drawing attention to the importance of the analysis of natural regeneration for understanding forest dynamics. In the floodplain forests, various timber species including M. paraensis are exploited commercially by local riverine populations and the timber is used in riverside sawmills [7,9,10,11]. In Amapá, the remaining commercial stock (trees of diameter at breast height (DBH) ≥ 50 cm) is 13 trees ha−1, with an average volume per commercial tree of 2.8 m3, generating a timber volume of 37 m3 ha−1 [11].



However, control of timber extraction is lacking, and some species are being decimated as a result of disorganised exploitation and a lack of proper management [4,5]. Indeed, M. paraensis is the species most exploited in recent years [11,12]. Timber extraction directly modifies population and habitat structures [13,14], and alters both spatial distribution patterns [15] and the propagule production capacity of native species [16,17]. In this context, studies of the dynamics of forest regeneration are essential in order to evaluate the capacity of the ecosystem to recover. In turn, this knowledge can help to support decision-making regarding models of timber exploitation that can also favour conservation objectives [18]. Specifically, beyond its value for basic understanding of vegetation characteristics, analysis of natural structural regeneration is key to management planning and for the application of silvicultural practices that favour growth and maximise volume per unit area of desired species, with the objective of supporting continuing use of the forest [19].



Natural forest regeneration allows forests to recover following natural or anthropogenic disturbances [20]. The way in which forest regeneration occurs depends upon the relative importance of seed rain, soil seed banks, seedling banks and different seed dispersal mechanisms for the establishment of new individuals and species in the system [21,22]. Regeneration of floodplain forest species may occur below the canopy, or in clearings or open areas such as beaches, and along the edges of rivers, interfluvial channels and lakes [23]. The periodic flooding of these environments is probably the most important limiting factor determining the establishment of seedlings [24]. On the other hand, flooding favours seed dispersal as most floodplain forest species have seeds that float as an adaptation to hydrochoric dispersal [25]. Despite their large size, the seeds of M. paraensis float, and are carried away from the parent tree by the floodwaters.



There is a lack of knowledge concerning estuarine species, which makes it difficult to obtain indicators of natural regeneration. As such, a better understanding of the characteristics of estuarine floodplain forest trees, such as fruit and seed morphology, germination type and species survival strategies can contribute to a better understanding of community and population dynamics in these unique and characteristic environments.



The objective of the present study is to evaluate the natural regeneration dynamics of M. paraensis in three estuarine regions located at different distances from the mouth of the Amazon River, and explore the relationship between canopy openness and the stock of regenerating trees. The hypothesis is that M. paraensis will show a high potential for regeneration and rapid growth of regenerating individuals in all classes and populations evaluated, as it is highly adapted to estuarine floodplain forests, but that canopy openness will not influence the natural regeneration process of this species.




2. Materials and Methods


2.1. Study Area


Data were collected in three regions: Mazagão River (181.7 km from the mouth of the Amazon River), Maracá (200.8 km from the mouth of the Amazon River) and Ajuruxi (217.7 km from the mouth of the Amazon River). All three regions are in the municipality of Mazagão (0°13′00″ S, 51°26′00″ W) in the southeast of the state of Amapá, in the eastern Amazon. The study area is 250 km from the Atlantic Ocean waters, and while the tide influences water height and flow direction, it is still considered to be completely fluvial, being well upstream from any saltwater influence [26,27] (Figure 1). A previous study conducted in the same three sites showed that there are 27, 27 and 35 drainage channels in Mazagão, Maracá and Ajuruxi respectively, and that the density of adults of M. paraensis is 151 ind. ha−1, 115 ind. ha−1 and 219 ind. ha−1, respectively [28].


Figure 1. Location of the study area in the southeast of Amapá, in the Brazilian Amazon.
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The region has a hot and humid tropical monsoon climate, with an average annual temperature of 27.7 °C [29]. Average annual rainfall is 2423 mm, irregularly distributed throughout the year, with highest rainfall between January and June [29]. This part of the Amazon Estuary is characterised by a tidal fluctuation of about 2–3 m, driven by the Atlantic Ocean. Because of the elevated river level during the wet season, the forests are inundated twice a day during high tides [30]. The soil is characterised by a silt–clay texture that can be classified as a Gleysol [31]. According to a recent classification, the typology of the vegetation of these flooded forests can be considered an alluvial dense rainforest [32].




