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A G e W N

Abstract: This work augments research on masting for the economically important tropical tree
Carapa guianensis Aublet, specifically on whether determinants of mast years vary regionally, spatially,
and due to longer term ENSO climate patterns. Longer term measurements (an 11-year period in
Acre and Roraima; 4 years and 8 months in Amapa) from three regions of the Brazilian Amazon
allowed for the analysis of whether climate cues were regionally consistent for this species. We
used generalized linear mixed models, to determine which factors were significant in predicting
whether trees would produce in a given year and to model the seed production quantity. We found
a positive effect of increasing the diameter at breast height (dbh) on the quantity and likelihood of
seed production. Our results also suggested that ecosystems and climate cues may jointly affect seed
production. In flooded forests, increases in dry season rainfall had a negative impact on the likelihood
of seed production whilst none of the precipitation variables investigated influenced the quantity
of seeds produced. In drier terra firme forests in Acre with extended dry seasons, increases in dry
season precipitation had significant and positive impacts on both the likelihood and the quantity
of seed production. Our results illustrate the importance of considering plant habitat and climate
to better understand individual and regional differences in seed production and their responses to
inter-annual climate variation.

Keywords: non-timber forest products; forest management; multi-use species

1. Introduction

Incentives to clear tropical forests for extractive activities like mining [1-3], cattle
ranching [4], and large-scale agricultural production [5,6] have led to global forest loss.
Commodity-driven deforestation is especially prevalent in Latin America, where it is re-
sponsible for an estimated 64 3 8% of deforestation, compared to only 27 + 5% globally [7].
Governments often incentivize or turn a blind eye to the impacts of this commodity-driven
deforestation due to its associated economic benefits [2,8,9] or for political reasons [10]. Ex-
amples of governmental policies that encourage forest removal include programs that pro-
vide access to credit for cattle production [11] and development projects that do not consider
the reality of traditional Amazonian communities, and thus are not implemented [12,13].
However, there are economic alternatives that are less ecologically destructive. Along the
Transamazon highway, smallholders practicing family agriculture and subsistence farming
converted (deforested) 35% of their landholdings in comparison capitalized cattle ranchers
who converted 85% of their larger landholdings [11]. Non-timber forest products (NTEPs),
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often literally called fruits of the forest, can also provide economic benefit [14-17] and
maintain forest cover and species persistence even under high harvest levels [18,19]. While
often unrecognized in national statistics, NTFP harvest can benefit the high proportions of
rural households; 83% of rural households collected the edible Dioscorea hirtiflora Benth.
in Southern Zambia and 96% consumed these tubers [20]. While the revenue of NTFP
harvest alone is not equivalent to income from more destructive extractive activities [21],
NTFP harvest can be part of multi-use forest management strategies to help safeguard
valuable ecosystem services like tree carbon storage and sequestration [22,23]. Ecosystem
service provision may be remunerated via programs like payments for ecosystem services
(PES) [24] or other efforts to more fully incorporate the full value of forests into decision-
making [25]. These payments can provide an opportunity for small farmers and forest
residents to continue forest management with its concurrent environmental benefits.

Income associated with NTFP collection can vary due to ecological variables like
what product is harvested for a given species [26,27], or market variables like the existence
of linked production chains, market networks and informal financing [26]. Seasonal or
annual production variability [28,29], and spatial [30] or regional production variation [31]
can contribute to income variation. This is especially true for masting species, those
characterized by synchronized and highly variable seed production within a population or
community [32].

Carapa guianensis (Meliaceae) Aublet. is one such masting species, though large
synchronized mast events do not preclude C. guianensis seed production in other years [30].
Considered a multi-use tropical tree, C. guianensis is economically valued for its quality
timber [33,34] and the repellent [35,36] and medicinal properties of its seed oil [37,38].
Since long-term storage is not an option for C. guianensis seeds [39], advanced knowledge
of high seed production years can allow for infrastructure investment [40] for manual
seed oil extraction and time allocation for expressing the oil. It can also allow for the
coordination of market partnerships as larger quantities of seeds or seed oil can be sold
outside the local market with advanced planning. Better understanding the determinants
and predictors of mast years in C. guianensis is therefore both an important addition to
ecological research and has economic implications due to the revenue associated with C.
guianensis seed oil extraction.

Intra-annual climate variation has led to distinctive seasonal phenologies in tropical
trees like the common pattern of new leaf flush at the beginning of the dry season [41] and
seed production early in the wet season [42]. In Nouragues, French Guiana, the fruiting
peak of 22 of 45 species occurred at the peak of the rainy season [43]. A two-year study in
the Amazon Estuary in the municipality of Macapa, Amapa, Brazil, found the peak period
for C. guianensis seed production to be from March to May, during the wettest months
of the year [39]. C. guianensis flowering occurred during the dry season in Amapa [44],
Para [45], Roraima [46], and a population in Acre, Brazil [47]. Two flowering peaks were
observed in the dry and rainy season in Acre [30] and flowering during the rainy season
was also observed at the Tembé Indigenous Reserve in Para state [48]. However, all
these studies [30,39,44-48] measured peak C. guianensis fruiting during the rainy season.
Carapa guianensis’s seasonality of phenology is consistent with the hypothesis that many
tropical trees time flowering to coincide with the annual dry season irradiance peak and
to avoid the prolonged wet-season irradiance low [42,49]. This phenological seasonality;,
common in humid tropical forests, also facilitates hydrochorous seed dispersal, or reliance
on water transport.

