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Abstract 

Transpiration and respiration are two mechanisms of water loss in fresh agricultural 

products, resulting in visual and texture degradation. Neglecting respiration as a 

mechanism of water loss may lead to erroneous results at saturation where water vapour 

pressure deficit is zero and thus water loss is expected to be zero, however, the existence 

of a finite water loss is noted. In this context, an analysis of the associated with 

transpiration and respiration water loss in figs (Ficus carica L.) was carried out at 0oC, 

10oC and 20oC and 45.64%, 80.22% and 98.65% relative humidity as well as the air 

conditions of walk-in cold storage rooms. The estimated transpiration rate ranged between 

0.11-1.416 mg cm-2h-1 for a water vapour pressure deficit of 0.0-0.98 kPa. The water 

vapour pressure deficit estimation was based on the difference between cold air 

temperature and figs’ surface temperature. The respiration rate was calculated at 0oC, 

10oC and 20oC as 0.47±0.08, 0.94±0.11 and 2.69±0.17 mLCO2100g-1h-1. Quantification of 

the water loss showed that at 20oC and saturation, the water loss due to respiration 

accounts for 3.9% of the respective water loss due to water vapour pressure deficit while 

on average, the water loss due to respiration accounts for 1.5%, 2.1% and 2.6% of the 

water loss due to water vapour pressure deficit at 0oC, 10oC and 20oC.  

1. Introduction 

The food supply chain is characterised by a high rate 

of losses, with the highest, taking place between harvest 

and consumption. About 45-55% of the global fruit and 

vegetable production is lost or becomes unsalable along 

the value chain from production to consumption as 

compared to 35%, 30% and 20% for seafood, cereals and 

meats, respectively (Gustavsson, 2011; Lipinski et al., 

2013). Water loss in fruits and vegetables takes place 

after harvest is driven by the mechanisms of transpiration 

and respiration, but unlike the mother plant, cannot be 

replaced from the root-soil system. Water loss, causes 

visual degradation, firmness loss and succulence due to 

shrivelling which are associated with marketable loss. 

There is a scarcity of recent information on the critical 

limits of water loss in fruits, however, Ben-Yehoshua 

and Rodov (2003) reported that water loss of 3-10% of 

their initial weight initiates wilting and makes products 

non-marketable. To extend the shelf-life of perishable 

products, the water loss must be controlled by applying 

appropriate packaging, waxing and optimal storage 

conditions (temperature and relative humidity). The 

direct and indirect impact of water loss on the quality of 

the harvested produce has been widely studied and 

reported, however, the water loss mechanism has been 

accepted as a complex process that is driven by many 

factors regarding the physiological, biochemical and 

physico-mechanical properties of the product as well as 

the production, harvest and postharvest treatments and 

handling (Lufu et al., 2020). Transpiration has been 

considered as the most significant water loss mechanism, 

however, is widely reported, neglecting respiration as 

also a mechanism of water loss. Factors affecting the 

transpiration rate of fresh fruits and vegetables have been 

categorized as intrinsic, such as surface-to-volume or 

surface-to-mass ratio, surface injuries, morphological 

and anatomical characteristics (cuticular wax, cracks, 

lenticels), maturity stage, and extrinsic, such as air 

temperature, relative humidity and air velocity. Many 

researchers (Caleb et al., 2012; Caleb et al., 2013; Bovi 

et al., 2016; Bovi et al., 2018) have reported that water 

evaporation from the produce surface is due to water 

vapour deficit and the associated respiratory activity. 

Respiration is the oxidative breakdown of complex 
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substrate molecules (starch, sugars organic acids) into 

simpler (CO2, H2O) with the concurrent thermal and 

intermediate molecules production which sustains the 

numerous anabolic reactions essential for the 

maintenance of cellular organization and membrane 

integrity of living cells (Kader and Saltveit, 2003). 

Respiration is affected by a series of factors that can be 

categorized into internals (type of product, genotype, 

maturity, climacteric, chemical consistency) and 

externals (temperature, O2 and CO2 levels in the storage 

atmosphere, C2H4 levels especially in climacteric fruits, 

wounds and bruises in combination with high storage 

temperatures). Lufu et al. (2020) conducted an 

exhaustive review on the water loss of fruits and the 

factors that affect it in the pre-and post-harvest stage. 

From this study can be seen that there is a lack of 

information regarding certain high-value fruits such as 

figs. Fresh figs are among the ten healthiest fruits (apple, 

blueberry, avocado, banana, grape, kiwi, orange, 

pomegranate, mango, papaya) and as highly perishable 

have very short storage and shelf life. Therefore the 

application of optimum storage conditions is of utmost 

importance. Delayed cold storage, can cause water loss 

that can exceed 5% within a few hours before cold 

storage (Dollahite et al., 2007). 

The objectives of this study are the analysis and 

quantification of the water loss in fresh whole figs due to 

the transpiration and respiration mechanisms and 

modelling of transpiration rate regarding storage 

temperature, relative humidity and storage time as well 

the respiration rate regarding the storage temperature. 

