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a  b  s  t  r  a  c  t

Acidity  greatly  affects  the  nutritional  properties  and  organoleptic  properties  of  fruits.  Pineapple  acidity  is
strongly  affected  by  climatic  factors  during  fruit  growth  but there  is  a lack  of  knowledge  about  their  period
of influence.  A statistical  model  was  developed  to: (i) identify  the  periods  (referred  to as  “integration
periods”)  during  the  flowering–harvest  interval  during  which  climatic  variables  (rainfall,  global  radiation
and  temperature)  affect  titratable  acid  content  (TA)  of pineapple  fruit  at  harvest;  and  (ii) to  predict  TA  at
harvest  on  Reunion  Island.  The  model  was  developed  in two  steps.  In  Step  1, those  integration  periods  that
were  best  correlated  with  TA were  identified  for each  climatic  variable.  In Step  2,  a  complete  linearized
mixed-effect  model  (GLM)  was  built  to predict  TA  based  on all candidate  variables.  Temperature  greatly
affected  TA  in early  growth  periods,  whereas  total  radiation  had  a  considerable  effect  in late growth
periods.  Rainfall  greatly  affected  TA  in  both  early  and  late  growth  periods.  In the complete  GLM,  the
ainfall climatic  variables  and  the  interaction  between  temperature  and  rainfall  were  significantly  correlated
with  TA  at  harvest  and  explained  60%  of the  variance.  Comparison  of model  predictions  and  observations
from  14  pineapple  fields  indicated  that  the  model  accurately  predicted  TA  (RRMSE  =  0.08).  This  model
should  help  farmers  to  select  the  planting  date and  flowering  induction  date  in order  to  optimize  TA in
pineapple  fruit  on Reunion  Island.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Acidity greatly affects the nutritional properties (Silva et al.,
004; Zampini et al., 2008) and organoleptic properties (Bai and
indhout, 2007; Lobit et al., 2002) of fruits. In the case of pineap-
le, the harvest index is determined by the sugar/acid ratio (Paull
nd Chen, 2003) which can be altered according to high and low
cid clones studied (Saradhuldhat and Paull, 2007). Citric and malic
cids are the two dominant organic acids in most types of fruit
Lobit et al., 2003) and represent 60% and 36%, respectively, of the
rganic acids in pineapple fruit at harvest (Chan Jr. et al., 1973).
ariation in acidity during fruit growth mainly results from varia-
ions in citric acid content, whereas malic acid content is relatively
onstant (Singleton and Gortner, 1965). During pineapple fruit
rowth, acidity increases until the exterior of the fruit becomes

∗ Corresponding author at: CIRAD, UPR 26, Station de Bassin plat, 97455 Saint
ierre Cedex, La Réunion, France.

E-mail address: elodie.dorey@cirad.fr (E. Dorey).

ttp://dx.doi.org/10.1016/j.scienta.2016.07.014
304-4238/© 2016 Elsevier B.V. All rights reserved.
yellow (for those pineapple cultivars whose fruit surfaces change
color during ripening) and then decreases until harvest (Singleton
and Gortner, 1965; Smith, 1988; Teisson and Pineau, 1982). Acidity
is the result of complex physiological processes in which respira-
tion plays an important role, i.e., acids are used as metabolites for
respiration during pineapple growth and maturation (Wills et al.,
1986). This is especially true for pineapple because pineapple uses
CAM photosynthesis in which CO2 is stored as malate (a four-
carbon acid) during the night and then used for photosynthesis
during the day (Cote, 1988).

Disentangling the effect of climatic variables on acidity is diffi-
cult because the variables may  affect plant physiological processes
at different periods of fruit growth (Marsh et al., 1999). However,
there is an increasing demand for predictive models to predict fruit
quality attributes (Tijskens et al., 2010; Unuk et al., 2012). Some
studies have attempted to link a single climatic variable to fruit

acidity, e.g., temperature was  linked to grape acidity (Etienne et al.,
2013; Sweetman et al., 2014), and rainfall was linked to nectarine
acidity (Thakur and Singh, 2012). The failure to consider multiple

dx.doi.org/10.1016/j.scienta.2016.07.014
http://www.sciencedirect.com/science/journal/03044238
http://www.elsevier.com/locate/scihorti
http://crossmark.crossref.org/dialog/?doi=10.1016/j.scienta.2016.07.014&domain=pdf
mailto:elodie.dorey@cirad.fr
dx.doi.org/10.1016/j.scienta.2016.07.014
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0 E. Dorey et al. / Scientia H

