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 Abstract 
 
The  driest  part  of  the  Argentinean  pampas  is  occupied  by  semiarid  woodlands 
 
dominates by Prosopis caldenia Burkart (Calden). Calden pods are a highly valuable  
 
fodder supplement for livestock but its production is highly variable. Our objective was  
 
to analyze and model the temporal pattern in inter-annual variability of Calden pod  
 
production. Our key hypothesis is that weather conditions are the main determinant of the pod 

masting behavior. Tree size and climatic variables were evaluated as explanatory covariates 

using a zero-inflated log-normal modelling approach. The proposed final model structure 

incorporated 25 parameters, including four variance components, two intercepts for both the 

logistic and the log-normal parts of the model,  and nineteen parameters associated with fixed 

effects. Climate had a strong influence on the flowering-fruiting Calden process and on the 

inter-annual variability of the final pod  production at the tree level. Temperatures during bud 

breaking, flowering and fruit shedding, together with the precipitation from the final month of 

fruit shedding and the  total amount of the prior vegetative cycle, were the main weather 

covariates that affect the processes.  
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1.  Introduction  
 

Calden forests (Caldenales) are semiarid woodlands covering about 170,000 km2 of   
central Argentina. This xerophytic open woodland is a transitional ecosystem between  

 
 the  Pampas  grasslands  and  the  dry  Monte  shrublands,  dominated  by  calden  trees 
 

(Prosopis caldenia Burkart) an endemic species of Argentina. Two opposing processes  
 

simultaneously operate in the Caldenales. Firstly, there is a high rate of deforestation  
 

across the area of its distribution (0.86% per year), leaving only 18% of the original area  
 

(SAyDS, 2007). Secondly, as the original area shrinks, adjacent grasslands not occupied  
 

by crops are increasingly encroached upon by calden, leading to very high density  
 

secondary woodland (Dussart et al., 1998).  
 

The invasion of pristine grasslands by calden and the increased densities of this  
 

species in savannas are well-known vegetation changes in the semiarid region of central  
 

Argentina (Dussart et al., 1998). Woody-plant encroachment has long been of concern  
 

to a broad range of stakeholders, from pastoral farmers to ranchers, because of the  
 

subsequent negative impact on livestock production (Anadon et al., 2014), the main  
 

economic activity in these woodlands after beekeeping. The non-wood forest products  
 
 are  a  major  source  of  income  for  the  Caldenales  woodland  owners  since  wood 
 

extraction, mostly firewood production, is only a marginal activity (SAyDS, 2007).  
 

Fruits of Prosopis spp. have served as a food source for humans and domestic  
 

cattle in rural communities of arid and semiarid environments around the world since  
 

ancient times (Burkart, 1952). Calden pods are a highly valuable fodder supplement for  
 

livestock due to the pod’s nutritional characteristics: 15% raw protein, 2.2 Mcal of  
 

metabolizable energy per kg of dry matter and a 52% of dry matter in situ digestibility  
 

(Privitello et al., 2001; Menvielle, 1985), during its ripening period (June-July). Due to  
 

its availability, the pods can provide the sole source of food at certain times of the year  
 

or supplement grass for cattle in the winter months (Privitello and Gabutti, 1988).  
 

Calden flowers are also recognised as a source of nectar (Genise et al., 1990) and pollen  
 

for honey bees (Andrada et al., 2005). Also, the spatial and temporal dynamics of  
 
 flowering,  fruiting  and  seeding  can  be  considered  as  a  key  to  controlling  natural 
 
 recruitment of plant populations (Calama et al., 2011). 
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 Most Prosopis species produce abundant flowers at a predictable time of the 
 

year (spring and/or summer depending on the species) (Simpson et al., 1977). Despite  
 

the predictability of the Prosopis blooming, high variability in fruit production has been  
 

observed (Salvo et al., 1988). Calden pod production is highly variable from year to  
 

year and from tree to tree, even with trees from the same stand (Peinetti et al., 1991). In  
 

years of high fruit production, it is common to find trees that allocate a high proportion  
 

of photoassimilates into pod production growing close to neighboring trees of a similar  
 

size that do not bear fruits (Peinetti et al., 1991). Many long-lived plant species exhibit  
 

strong synchronized annual variability in fruit production, this phenomenon is known as  
 

masting or mast fruiting (Ostfel and Keesing, 2000). The interval between consecutive  
 

 masting and  the  degree  of  periodicity is  species  specific  and  varies  depending on 
 

endogenous control factors, weather conditions and resource availability (Thomas and  
 

Packham, 2007; Han et al., 2008).  
 