Based on the stoichiometric analysis, the water loss due 

to oxidative respiration is estimated and compared to the 

water loss related to water vapour pressure deficit. 

Finally, the peel mass transfer coefficient is calculated 

for the range of the tested experimental conditions. 

 

2. Materials and methods 

2.1 Raw materials 

Figs (Ficus carica L. var. Tsapela) were obtained 

from a local farmer in southern Peloponnese, Greece. 

The fruits were picked based on their maturity to ensure 

uniformity. The initial average mass was 41.91±3.7 g 

and the respective volume 34.77±3.3 cm3. The fruits 

were transported to the laboratory under refrigerated 

conditions where defective fruits were discarded and the 

remaining fruits were cleaned thoroughly with kitchen 

tissue. No pre-treatment was applied. 

2.2 Experimental setup 

The experimental setup (Figure 1) consisted of nine 

plastic containers (70 L each) placed in three walk-in 

cold storage rooms (16 m3 each). Three storage 

temperatures were tested 0oC, 10oC and 20oC and three 

relative humidity levels 45.64±1.1, 80.22±1.05, 

98.65±3.9% along with the air relative humidity of the 

walk-in cold storage rooms (75.72±1.3%) served as a 

measure of the efficacy of the tested semi-empirical 

model for water loss prediction. The relative humidity in 

the containers was regulated by the static method of 

saturated salts such as magnesium chloride (MgCl2) for 

the low relative humidity and sodium chloride (NaCl) for 

the high relative humidity while saturation was simulated 

by deionised water according to Greenspan (1977). The 

relative humidity levels in the containers were found 

increased by 10-12% approximately, than those reported 

by Greenspan (1977) due to the number of the tested 

samples per container and the accumulated water vapour. 

Salt solutions were placed in two large glass pans 

(Figure 1) covering the base of the container, under a 

wire mesh serving as the supporting frame where the 

samples were placed on it sufficiently apart. The 

containers were equipped with a small diameter tube 

communicated with the cold storage environment to 

ensure that the internal composition (O2 and CO2) of the 

atmosphere is not affected by the respiration of the fig 

samples. The experimental setup has been tested in 

previous experiments (Xanthopoulos et al., 2014; 

Xanthopoulos et al., 2017) and proved to prevent the 

establishment of anoxic conditions and temperature 

stratification in the containers. The internal atmosphere 

of the containers was monitored by a headspace gas 

analyser (CheckMate 9000, PBI Dansensor Co., 

Denmark). The weighing of the samples in each of the 

three walk-in cold storage rooms was carried out by an 

electronic balance to ensure that weighing was not prone 

to errors due to water condensation on the surface of the 

sample. Opening of the plastic containers’ lid before 

weighing was carried out with great caution to ensure 

minimum disturbance of the internal atmosphere. The air 

temperature and relative humidity in the plastic 

containers were recorded by a network of hygro-thermal 

sensors (Xanthopoulos et al., 2014). Before samples’ 

weighing, their surface temperature was measured by an 

infrared thermometer (Kiray 100, KIMO Instruments, 
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Figure 1. The experimental setup for mass loss measuring of 

figs during cold storage. 1: air exchange, 2: lid, 3: salt 

solutions, 4: figs on top of the wire mesh, 5: hydro-thermal 

sensor, 6: data logger, 7: laptop.  
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France) having accuracy ±2.5oC (-50oC to 20oC), and 

infrared repeatability ±1.3oC (-50oC to 20oC). The water 

activity (aw) was measured by the HygroLab C1 

(Rotronic AG, Bassersdorf, Schweiz) equipped with a 

measurement sensor HC2-AW. Prior to the 

measurements of aw the measurement, the sensor was 

calibrated in the area of aw: 0.65-0.95 using SCS certified 

humidity standards. 

2.3 Experimental procedure 

Five samples were tested at 3 humidity levels and 3 

storage temperatures in three plastic containers (Figure 

1) of constant relative humidity per tested temperature 

and 5 samples were stored unpackaged in the three walk-

in cold storage rooms (in total 60 samples). The 

temperature in the cold storage rooms was set at 0oC, 

10oC and 20oC within ±1.0oC. Based on previous 

experimental studies (Xanthopoulos et al., 2014; 

Xanthopoulos et al., 2017) the experimental setup 

establishes homogeneous conditions in the plastic 

containers and no significant moisture stratification was 

noted. The weighing of the samples was carried out at 

predefined time intervals. The duration of the 

experimental runs varied according to the storage 

temperature and was 8 days at 0oC, 6 days at 10oC and 4 

days at 20oC. Transpiration rate was expressed per unit 

surface area as mg cm-2 h-1 (Equation 1a) as well as per 

unit of initial mass as g kg-1 h-1 (Equation 1b). 

where TRs is the transpiration rate per unit surface 

area of the product in mg cm-2 h-1 and TRm is the 

transpiration rate per unit of initial mass of the product in 

g kg-1 h-1, Mi is the initial mass (g), Mt is the mass of the 

product (g) at time t (h) and As the surface area of the 

product (cm2). 