2.2. Data Collection


In each region, four 1-km transects were marked, organised along each tributary of the Amazon River (Figure 1) with at least 1 km between transects to ensure independence. Twenty permanent 10 m × 25 m plots were established along each transect, totalling 80 plots and 2 ha per region, and 240 plots and 6 ha in total.



From August to November 2012, all individuals of M. paraensis above 0.5 m in height and up to 5 cm diameter at breast height (DBH) were inventoried in all of the plots. Four height levels were then defined to include regenerating individuals: N1 (above 0.5 m), N2 (above 1.0 m), N3 (above 1.50 m) and N4 (above 2.0 m). For each transect, three plots were then chosen at random to be sampled for individuals in level N1, three for level N2, three for N3 and the 11 remaining plots were only sampled for individuals in level N4. In these plots, the diameter at ground level (or DBH if the plant was over 1.3 m height) was measured for all individuals of M. paraensis in the relevant size level. In both cases, diameter was measured either using callipers or with a measuring tape, with precision of 1 mm. Height was measured either with a laser rangefinder or with a steel wire, from the ground up to the apical meristem. A numbered plate was attached to each inventoried individual to allow for later identification. From August to November 2013 and August to November 2015, the same measurements were made following the same criteria as in 2012, in order to verify the growth, recruitment and mortality of individuals and thus evaluate regeneration.



To measure canopy openness, hemispherical photos were taken at the centre of each of the 160 plots in Ajuruxi and Mazagão, using a Canon EOS T2i 550 D with an 8-mm fish-eye lens, mounted on a tripod at 1.3 m above ground level. The tripod spirit level was used to ensure the lens was level, and the camera was positioned facing geographic north using a compass. The photos were always taken in the morning between 07 h 00 min and 09 h 00 min, or at the end of the afternoon between 16 h 30 min and 18 h 30 min, to avoid excessive light on the lens [33]. From the images obtained, those presenting the best contrast between the canopy and the sky were selected and the percentage of canopy openness was calculated using Gap Light Analyser version 2.0 [34].




2.3. Data Analysis


The annual demographic rates of natural regeneration were calculated using the measurements taken in 2012, 2013 and 2015. Absolute density [35] and the abundance of regenerating individuals were estimated.



The total density of regenerating individuals DRI (height > 50 cm, DBH < 5 cm) in each transect was calculated by summing the individuals in each level, weighted by the total area sampled for each level, using the following formula:


DRI = (nN1 × 10,000/A1) + (nN2 × 10,000/A2) + (nN3 × 10,000/A3) +

(nN4 × 10,000/A4)



(1)




where:

	
DRI = Density of regenerating individuals (ind. ha−1);



	
nN = Height level category (see above);



	
A = area sampled in each level.








The total rate of natural regeneration for M. paraensis was calculated using the equation proposed by Mory and Jardim [36], which is defined as the ratio between absolute abundance resulting from the dynamic process of natural regeneration (recruitment, mortality and growth), and the abundance at the start of the study, expressed as a percentage, and being represented by the following expression:
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(2)




where:

	
RR = natural regeneration rate;



	
A0 = absolute abundance at the start of the period;



	
A1 = absolute abundance at the end of the period.







Being: A1 = A0 + ni − ns



(3)




where:

	
ni = number of individuals that were recruited into the study;



	
ns = number of individuals that left the study.








Recruitment, mortality and survival behaviours of the species were evaluated using the following equations:


R = ni/A0

M = nm/A0



(4)




where:

	
R—recruitment rate expressed as a percentage;



	
M—mortality rate expressed as a percentage;



	
nm—number of individuals that died during the period.








The annual rate of increase in height of regenerating individuals was also calculated. Analysis of variance using repeated measurements over time was used to compare the absolute values of total regenerative density between the regions in each sampling year, with an interaction term (region × year) also included, and each transect used as a sampling unit. One-way analysis of variance was used to compare average values of regeneration rate, mortality rate, and recruitment rate between regions. Where the difference was significant, a Tukey test was applied to determine which regions were different from each other. All statistical analyses were carried out in R version 3.0.2 [37], using package agricolae [38].