 The  mast  seeding  has  important  ecological  consequences,  not  only  on  the 

 
 recruitment  of  the  species  that  exhibit  this  reproductive  behaviour  (e.g.  seedling 

 
establishment may be limited to mast years, (Negi et al., 1996)), but also on a myriad of  

 
organisms in other trophic levels, whether directly or indirectly related to seed and fruit  

 
availability: e.g. direct consumers of seeds (insects, birds, small and large mammals),  

 
and predators of seed consumers and parasites (Espelta et al., 2008; Kelly et al., 2008).  

 
Edible fruits and seeds from some forest species can represent an important non-timber  

 
forest product (Scarascia-Mugnozza et al., 2000). Additionally, when fruit production is  

 
one of the main objectives in forest management planning, adequate estimates of fruit  

 
production on spatial and temporal scales are often required.  

 
Our objective is to describe, analyze and model the temporal pattern in inter-  

 
annualvariability of Prosopis caldenia pod production in woodlands located in the  

 
northern limit of its natural distribution area. We shall identify the factors controlling  

 
the temporal variability in order to develop models that allow us to predict the annual  

 
pod production at tree level. Our key hypothesis is that weather conditions are the main  

 
determinant of the masting behaviour. Given the data structure, a Zero-Inflated Log-  

 
Normal mixture distribution will be evaluated and fitted as the modelling approach for  

 
our data.  
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2. Material and Methods  
 

2.1.1 Study area  
 
 Prosopis  caldenia  woodlands  thrive  at  the  edge  of  the  driest  area  of  the 
 

Argentinean Pampas, across 34-36ºS and 64-66ºW (Fig. 1) (Anderson et al., 1970).  
 

Across its natural distribution area, the total annual precipitation varies from 450 to 620  
 

mm, and it is concentrated in the spring and summer months (78%, from October to  
 

March). Temperature ranges from the annual isotherms of 16 to 18 ºC. The area is a  
 
 well-drained  plain  with  moderate  slopes  produced  by  wind  and  fluvial  processes 
 

(SAyDS, 2007). Soil types are mainly poorly developed and well drained, with scarce  
 

horizon differentiation and low water holding capacity and with 1.5 to 3% organic  
 

matter. The area is severely affected by wind and water erosion due to its poor soil  
 

structure (Peña Zubiate et al., 1998).  
 

Five sampling sites were located on privately-owned properties in the San Luis  
 

province, near the northern edge of the natural distribution area of calden woodlands.  
 

These lands are used for cattle ranching, and there is no active silvicultural management  
 

practices on them.  
 

2.1.2 Prosopis phenology, flowering and fruiting.  
 

Prosopis species sprout at the beginning of spring (average temperature around  
 

16ºC) and stay in leaf until autumn. The initiation of leaf production and cambium  
 

activity appears to be rather independent of rainfall (Mooney et al., 1977; Villalba,  
 

1985). The flowers are hermaphrodite, entomophilous and they depend on pollinating  
 

insects for seed setting (Fig. 2).  
 

Most Prosopis species produce abundant flowers at a predictable time of the  
 

year, since they bloom regardless the yearly rainfall fluctuation (Simpson et al., 1977),  
 

responding rather to photoperiod as well as the length of the growing season (Solbrig  
 

and Cantino 1975). High variability in Prosopis fruit production has been observed  
 

(Salvo et al., 1988); close observation of native stands of Prosopis indicated that only  
 

between 0.05 and 0.25% of the flowers buds initiated fruits, and only 20–45% of the  
 

initiated  fruits  reached  full  size  (Cariaga  et  al.,  2005).  Similar  patterns  have  been  
 

observed in P. flexuosa and P. chilensis (Mooney et al., 1977). Flower mortality takes  
 

into accounts either inflorescence abortion and/or intra-inflorescence flower abortion  
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Cariaga et al., 2005). Peinetti (1991) reported that for P. caldenia only 5x10-4% of   
flowers reached fruit maturity, following the flower and fruit abortion patterns of the  

 
genus.  
 

 
2.1.3 Data  

 
Tree data  

 
We sampled P. caldenia pod production in five different sites during the months  

 
of June and July (when the ripe pods dehiscence occurred ) of seven non-consecutive  

 
years (1982, 2000, 2004, 2011, 2012, 2013, 2014). A total of 400 trees were sampled,  

 
and the number of sampled trees varied among years and sites (Table 1). Only the trees  

 
of site 1 (64) were measured twice (1982 and 2000). Different trees were measured at  

 
the remaining sampling sites. At each tree, diameter at breast height (at 1.3 m) in cm,  

 
diameter in the base of the stem (at 0.3 m) in cm, tree height (m), and crown area (m)  

 
were recorded (Table 2). Once a year when the dehiscence of the annual pod production  

 
occurred , four samples per tree of 1 m2 in each cardinal point below the tree crown, (in   
the middle of their  projection above the  ground), were collected  and  taken to the  

 
laboratory, where they were oven dried at 80º C until they reached a constant weight.  

 
Wild animal predation or pod redistribution before sample was not taken in account. In  

 
order to evaluate the morphological variability (weight and length)  a  random  sub-  

 
sample (n=50) of the 2014 pod production were measured.  