The water activity was estimated by the dynamic 

method on five figs stored unpackaged at 20oC and 

75.72±1.3% relative humidity. During predefined time 

intervals, the water activity was measured at 20oC. The 

average aw was 0.932±0.035. Water activity values for 

different agricultural products have been reported by 

Mahajan et al. (2008) for mushrooms, 0.984±0.01, Sousa

-Gallagher et al. (2013) for strawberries, 0.984±0.003, 

Caleb et al. (2013) for pomegranate arils, 0.984±0.01 

and Xanthopoulos et al. (2017) for pears, 0.924±0.05. 

Based on the estimated aw and the tested conditions (T, 

RH), water vapour pressure deficit (WVPD = Pvs-Pva) 

was calculated according to Xanthopoulos et al. (2012a), 

where Pvs is the water vapour pressure at the surface of 

the product based on the surface temperature and Pva is 

the water vapour pressure of the surrounding air. 

Respiration rate (CO2 production) was estimated 

employing the patented portable experimental setup 

(RICKLOS) (Mitropoulos et al. 2000). The RICKLOS is 

a closed-static respiration system in which the 

accumulated CO2 is measured by a Riken Keiki RI-411Á 

(RKI Instruments, Japan) having accuracy ±2% and 

resolution 25 ppmCO2. The measurement of respiration 

rate was taken place at three samples. The samples were 

taken out of the containers at predefined times and 

placed in the respiration cells. 

Slatnar et al. (2011) and Pereira et al. (2017) 

reported that figs respiration can be described by glucose 

oxidation or its isomer fructose since the remaining 

sugars are of limited quantity. In particular, Slatnar et al. 

(2011) reported that fructose accounts for ≈52%, glucose 

for ≈46% and sucrose is less than 2%, which is in 

accordance with Veberic et al. (2008) results. Since 

glucose and fructose share the same chemical formula 

(C6H12O6) and stoichiometric equation for aerobic 

oxidation, therefore, as the metabolic substrate of the 

aerobic respiration of figs was assumed the sum of 

glucose and sucrose. Scarce information is found in the 

literature regarding the fresh figs concentration in total 

sugars or in glucose, sucrose and fructose. Therefore, 

literature data by Pereira et al. (2017) were adopted in 

the present study. The sum of glucose and fructose in 

figs (average values) was taken as 12.17gsugar100g-1
fig 

(6.35gfructose100g-1
fig and 5.82gglucose100g-1

fig). The 

stoichiometric oxidation of fructose and glucose is 

described as: 

The heat release per mole of the oxidised substrate 

(Equation 2) was assumed as the average heat release 

from glucose and fructose. Based on Equation 2, for 

every mole of substrate oxidised ( = 180gsugar), 6 moles 

of water 108gwater and 6 moles of CO2 6×22,400mLCO2 = 

134.4×103 mLCO2 are released. Therefore based on the 

stoichiometric Equation 2 and the stoichiometric 

analogy, for every 100g of fig, 12.17g of the substrate 

(glucose and fructose) are oxidised, producing A = 

108gwater×(12.17gsugar/180gsugar) of water and B = 

134.4×103mLCO2×(12.17gsugar/180gsugar) of CO2. 

Transforming the water and CO2 release into hourly rates 

(mathematical transformation) can represent the water 

loss due to respiration WL (gwaterkg-1
fruith

-1) and RR 

(mLCO2100gfruit
-1h-1) respectively. Finally, by combing 

the WL with RR and rearranging, the following equation 

is derived. 

where WL is the water loss due to respiration 

(gwaterkg-1
figh

-1), RR is the respiration rate (mLCO2100gfig
-

( )i t
s

s

1000× M -M
TR =

t×A

( )
i t

m

i

M -M
TR =

t× M 1000

(1a) 

(1b) 

6 12 6 2 2 26 6 6 2 835 3C H O O CO H O , . kJ+ → + + (2) 

WL = 10×A/B×RR (3) 
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1h-1) and A and B are the coefficients from the previously 

stoichiometry. 

The experiments were conducted according to a full 

factorial design, considering 3 factors (storage 

temperature, relative humidity and storage time) at three 

levels (32) of storage temperature and relative humidity 

with five figs in each container and five extra figs stored 

unpackaged in the cold rooms. In total, 12 experimental 

runs were carried out with 60 samples. Statistical 

analysis of variance and nonlinear regression was carried 

out by Statgraphics 19 (Statpoint Technologies, VA, 

USA) at a significance level of P≤0.05. Nonlinear 

regressions were carried out based on the Levenberg-

Marquardt optimisation algorithm (Mason et al., 2003). 