A transition matrix was used to evaluate the dynamics of regenerating individuals of M. paraensis between height classes [39,40]. Data collected in 2012, 2013 and 2015 were used to estimate the probability of movement of seedlings between eight height classes: class one was recruitment or entry (R), classes two to seven represent subsequent increments of 1 m, and class eight was mortality (M). Each transition matrix was calculated based on the absolute frequency of individuals in the height classes, in the years for which data were collected, analysed in pairs: 2012–2013 and 2013–2015 [39,40].



The relationship between canopy openness and absolute abundance of regenerating individuals was tested using a regression analysis, using the abundance data from 2012, when the photos were taken, and separately the abundance data from 2013.





3. Results


3.1. Natural Regeneration Dynamics


Total absolute abundance sampled in 2012 in the three regions was 4721 regenerating individuals. In 2013, it was 5614 and in 2015 it was 2888 individuals. There was no significant difference in density between the regions (Residual degrees of freedom—GL = 18, F = 1.05, p = 0.387). However, there was a significant difference between years (GL = 18, F = 32.15, p < 0.001). The interaction between year and region was not significant (GL = 18, F = 18.09, p = 0.411).



Between 2012 and 2013, the regeneration rates (RR) in all regions were positive, and there were no significant differences between regions (GL = 9, F = 0.648, p = 0.546). However, between 2013 and 2015, RR was negative in all regions, and there was a significant difference in RR between Mazagão and Ajuruxi (GL = 9, F = 9.703, p = 0.005). These negative regeneration rates show that density of regenerating individuals was lower in 2015 than in 2013, which is corroborated by the data on total abundance and density of regenerating individuals in each year (Table 1).



Table 1. Density and demographic rates of regenerating individuals of Mora paraensis (height > 50 cm, diameter at breast height (DBH) < 5 cm), inventoried in floodplain forest in three regions (Mazagão, Maracá, Ajuruxi) of the eastern Amazon in 2012, 2013 and 2015.







	
Parameters

	
Mazagão

	
Maracá

	
Ajuruxi






	
Regenerating individuals 2012 (ind. ha−1)

	
2248 (±831) ns

	
1676 (±667) ns

	
2472 (±951) ns




	
Regenerating individuals 2013 (ind. ha−1)

	
2693 (±1107) ns

	
1996 (±653) ns

	
2983 (±1275) ns




	
Regenerating individuals 2015 (ind. ha−1)

	
1543 (±554) ns

	
937 (±255) ns

	
1194 (±452) ns




	
Regeneration rate 2012–2013 (%)

	
7.9 ns

	
10.4 ns

	
8.3 ns




	
Regeneration rate 2013–2015 (%)

	
−22.0 ** a

	
−29.0 ** ab

	
−40.3 ** b




	
Mortality rate 2012–2013 (%)

	
24.7 *** a

	
43.4 *** b

	
18.0 *** c




	
Mortality rate 2013–2015 (%)

	
51.8 ns

	
53.6 ns

	
60.3 ns




	
Recruitment rate 2012–2013 (%)

	
41.9 * ab

	
66.6 * a

	
31.4 * b




	
Recruitment rate 2013–2015 (%)

	
17.4 ns

	
8.7 ns

	
4.8 ns








ns = not significant (p > 0.05); * = p < 0.05; ** = p < 0.01; *** = p < 0.001. Averages in the same row and followed by the same letter a, b, c were not significantly different from one another at the considered probability level.








The mortality rate from 2012 to 2013 differed significantly between all regions (GL = 9, F = 16.6, p = 0.001). The mortality rate from 2013 to 2015 was, on average, 55%, and reached 60% in Maracá, but there was no significant difference between regions (GL = 9, F = 0.1, p = 0.939) (Table 1).



The recruitment rate between 2012 and 2013 was positive, and there were significant differences between areas (GL = 9, F = 4.6, p = 0.042). Recruitment between 2013 and 2015 was lower than in the previous period, being on average 10.3% and reaching a maximum of 17% in Mazagão, with no significant difference between regions (GL = 9, F = 1.6, p = 0.254) (Table 1).