 
Climate data  

 
The climate data of the EEA INTA Villa Mercedes meteorological station was  

 
used due to its proximity to the samples sites (40 kilometers from the farthest site). Data  

 
was organized according to the southern hemisphere vegetative cycle, from May to  

 
April. Climate data is available at:  http://siga2.inta.gov.ar/en/datoshistoricos/  

 
2.2 Methods  

 
2.2.1 Response and explanatory variables  

 
Annual pod-yield per tree can be expressed either by the number of pods or by  

 
their dry weight. In our case we decided to use the weight as the response variable since  

 
its takes into account both the phenomena related to the initial processes of floral  

 
induction and pollination (determining pod numbers) and the pod growth. Furthermore,   

http://siga2.inta.gov.ar/en/datoshistoricos/
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weight is a better indicator of the total amount of resources allocated to the reproductive  
 

effort than the number of pods, since it reflects the observed variability in pod length  
 

and weight. Tree pod productivity was expressed in grams per square metre of crown  
 

area (g per crown area square metre) because production per crown unit area is the most  
 

objective  way  to  measure  productivity  and  compare  between  different  stands  and  
 

locations (Gea-Izquierdo et al., 2006).  
 

For both variables (pod number and weight), the distribution of frequencies did  
 

not fulfill the standard normality assumption, displaying:  
 

- Asymmetry: empirical distribution is significantly skewed towards the higher values  
 

of the variable, with a massive number of observations showing smaller values of pod  
 

production, and only a small number of trees in a few years giving very large crops and  
 

forming a long tail to the right (Fig. 2).  
 

- Zero inflation: the distribution displays a strong mode at zero (corresponding to null  
 

production by sampled trees), comprising 45% of the observations in the fitting data set  
 

(Table 1).  
 

- Truncation: given the nature of the response variable, negative values are not possible.  
 

Furthermore, the hierarchical structure of the data (repeated observations from trees  
 

nested in sample plots within natural units) implies a lack of independence among  
 

observations, which prevented us from using estimation methods based on ordinary  
 

least squares minimization.  
 

The tree size group variables; diameter at breast height, crown radio, basal areas  
 

at breast height and crown width were evaluated to explain spatial variability in pod  
 

production. The temporal variability in pod production was explained by evaluating  
 

different characteristics of the weather over the course of the study period: monthly  
 

rainfall (mm), mean, maximum and minimum temperatures (ºC), monthly sum of chill  
 

hours, monthly sum of effective sunlight hours, frost free period (days), monthly sum of  
 

the days with precipitation and with a mean wind velocity over 18 km.h-1. The last two   
variables were included due to the possible effect they can have on insect pollination  

 
activity. Because flower bud induction is produced the year prior to the flowering-  

 
fruiting year, weather variables from the induction year were also evaluated. Finally,  

 
due to the southern hemisphere location of the study area, the climate variables were  

 
considered according to the vegetative year from May to April, involving two different  

 
calendar years.  
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2.2.2  Modeling approach.  
 

We used zero-inflated models for our modelling approach. The explanatory  
 

covariates selection was carried out by first independently fitting a binomial regression  
 

model for the dichotomized data for fruiting occurrence and, after, fitting a log-normal  
 

model using only the non-null intensity data (weight of pods), as proposed by Heilbron  
 

(1994) and Woollons (1998). The independent fitting of these generalized linear models  
 

can  be  accomplished  using  maximum  likelihood  estimation  methods.  Information  
 

criteria such as −2LL and AIC were used to define the best independent model for each  
 

component. In a subsequent step, simultaneous fitting using ZILN was carried out with  
 
 these  pre-selected  covariates,  testing  the  significance  level  of  the  parameters  and 
 

removing those that were non-significant. The explanatory covariates may or may not  
 

be common to both the occurrence and intensity models.  
 

We  compared  the  three  possible  alternatives  of  additional  level  of  random  
 
 variability  (site,  year  and  tree),  and  then  selected  the  best  according  to  Akaike´s 
 

Information Criterion (AIC), Bayesian  Information Criterion (BIC), and minus two  
 

likelihood (-2LL). Site per year, site per tree and tree per year iteration terms were also  
 

evaluated as random sources of variability, but problems in the model convergence were  
 

detected and, thus, it was discarded.  
 

The accuracy of the selected model was checked using the fitting data set, since  
 

not  more  data  was  available.  Two  alternatives  were  evaluated  to  predict  the  pod  
 

production  from  a  tree  using  the  fitted  model:  a)  a  cut-off  value  of  0.55  was  set  
 

(proportion of fruiting trees in the data set). If the value predicted by the occurrence part  
 

of the model was greater than the cut-off value, the pod production was predicted using  
 

the intensity part of the model, otherwise the predicted production was zero; b) The pod 

production from a tree was equal to the product of the expected probability of 

occurrence, as estimated using the logistic part, and the expected value of pod 

production estimated by the log-normal part. In this case, no zero values are predicted.  