While C. guianensis peak fruitfall timing coincides with the rainy season across parts
of the Brazilian Amazon, it is unclear whether the cues for rainy season fruitfall are the
same in each region. Climate cues are not always consistent across masting species or
even spatially consistent for the same species [31] or family [50]. In a floodplain forest, in
Amapa, Brazil, the proportion of C. guianensis trees flowering was strongly and significantly
negatively related to the total rainfall [39], though there is little research on the cues
behind C. guianensis phenological patters in other areas of the Amazon. [51]. Carapa
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guianensis is a flower masting species where seed production is determined by variable
flower production [51]. With flower masting species, temperature, irradiance, and rainfall
both prior to and during flowering can affect seed production. Climate cues prior to flower
production lead to buds; conditions during flowering help synchronize pollination and
lead to fruit production [31].

Additionally, fruiting may be affected by larger-scale climate patterns like the El
Nifio Southern Oscillation (ENSO). El Nifio years bring reduced rainfall and cloud cover
and increased temperature and solar irradiance. La Nifia years are characterized by the
opposite: higher rainfall and cloud cover coupled with decreased temperature and solar
irradiance [52]. Since seasonal irradiance during the dry season can facilitate net primary
production by reducing light limitation [41,53], moderate El Nifio events can favor seed
production [41,53], though more severe El Nifio years, with associated droughts and fires,
have increased tree mortality [54,55].

Better understanding the frequency, quantity, and variability of annual seed produc-
tion allows for more realistic estimates of expected income for forest managers. Therefore,
one study objective is to determine the importance of climate cues in predicting whether
trees produce in a given year (masting), and for those that do produce, the variables impor-
tant in determining the quantity of seed produced. More specifically, we hypothesized that
rainfall in both the year of flowering and the year prior to flowering would be significant
determinants of masting since both would affect the resources available for flowering, a
necessary pre-requisite for fruiting in this flower-masting species. Specifically, we hypothe-
sized that: (1) wet season rainfall prior to flowering would be significantly and positively
correlated with total seed production in that year. Due to physiological constraints, termed
resource matching, we hypothesized that: (2) non-mast years would follow mast events
due to the necessity of Carapa guianensis to replenish reserves sufficient for seed produc-
tion. We hypothesized that: (3) the cues for masting would be consistent across the three
study regions due to the fact that peak C. guianensis seed production occurs in the rainy
season across habitat types: floodplain forests, terra firme [39], and occasionally inundated
forests [30]. Based on previous studies, we also hypothesized that (4) there would be a
significant, positive relationship between each diameter at breast height (dbh) [30,56,57]
and canopy area [58] with mean seed production per tree. Finally, we hypothesized (5)
a negative relationship between El Nirjo and seed production independent of masting
phenomenon [41,59] due to research indicating that larger seeded species were the least
resilient to ENSO-induced drought [59]. Similarly, we hypothesized a positive relationship
on seed production during La Nina events/years.

We report findings from a spatially and temporally extensive C. guianensis seed pro-
duction dataset. Long-term measurements of phenology and seed production are still a
relative rarity in the tropics, though more information can be found in [41,53]. This work
augments research on masting for an economically important tropical tree, specifically
information on whether determinants of mast years vary regionally, spatially, and due to
longer term ENSO climate patterns. The effect of different ecosystems (or habitat) could not
be determined using statistics since we do not have a sufficient replication of the habitats.
In our results, however, we report patterns by ecosystem.

2. Materials and Methods

Seed production was measured in 3 Amazonian regions: a floodplain forest in
Amapa [39], a tropical rainforest with a short dry season in Roraima [60], and two forest
types in Acre, Brazil: seasonally inundated and terra firme forests. While there are some
gaps in the data collection, seed production was measured during an 11-year period in
Acre and Roraima, and for 4 years and 8 months in Amapa.

2.1. Species Description

Carapa guianensis (Meliaceae) is hardwood tree with an extensive range that includes
tropical Africa, Central America south of Honduras—including many parts of the Amazon
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region—the West Indies, and Antilles [61,62]. In Brazil, C. guianensis is found in three habitat
types: terra firme, seasonally or occasionally inundated, and floodplain forest [39,44,60,63],
with evidence of higher densities in wet areas [63,64]. At maturity, C. guianensis can attain
up to 55 m in height [63].

Fruits are spherical or subspherical dehiscent capsules with four to six valves, each
containing one to four seeds [30,61]. Valves separate after seeds fall to the ground, releasing
enclosed seeds. Like other species that show fruiting peaks at the beginning of the rainy
season [42,53,65], hydrochorous seed dispersal is partially responsible for seed transport to
favorable germination locations and the avoidance of seed clusters that facilitate Hypsipyla
ferrealis Hampson and Hypipyla grandella Zeller moth predation [66]. Frugivores, including
the collared (Tayassu tacaju Linnaeus) and white-lipped peccaries (Tayassu pecari Link),
agoutis and acouchis (Dasyprocta sp.), pacas (Cuniculus sp.) and armadillos [39], are also
responsible for secondary seed dispersal, and seed consumption [60,61].

Considered a multi-use species [33,67] due to its high-quality timber and oil extracted
from seed, C. guianensis has social, economic, and cultural relevance to Amazonian popu-
lations and forest extractivist residents. The seed oil has local and international demand
and is used for soap and candle production (due to its efficacy as a mosquito repellent),
as a component in cosmetics, and as a popular medicine. Medicinally, the oil is used to
counter inflammation, as an insecticide due to its repellent activity, and a vermifuge, to
expel parasitic worms from the body [36,63]. Tea from C. guianensis bark and leaves is
used as treatment for infection and foot diseases [68]. Modeled management scenarios
indicate a positive revenue from combined C. guianensis timber and seed harvest [69]
though economically viable timber and seed harvest levels may not be compatible with
species maintenance without silvicultural interventions [15].