The pattern of height growth between 2012 and 2013 was the same for all three regions. The increase in height was lower in the smallest height classes, and increased with height class (Figure 2A). Between 2013 and 2015, there was no increase in height in the smallest height classes, and only the last class showed a trend for higher growth (Figure 2B).


Figure 2. Average growth of the natural regeneration of Mora paraensis, in the southeast of Amapá, Brazil, eastern Amazonia, in function of height classes—C1 (0.5–1.50 m); C2 (1.51–2.50 m); C3 (2.51–3.50 m); C4 (3.51–4.50 m); C5 (4.51–5.50 m); C6 (5.51–6.50 m), between (A) 2012–2013 and (B) 2013–2015.
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Six-hundred and eleven individuals were recruited into the study population in Mazagão between 2012 and 2013, with 68.7% entering into the first height class and 19.1% entering straight into the second class. In 2012, there were 618 individuals in the first class, of which 58% remained in the same class in 2013, 6.7% moved to the second and 1.4% to the third class. Mortality was higher in the first (32%) and last (33%) classes (Table 2). Between 2013 and 2015, 297 individuals were recruited into the population in Mazagão, with 62.2% entering into the first height class. There was recruitment into all height classes, and recruitment decreased with increasing height class. In 2013, there were 809 individuals in the first height class, of which 36.3% remained in the same class in 2015 and 10.3% moved to the second class. Mortality in the first class was 52.7%, reaching 84% in the last class (Table 2).



Table 2. Probabilistic transition of height (m) classes for Mora paraensis in Mazagão, south-eastern Amapá, Brazil, eastern Amazon, for the period 2012 to 2013 and 2013 to 2015. Where: R = Recruitment; M = Mortality; C1 (0.50–1.50 m); C2 (1.51–2.50 m); C3 (2.51–3.50 m); C4 (3.51–4.50 m); C5 (4.51–5.50 m); C6 (5.51–6.50 m).







	
Height Class

	
C1

	
C2

	
C3

	
C4

	
C5

	
C6

	
M






	
R 2012–2013

	
0.687

	
0.191

	
0.054

	
0.029

	
0.018

	
0.019

	
0




	
R 2013–2015

	
0.622

	
0.228

	
0.070

	
0.033

	
0.023

	
0.0202

	
0




	
C1 2012–2013

	
0.580

	
0.067

	
0.014

	
0.004

	
0.003

	
0.008

	
0.320




	
C1 2013–2015

	
0.363

	
0.103

	
0.004

	
0

	
0

	
0

	
0.527




	
C2 2012–2013

	
0

	
0.600

	
0.157

	
0.035

	
0.005

	
0

	
0.201




	
C2 2013–2015

	
0

	
0.504

	
0.073

	
0.002

	
0.002

	
0

	
0.416




	
C3 2012–2013

	
0

	
0

	
0.609

	
0.143

	
0.028

	
0.028

	
0.189




	
C3 2013–2015

	
0

	
0

	
0.405

	
0.092

	
0

	
0

	
0.502




	
C4 2012–2013

	
0

	
0

	
0

	
0.544

	
0.17

	
0.071

	
0.205




	
C4 2013–2015

	
0

	
0

	
0

	
0.365

	
0.087

	
0.015

	
0.531




	
C5 2012–2013

	
0

	
0

	
0

	
0

	
0.5

	
0.195

	
0.304




	
C5 2013–2015

	
0

	
0

	
0

	
0

	
0.194

	
0.138

	
0.666




	
C6 2012–2013

	
0

	
0

	
0

	
0

	
0

	
0.666

	
0.333




	
C6 2013–2015

	
0

	
0

	
0

	
0

	
0

	
0.16

	
0.840










Between 2012 and 2013, in Maracá, 598 individuals were recruited with 73.2% entering into the first height class. In 2012, there were 454 individuals in the first height class, of which 42% did not reach the height necessary to move to the second class, with only 3.9% making this transition. In Maracá, the mortality rate was also higher in the first (53.7%) and last (46.4%) classes (Table 3). In Maracá between 2013 and 2015, 96 individuals were recruited, with 46.8% entering into the first height class. There was also recruitment into the other height classes, except into the class from 4.5 < 5.5 m. In 2013, there were 636 individuals in the first height class, of which 35.5% remained and only 8.9% moved to the second class. In this region, mortality in the first size class was 54.8%, reaching 66.6% in the last class (Table 3).