 
Approaches (a) and (b) were compared using the fitting data set, considering the  

 
mean error (E), root mean squared error (RMSE) and modelling efficiency (EF) (see the  

 
Electronic Appendix for details). In the case of approach (a), specifity (rate of correctly  
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classified non-events) and sensitivity (rate of correctly classified events) were also  
 

evaluated.  
 

All the statistical analyses were carried out with SAS/ETS 9.2 software. The  

independent fitting of the binomial regression model was implemented in the 

NLMIXED procedure, the independent fitting of log-normal model in the MIXED 

procedure and the simultaneously fitting of the ZILN model in the NLMIXED 

procedure.  

 
3 Results  

 
3.1. Pod production  

 
During the study, the annual mean tree pod yield varied from 0 to 124.18 g per  

 
crown area square metre and 45.3% of the observations were null. The difference in  

 
fruit production can be even bigger at the individual tree level; the maximum registered  

 
value for a tree in a single year was 1730 g per crown area square metre. The variability  

 
of the annual pod production could be observed at Fig. 4, the production in the year  

 
2000 was nil, so it is not presented. In order to simplify the comparison among years,  

 
two trees were not considered due their high production values. The first (1982) with a  

 
pod production of 908.6, and the second (2014) with the highest production of the data  

 
set (1730 g per square metre of crown area).  

 
The percentage of nil yields per year per site varied from 0 to 100%. Table 1  

 
 shows the  main  fruit  production  statistics  for  all  sites  and  years.  Regarding  the 
 

distribution of frequencies for observed annual values of pod production at tree level  
 

(Fig. 3), it is possible to detect a clear pattern of zero abundance and asymmetry, with  
 

pronounced right-tail behavior indicating that the main part of the production is limited,  
 

even in good years, to a few trees. Differences in the length and size of fruits were also  
 

observed (Fig. 2). Pod mass ranged from 6.6 to 1.6 g, with a mean of 3.3 and standard  
 

deviation (SD) of 1.0. Pod length ranged from 24 to 9.5 cm (mean 16.5, SD 3.4).  
 

3.2 Selection of covariates and random effects  
 

After separately fitting the logistic and the log-normal models, the following 
covariates were selected:  
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Logistic equation:  
 

- DBH: breast height diameter (cm)  
 

- Pp-1: is the total precipitation during the previous flowering-fruiting cycle of   
the sampled flowering-fruiting cycle (mm)  

 
-mTO: is the month mean temperature of October of the sampled flowering-  

 
fruiting cycle (ºC)  

 
- mMinTS: is the lowest minimum temperature registered in the September  

 
month of the sampled flowering-fruiting cycle (ºC)  

 
- mMinTN: is the lowest minimum temperature registered in the November  

 
month of the sampled flowering-fruiting cycle (ºC)  

 
-  mMaxTD:  is  the  mean  of  the  maximum  temperatures  registered  in  the  

 
December month of the sampled flowering-fruiting cycle (ºC)  

 
- mMinTD: is the lowest minimum temperature registered in the December  

 
month of the sampled flowering-fruiting cycle (ºC)  

 
- maxMaxTJ: is the highest maximum temperature registered in the January  

 
month of the sampled flowering-fruiting cycle (ºC)  

 
Log-normal equation:  

 
- DBH: breast height diameter (cm)  

 

- CA: Crown area (m2)  
 

- PpApr: is the total precipitation registered in the month of April of the sampled  
 

flowering-fruiting cycle (mm)  
 

- mTO:  is the month mean temperature of October of the sampled flowering-  
 

fruiting cycle (ºC)  
 

- mMinTS: is the lowest minimum temperature registered in the September  
 

month of the sampled flowering-fruiting cycle (ºC)  
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- mMinTO: is the lowest minimum temperature registered in the October month 

of the sampled flowering-fruiting cycle (ºC) 

- mTD: is the month mean temperature of December of the sampled flowering- 

fruiting cycle (ºC) 

- maxMaxTJ: is the highest maximum temperature registered in the January 

month of the sampled flowering-fruiting cycle (ºC) 

- mTF: is the month mean temperature of February of the sampled flowering- 

fruiting cycle (ºC) 

- mTM: is the month mean temperature of March of the sampled flowering- 

fruiting cycle (ºC) 

 

Most of the covariates are related to temperature and are common to both parts 

of the model, indicating that the occurrence and abundance of  fruiting are mainly  
 

governed by the same factors. The selected covariates were then used to fit the different  
 

alternative of the ZILN mixed model. Different alternatives of random structures (year,  
 

tree and site) were considered (Table 3).  
 