2.2. Tree Selection and Seed Production Quantification Methodology
2.2.1. Acre

The methodology for the Carapa guianensis inventory [64] and quantification of seed
production in Acre has been detailed elsewhere [30]. Due to variation in seed production, it
was necessary to quantify year-round seed production in Acre, although it is likely that seed
collection will only occur during the period leading up to and following the peak annual
production to maximize the return from the expended collection effort. In summary, over
1300 C. guianensis trees were inventoried in four 400 x 400 m plots, two plots in terra firme
forests, and two plots in occasionally inundated forests (10°01'28” S, 67°42'19” W) [64].
For the quantification of seed production, a subset of inventoried trees was selected in
two forest types and 4 diameter classes: 15-20 cm; 20-30 cm; 3040 cm; and >40 cm. All
selected trees had evidence of production (i.e., buds, flowers, or immature fruits), did not
drop their seeds into a river, and had canopies that did not overlap with conspecifics. No
trees were selected in the 10-15 cm diameter class since no evidence of seed production
was found for these smaller diameter trees [30]. The number of individuals monitored
for seed production in Acre increased from 38 in November 2004 to a maximum of 105 in
June 2006 (Table 1). By the end of monitoring in 2015, the death of monitored individuals
resulted in 98 observed trees (Table 1).

Quantifying seed production prior to December 2010 included clearing the ground
below monitored individuals to deter seed predators and collect all fallen seeds. Seeds
were weighed and counted in the lab [30]. Beginning in December 2010, the seeds were
placed in plastic bags and weighed in the field using a 10 or 20 kg spring scale. Seeds that
were not viable (aborted from the tree or attacked by predators) were not weighed. To
determine seed dry weight and the percent of seed water content, a sample of five seeds
was taken from each tree. These samples were then weighed at an onsite laboratory for
wet weight, dried for 24 h at 105 degrees Celsius, and then reweighed to determine the
dry weight. This percent conversion to dry weight was used for all trees sampled on that
day (in a given plot). Separate conversions were done if it rained between collections on
the same day or if seeds fell into the water (thus affecting their percentage dry weight in
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comparison with other seeds). In these cases, percentage dry weight was calculated by
collecting all seeds and recording both wet and dry weight in the laboratory. Seed wet and
dry weight were also recorded for all trees that had a seed production of less than 5 seeds
in a given week.

Table 1. The number of Carapa guianensis trees in Acre, Roraima, and Amap4d, Brazil, monitored for annual estimates of seed

production and the time period during which seed production was quantified for each region and the year of the study.

Location Quantification Period Measurement Period Number of Trees
November 2004-March 2005 17 weeks 39
January 2005-February 2006 5 weeks 77
November 2006-February 2007 Continuous 105
2007-2008 Continuous 104
Acre 2008-2009 Continuous 103
October 2010-October 2011 Continuous 103
January 2013-July 2013 26 weeks 99
July 2013-February 2014 34 weeks 99
March 2014-November 2015 Continuous 98
May-August 2006 12 weeks 114
April-July 2007 13 weeks 114
April-September 2008 20 weeks 114
. April-July 2009 12 weeks 114
Roraima April-September 2010 20 weeks 114
April-August 2011 14 weeks 114
April-June 2012 9 weeks 114
June-August 2017 8 weeks 114
Amapa December 2011-August 2016 Continuous 16

2.2.2. Roraima

In Roraima, all C. guianensis trees with a dbh equal or greater than 10 cm were mapped
and measured in a 9 ha permanent plot (300 m x 300 m) established in a terra firme forest
(00°57'02” N 59°54’41” W). A total of 145 individuals were marked at the first census
in 2006 and an additional individual was added at a 2008 census for a total of 146 trees
selected for seed production quantification from 2008 to 2012 and 2017. Mortality decreased
this number over the study period, leaving 133 trees in 2017 (Table 1). C. guianensis trees
were visited periodically (normally every two weeks to monthly) during the production
period (Table 1). To quantify seed production, all seeds fallen under the crown projection
area of each monitored tree were weighed in the field using a 10 or 20 kg spring scale
(precision £ 50 g). Since only reproducing trees were included at the Acre and Amapa field
sites, all individuals that did not produce any seeds during the monitored period were
removed from the Roraima data. One hundred and eleven trees with evidence of seed
production were used for modeling.

2.2.3. Amapa

In Amapa, a complete tree inventory was completed in a 55.94-hectare estuarine
floodplain forest (00°6'54” S and 51°17'20” W). Following the inventory, 16 C. guianensis
individuals were selected to monitor seed production. Three criteria were necessary for
selection: (1) tree canopy did not overlap with other conspecifics; (2) excellent tree health;
and (3) the canopy did not partially or completely extend over one of the streams crossing
the area. All trees meeting these selection criteria were enclosed with 1.2 m-high plastic
screens/fences with the enclosure encompassing the entire area below the canopy to avoid
animal predation or the water transport of seeds. This avoided the over- or underestimation
of seed production from predation and water transport. Selected trees were visited every
15 days from 2011 to 2016.
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2.3. Converting to Seed Dry Weight

For the Acre data, we multiplied the wet weight by 0.674 to convert to dry weight
based on measurements during the period 2004-2009 [30]. For Amapa, both wet and dry
weight were measured during the period 2011-2016. The conversion factor was 0.890 times
the wet seed weight. In Roraima, seed weight was measured in the field. To convert from
seed wet to dry weight, we used the average of our conversion factors in Amapa and
Acre (0.782).