Table 3. Probabilistic transition of height (m) classes for Mora paraensis in Maracá, south-eastern Amapá, Brazil, eastern Amazon, for the period 2012 to 2013 and 2013 to 2015. Where R = Recruitment; M = Mortality; C1 (0.50–1.50 m); C2 (1.51–2.50 m); C3 (2.51–3.50 m); C4 (3.51–4.50 m); C5 (4.51–5.50 m); C6 (5.51–6.50 m).







	
Height Class

	
C1

	
C2

	
C3

	
C4

	
C5

	
C6

	
M






	
R 2012–2013

	
0.732

	
0.148

	
0.043

	
0.023

	
0.016

	
0.035

	
0




	
R 2013–2015

	
0.468

	
0.270

	
0.072

	
0.125

	
0

	
0.062

	
0




	
C1 2012–2013

	
0.420

	
0.039

	
0.002

	
0

	
0

	
0

	
0.537




	
C1 2013–2015

	
0.355

	
0.089

	
0.001

	
0

	
0

	
0.004

	
0.548




	
C2 2012–2013

	
0

	
0.482

	
0.122

	
0.013

	
0

	
0

	
0.381




	
C2 2013–2015

	
0

	
0.477

	
0.080

	
0.008

	
0

	
0.008

	
0.424




	
C3 2012–2013

	
0

	
0

	
0.554

	
0.168

	
0.048

	
0.012

	
0.216




	
C3 2013–2015

	
0

	
0

	
0.336

	
0.136

	
0.018

	
0.009

	
0.500




	
C4 2012–2013

	
0

	
0

	
0

	
0.360

	
0.120

	
0.18

	
0.340




	
C4 2013–2015

	
0

	
0

	
0

	
0.192

	
0.052

	
0.017

	
0.736




	
C5 2012–2013

	
0

	
0

	
0

	
0

	
0.347

	
0.217

	
0.434




	
C5 2013–2015

	
0

	
0

	
0

	
0

	
0.250

	
0.107

	
0.642




	
C6 2012–2013

	
0

	
0

	
0

	
0

	
0

	
0.535

	
0.464




	
C6 2013–2015

	
0

	
0

	
0

	
0

	
0

	
0.333

	
0.666










In Ajuruxi, in 2012–2013, there were the largest number of recruits (745 individuals), concentrated in the first (52.7%) and second (24.9%) classes. In the first year of monitoring, 493 regenerating individuals were in the first height class, and 808 in the second class. Mortality was highest in the last class (53.6%) (Table 4).



Table 4. Probabilistic transition of height (m) classes for Mora paraensis in Ajuruxi, south-eastern Amapá, Brazil, eastern Amazon, for the period 2012 to 2013 and 2013 to 2015. Where: R = Recruitment; M = Mortality; C1 (0.50–1.50 m); C2 (1.51–2.50 m); C3 (2.51–3.50 m); C4 (3.51–4.50 m); C5 (4.51–5.50 m); C6 (5.51–6.50 m).