The results show that the best alternative was to consider random intercepts at  
 

the year level for both the logistic and the log-normal component of the model (showed  
 

the lowest AIC and BIC values). The random intercepts at tree and site levels were not  
 

significantly different statistically than the model without random intercepts (P values  
 
 0.0524  and  0.0229  respectively).  The  model  does  not  improve  its  behavior  by 
 

partitioning the data according to the tree or site.  
 

Our analyses (Electronic Appendix) suggest that the effects of the tree and site  
 

on annual variability of P. caldenia pod production were not significant and that the  
 

variability of  the  fructificationis  were  mainly  governed  by the  year.  The  common  
 

covariate parameters in both parts of the model (Electronic Appendix, Table 1) have the  
 
 same  sign,  indicating  that  the  effect  of  the  selected  variables  on  occurrence  and 
 

abundance is similar. The results also show that temperature is the dominant factor  
 

influencing  both  occurrence  and  abundance.  Total  precipitation  of  the  prior  cycle  
 

influences the occurrence, and April precipitation only affects total final pod mass.  The  
 

correlation coefficient between random effects in the two parts of the model was highly   
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significant (Wald test, P < 0.0001) and positive (0.5612), indicating that the unobserved  
 

factors acting at the year level are also the same for both processes.  
 

3.3 Model evaluation  
 

In the Table 2 of the Electronic Appendix the values of the statistics evaluating  
 

the predictive ability of the model for predicting annual tree pod production per m2 of   
crown area (g), using the fitting data set are presents. Approach (a) with a fixed cut-off,  

 
tended to underestimate the average value, leading to biased estimates, approach (b)  

 
instead showed better statistical parameters, leading to unbiased estimates with smaller  

 
RMSE  and  larger  EF,  but  also  underestimate  the  average  value.  The  capacity for  

 
correctly classifying the observations as events or non-events approach (a) correctly  

 
classifies 67.5% of the  non-events  (trees with  null  production), in  the case of the  

 
sensitivity (percentage of events correctly classified) approach (a) correctly classified  

 
the 59% of the data set. As approach (b) is not capable of estimating a null production,  

 
no values were obtained for specificity or sensitivity.  

 
4. Discussion  

 
Most Prosopis species produce an abundance of flowers at a predictable time of  

 
the year, since they bloom regardless of yearly rainfall fluctuation (Simpson et al.,  

 
1977), responding, on the other hand, to photoperiod and to the length of the growing  

 
season  (Solbrig  and  Cantino,  1975).  Despite  the  predictability  of  blooming,  high  

 
 variability  in  fruit  production  of  Prosopis  caldenia  and  other  Prosopis  has  been 
 

observed (Salvo et al. 1988; Peinetti, 1991; Privitello et al., 2001; Cariaga, 2005).  
 

Resource limitation, the time of rainfall, frost and wind occurrence, and soil water  
 

content have been suggested as physical causes of different Prosopis pod abortion rates  
 

(Solbrig and Cantino, 1975; Cariaga et al., 2005). The absence of an adequate pollinator  
 

system, and predation by bruchids (Coleoptera) might be among the ecological causes  
 

(Simpson et al., 1977; Toro et al., 1993).  
 

According to our data, climatic factors are the main determinants of the calden  
 

masting behavior at the northern limit of its natural distribution. Evidence of weather  
 

control over fruit production has mainly been identified in less productive and resource  
 

limiting environments (Sarker et al., 2003), such as those associated with Mediterranean  
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forests, indicating that a lack of water, light or adequate temperatures at crucial stages  
 

influences reproductive success (Calama et al., 2011)  
 

The proposed final model structure incorporates 25 parameters, including four  
 

variance components, two intercepts for both the logistic and the log-normal parts of the  
 

model and nineteen parameters associated with fixed effects (nine in the logistic part  
 

and ten in the log-normal part). Diameter at breast height was only included in the  
 

logistic part of the model because data on tree age was unavailable. Diameter could be  
 

used as a proxy for age, a factor that determines the absence of pod formation in  
 

reproductively immature young trees.  
 

Although 45% of the observations in our data set were zeros, only 17% of the  
 

sampled trees had a diameter at breast high < 13 cm. According to Privitello (2001), a  
 

13 cm DBH (in our sampling site area) corresponds to a calden tree approximately 20-  
 

25 years old. Prosopis peak pod production occurs at 15-20 years of age (Sawal et al.,  
 

2004), which suggest that the presence or absence of pods is more dependent on other  
 

factors, such as climate, than on “switching on/off” processes like tree maturity.  
 

The weather covariates entering in the model  accord closely with the main  
 

phenological stages of the flowering-fruiting processes described for the species by  
 

Peinetti (1991), such as bud break (temperatures in September, October and November),  
 
 flowering  (temperatures  in  November  and  December),  fruiting  (temperatures  in 
 

December and January) and fruit shedding (temperatures in March as well as April  
 

precipitation). Even though calden fruits always come from flower buds formed during  
 

the previous season (Peinetti, et al. 1991), only total precipitation of the prior vegetative  
 

cycle was statistical significant and included in the model. The amount of precipitation  
 

in the last month of fruit shedding (April) was also included but only affects the final  
 

weight of pod production.  
 