2.4. Tree Attributes and Climatic Variables

At all sites, diameter at breast height (dbh) was measured for each C. guianensis
monitored for seed production. At the Embrapa field site in Acre, we also measured the
crown cross-sectional area [30], and we tested this as a potential predictor variable for
seed production.

For climate data that corresponded with the location of seed production measure-
ments, we downloaded monthly precipitation and temperature data (averaged per month)
at Brazil’s National Meteorological Institute [70] in text file format from the nearest sta-
tion to each seed collection site. Data included total monthly precipitation, averaged
daily maximum temperature, averaged daily minimum temperature, and averaged daily
temperatures for a given month. Seed production data in Roraima was collected in the
municipality of Sao Joao da Baliza. While we had precipitation data for this municipality,
the closest climate station to this site (for temperature data) was in Caracarai (01°49'48” NE
61°07'12” W) at an altitude of 60 m. In Acre, near the Embrapa field site at Km 14 on High-
way BR-364, the closest climate station was in Rio Branco, Acre’s capital city (09°57'36” SE
67°48'00” W) at an altitude of 160 m. In Amapa, the study area was a 55.94-hectare estuar-
ine flooded forest at Emprapa Amapa’s experimental field site (00°06'54” SE 51°17'20” W),
in the Mazagao municipality. The closest climate station, Climate Station Fazendinha, was
in Macapa (—0.05 latitude, —51.11 longitude).

We included site-specific temperature and precipitation as potential predictor variables
in our seed production model: (a) summed annual precipitation; (b) annual average of the
daily maximum temperature; (c) annual average of the daily minimum temperature; (d)
annual average of the daily average temperature. We also included summed precipitation
during the (e) dry and (f) wet season. We defined the dry season as consecutive months
with precipitation equal to or less than 100 mm, or approximately 3.5 mm per day [71],
beginning the year prior to seed collection data and continuing through the end of seed
collection. These dry periods varied in duration and time from year to year (Table S1), so
we also included dry season duration and the duration of the dry season in the previous
year as additional predictor variables. We defined the wet season as the three months with
the highest average rainfall during the same period. While there was variation (Table S1),
the wet season normally occurred during the January-March period in Acre; May-July in
Roraima; and February—April in Amapa.

Temperature and precipitation both in the year that seeds develop and produce and in
the previous years that can affect seed production [72,73]. We therefore included three site-
specific variables from the year prior to seed production: (a) summed annual precipitation;
(b) summed dry season precipitation; and (c) summed wet season precipitation (i.e., a 2004
summed precipitation for seed production occurring in 2005). All climatic variables are
shown in Table S1.

2.5. Data Analysis

Our data included both fixed and random effects. Since seed production was measured
per tree over multiple years, the time period and repeated measures (multiple values of
seed production measured per tree) were random effects. Seed production data were not
normal. Most trees produced smaller masses of seeds, with a long tail; some C. guianensis
individuals were prolific producers. A study of C. guainensis in Roraima found that
individual production varied from 300 g to 63.9 kg [60]. Indeed, a small subset of fecund
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individuals is often responsible for “a high proportion of overall fruit production” [74]. As
“generalized linear mixed models (GLMMs) are the best tool for analyzing non-normal
data that involve random effects” [75], we modeled seed production with GLMMs with
tree and time period as random effects.

The variance in seed production was larger than the mean, termed overdispersion.
This was partially due to zero-inflation, a larger number of zeros in the dataset than
expected. Trees that did not produce were true zeros, not artifacts of sampling methodology
or methodological errors. When zero-inflation is caused by true zeros, it is useful to model
the zeros and counts separately [76]. In our dataset, the percentage of trees with no
production in a given year is of biological interest due to the fact that C. guianensis is a
masting species. Better understanding the factors that affect the likelihood of masting is of
ecological interest. We were also interested in the variables that affected the quantity of
seed production for those trees that produced. Therefore, we used a hurdle model. Hurdle
models model the outcome as having two stages [77], which can be modeled separately.
The first part of the model estimates the probability that the zero threshold is crossed, or
whether C. guianensis reproductive individuals do (1) or do not produce seeds (0). We
used the logit model (i.e., a binomial model) to determine which factors were significant in
predicting whether trees would produce seeds in a given year. A generalized linear mixed
model takes the form:

y=XBp+Zu+e 1)

where y is a N X 1 column vector, the outcome variable, X is a N x p matrix of the p
predictor variables, Bis a p x 1 column vector of the fixed-effects regression coefficients,
and Z is the N x g design matrix for the g random effects, 1 is a g x 1 vector of the random
effects, and eis a N x 1 column vector of the residuals. The generalized linear mixed model
for predicting whether or not trees produced was:

Yy ~ Binomial(l, pi]-) @)
logit(pij) = a +B1xTree attributes;; + prxClimatic variables;; + B3xENSO;; +a;  (3)

a; ~ N(o, ag) )

Y;j is 1 if individual/tree j produces in year i and 0 otherwise. The random intercept a;
is assumed to be normally distributed with a mean 0 and variance 02 [77]. Tree attributes
and climatic variables represent multiple potential variables. For example, tree attributes
include the dbh and cross-sectional canopy area. Climatic variables are detailed in the
methods. ENSO represents two variables, either the presence/absence of an El Nirjo year
(modeled as a separate model due to correlation between climatic variables and ENSO),
and the presence/absence of a La Nina year.