 

3. Results and discussion 

3.1 Estimation of the surface area and the effective 

diameter 

Fruits and vegetables lose water through their peel 

and thus the higher the specific surface area (surface area 

to unit mass), the higher the water loss. This justifies the 

significance of expressing transpiration rate per unit area 

rather than per unit mass. At the end of the experiments, 

the figs’ three diameters were measured, two 

longitudinal (a, b) and one axial (c) assuming that their 

geometry is close to ellipsoid. Based on the conducted 

measurements, their mass was 25.73-55.16 g, their 

volume 20.61-45.26 cm3 and their mean diameters were 

a = 42.32±2.9 mm, b = 44.61±2.9 mm, c = 31.83±2.5 

mm. Since a and b diameters were close enough but 

sufficiently bigger than c diameter by 37%, the figs were 

considered as oblate spheroids having a = b > c. The 

estimated areas of the figs’ surface were associated with 

their respective mass (mg) according to the following 

equation:  

where, As is the surface area of figs (cm2), M the 

mass of figs (mg) while b and d the parameters of 

Equation 4a, calculated from the non-linear regression 

and found respectively as 0.0041±0.0002 and 0.68±0.01, 

where  R2
adj = 0.92 and SEE = 1.44 (P≤0.05). 

The effective figs’ radius (cm) was associated with 

the respective mass (mg) as follows:    

where  R2
adj = 0.91 and SEE = 0.016 (P≤0.05). 

3.2 Estimation of mass loss and transpiration rate 

The water loss of the figs’ was expressed in a 

dimensionless form (Mi - Mt)/Mi. In Figure 2a, the mass 

loss with the storage time at 0oC is plotted while similar 

variations were noted at 10oC and 20oC for the three 

tested relative humidity levels. In this case, the water 

loss was found less than 4% in the cases of 98.65% and 

80.22% while 12% water loss was found in the lower 

relative humidity 45.64%. The temperature effect on 

mass loss is presented in Figure 2b for the experimental 

case of 80.22% relative humidity and for the three 

storage temperatures (0oC, 10oC, 20oC). At 80.22% 

relative humidity the water loss was 4.0% at 0oC, 5.0% 

at 10oC and 8.0% at 20oC. A similar range of water loss 

was reported during cold storage (0oC) of Brown Turkey 

and Kadota figs varieties (Crisosto et al., 2011). 

Transpiration rate, and thus mass loss, was found to 

be higher at 45.64% and 20oC (WVPD = 0.98±0.01 kPa) 

and lower at 98.65% and 0oC, 10oC and 20oC (WVPD = 

0.0 kPa). Although in cases 1, 4, and 7 (cf. in Figure 3), 

the water vapour pressure deficit is zero, the observed 

variation in the respective transpiration rates among the 

three cases could be respiration driven, since the latter is 

also considered in the transpiration rate calculation, and 

as will be following analysed, their ranking follows the 

respective respiration rate ranking which is 

RR|20oC>RR|10oC>RR|0oC; respiration is controlled from 

storage temperature and the physiology of the fruit 

(climacteric, maturity stage). Figure 3 highlights the 

significance of air temperature in transpiration rate and 

the consequent water loss in the stored fresh figs. Thus, 

As = b×Md (4a) 

( )er =exp -0.5726+0.3407×lnM (4b) 

(a) 

(b) 

Figure 2. Reduced mass loss of figs with storage time. The 

effect of relative humidity (a) and storage temperature (b) are 

presented. Each point is the average of n = 5 samples. Error 

bars are the standard deviation WL values. 
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regardless of the air relative humidity in the cold storage 

rooms, as the air temperature (cf. to cases 9, 6 and 3 in 

Figure 3) decreases, decreases respectively the 

transpiration rate. The previous behaviour has been 

discussed by Sastry and Buffington (1982; 1983), who 

assumed that it originated from the surface temperature 

which under saturated conditions rises above the ambient 

temperature causing an increase in Pvs and therefore a 

finite moisture loss may exist even at these storage 

conditions. In the present study, the figs’ surface 

temperature was measured by an IR thermometer during 

the experiments and was found that the difference 

between the air temperature and figs’ surface 

temperature ranged at 0oC between 1.8-3.4oC, at 10oC 

between 0.9-1.3oC and 20oC between 0.2-0.6oC. The 

temperature difference between figs’ surface and cold 

storage room air was the lowest in the saturation case 

where relative humidity was 98.65% and the highest in 

the lowest relative humidity case where relative humidity 

was 45.64%. In each of the tested experimental cases, the 

TRs and TRm were calculated based on Equations 1a and 

1b. The TRs (mg cm-2h-1) increased with WVPD (kPa) 

and this trend is presented in Figure 3 where the WVPD 

ranges between 0.0 and 0.98 kPa and the highest value 

was found in the case of 20oC and 45.64% relative 

humidity.  

The mean transpiration rate ranged from 0.11 to 

1.416 mg cm-2h-1 or 0.13 to 1.513 g kg-1h-1 respectively. 