ariables (e.g., temperature, rainfall and radiation) limits the use-
ulness of these studies. In addition, the timing and duration of the
eriod during which the climate variable must be considered are
oorly understood. A model that predicts the effect of multiple cli-
atic variables on acidity is unavailable but would help farmers to

djust their periods of production to optimize fruit quality.
Pineapple (‘Queen Victoria’ cultivar) is produced on Reunion

sland, an island located in the Indian Ocean, east of Madagascar.
ineapple is the major fruit to be commercially produced on the

sland. It is grown under a wide range of conditions on Reunion
sland where the elevation ranges from 50 m to 900 m a.s.l. and
nnual rainfall ranges from 500 mm  to 5000 mm.  The final content
f acid in pineapple at harvest is thus strongly influenced by cli-
atic factors (Bartholomew and Paull, 1986; Singleton and Gortner,

965). The diversity of conditions under a relatively homogeneous
anagement makes this production area particularly suitable to

tudy the effect of climatic conditions on titratable acid (TA) con-
ent. Furthermore, pineapple pests are nearly absent on this island,
educing the possibility of confusing the effects of climatic vari-
bles on TA are confounded with the effects of pests on plant growth
nd health. An unusual feature of pineapple production on Reunion
sland is that the fruit may  be harvested every month of the year
ecause floral induction is controlled by the farmer. This makes it
ossible for the farmer to control the timing of fruit production in
rder to optimize acidity and other properties of fruit quality. This
exibility in fruit production time also facilitates research on the
ffect of climatic variables on TA.

In this paper, we use a dataset that includes 1448 measurements
f TA from pineapples grown in different regions of Reunion Island
o: (i) identify the periods in the flowering-harvest interval during
hich climatic variables may  affect TA; and (ii) establish a statistical
odel to predict TA at harvest. This model enabled us to determine

he periods in which rainfall, total radiation and temperature have
he greatest impact on TA at harvest. The integration of the selected
limatic variables into a linear model constitutes a useful tool for
redicting TA at harvest.

. Materials and methods

.1. Field sites

We  measured the TA content, which is a common mea-
ure of fruit acidity (Lobit et al., 2002), for 1448 pineapple
ruit in 14 independent experiments performed between
007 and 2012 at three different sites on Reunion Island:
érive (55◦31′10.59′′E,21◦17′10.21′′S); CIRAD’s Bassin Plat
esearch Station (55◦29′20.64′′E,21◦19′21.62′′S); and Saint Benoit
55◦42′12.86′′E,21◦05′53.85′′S), all planted with the ‘Queen Vic-
oria’ cultivar (Table 1). Flowering was induced in all of the fields
y application of ethephon (Ethrel; Bayer SA) at 3 L ha−1 when
he plants reached a weight of 1.2 kg. In irrigated fields, drip
rrigation was applied under a plastic mulch during vegetative
rowth, and the soil water status was regularly checked with
atermark sensors (Irrometer Company, Riverside, CA, USA). The

ther fields (on the east side of the island) were not irrigated and
eceived only rainfall. Except for irrigation and fertilization, the
elds were managed identically and according to the local, rec-
mmended cultural practices. Suckers (250 ± 25 g) were planted
hrough polyethylene mulch, and all fields except fields 6 and 7
ere fertilized with 300 kg ha−1 of nitrogen (650 kg of urea) and
50 kg ha−1 of potassium (900 kg of sulfate) or with 150 kg ha−1 of
itrogen (325 kg of urea) and 225 kg ha−1 of potassium (450 kg of
ulfate), as indicated in Table 1. Fields 6 and 7 received 150 kg ha−1

f nitrogen (325 kg of urea) and 225 kg ha−1 of potassium (450 kg Ta
b
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ndicated by the scale to the right of each panel, a darker color indicates a lower AIC
s  potentially meaningful variables (see Table 2 for details). As indicated, rainfall ha

f sulfate), and a legume cover crop was disked into the soil before
lanting as an organic fertilizer.

.2. Measurement of climatic variables

In all fields, the weather station consisted of a Campbell Scien-
ific (Logan UT) CR500 datalogger that recorded temperature and
recipitation (WXT 520 weather sensor, ◦C and mm,  respectively),
nd global radiation (CS300 silicon pyranometer, W m−2) at 1-min
ntervals and that was located next to the field and 1 m above the
oil surface.