If there was evidence of seed production, the “hurdle” was crossed and a generalized
linear mixed model was used to model the quantity of seeds produced (in grams) for
producing C. guianensis individuals. We first used the packages fitdistrplus [78] and
logspline [79] to determine which distributions were most appropriate for modeling the
quantity of seed production within the mixed model. We found that a gamma distribution
was most appropriate for representing seed production (see results). All statistical analysis
was done using R [80] and we used the package glmmTMB for the generalized linear
mixed effects model with a gamma distribution [81] due to its ability to handle random
effects (year) and tree identification (repeated measures). Prior to running the models, we
tested for collinearity between predictor variables. Variables were excluded when they
were highly correlated with other variables.

3. Results

Annual seed production (in grams) varied temporally at each of the three sites with
high variability around the mean during years of high production (Figure 1la—). The
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differences in the quantity of seed production between individuals were graphed in
Acre (Figure 2a-i), Amap4d (Figure 3a—e), and Roraima (Figure 4a-h). Figures 2—4 also
show dbh and seed production patterns. While there is no clear relationship between dbh
and seed production during years of low seed production (Figure 2, 2006 and 2009 panels),
there is evidence of high production by large dbh individuals in mast years (Figure 4, 2006,
2008, 2009, and 2011 panels), but also evidence of high production at the intermediate
dbh (Figure 2, 2005 and 2013 panels).
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Figure 3. Annual seed production (grams) by Carapa guianensis diameter at breast height in Amapa,
Brazil in (a) 2012; (b) 2013; (c) 2014; (d) 2015; and (e) 2016.
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Figure 4. Annual seed production (kilograms) by Carapa guianensis diameter at breast height in
Roraima, Brazil in (a) 2006; (b) 2007; (c) 2008; (d) 2009; (e) 2010; (f) 2011; (g) 2012; and (h) 2017.

3.1. Acre

For Acre, the dbh, sum of wet season precipitation, and the sum of the previous
year’s wet season precipitation were all significant in increasing the proportion of trees
producing seeds (1), the binomial component of the hurdle model. An increase in dry
season precipitation (corresponding with a longer period with less than 100 mm monthly
rainfall) and an increase in the annual average of the daily minimum temperature reduced
the proportion of trees producing seeds in a given year (Table S2a). Moderate and weak La
Nina events increased the proportion of trees producing seeds (Table S2b).

For those Carapa guianensis trees in Acre that produced in a given year, we found that
the gamma or Weibull distribution were both appropriate for modeling the quantity of
seeds (in grams) produced by those trees that had passed the hurdle and showed evidence
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of seed production. An increase in the previous year’s wet season precipitation had a
positive and significant effect on the quantity of seed production per tree (Table S3a). The
El Nirjo Southern Oscillation was significant in predicting the quantity of seed production
with weak and moderate La Nina events and all El Nifjo events (weak and very strong)
having a positive and significant relationship with seed production quantity (Table S3b).

3.2. Amapd

Increased dry season precipitation significantly decreased the proportion of trees
producing seeds (1) in Amap4d (Table S4). For those trees in Amapa that produced in
a given year, we found that the gamma or Weibull distributions were both appropriate.
Increases in dbh and precipitation during the previous year’s dry season corresponded with
significant increases in seed production quantity in Amapa. Conversely, an increase in dry
season precipitation during the year of seed production and daily minimum temperatures
had significant negative effects on the quantity of seed production in that year (Table
S5a). The El Nitjo Southern Oscillation was significant in predicting the quantity of seed
production with weak La Nifa and El Nifjo events having a negative and significant
relationship with seed production quantity per tree (Table S5b).

3.3. Roraima

A larger diameter at breast height and dry season duration in the previous year signifi-
cantly increased the proportion of C. guianensis trees producing seeds Roraima. Conversely,
an increase in the previous year’s dry season precipitation significantly decreased the pro-
portion of C. guianensis trees producing seeds (Table S6a). The El Nifjo Southern Oscillation
did not significantly influence the proportion of trees producing seeds (Table Séb).

For those trees in Roraima that produced in a given year, we found that the gamma
distribution was appropriate for modeling the seed production quantity. An increase in
dbh and both dry and wet season precipitation had a positive and significant effect on the
quantity of seed production per tree in Roraima (Table S7a). Moderate and strong La Nina
years had significant positive effects on the mass of seed production in Roraima (Table S7b).

3.4. Comparison across Sites
3.4.1. Consistence in Masting Cues

Cues for masting were not consistent across sites. While diameter at breast height
was significant in determining tree reproductive status in both Acre and Roraima with an
increase in dbh corresponding to an increased probability that an individual would produce
seeds, this relationship was not evident at Amapa. There was a significant relationship
between an increase in dry season precipitation and a decrease in the proportion of trees
producing seeds in Acre and Amapa, but not Roraima. Similarly, an increase in wet season
precipitation significantly increased the proportion of trees producing seeds at two of the
sites (Table 2). However, the commonality in cues for masting ends with these shared
predictors. Previous year dry and wet precipitation were not consistent across sites in
its influence on the proportion of trees producing seeds. Temperature variables were
correlated with other climate variables in Amapé and Roraima and were not included
in the model so that limits the possibility for comparison of the effects of temperature
across sites.
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Table 2. Summarizes the results from best fit models for estimating the probability that the zero threshold is crossed, or
whether C. guianensis individuals do (1) or do not (0) produce seeds a the Acre, Amap4d, and Roraima, Brazil sites (Binomial).
The presence of fruit production was modeled both (a) using individual climate variables and (b) the combination of climate
variables associated with the El Nino Southern Oscillation. Year and tree ID were modeled as random factors. For the
ENSO years, WL = weak La Nifja, ML = moderate La La Nirja, SL = strong La Nirja, WE = weak El Nirjo, and VS E = very
strong El Nino. Results from best-fit models of the factors influencing the quantity of seed production per tree (g) at all
three sites using a mixed model with a gamma distribution are also shown (Gamma). The quantity of fruit production was
modeled both (a) using individual climate variables and (b) the combination of climate variables associated with the El
Nino Southern Oscillation with year and individual tree (repeated measures) as random effects. Full models for each site
can be seen in the Supplementary Materials. Positive effects are noted with a (+) and negative effects with a (—). Effects are
significant at the p < 0.05 level unless a p-value is noted alongside the direction of the effect. Absence of significant effects
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are noted with blanks.