Mahajan et al. (2008) reported transpiration rates, TRs 

for mushrooms of 0.14 to 2.5 mg cm-2h-1 or TRm: 0.29-

5.2 g kg-1h-1 (tested conditions: 4oC, 10oC, 16oC and 

76%, 86%, 96%). Caleb et al. (2013) reported TRm 

values for pomegranate arils of 0.047 to 0.698 g kg-1h-1 

(tested conditions: 5oC, 10oC, 15oC and 76%, 86%, 

96%). Sousa-Gallagher et al. (2013) reported TRm values 

for strawberries of 0.24 to 1.16 g kg-1h-1 (tested 

conditions: 5oC, 10oC, 15oC and 76%, 86%, 96%). 

Xanthopoulos et al. (2014) reported TRs for grape 

tomatoes in the range of 0.012 to 0.058 mg cm-2h-1 or 

TRm: 0.018-0.107 g kg-1h-1 (tested conditions: 10oC, 

15oC, 20oC and 70%, 80%, 92%). Xanthopoulos et al. 

(2017) reported TRs for pears in the range of 0.030 to 

0.283 mg cm-2h-1 or TRm: 0.025-0.258 g kg-1h-1 (tested 

conditions: 0oC, 10oC, 20oC and 70%, 80%, 95%). Bovi 

et al. (2018) reported TRm values for strawberries of 0.13 

to 1.28 g kg-1h-1 (tested conditions: 4oC, 12oC, 20oC and 

76%, 86%, 96%). The significance of storage 

temperature and relative humidity in transpiration rate 

has been experimentally proved and analysed. In 

previous studies (Xanthopoulos et al., 2014; 

Xanthopoulos et al., 2017) was reported that 

transpiration rate increases as temperature increases and 

relative humidity decreases. In the present study, the 

transpiration rate increased by ≈90% with temperature 

increase from 10oC to 20oC while transpiration rate 

decreased by ≈38.5% with relative humidity increase 

from 80.22% to 98.65% (cf. Figure 3). Similarly, 

increasing the relative humidity in the container from 

45.64% to 98.65% caused a decrease of the transpiration 

rate by 6 times at 0oC (suggested storage temperature) 

whereas temperature decrease from 20oC to 0oC 

decreased transpiration rate by 3 times at 80.22% relative 

humidity. A similar response in their experiments has 

been reported by Mahajan et al. (2008), Caleb et al. 

(2013) and Sousa-Gallagher et al. (2013). Veraverbeke 

et al. (2003) reported that reducing the relative humidity 

during apples cold storage from 97.5% to 95% resulted 

in a 30% increase in moisture loss. Experimental 

observations showed that the tested figs exhibited limited 

deformation when mass loss exceeded the limit of 4.0-

5.0% of their initial mass, which is consistent with Ben-

Yehoshua and Rodov (2003) report, regarding the visual 

and texture degradation in fruits and vegetables when 3-

10% mass loss is noted. 

3.3 Modelling and validation of transpiration rate 

The semi-empirical model for TRm (g kg-1h-1) 

estimation, proposed by Xanthopoulos et al. (2014) and 

based on Fick's law of diffusion, was used to model figs’ 

water loss. The employed model accounts for the 

temperature effect on mass transfer coefficient    : 

were TRm is the transpiration rate (g kg-1h-1) per unit 

of initial mass, Mi is the initial mass of the product (g), 

Mt is the mass of the product at time t (g), t is the storage 

time (h),    is the pre-exponential mass transfer 

coefficient (g kg-1h-1), aw is the water activity of the 

Figure 3. Estimated TRs values vs WVPD for all the tested 

cases. Each point is the average of n = 5 samples over the 

storage period. Error bars are the standard deviation for TRs 

values. For WVPD = 0.0 kPa, TRs = 0.322 mg cm-2h-1. 

'
iK

'i t a
m i w

i r

M -M E 1 1 RH
TR = =Kexp - - a -

M R T T 100
t

1000

    
    

      
 

(5a) 

'
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product, relative humidity is the relative humidity of the 

surrounding air (%), Ea is the activation energy (J mol-1), 

R is the gas constant (J mol-1 K-1), T is the absolute air 

temperature (K) and Tr is the reference temperature (K). 

As reference temperature was taken the mean 

temperature from the three storage temperatures which 

was 283.15 K. The Mt values are obtained by solving 

Equation 5b: 

The parameters of the previous model (Equation 5b) 

were calculated from the nonlinear regression as Ki = 

2.835 g kg-1h-1 with confidence interval CIÎ(2.717, 

2.953) and Ea = 33,190 J mol-1 with CIÎ(29,810, 36,571), 

with good agreement between experimental and 

predicted data, R2
adj = 0.96, SEE = 0.82 and mean 

absolute error = 0.61 (P≤0.05). The efficacy of the tested 

model (Equation 5b) was further evaluated from the 

mass loss of the unpackaged figs stored at 0oC, 10oC and 

20oC and 75.72±1.3%. The previous comparison showed 

that the tested model (Equation 5b) can predict 

efficiently (cf. Figure 4) the mass loss of the unpackaged 

figs within the range of the tested experimental 

conditions (storage temperatures and relative humidity). 