.3. Fruit sampling

The harvest stage was selected on the basis of the peel color of
ruit. Fruit were harvested at coloration C2, defined as a half basal
ellow coloration, which occurred approximately 1318 degree days
DDs) after flowering, with 9.24 ◦C as the basal temperature for
etermining DDs (Lechaudel et al., 2010). A field was  considered
o be in the flowering stage when at least one corolla was visible
n 50% of the inflorescences. After harvest, the fresh mass of every
ruit was determined (Table 1). Each fruit was then peeled, and
ulp tissues were sub-sampled. A sample of pulp was mixed in a
rindomix blender (Retsch, Haan, Germany) to obtain the volume
f pineapple juice needed to measure TA.

.4. TA measurement
TA was determined for each of the 1448 harvested fruit. TA of
he juice sample, expressed as milliequivalents of acid per 100 mL
f pineapple juice, was measured by titration with a 0.1 N NaOH

able 2
he combinations of integration periods and climatic data (rainfall, temperature and
adiation) that were most closely correlated to the TA content of pineapple fruit at
arvest. An integration period refers to that period when the data were used in the
odel. Integration periods were defined by their beginning, i.e., by the number of

egree-days (DD) after flowering, and by their duration.

Variable code Variable Beginning (DD) Duration (DD)

R220 Rainfall220 220 100
R600 Rainfall600 600 120
T180 Temperature180 180 100
Rg880 Radiation880 880 120
 period for each climatic variable (rainfall, temperature and global radiation). As
. The arrows represent the integration period with the lowest values of AIC selected

 integration periods, and temperature and radiation each have one.

solution up to a pH 8.1 endpoint; an automated titrimeter was  used
(Schott, Mainz, Germany).

2.5. Statistical analysis

The relationship between climatic variables and TA was inves-
tigated in two steps. First, we  studied the trend of correlations
between TA and temperature, rainfall and radiation. To do this, we
constructed a matrix that contained all possible combinations of
climatic variables at all possible times between flowering and har-
vesting for each field and each date of harvest. We  refer to these
in-between times as “integration periods”. To compare fields at
different elevations, we measured time in terms of DDs. All com-
binations of climatic variables and integration periods were thus
defined by a given number of DDs after flowering and by a given
duration in DDs (cases in which the end of the period exceeded the
harvest date were eliminated). We  established this matrix with a
20-DD step, leading to 666 possible integration periods for each cli-
matic variable (Table S1). For each integration period, we calculated
the mean value of each climatic variable with the exception of rain-
fall, which was  cumulative. We then used a linearized mixed-effect
model and the lmer function from the lme4 package (Bates et al.,
2012) to calculate Akaike’s Information Criterion (AIC) (Akaike,
1973) to assess the effect of each integration period of each climatic
variable on fruit TA content; the field was  included as a random
term in the model. The graphical representation of AIC values as a
function of the beginning and duration (with a minimum value of
100-DD) of the integration period allowed us to determine which
integration periods (one or two periods depending on the vari-
able) best predicted fruit TA content, i.e., which periods resulted
in the lowest AIC values. This procedure was  accomplished with a
computerized algorithm. All statistical analyses were performed
with R software (R Development Core Team, 2014). At the end
of this first step, a list of candidate variables was  defined (each
candidate variable represented a specific integration period for a
climatic variable).

In the second step, we  built a complete linearized mixed-effect
model based on all candidate variables in order to predict TA con-
tent; field was  a random term in the model. We  used a backward
model selection process to find the optimal model by eliminating

non-significant variables and their interactions (Zuur, 2009) using
the lme4 package (Bates et al., 2012). We  verified the normality
of residues of the models (Fig. S1). A pseudo-correlation coeffi-
cient was calculated to determine the percentage of the variance
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Table 3
Summary of the analysis of variance (ANOVA) performed on the complete model
TA = T180 + R220 + R600 + Rg880 + T180:R600 + (1|field).