Acre— Acre— Amapa— Amapa— Roraima— Roraima—
Binomial Gamma Binomial Gamma Binomial Gamma
. . (+)
Diameter at breast height (+) p = 0.062 (+) (+)
Summed dry season B (=) B
precipitation =) p=0.098 ) )
Summed wet season
precipitation ) na ) )
Previous year dry season
year ary na +) -)
precipitation
Previous year wgt season ) +) na
precipitation
Annual average of the
daily minimum (=) na na na na
temperature
ENSO—SL ND ND )
p =0.064
ENSO—ML (+) (+) ND ND (+)
ENSO—WL (+) (+) na (-)
n (+)
ENSO—VSE p =009 (+) na ND ND ND
ENSO—WE (+) na (-)

3.4.2. Climate Attributes Influencing Quantity of Seeds per Tree

Diameter at breast height also had a positive and significant effect on the quantity of
seed produced per tree in Amapa and Roraima (if trees crossed the hurdle and reproduced
in a given year), partially supporting our hypothesis that there would be a significant,
positive relationship between dbh and seed production per tree. Wet season rainfall only
had a significant effect on seed production quantity per tree at one site (Table 2), providing
limited support for our hypothesis that wet season rainfall prior to flowering would be
significantly and positively correlated with the total seed production per tree in that year.

3.4.3. El Nino Southern Oscillation Effects on Seed Quantity

We found support for a negative relationship between El Nifjo and seed quantity per
tree only at Amapd. There was evidence for a positive relationship between the quantity
of seeds produced and La Nina events at Acre and Roraima (Table 2). Limited years of
data collection at Amapda means that there are no data on seed production at this site for
some of the years when El Nifjo and La Nina events occurred. Table 2 shows the compiled
results from Tables S2-S7 on factors influencing the probability that the zero threshold is
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crossed, or whether C. guianensis individuals produce seeds (1) and the quantity of seed
production per tree (g) at the Acre, Amapa, and Roraima, Brazil research forests. The
likelihood (binomial) and quantity of fruit production (gamma) were modeled both (a)
using individual climate variables and (b) the combination of climate variables associated
with the El Nino Southern Oscillation. For the ENSO years, WL = weak La Nina; SL =
strong La Nina; and WE = weak El Nino. ND indicates no data for specific variables and
na indicates the exclusion of variables due to their correlations with other variables or due
to model non-convergence with their inclusion.

4. Discussion

Our research supports findings that climate cues predicting reproduction are not
similar across regions and also lends support to the difficulty associated with comparing
species’ behavior across distinct habitats (floodplain, upland dry, and occasionally inun-
dated forests). While other studies have found that climate cues differ regionally between
species [31], our results indicate that for a single species, cues differ spatially. While peak
C. guianensis fruitfall occurs during the rainy season in all three regions of the Brazilian
Amazonian monitored in this study, the predictors of both whether trees produced and the
quantify of seeds produced differed from region to region.

4.1. Consistent Impact of dbh across Regions

There is broad evidence for the importance of dbh in determining tree reproductive
status [82]. Tree size determined the reproductive output in a wet tropical forest for
approximately 2000 individuals of 17 species in a three-year study [56]. Our results
provide support for the relationship between dbh and tree reproductive status in Acre
and Roraima (Table 2). While this relationship was not apparent in Amapa, this was likely
due to the selection of known reproductive trees for monitoring (and a smaller subset
of trees selected due to the necessity of building enclosures for seed capture). Many
studies have also found a significant and positive relationship between dbh and seed
production quantity [83,84], similar to the relationship in Roraima (Table 2). Research on
an emergent tropical tree found that canopy crown size, a metric highly correlated with
dbh, was a stronger predictor of tree reproductive status and fruit production levels than
dbh [83]. Once trees crossed a certain dbh threshold, the relationship between dbh and
seed production quantity may weaken; a meta-analysis of North American trees found
declining fecundity in large trees [85]. Indeed, dbh was a significant explanatory variable
for seed production in Bertholletia excelsa Humb. & Bonpl., but less so for large trees
(>100 cm) [83]. For the related Carapa procera DC. in Africa, the highest seed production
occurred at sizes >50 cm dbh [86]. However, in some species, seed production was the
highest at intermediate sizes. For example, the seed production of a tropical timber tree
increased up to 40-50 cm dbh, but not in larger dbh classes [74]. Additionally, research on
the same C. guianensis study population in Acre found the highest seed production at an
intermediate dbh [30]. While the relationship between dbh and seed production was found
across species [56], the contribution of individuals is highly unequal with some individuals
consistently producing above average amounts while other individuals of reproductive
size consistently did not produce [87]. Research on a long-lived shrub indicated that annual
fecundity differences “became established early in the life of individuals and then persisted
essentially unaltered until their death” [87]. For economically important species like C.
guianensis, marking highly producing individuals early may be a practical way to monitor
the onset of mast years by flower counts. Historical information on seed production per
tree may also be useful in estimating the annual seed crop in mast years. Indeed, while
seed production was variable between years (Figure la—c), using the lower bound of
seed production in mast years might be a reasonable rule of thumb for estimating the
potential production when flower counts indicate an expected mast year. This rule could
be applied for a subset of the population on which seeds are collected or for the larger
forest, depending on management goals.
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4.2. Variable Precipitation Response Seen Across Regions