The calculated relative error from the comparison of the 

predicted with the experimental Mt values was 0.5%. 

The model presented initially by Mahajan et al. 

(2008) regarding the TRs (mg cm-2h-1) estimation and 

modified by Xanthopoulos et al. (2014), combines 

Newton's law of cooling with temperature dependence of 

mass transfer, as follows 

where V is the volume of water lost from the product 

during transpiration (cm3), t is the storage time (h),  is 

the pre-exponential mass transfer coefficient (cm h-1) and 

As is the surface area of the product (cm2) estimated by 

Equation 4a. Substituting the volume of the lost water 

with the ratio Mt/ρw (ρw = 999.75 mg cm-3, is the water 

density at Tr) and As by Equation 4a and rearranging, 

yields  

 

Following integration, 

The nonlinear regression of the experimental data 

with Equation 5e, derived the following: Ki = 0.171 cm h
-1 with (0.164, 0.178) and Ea = 28,610 J mol-1 with 

(25,368, 31,851) having very good agreement 

between experimental and predicted data, R2
adj = 0.96, 

SEE = 0.80 and mean absolute error = 0.58 (P≤0.05). 

The predicted Mt values (Equation 5e) versus the 

experimental values are presented in Figure 5. As has 

been explained by Xanthopoulos et al. (2012b) the 

validity of the empirical models should be tested against 

the statistical hypotheses of homoscedasticity and 

residuals’ normality. In the homoscedasticity hypothesis, 

residuals should exhibit a non-systematic pattern located 

around zero in a narrow value band. In the normality 

hypothesis, a normal probability plot consisting of an 

abscissa scaled for the predicted data and an ordinate 

scaled so as the cumulative distribution function of a 

normal distribution is plotted as a straight line should be 

used. The closer the predicted data are to the reference 

line, the more likely the residuals to follow a normal 

distribution. As can be seen in Figure 5 these two 

statistical hypotheses are adequately satisfied, which in 

turn shows that Equation 5e can be efficiently applied to 

' a i
t i i w

r

E M1 1 RH
M =M -Kexp - - × a - ×t×

R T T 100 1000

     
      

     
(5b) 

' a
i s w

r

EdV 1 1 RH
=-K exp - - ×A × a -

dt R T T 100

    
    

   
(5c) 

'
iK

' a
w i wb

r

EdM 1 1 RH
- =d×ρ ×Kexp - - × a - ×dt
M R T T 100

    
    

   
(5d) 

( )

1
1-b

1-b ' a
t i w i w

r

E 1 1 RH
M = M + b-1 ×d×ρ ×Kexp - - × a - ×t

R T T 100

     
     

     

(5e) 

Figure 4. Experimental (points) and predicted (lines) from 

Equation 5b values of mass loss for cold storage of 

unpackaged figs, 75.72±1.3%. Each point is the average of n = 

5 samples over the storage period, where mean initial mass for 

this case is 37.15±1.5 g. 

Figure 5. Experimental vs predicted (Equation 5e) mass of figs 

for all the tested cases. Upper left: studentised residuals 

plotted vs predicted mass loss values. Bottom right: normal 

probability of studentised residuals (studentised residual is the 

ratio of a residual divided by its standard deviation). 
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predict water loss due to transpiration during cold 

storage of unpackaged figs within the range of the 

experimental conditions. 

3.4 Modelling of respiration rate of unpackaged figs 

Crisosto et al. (2011) reported that fresh figs produce 

very low amounts of carbon dioxide and in particular at 

0oC, 0.2-0.4 mLCO2100g-1h-1, at 10oC, 0.9-1.2 mLCO2100g
-1h-1 and at 20oC, 2.0-3.0 mLCO2100g-1h-1. Colelli et al. 

(1991) reported during cold storage of ‘Mission’ figs, 

respiration rates at 0oC, 0.2-0.5 mLCO2100g-1h-1 and at 

5oC, 0.6-0.9 mLCO2100g-1h-1. In the present study, the 

average respiration rate of figs (Ficus carica L. var. 

Tsapela) was at 0oC as 0.47±0.08 mLCO2100g-1h-1, at 

10oC as 0.94±0.11 mLCO2100g-1h-1 and at 20oC as 

2.69±0.17 mLCO2100g-1h-1. Figure 6, presents the 

respiration rate at 0oC and 45.64%, 80.22% and 98.65% 

relative humidity. As can be seen, figs stored at 

saturation exhibited the lowest respiration rate values 

while the other two cases had higher respiration rate 

values probably due to water stress driven by the WVPD 

in the different tested cases. The analysis of variance 

(ANOVA) of the respiration rate (mLCO2100g-1h-1) with 

the experimental factors (T, RH, t) is presented in Table 

1 (P≤0.05). From Table 1 it is seen that the storage 

temperature and relative humidity affect significantly 

respiration rate (P<0.001) while transpiration rate is 

significantly affected by the relative humidity as has 

been previously discussed. The F-ratio in Table 1, 

analyzes the contribution of the storage temperature and 

relative humidity in respiration rate variation. In this 

case, the storage temperature has the highest by far F-

ratio indicating that this factor affects significantly 

respiration rate as was expected. The modelling of the 

respiration rate per storage temperature was carried out 

from an Arrhenius-type equation. 