Eleven of the fifteen selected covariates were temperature related. Our results  
 

suggest that calden fruit occurrence and production are mainly governed by temperature  
 

and not by precipitation, even though precipitation does have an effect, as would be  
 

expected in a semiarid environment (Cariaga et al., 2005). The independence of the  
 

flowering-fruiting process observed in our data could be explained by the access the  
 

trees in the sampling sites had to the underground water table.  
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 Prosopis trees and shrubs typically develop an extensive dimorphic root system 
 

with a vertical tap root several metres long which gives them access to deep soil water  
 

(Jobbágy et al., 2011). This led to a relatively high and seasonally stable predawn water  
 
 potentials  (Nilsen  et  al.,  1984),  higher  transpiration  and  photosynthesis  rates  than 
 
 shallow-rooted  associated  species  (Nilsen  et  al.,  1984),  and  higher  net  primary 
 

productivity than that which was predicted by precipitation (Sharifi et al., 1982). In the  
 

five sampling sites, the ground water table was not deeper than 15 metres (data not  
 

shown). In the sampling area the water table has risen over the past 40 years with an  
 

average rate of increase at 0.15 m yr-1 and total elevation increments reaching up to 10   
m in 35 years (Contreras et al., 2013). In one of the sampling sites, stable oxygen   
isotopes (O18) in ring wood and underground water were analyzed and the use of this  

 
source of water by the trees was proved (data not showed).  

 
Felker at al. (1984) suggested that for Prosopis species, a sustained temperature  

 
threshold requirement exists in order for pollen shed to attract bees. They observed that  

 
if the hot weather ceased before the flowers are in full blossom, little bee activity is  

 
observed on the flowers, and few pods are observed in the P. vetulina trees. This  

 
phenomenon is well documented for pines (Boyer, 1978). Without pollen shed and bees,  

 
insect-pollinated, self-incompatible plants such as Prosopis seriously reduced its fruit  

 
production (Felker, et al., 1984).  

 
According to our data, climate has a strong influence on the flowering-fruiting  

 
P. caldenia process and on the inter-annual variability of the final pod production at tree  

 
level. However, we must also take into account that our data set has limitations. The  

 
moderate length of data series (7 years), the lack of continuity (only the last four years  

 
were consecutive), the trees have had access to the groundwater (which could mask the  

 
climate signal), and we only had one set of production data from each tree (only 16% of  

 
our trees were sampled twice). Thus, evaluating the existence of a fixed cyclic pattern of  

 
annual pod production was not possible. Nevertheless, our pod production results are a  

 
significant improvement on the correlation and multiple regression models presented by  

 
Privitello  et  al.  (2001).  The  use  of  zero-inflated  models  allows  a  more  accurate 

estimation of zero events (Welsh et al., 1996) and the consideration of fruiting as two 

different  processes  (presence/abundance),  even  assuming  different  distributional 

assumptions for events and non-events (Fortin and Deblois, 2007). Finally, zero-inflated 
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modeling allows a simultaneous and correlated estimation of the parameters explaining  
 

both processes (Calama et al., 2011). It also prevents us from violating basic statistical  
 

assumptions  derived  from  zero  abundance,  non-normality  and  inherent  correlation  
 

among observations, factors which have been identified as the main impediments to  
 
 modelling  annual  fruit  production  (Calama  et  al.,  2008).  Both  of  our  modelling 
 
 approaches  (Electronic  Appendix,  Table  2)  allowed  us  to  accurately  predict  pod 
 

production at the tree level.  
 

Weather  is  not  the  only controlling factor  over  the  masting behavior  of  P.  
 

caldenia.  A  deeper  analysis  is  needed  that  includes;  a)  physiological  factors  (e.g.,  
 

hormonal inhibitions caused by the ripening seeds (Lee, 1979)), b) intraspecific genetic  
 

variability. Extrapolation of Prosopis pod production data from one “natural stand” to  
 
 another  would  be  extremely  difficult,  even  under  similar  climatic  and  moisture 
 
 conditions  because  of  the  genetic  variability  in  Prosopis;  Felker  et  al.  (1984),  c) 
 

dendrochronological analysis for evaluating the resource depletion theory whereby the  
 

demands on resources in a bumper crop leave the tree with insufficient resources to  
 

support a normal crop the following year, d) the incorporation of stand attributes to take  
 

into account spatial variability such as stem density, stand age and site index, and e)  
 

predation by bruchid beetles (Vir, 1996).  
 