Model Df AIC logLik deviance Pr > ChiSq

Complete 8 6420.5 −3202.2 6404.5
−T180 7 6434.8 3210.4 6420.8 5.0 e-05
−R220 7 6425.6 −3205.8 6411.6 7.4 e-04
−R600 7 6432.9 3209.5 6418.9 1.0 e-05
−Rg880 7 6436.9 3211.4 6422.9 1.8 e-05
−T180:R600 7 6433.3 3209.6 6419.3 1.1 e-05
NULL 3 6436.3 −3215.2 6430.3 9.5 e-05
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220, R600, T180 and Rg880 are defined in Table 2.
f  = Degrees of freedom; AIC = Akaike’s Information Criterion; logLik = log-likelihood
alue; Pr > ChisSq = P > P value of Chi-squared test.

n TA content that was explained by the model (West et al., 2003).
he final model was used to predict the effect of climatic variables
in the range observed in our experiments) on TA content. Pre-
ictions were carried out with the predictSE.mer function in the
ICcmodavg package (Mazerolle, 2006). The goodness of fit of the
odel was evaluated based on the relative root mean squared error

RRMSE) (Kobayashi and Salam, 2000), which is commonly used to
uantify the mean difference between simulations and measure-
ents. RRMSE was calculated as follows:

RMSE =

√
1
N

∑N
i=1 (yi − ŷi)

2

ȳ

where yi is the observed value, ŷi is the corresponding simulated

alue, N is the number of observed values, and ȳ =
∑N

i=1

yi
N is the

ean of observed values.

. Results

In the plots of the duration of the integration period on the
eginning of the interruption period (Fig. 1), the zones with the low-
st AIC values indicated those integration periods for each climatic
ariable that most affected TA content. As indicated in Table 2, the
ollowing combinations of variables and integration periods gen-
rated the lowest AIC values: temperature beginning at 180 DD
fter flowering and continuing for 100 DD (Temperature180); rain-
all beginning at 220 DD after flowering and continuing for 100 DD
Rainfall220); rainfall beginning at 600 DD after flowering and con-
inuing for 120 DD (Rainfall600); and total radiation at 880 DD after
owering and continuing for 120 DD (Radiation880).

All four of the selected climatic variables were significantly
orrelated with TA in the complete GLM (Tables 3 and 4). The
omplete GLM with the four significant variables and the inter-
ction (T180 × R600, Table 3) explained 60% of the variance of

A at harvest (estimated with the pseudo-correlation coefficient).
omparison of observed and predicted data for the 14 fields demon-
trated that the model accurately simulated TA content at harvest
RRMSE = 0.08) (Fig. 2). Temperature180 and Rainfall600 had a

able 4
esults of the linear mixed-model: TA = T180 + R220 + R600 + Rg880 + T180+
600 + (1|field).

Fixed effects Estimate Standard error t value

Intercept −0.40 11.04 0.04
T180 (◦C) 2.70 0.64 4.22
R220 (mm)  −0.10 0.04 −2.31
R600 (mm) 2.54 0.66 3.82
Rg880 (MJ  m−2) −1.75 0.38 −4.67
T180:R600 (◦C mm)  −0.12 0.03 −3.89

220, R600, T180 and Rg880 are defined in Table 2.
Fig. 2. Observed and simulated TA content of ‘Queen Victoria’ pineapple at harvest
on Reunion Island. Horizontal and vertical error bars show the standard errors of
observations and of predictions, respectively. The dotted line is the 1:1 line.

strong positive effect on TA (slopes were 2.70 and 2.54, respec-
tively). The other variables in the model had a moderate negative
effect on TA, except for Radiation880, which had a strong negative
effect with a slope of −1.75. Predictions with the complete model
within the range of climate data on Réunion Island showed the
relative effects of Rainfall220, Rainfall600, Temperature180, and
Radiation880 on TA (Fig. 3).

Among the four significant variables identified in this research,
two involve the early growth of pineapple fruit: Temperature180
and Rainfall220. We  found that rainfall affects TA at two distinct
periods, one beginning at 220 DD and the other beginning at 600 DD
after flowering. The global radiation beginning at 880 DD after flow-
ering and continuing for 120 DD (Radiation880) was significantly
correlated with TA content (Table 2).

Fields 5, 7, 8, 10, 13, and 14 had the heaviest fruit and had a
growth period in winter, when temperatures were relatively low,
leading to high TA values. Conversely, high temperatures during
the period of cell division in fields 3, 4, 6, and 9 resulted in small
fruit and low TA values. Our results indicate that fruit harvested
from November to February, which is characterized by sunny days,
had the lowest TA values (Table 1).