where RR is the mean respiration rate (mLCO2100g-1h
-1), Rref is the pre-exponential respiration rate 

(mLCO2100g-1h-1), Ea is the energy of activation (J mol-1), 

T is the absolute air temperature (K), R is the gas 

constant (Jmol-1K-1) and Tr is the reference temperature 

(K) taken as 283.15 K (mean temperature of the three 

tested temperatures). From the nonlinear regression of 

the experimental data employing Equation 6, was 

calculated Rref = 1.40 mLCO2100g-1h-1 with confidence 

interval CIÎ(1.36, 1.44) and Ea = 69,788 Jmol-1 with CIÎ

(66,674, 72,903), with good agreement between 

experimental and predicted data, R2
adj = 0.98, SEE = 0.13 

and mean absolute error = 0.10 (P≤0.05). 

 

3.5 Analysis of water loss due to transpiration and 

respiration 

The water loss as it is calculated as TRm and TRs, 

contains the water loss due to water vapour pressure 

deficit taken as a physical phenomenon, as well as due to 

figs respiration taken as a physiological phenomenon. 

Separation of these two sources of water loss is taking 

place calculating initially the water loss due to aerobic 

respiration from Equation 3 and then subtracting it from 

the respective TRm (g kg-1h-1). The contribution of the 

two sources of water loss to the overall TRm is presented 

in Figure 7 where the significance of the water loss due 

to aerobic respiration is seen at 20oC due to a higher 

respiration rate compared to the respective respiration 

rate of 10oC and 0oC, regardless the relative humidity. 

Saltveit (1996) classified several fruits and vegetables 

based on their respiration rate at 5oC and ranked figs as 

moderate respiring products having 0.5-0.8 mLCO2100g-1 

h-1. Differences in respiration rate are expected among 

different fruit varieties and the maturity stage being 

harvested. In the present study, the mean respiration rate 

at 0oC was 0.47±0.08 mLCO2100g-1 h-1. 

Quantification of the two sources of water loss 

showed that at 20oC and saturation case, the water loss 

1 1a
ref

r

E
RR R exp - -

R T T

  
=    

  
(6) 

Source df F-ratio P-value 

Main effects    
 A: storage temperature 2 2177 ≤0.001* 

 B: storage time 7 1.35 0.2428 

 C: relative humidity 3 5.88 0.0014* 

Residual 59   
Total 71   

Table 1. Analysis of variance (ANOVA) of RR with the 

experimental factors of relative humidity, storage temperature 

and time. 

* = significant at P≤0.05, df = degree of freedom, All F-ratios 

are based on the residual mean square error.  

Figure 6. Experimental RR values at 45.64%, 80.22% and 

98.65% relative humidity and 0°C. Each point is the average 

of n = 3 samples.  
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due to respiration accounts for 3.9% of the respective 

water loss due to water vapour deficit. At 0oC and 

saturation (recommended storage conditions) the water 

loss due to respiration accounts for 2.6% of the 

respective water loss due to water vapour deficit. On 

average, at 0oC, 10oC and 20oC the water loss due to 

respiration accounts for the 1.5%, 2.1% and 2.6% 

respectively of water loss due to water vapour deficit. 

Compared to Xanthopoulos et al. (2017) results 

regarding water loss of pears due to respiration and 

transpiration, can be seen that although the respiration 

rate of pears was close to figs respiration rate at 0oC 

(0.48±0.1 mLCO2100g-1 h-1), both fruits are very 

perishable characterised by low storability, the water loss 

of figs due to water vapour deficit was much higher. This 

fact highlights the role that plays in the biology and 

anatomy of the flesh and peel structure of each fruit and 

how this facilitates the water transfer due to water 

vapour deficit from fruit flesh to its surroundings. At this 

point should be acknowledged that figs' ostiole at the 

bottom of the syconium facilitates the water vapour 

transport from the inner of the fruit, where female 

flowers are lined up on the syconium wall, to its 

surroundings. 

3.6 Estimation of transpiration coefficient in the 

analytical transpiration model 

Although the transpiration coefficient (kt) varies 

linearly with WVPD, in the form of TR = kt×WVPD, 

where kt is the transpiration coefficient per unit area 

(TRs) or per unit of initial mass (TRm), a deviation is 

observed at saturation (WVPD≈0.0), as was found in the 

present study, TRs = 0.322 mg cm-2h-1 (cf. Figure 3) and 

in other studies (Xanthopoulos et al., 2014; 

Xanthopoulos et al., 2017; Bovi et al., 2018) during cold 

storage of grape tomatoes where TRs = 0.007 mg cm-2h-1, 

cold storage of strawberries where TRm = 0.0057-0.1737 

g kg-1h-1 and cold storage of pears where TRs = 0.054 mg 

cm-2h-1. In the present study, the difference between air 

temperature at saturation and figs’ surface was 1.8oC at 

0oC, 0.9oC at 10oC and 0.2oC at 20oC. This point 

deserves further investigation to identify the source of 

this discrepancy and the factors that affect it. Bovi et al. 