	
Height Class

	
C1

	
C2

	
C3

	
C4

	
C5

	
C6

	
M






	
R 2012–2013

	
0.527

	
0.249

	
0.115

	
0.046

	
0.028

	
0.032

	
0




	
R 2013–2015

	
0.284

	
0.438

	
0.107

	
0.123

	
0.023

	
0.023

	
0




	
C1 2012–2013

	
0.622

	
0.099

	
0.004

	
0.004

	
0

	
0.004

	
0.265




	
C1 2013–2015

	
0.298

	
0.126

	
0.001

	
0

	
0

	
0.009

	
0.564




	
C2 2012–2013

	
0

	
0.626

	
0.204

	
0.004

	
0.002

	
0.001

	
0.160




	
C2 2013–2015

	
0

	
0.386

	
0.082

	
0.001

	
0

	
0.003

	
0.526




	
C3 2012–2013

	
0

	
0

	
0.640

	
0.198

	
0.020

	
0.002

	
0.139




	
C3 2013–2015

	
0

	
0

	
0.315

	
0.056

	
0

	
0.001

	
0.626




	
C4 2012–2013

	
0

	
0

	
0

	
0.464

	
0.269

	
0.107

	
0.158




	
C4 2013–2015

	
0

	
0

	
0

	
0.244

	
0.027

	
0.017

	
0.710




	
C5 2012–2013

	
0

	
0

	
0

	
0

	
0.321

	
0.344

	
0.333




	
C5 2013–2015

	
0

	
0

	
0

	
0

	
0.193

	
0.075

	
0.731




	
C6 2012–2013

	
0

	
0

	
0

	
0

	
0

	
0.463

	
0.536




	
C6 2013–2015

	
0

	
0

	
0

	
0

	
0

	
0.137

	
0.862










In Ajuruxi, 130 individuals entered the population in 2015, of which 43.8% went straight into the second height class (1.51 < 2.50 m). In 2013, there were 734 and 803 regenerating individuals in the first and second height classes, respectively, with 29.8% remaining in the first class in 2015 and 38.6% remaining in the second class. Mortality was highest in the last class (86%) (Table 4).




3.2. Canopy Openness and Abundance of Regenerating Individuals


Based on the hemispherical photos, calculated canopy openness varied between 4.66 and 30.97%. There was no relationship between total abundance of regenerating individuals of M. paraensis and canopy openness in either 2012 (GL = 158, R2 = 0.0028, p = 0.229), or 2013 (GL = 158, R2 = 0.0052, p = 0.177) (Figure 3).


Figure 3. Number of regenerating individuals of M. paraensis in 2012 (A) and 2013 (B), as a function of canopy openness as measured in 2012, in estuarine floodplain forests of the Amazon River, municipality of Mazagão, state of Amapá, eastern Amazon.
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4. Discussion


4.1. Regeneration Dynamics of Mora paraensis


The density of regenerating individuals of M. paraensis was high in all three study years (Table 1), even in 2015 when the density was reduced compared with the previous years. These individuals constitute a dense seedling bank, which allows for the replacement of trees that die or are extracted for timber. Average density of regenerating individuals was highest in Ajuruxi, with more than 2983 ind. ha−1, though the difference between regions was not significant. Of the three study regions, Ajuruxi is the furthest from the mouth of the Amazon River, and also has the largest drainage network (as can be seen in Figure 1) and the largest density of adult trees of M. paraensis [28]. Taken together, this means that Ajuruxi floods less than the other study regions, which could help to explain the observed positive regeneration rate and reduced mortality of M. paraensis in the region in 2012–2013.



Previous work carried out in floodplain forests in the same municipality found an average of 73 ind. ha−1 of adult M. paraensis, and that relative density is high (17.65% of the total basal area of the forest) [4], indicating that the species is dominant [5,7,11]. However, Rabelo [41] found a total density (all individuals, not just adult trees) of M. paraensis of 705 plants ha−1 in a wider study of regeneration of estuarine ecosystems in the state of Amapá. High relative density of adults also helps to explain the high density of regenerating individuals as, despite uncontrolled timber exploitation, there are still many reproductive adults in the region. A high density of regenerating individuals may be considered to be a survival strategy in shade-tolerant species, helping to guarantee sustainability over time [42].



The fruit of M. paraensis is a 20 cm long legume that contains two to four large seeds and a high reserve for the establishment of seedlings (Table S1). The seeds germinate and grow quickly, with the process beginning eight days later, and 100% germination occurring around day 48 (Figure S1) (unpublished data, see Supplementary Materials Figure S1 and Table S1). The species is shade tolerant, and forms a seedling bank with a high density of regenerating individuals. In general, the reproductive capacity of the species is high, and the dynamics of establishment of regenerating individuals and entry into adult classes are dependent on changes in biotic and abiotic factors over time. Indeed, diverse factors contribute to explain the balance between recruitment and mortality, as expressed by the regeneration rate. In forests, the natural regeneration process in its strictest sense is the autogenous mechanism of perpetuation of tree species, which is affected by rainfall, climate, solar radiation, and the availability of, and competition for, nutrients [43]. Analysis of natural regeneration rates for isolated species allows for conclusions to be drawn about competitive advantage, where species with a negative total RR are at a disadvantage compared with a species with a zero or positive RR, reflecting a predominance of mortality over recruitment and growth [44].