4. Discussion

The method used to select climate variables (in this case: Tem-
perature180, Rainfall220, Rainfall600, and Radiation880) is novel
because it did not depend on the limited information available
concerning the period of influence of each variable. Although the
climate just before harvest is known to affect pineapple fruit growth
and TA content at harvest (Zhang et al., 2011), we  showed that con-
ditions during other stages of pineapple growth could also affect TA
content at harvest. Because all of the possible combinations of inte-
gration periods and climatic variables were expressed in DD after
flowering, these combinations could be associated with a period of
pineapple fruit growth. The aim of the first step of the method used
here was not to define precisely the effect of climatic variables but

rather to identify critical periods when each climatic variable most
affects TA content at harvest. For each variable, those integration
periods with the lowest AIC values were considered the most useful
for predicting TA content at harvest. To our knowledge, this method
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ig. 3. Predictions of pineapple TA content (mEq/100 mL)  at harvest from the com
180  variables were considered among their variation ranges as observed in the d
nd  third quantiles, observed among its variations.

as not been previously used to assess the relationship between
limatic variables and fruit quality. We  believe that this method
an be used in many other contexts to link climatic variables to
gricultural and food characteristics.

Two significant variables identified in this research (Temper-
ture180 and Rainfall220) involve the early growth of pineapple
ruit. The initial fruit size, which is generally related to cell division,
s highly correlated to fruit weight at harvest (Lechaudel et al., 2005)
s demonstrated by Hall et al. (2006) who studied that kiwifruit
eight at 50 days after anthesis explained 75% of the size varia-

ions of ripe kiwifruit. Early stages of fruit growth are generally
ensitive to water supply, carbon supply, and temperature (Génard
t al., 2010). Thus, Temperature180 and Rainfall220 probably affect
he establishment of fruit cells during cell division and their signif-
cance in the complete model was more related to fruit growth
han to TA at harvest. In tomato, a low temperature during early
ruit growth induced a longer period of cell division, leading to an
ncrease in cell number (Bertin et al., 2006).

In current study, TA values were high for the heaviest fruit with
 growth period in winter whereas high temperatures during the
eriod of cell division resulted in small fruit and low TA values. TA
alues can be high for pineapple ripening in winter (Collins, 1960;
oomwong, 2006) because low temperatures and a long period of
ruit development lead to an accumulation of compounds in fruit
Zhang et al., 2011). At low temperatures, the rate as which organic
cids are synthesized exceeds their rate of consumption as sub-
trates for respiration (Huet and Tisseau, 1959). In future studies, it
ould be interesting to separate night and day temperature since

t can affect differently the CAM metabolism (Holtum and Winter,
014).

TA at harvest was affected by rainfall at two  distinct periods,
ne beginning at 220 DD and the other beginning at 600 DD after
owering. Few studies have considered the effect of rainfall on
ineapple TA at harvest. However, the relationship between TA and

eficit irrigation was largely studied in others fruits. Py and Tisseau
1965) demonstrated that TA of pineapple increases with excessive
ater supply. The same trend was observed on nectarines (Thakur

nd Singh, 2012) and on some vine cultivars (Trigo-Cordoba et al.,
model (Table 3) as explained by the four explicative variables (Table 2). R600 and
. R220 was  fixed to its mean value (R220 = 20 mm)  and Rg800 was fixed to its first

2015; Rubio et al., 2004). But some authors reported a negative
relationship between water supply and TA in ripe fruits (De la Hera-
Orts et al., 2005; des Gachons et al., 2004; Hockema and Etxeberria,
2001).

In our study, fruit harvested in summer with high values for
global radiation had the lowest TA values. Variation in fruit acidity
has often been related to the harvest period, and several authors
demonstrated that pineapple acidity can be low when global radi-
ation increased (Combres, 1983; Malézieux, 1991; Malézieux and
Lacoeuilhe, 1991). In Ivory Coast, a 66% decrease in global radiation
increased the TA content of pineapple (Combres, 1979). The posi-
tive effect of radiation reduction on TA was  also observed for apple
(Schrader et al., 2011), grapevine (Uhlig, 1998), and tomato (Wada
et al., 2006) in partial shade experiments. The strong effect of global
radiation on pineapple acidity is not a new finding (Combres, 1979;
Malézieux, 1988; Malézieux and Lacoeuilhe, 1991) but the method
used in the current study better defines when the exposure to global
radiation strongly affected final acidity.

Testing the model with external data would be useful for con-
firming its validity and for extending its utility over a broader
range of climatic conditions. The 14 fields used to build the model,
however, included a broad range of seasons and locations where
pineapple is grown on Réunion Island. Our model will help farmers
select the date of planting and date of flowering induction in order
to optimize TA and pineapple quality on Réunion Island. Another
interesting perspective will be to study and to model the effect
of the thermal time between flowering and harvest. We  believe
that including thermal time between flowering and harvest would
allow testing different harvest strategies. While it required much
more data, it may  be valuable to include this additional factor in
the model.
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