(2018) came up to the same conclusion regarding the 

calculation of transpiration rate during cold storage of 

strawberries based on WVPD due to increase of surface 

temperature, the heat of respiration, substrate loss of 

carbon loss. The water vapour production due to 

respiration was estimated and respiration and 

transpiration were associated, quantifying the water loss 

due to water vapour pressure deficit and respiration with 

special mention to the saturation case. The transpiration 

coefficient (kt) is considered as the sum of two 

coefficients representing the resistance to water transport 

due to the product's peel (τ/Dvφ) (where Dv is the 

diffusion coefficient of water vapour in the air) and to 

the adjacent diffusive boundary layer (1/ka). Peel 

thickness (τ) and the fraction of surface area containing 

pores (φ) is difficult to be estimated while relevant 

information in the literature is scarce. Therefore, an 

alternative form of the peel resistance was proposed, in 

which all the parameters are lumped into the 1/ks 

parameter which stands for the peel diffusion resistance 

to water vapour transport having the same units as 1/ka. 

According to Xanthopoulos et al. (2012a), the air-

film mass transfer coefficient was estimated from a 

Sherwood-Reynolds-Schmidt correlation for a sphere. 

Considering negligible the flow around the product (i.e., 

Re→0, where Re is the Reynolds number), ka is 

estimated as: 

where Dv is the diffusion coefficient of water vapour 

in the air (m2s-1), T is the surrounding air temperature 

(K), re is the effective radius of the product (Equation 4b) 

(m) and Rv is the specific gas constant of water vapour 

(461.89 J kg-1K-1). For the tested experimental cases, the 

range of ka values was 2.96-3.70 mg cm-2h-1kPa-1 with a 

mean value of 3.15 mg cm-2h-1kPa-1. The peel mass 

transfer coefficient (ks, mg cm-2h-1kPa-1) was calculated 

from Equation 8, 

by employing the experimentally estimated values 

for TRs (Equation 1a) and WVPD and substituting the 

estimated ka values for all the tested cases. For the range 

of the tested conditions, the ks values ranged between 0.0 

and 57.38 mg cm-2h-1kPa-1 with a mean value of 12.93 

mg cm-2h-1kPa-1. Rao (2015) presented literature values 

of ks for different fruits and vegetables which ranged 

v
a

v

D
k =

T×r ×Re

(7) 

Figure 7. Cumulative histogram of the experimental net water 

loss due to transpiration (TRmnet = TRm-WL) and due to 

respiration vs the WVPD. 

s -1 -1
s a

WVPD
TR =

k +k
(8) 
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from 0.04 to 31.43 mg cm-2h-1kPa-1 (mean value 

2.37±1.0 mg cm-2h-1kPa-1). From the reported values is 

acknowledged the large variability of the peel mass 

transfer coefficient which in turn shows that ks is product 

dependent and even if it is estimated for similar storage 

conditions, the variety and maturity stage of the same 

products are potential sources of ks variation. 

 

4. Conclusion 

The figs mass loss was related to the transpiration 

and the respiration rate. The lowest WVPD was found in 

saturation as was expected. Although the WVPD is zero 

at saturation cases, the noted transpiration rate variation 

could be respiration driven since the latter is considered 

in the transpiration rate calculation. The transpiration 

rate ranged from 0.11 to 1.416 mg cm-2h-1 or from 0.13 

to 1.513 g kg-1h-1 for the tested cases. Transpiration rate 

increases with storage temperature, especially from 10oC 

to 20oC and decreases with increasing relative humidity 

from 80.22 to 98.65%. The estimated average respiration 

rate was 2.69±0.17 mLCO2100g-1h-1 at 20oC, 0.94±0.11 

mLCO2100g-1h-1 at 10oC and 0.47±0.08 mLCO2100g-1h-1 at 

0oC. Modelling of the respiration rate was based on an 

Arrhenius-type equation with good fitting  R2
adj = 0.98, 

SEE = 0.13. Quantification of the two sources of water 

loss showed that at 20oC and saturation case, the water 

loss due to respiration accounts for 3.9% of the 

respective water loss due to water vapour pressure 

deficit. At 0oC and saturation case, the water loss due to 

respiration accounts for 2.6% of the respective water loss 

due to water vapour pressure deficit. The previous 

findings can explain that even at very small or close to 

zero water vapour pressure deficits the water losses still 

exist. The peel mass transfer coefficient ks was 

calculated from the analytical model of water loss 

estimation due to transpiration and ranged between 0.0 

and 57.38 mg cm-2h-1kPa-1 with the mean value of 12.93 

mg cm-2h-1kPa-1. 
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