5. Conclusions  
 

Climate has strong influence on the flowering-fruiting of P. caldenia and on the inter-  
 

annual variability of the final pod production at the tree level on the northern limit of its  
 

natural distribution. Temperatures in the months of bud break,  flowering and  fruit  
 

shedding, together with precipitation from the final month of fruit shedding and the total  
 

amount of the prior vegetative cycle, are the main weather covariates that affect the  
 

processes.  
 

Zero-inflated models allow us to take into consideration the idiosyncrasies of  
 

data from plant flowering-fruiting studies without violating standard assumptions or  
 

using data transformation. Our statistical approach allows an accurate prediction of P.  
 

caldenia annual pod production, which will enable forest managers to carry out annual  
 

planning activities such as predicting the amount of pods to include in their livestock  
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management  plan  or  estimating  the  crops  which  can  be  expected  under  different  
 

climatic scenarios.  
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Highlights (for review) 
 
 
 
 
 

Highlights: 
 
 

We model the Prosopis caldenia pod production at tree level. 
 

Zero-Inflated Log-Normal mixture distribution with random components was fitted. 

Climate has strong influence on the flowering-fruiting Prosopis caldenia process. 

Temperatures and precipitation are the main covariates that affect the processes. 
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Figure legends 
 
 
 
 
 

Figure Legends. 
 

Figure 1. Location of the sampling sites and natural distribution area of Prosopis 
caldenia in the San Luis province and in the Argentinean Pampas (based on Anderson, 
1970). 

 
Figure 2. Prosopis caldenia tree with a high pod production growing along side trees 
without production and flower and pod details. 

 
Figure 3. Annual pod production frequency of single trees (g tree-1year-1) of 
Prosopis caldenia at the five sampling sites (all sites and years combined). 

 
Figure 4. Prosopis caldenia annual pod production (g m-2 canopy) per tree and per year. 
Numbers on the x axis represent individual trees (no tree was sampled more than once). 



Table 
 
 
 
 
 

Tables 
 

Table 1. P. caldenia pod production at each sampling site and year (n=400). 
 

Site Year n % with no Mean pod Max pod mass SD pod mass (g 
   pods mass (g m-2 (g m-2 canopy) m-2 canopy) 
    canopy)   
 1982 64 35.91 76.34 908.67 148.08 
1       
 2000 64 100 0.00 0.00 0.00 

2 2004 49 67.4 47.67 490.75 114.22 

 2011 31 33.3 9.51 222.21 40.14 

3 2011 26 0.00 3.21 3.20 6.23 

 2012 26 16.67 10.49 137.15 26.93 

 2013 25 8.34 21.85 115.63 28.59 

4 2011 25 0.00 9.00 53.85 12.12 

 2012 25 95.33 0.47 10.88 2.18 

 2013 22 100 0.00 0.00 0.00 

5 2012 25 16 29.00 104.5 32.81 

 2014 18 0.00 124.18 1726.59 400.08 
       



Table 2. Main tree level variables of the sampled trees of Prosopis caldenia (n=400) 
 
 Tree Tree diameter (cm) Height (m) Crown  Pod yield 

 

 attributes      (g m-2 
 

  Stem base Breast  Diameter (m) Area (m2) canopy) 
 

  height      

       
 

        
 

 Maximum 133.7 96.3 14.5 18.5 265.0 1726.6 
 

 Minimum 8.3 3.2 2.6 1.2 1.2 0.0 
 

 Mean 38.9 28.9 6.7 8.0 52.0 30.2 
 

 SD 21.9 17.0 2.6 3.4 47.0 115.1 
 

        
 

 
 
 
Table 3. Fitting statistics and information criteria to the different alternatives of random 
structures (random site, tree and year) for the ZILN mixed model. 

 
Random level No Tree Site Year 

     
-2LL 17281 18813 17701 16996 

AIC 18342 18547 16904 16403 

BIC 18221 17947 17041 16637 

p<LRT - 0.0524 0.0229 0.0004 
 
 
-2LL: minus 2 logarithm of likelihood function; AIC: Akaike´s Information Criterion; 

BIC: Bayesian Information Criterion; R2-adj: adjusted R square coefficient; p<LRT: 

indicates the probability for a likelihood ratio test among evaluated alternatives with the  
 
 
 
 
 
 
 
 
 
 



1. Zero-inflated log-normal distribution (ZILN) 

The zero inflated models (ZI) (Lambert, 1992) was used for the zero observations, the 

skewed distribution and the positive outcomes with no transformation of the data, 

including a small constant to replace the zero data (Mutke et al., 2005) or using some 

Poisson mixture distribution that generally tends to underestimate the number of zeros 

(Affleck, 2006). In the zero-inflated models, distributional particularities are dealt with by 

combining a distribution which explains the binary nature of the absence or occurrence of 

zeros, with a second distribution which models the response variable conditioned by its 

occurrence, with a non-null value. The binary part is commonly modeled using a logistic 

function with a binomial distribution. For modelling the intensity of the event, the log-

normal distribution is widely used with continuous data, since it avoids zero-truncation 

and offers greater potential for modelling highly skewed distribution (Tu, 2002).  