We hypothesized that rainfall in both the year of flowering and the year prior to
flowering would be significant determinants of C. guianensis seed production. At each
site, either wet or dry season rainfall was significant in predicting the likelihood of seed
production, but these effects were not consistent (Table 2). This lack of consistent relation-
ship between the amount of rainfall and whether trees produced may be due to habitat
differences. Amapa is a permanently humid floodplain forest. Forests in Acre and Roraima
are both dry during the dry season and even the occasionally inundated forests in Acre
are only temporarily flooded. Therefore, successive droughts in Acre and Roraima can
increase water stress [53], limiting reproduction, and exacerbating tree mortality in extreme
cases [88-91]. Indeed, research on an emergent tree found that direct air limited seed
production, though this was mitigated when trees had more sapwood. Persistent dry
conditions also (two consecutive rainfall years) had negative effects on production [83].

Time from the flower buds to ripe fruits was approximately 7 months in Amapa [39],
up to 10 months in Roraima [46], and 10-11 months in Acre [30]. While rainfall during new
leaf production could lower solar irradiance and reduce photosynthesis [53] and rainfall
during flowering could disrupt pollination, plant water stress was likely more important
in determining whether individuals produced as well as population-level masting in drier
ecosystems (habitats). Higher dry season rainfall corresponding to longer dry season
durations may have increased plant water stress. Increased dry season precipitation in
the year prior to production also had a negative effect on whether or not trees produced
in Roraima.

Rainfall is often inversely related to solar irradiance as the cloud cover that accompa-
nies rainfall also limits the irradiance necessary for photosynthesis. Greater solar irradiance
may relieve light limitation and increase net primary production [53] necessary for flower
and fruit production. Therefore, increases in dry season rainfall may have reduced the
net primary production necessary for flower and seed production, particularly at Amapa
where water stress may have been reduced due to the flooded conditions in this ecosystem.
These results provide evidence for the importance of understanding climate cues as “prox-
imate drivers”, factors directly impacting the processes by which flowers and seeds are
produced [92] and how these climate cues might vary due to the underlying differences
between regions (or study sites) [83]. Results also support the limited effect of climate vari-
ables in capturing all observed variability in fruit production [83] as well as providing clear
evidence for different drivers of seed production in the regions studied [31]. Other studies
have found that nutrients like P and K [83], or nutrient scarcity [93], are more significant
in predicting both mast behavior and seed quantity. Therefore, unmeasured differences
between the sites (i.e., soil oxygenation) might also be important predictive factors.

4.3. Temperature

There is substantial research on the effect of temperature on masting in temperate
regions [51,94]. In forests without marked seasons, day length and temperature are often
important abiotic factors triggering and synchronizing flowering [49,65]. Increases in
the annual average daily minimum temperature had a negative and significant effect on
whether trees produced in Acre (Table 2). Higher temperatures may increase plant water
stress, especially when solar irradiance is high, leading to reductions in the photosynthetic
update necessary for inflorescence development and seed production. We did not test
whether a differential temperature cue AT, the difference between temperature during two
previous summers, since this may be less pronounced for tropical regions with a year-round
growing season [94] and due to the inability of this cue to be linked to a mechanism [92].

4.4. El Nifio Southern Oscillation

While we discussed the influence of separate climate cues on C. guianensis, “community-
wide ecological processes are probably not influenced by a single climate factor, but rather
by a suite of climate variables accompanied by interactions among a suite of life-history
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strategies” [73]. The El Nifjo Southern Oscillation is one such example of coupled interac-
tions that produce a suite of linked climate variables. The reduced rainfall and increased
solar irradiance in moderate El Nifo years can increase photosynthesis [41,53], subsequent
flowering [52], and seed production [41,53]. More severe El Nifjo years, however, often
have a negative effect with droughts leading to reductions in seed production. We saw this
response in Amapd; weak El Nino events had a significant negative effect on the quantity
of seeds produced per tree.

We hypothesized a negative relationship between El Nifjo and seed production and a
corresponding positive relationship between La Nirja and seed production independent
of the masting phenomenon. The relationship between the quantity of seed production
and ENSO, however, was more complicated than hypothesized. In addition to supporting
research that weak El Nirjo events can favor seed production [53] in Acre, we also found
the opposite relationship in Amapa. Similarly, we found contrasting responses for weak La
Nina events across sites.

We think it likely that these differences are, in part, due to ENSO interactions with
plant habitat. Generally, El Ninjo years are drier and warmer and La Nina years wetter
and cooler in Amazonia with “relatively small and spatially heterogeneous” temperature
variations [95]. In contrast, precipitation varies up to 20% of the “neutral annual rainfall”
and differs regionally with less rainfall over northern Amazonia during El Nino years
and more during La Nifja years. In contrast, El Nifo and La Nina years are both drier
than normal in the southern Amazon basin [95]. Drier habitats, like terra firme forests
coupled with lower annual rainfall, may lead to higher sensitivity to climate conditions.
This would support results in Acre where three precipitation variables were significant in
predicting whether trees produced. In Roraima, two precipitation variables were significant
in predicting whether trees produced (Table S6 and Table 2. While forests in Roraima were
considered terra firme, there was more rainfall than in Acre, potentially reducing plant
water stress. Only one precipitation variable was significant in predicting whether trees
reproduced in Amapa. As soils are permanently flooded, the plant environment was little
changed by precipitation differences. Other research also indicates regional differences
linked to regional climate; Pinus glauca Moench had evidence of local synchrony linked to
summer temperatures but asynchrony at larger geographical scales (>5000 km) [96]. Our
results illustrate the importance of considering the plant habitat alongside climate to better
understand the individual and regional differences in seed production.