The natural regeneration rate (RR) of M. paraensis during the period 2012–2013 was always positive, as reflected in the increased density of the species in 2013. However, at the end of the 2013–2015 monitoring period, RR was negative in all regions, with the abundance of regenerating individuals and the total density of all inventoried individuals lower in 2015 than in 2013. This observed dynamic of the regeneration process, switching from a positive regeneration rate to a negative one, was consistent and occurred in all three study regions. This suggests that factors acting across the wider region, such as climate variation, rather than local factors, affected this dynamic.



Climate-related, continental-scale forest mortality events have been observed with increasing frequency during the past 20 years [45]. In 2015, there was a strong “El Niño” effect across the Amazon region [46], which contributed to reduced precipitation and increased temperatures. In the study region, the 2015 annual average temperature was 27.5 °C, 0.9 degrees warmer than the climatological norm based on 30 years of data [47]. The maximum and minimum absolute temperatures were also found to be higher in 2015, and the dry period (precipitation < 100 mm) extended for 6 months (July to December), compared to the usual 3-month period (September to November). This climatic phenomenon may help to explain the negative regeneration rate observed between 2013 and 2015, given that mortality was over 50% in all regions. Very high temperatures can cause denaturation of proteins and, in association with low soil water availability, may cause plant death, particularly among young individuals [48]. In the Amazonian floodplain forests, during the period of lowest rainfall of the Amazonian summer, most areas remain unflooded most of the time [49].



However, recruitment rates were positive in all regions and periods evaluated, showing that the adult trees maintained capacity to produce seeds, and as such ‘feed’ new individuals into the study plots. However, in all regions, there was a reduction in recruitment at the end of the study period, as reflected in the negative regeneration rates in 2013–2015. Variations in recruitment rates may be related to the viability of fruits and seeds produced by the trees [50]. Flowering and fruiting may have been higher in the first than in the second monitoring period, leading to a higher density of recruits. A longer period of observation would be necessary in order to verify the timing of these phenological events, and the intensity of production of viable seeds.



Another key factor likely to affect recruitment in estuarine floodplain forests is the continuous flow of the tides, determined by two daily cycles of flood and ebb that carry floating seeds far away from the parent trees. As such, hydrochory is the main mechanism of seed dispersal in these environments, occurring in the period of highest precipitation and highest tides in the region [25]. The seeds may be transported over long distances owing to the numerous drainage channels that criss-cross the region and feed in to the large rivers [5]. As rainfall was lower in 2015, reduced hydrochory may have directly influenced recruitment rates in the study period [44]. Reduced rainfall may have reduced both the timing and the reach of flooding, and as such the dispersal capacity of seeds of M. paraensis, which are adapted to float and show hydrochoric dispersal. This suggest that, in the second study period, recruitment may have been more related to differences in the quantity of matrices in each region, which may explain the significant between-region differences in 2013–2015. In the floodplain forests, flotation capacity is considered to be the most important factor for seed dispersal, as flotation can increase seed dispersal distances [51,52].



Increase in tree height was lowest in the smallest size classes, and increased with size class. The smallest regenerating individuals are more completely submerged by the tidal floodwaters, and as such need to invest more in diameter growth to be able to withstand the force of the flood. Larger individuals can invest more in height growth to optimise their ability to access the little light that reaches the understorey and therefore carry out photosynthesis. In the first study period (2012–2013), the mean increase in height occurred in all classes, but in the second period (2013–2015) only the largest size classes showed notably higher growth than the others, suggesting that climatic changes may also have affected growth of the smaller individuals. However, even with high mortality at the onset of vegetative growth, individuals which achieve some stability will be able to maintain themselves into adulthood [53].