The so-called Zero-Inflated Log-Normal mixture distribution (ZILN eq.(1)) was 

first introduced by Aitchinson (1955), and it has been applied to modelling phenomena 

such as fishery catch rates (Mayer et al., 2005), cattle production (Belasco and Ghosh, 

2008), air contaminant levels (Tu, 2002) or stone pine cone production (Calama et al., 

2011).  

 

 

Where  represents the probability of the occurrence of a non-event (zero 

fruiting) and f(y) indicates the probability density function of a log-normal distribution 

with expected value µ and variance σ2; x and z represent vectors of known possible 

explanatory covariates for modeling  and µ, respectively; ln represents the natural 

logarithm.  

The regression models can be parameterized as: 

 

 
 

                 (2b) 

                                                                          



Where α and β represent vectors of unknown but estimable parameters.  

Simultaneous estimation of both models is attained by maximizing the overall 

likelihood function L, a more detailed explanation of this methology can be found at 

(Welsh et al., 1996, Calama et al., 2011). Different data correlation levels were taken into 

account by introducing correlated random effects into the intercepts of the linear predictors 

for both the binary and positive outcomes of the zero-inflated model (Tooze et al., 2002) 

assuming these Eqs. (2a) and (2b) should be re-expressed as: 

 

 
 

 
  

Where  and denote the random components acting at the proposed level of 
variability (tree, site and year) for the logistic and the log-normal parts of the ZILN model. 
Random intercepts for the logistic and the log-normal part of the model were assumed to 
follow a bivariate normal distribution (more information about the likelihood function 
under a ZILN mixed model with different levels of random variability can be found at 
Calama et al., 2011).  The objective of the maximization is to obtain simultaneous 
estimates for the vectors of parameters  and , associated with explanatory covariates for 
both logistic and log-normal linear predictors, and for the variance components 

 (random variability at year, site and/or tree level), ρ (correlation term 

between the two parts of the model) and σ2 (the variance for the error in the log-normal 
part).  

 

2. Evaluation of the different modeling approaches 

The different modelling approaches (a) and (b) were compared using the fitting 
data set, considering the mean error (E), root mean squared error (RMSE) and the 
modelling efficiency (EF). 

 

 

 



 

Where n represents the total number of observations, yij and  are the observed 

and predicted values of pod production for observation j of unit i, and  is the mean value 

for the response variable. The evaluations were done using the estimated marginal mean as 

the predicted values for the estimated nonzero intensities, assuming                  vi = E 

(vi)=0 and the following antilogarithmic transformation: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3. Results 



Table 1. Fixed parameters and variance component estimates for the selected ZILN mixed 
model including correlated random parameters at plot level. 

 Covariate Logistic part (α) Log normal part (β) 

 Intercept -1.5123 -1.9832 

Tree covariates d 1.9401 0.9524 

CA - 0.0897 

Climate covariates mTO 0.0021 0.0073 

 mMinTS -0.0725 -0.1876 

 mMinTN -1.1045 - 

 mMaxTD 0.3875 - 

 maxMaxTJ -0.0540 -0.7854 

 mMinTD -0.4532 - 

 mTA 1.1201 - 

 mMinTO - -0.4875 

 mTD - 0.7589 

 mTF - -0.0037 

 mTM - 0.8751 

 Pp-1 0.1701 - 

 PpApr - 0.7986 

Random components σ2
u (year) 0.5107 - 

 σ2
v (year) - 0.3574 

 σ2(residual) - 1.5019 

 ρ (correlation term) 0.5612 



Table 2. Ability of the model for predicting annual production of  P. caldenia pod at tree 

level over fitting data set. The ZILN approaches used were “a” (fixed cut-off=0.55 for 

defining fruiting-non fruiting) and “b” (the production of  pod equals the product of the 

expected probability of occurrence and the expected value of pod production). 

Approach (a) (b) 

E (pp.CA m2 year-1) 9.52 1.67 

p-value (t-test) 0.0006 0.0012 

pw_pred (pp.CA m2 year-1) 51.02 58.87 

pw_obs (pp.CA m2 year-1) 60.54 - 

RMSE 6.987 6.782 

EF (%) 29.84% 31.02% 

Sensitivity (%) 59.32% - 

Specificity (%) 67.54% - 

Events/no events obs 220/180 - 

Events/no events pred 130/270 - 

E: mean error; pw_pred and pw_obs: predicted and observed mean pod production (pp.CA 

m2, pod production per m2 of crown area (g)); RMSE: root mean squared error; EF: model 

efficiency; sensitivity: rate of correctly classified events; specificity: rate of correctly 

classified non-events.  

 

 