4.5. Limitations from Seed Collection Methodology

Seed removal may have occurred prior to the collection at the Acre and Roraima sites.
Due to the expected high loss of seeds in the flooded forests of Amap4d, nets were placed
around all inventoried trees. Previous studies from this genus have used fruit husks to
estimate the number of seeds [97], thus avoiding underestimating seed production in areas
of high seed predation [98]. When this methodology was used for this species, however,
due to the high production and inability to recreate each individual fruit, this methodology
overestimated seedfall, likely due to the variability in the number of husks per fruit [30].
While low predator activity (due to hunting) in Acre and nets in Amapa likely reduced
predation, this may not have been the case in Roraima where seed collection was less
frequent and seed predators more prevalent (personal observation). Therefore, validating
these seed estimates with other common methods of seed production quantification would
be a useful addition to this work. Other studies have used binocular counts, seeds collected
per ground surface relative to the crown area (where conspecific crowns are isolated and
wind dispersal is limited), and seed traps (using the ratio of the group area covered by the
trap to relative to the crown areas) [85].

5. Conclusions and Implications for Management

Better predictive models of mass-flowering events can help improve forest resource
management [50]. This work is therefore an important contribution to understanding
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how climate cues play a role in the synchronous production and seed production quantity.
Longer term measurements (an 11-year period in Acre and Roraima, and for 4 years and
8 months in Amap4) from three extreme regions of the Brazilian Amazon allowed for an
analysis of whether climate cues were spatially consistent for this species. While there was
no evidence of consecutive high production years, data collection gaps reduce our ability
to support research indicating a physiological response of trees to resource limitation [93].
Our results indicating the differential impact of predictor variables of whether and how
much production occurred are similar to other findings in the tropics [30,83] Europe [31],
and Asia [50]. While there was a variability of seed production in response to most climate
cues, we found a consistent positive effect of increasing dbh and the likelihood of a tree to
produce as well as a positive relationship with dbh and seed production. Our results seem
to indicate an interaction between habitat and climate cues. This interaction effect has been
observed at the site level in other studies.

While the study results highlight some of the challenges in predicting synchronous
flowering events, such as regional variability in tree response to climate cues, there are
some key findings from this work that may help guide management for seed harvest.
The first is that even for the same species, appropriate management strategies may differ
regionally. Some consistent strategies could include marking highly producing individuals
and maintaining trees of intermediate and high dbh. Perhaps coupled irradiance and
flower monitoring can also assist managers in determining potential high production prior
to fruit development. For C. guianensis [15,18] and other economically important species,
sharing research results with agro-extractivists living and working in forests [99], when
coupled with their existing knowledge of Carapa guianensis seed management, may help
better understand the periodicity and economic benefit of harvest, hopefully contributing
to slowing deforestation from the ground up [26].

Work on monitoring production and better understanding the factors influencing
years of high production should be coupled with linking forest managers to the markets
where final goods will be sold. Linkages to international markets or cooperative ventures
that allow the local sale of non-timber forest products, like C. guianensis seeds, to enterprises
that create value-added products has the potential to create further incentives for forest
management [13,26] or conservation through use. Ecological knowledge is a first step
toward effective species management, but for the economic viability of harvest, it is only a
step [69] within a multi-faceted management strategy.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/£12060683 /s1. Table S1: Climatic variables for each of the three Amazonian sites where Carapa
guianensis seed production was measured. Data includes climatic variables during the study period
and for the year preceding seed collection. Table S2: Best-fit model for estimating probability that
the zero threshold is crossed, or whether C. guianensis individuals do (1) or do not produce seeds
(0) at the Acre, Brazil research forest. The presence of fruit production was modeled both (a) using
individual climate variables and (b) the combination of climate variables associated with the El Nino
Southern Oscillation. Year and tree ID were modeled as random factors. Table S3: Best-fit model
for modeling the factors influencing the quantity of seed production per tree (g) at the Acre, Brazil
research forest. We used a mixed model with a gamma distribution to model seed production with
year and individual tree (repeated measures) as random effects. The quantity of fruit production was
modeled both (a) using individual climate variables and (b) the combination of climate variables
associated with the El Nino Southern Oscillation. Table S4: Best-fit model for estimating probability
that the zero threshold is crossed, or whether C. guianensis individuals do (1) or do not produce
seeds (0) at the Amapa, Brazil research forest. The presence of fruit production was modeled both (a)
using individual climate variables and (b) the combination of climate variables associated with the
El Nino Southern Oscillation. Year and tree ID were modeled as random factors. Table S5: Best-fit
model for modeling the factors influencing the quantity of seed production per tree (g) at the Amapa,
Brazil research forest. The quantity of fruit production was modeled both (a) using individual
climate variables and (b) the combination of climate variables associated with the El Nino Southern
Oscillation. Table S6: Best-fit model for estimating probability that the zero threshold is crossed, or
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whether C. guianensis individuals do (1) or do not produce seeds (0) at the Roraima, Brazil research
forest. The presence of fruit production was modeled both (a) using individual climate variables and
(b) the combination of climate variables associated with the El Nino Southern Oscillation. Table S7:
Best-fit model for modeling the factors influencing the quantity of seed production per tree (g) at
the Roraima, Brazil research forest. The quantity of fruit production was modeled both (a) using
individual climate variables and (b) the combination of climate variables associated with the El Nino
Southern Oscillation.
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