The changes in the distribution of individuals between height classes were smaller in 2012–2013 than in 2013–2015, particularly in the smaller height classes. However, this apparent population stability may, in fact, reflect the shorter interval between samples (one rather than two years). In previous studies that have used transition matrices to evaluate the dynamics of individual trees between diametric size classes in natural forests, some authors have observed that the probability of remaining in the same class is higher in shorter time periods: two years [42], three years [40] and four years [54]. As such, when the observation period is shorter, the probability of remaining in the same class is higher, and when the period is longer, the probability of transitioning between classes increases. The probability of recruitment was highest in the first size class, in both study periods, except in Ajuruxi in 2013–2015, when recruitment was higher in the second size class. This is also probably due to the longer interval between samples, allowing for more seedling growth, and also the high density of individuals in Ajuruxi.



There was no significant trend in mortality across height classes in either study period, with smaller and taller seedlings as likely to die as each other, up to the limit of 5 cm DBH. However, in 2013–2015, there was a relative increase in the probability of mortality, particularly in the largest height class. These results are corroborated by the work of Swaine and Whitmore [55], who assert that in forests in dynamic equilibrium, mortality occurs independently of tree size. In this sense, it can be inferred that the population of M. paraensis is in dynamic equilibrium in the forest. Or rather, structural modifications and natural changes in dynamics occur in accordance with variation in environmental factors that can affect production and dispersal of seeds and the capacity of seedlings to establish.




4.2. Relationship with Canopy Openness


At this level of canopy cover, where the maximum value reached was ~30%, no association with the total abundance of regenerating individuals was observed. This suggests that this species employs a seedling bank strategy, which is typical of later-successional species for which light availability is not a key factor in establishment. Indeed, the demand for light and the regeneration strategy of plant species are related to potential growth rate [56], and the dependence on canopy openness for germination and sapling establishment has been used to define the difference between pioneer and non-pioneer species [55,57]. However, this relationship between canopy openness and seedling establishment is not seen for M. paraensis in floodplain forest environments.



The tendency for recruitment to decrease and mortality to increase with increasing gap size and canopy openness has been previously observed [58,59]. Gaps in the canopy promote rapid seedling establishment from the first to the second year, after which recruitment, and consequently plant density, is limited by competition. Higher levels of recruitment of fast growth pioneers, as expressed by their high relative density in larger canopy gaps, creates micro-environments where competition is much stronger than in smaller gaps, promoting higher mortality rates and, at the same time, inhibiting seed germination, plant establishment, and recruitment. Similar effects for recruitment, mortality, and plant density have been reported before in natural and artificial gaps [60,61]. However, whether these microenvironments are changing the level of resources available and the efficiency of recruitment or ingress is unknown [58]. In this environment, factors such as flood dynamics and micro-relief of the area may be more important determinants of regeneration sites, owing to seed accumulation.



Indeed, these previous studies have shown that some species, for example, Cedrela sp. and Schizolobium amazonicum Hub., benefit from canopy gaps and, at least in the first five years after gap creation, the relative density of saplings of these species was significantly higher in smaller gaps [62]. For most species, sampling under a closed canopy reveals large discontinuities in distribution, even including the complete absence of juveniles in some species. In studies of clearings, juveniles of some species are present, where they are absent from areas with a closed canopy [57].



In ecological terms, the canopy has a large influence in shrub and tree species regeneration, acting as a physical barrier to rain drops and protecting the soil from erosion [63]. Despite the relatively recent nature of studies on the canopy, understanding how this structure influences ecological processes is important for understanding ecosystem dynamics, as changes in canopy cover directly influence the availability and distribution of light in the understorey [64].





5. Conclusions


The species Mora paraensis (pracuúba) shows a high abundance of regenerating individuals in floodplain forests of the Amazon River estuary, which guarantees the supply of juveniles necessary to replace adults that die naturally or are harvested for timber within a management system. However, the dynamics of the natural regeneration process vary between years, with periods more favourable for positive regeneration that may alternate with periods of negative rates. This may lead to delays in the recruitment of adults, and if intense and disorganised timber exploitation continues without the implementation of management criteria, population stability may be affected, with knock-on effects for the timber supply capacity from these forests.
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