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 Summary
Introduction  –  A clear perception of the production 

efficiency of land is necessary for its management, 
planning, and development. On-site experimentation 
for determining the production efficiency and land 
aptness of a site for a perennial crop, such as almond, 
is not feasible. The lack of planning and management, 
low profitability, and lack of awareness of land apt-
ness have caused the substitution of the almond crop 
by other crops in the cold humid regions of north-
west Himalayas. Considering the aforementioned 
challenges, the present investigation was carried out 
to develop an efficient methodology to prevent any 
substitution of the almond crop. Materials and meth-
ods  –  Twenty standardized indicator parameters, in-
cluding soil, plant variety (traditional or improved), 
climatic, and geographic parameters were used to de-
velop and evaluate the relative production efficiency 
index (RPEIa) for almond. This index was further used 
to generate models for land use planning and yield 
prediction of almond. Results and discussion    –    The 
reasons for substitution were determined through 
exhaustive surveys, and on the basis of these reasons, 
a methodology focusing on production efficiency was 
developed. A new methodology to standardize the 
indicator parameters influencing fruit yield was de-
veloped. Furthermore, RPEIa-based empirical models 
for land-use planning and yield prediction were de-
veloped. The sustainability yield index was computed 
and its relationship with the RPEIa was determined. 
Conclusion  –  The indices and models developed in the 
present investigation should facilitate the production 
efficiency evaluation of an area, provide a yield pre-
diction and a land-use planning for the almond crop.
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Résumé
Planification de l’utilisation des terres pour 
l’amandier par efficacité en production – Un 
nouveau mode opératoire.

Introduction  –  Une perception claire de l’efficacité 
en production de la terre est nécessaire pour sa ges-
tion, sa planification et son développement. L’expéri-
mentation in situ pour déterminer l’efficacité de pro-
duction et l’aptitude du sol d’un site pour une culture 

pérenne comme l’amandier n’est pas réalisable. 
L’absence de planification et de gestion, la faible ren-
tabilité et le manque de prise de conscience de l’ap-
titude d’agricole d’une terre ont provoqué la substi-
tution de la culture d’amandes par d’autres cultures 
dans les régions froides et humides du nord-ouest des 
Himalayas. Compte tenu des défis susmentionnés, la 
présente étude a été menée en vue de développer une 
méthodologie efficace pour prévenir la substitution 
des amandiers. Matériel et méthodes    –    Vingt para-
mètres d’indicateurs standardisés, y compris les pa-
ramètres du sol, des plantes (variétés traditionnelles 
ou améliorées), du climat et géographiques ont été 
utilisés pour développer et évaluer l’indice d’effica-
cité relative en production d’amandes (RPEIa). Cet 
indice a ensuite été utilisé pour générer des modèles 
pour l’aménagement du territoire et la prédiction du 
rendement en fruits des amandiers. Résultats et discus-
sion  –  Les raisons de la substitution des cultures ont 
été déterminées par des enquêtes exhaustives et, sur 
la base de ces raisons, une méthodologie axée sur l’ef-
ficacité de la production a été développée. Une nou-
velle méthodologie de normalisation des paramètres 
indicateurs influençant le rendement en fruits a été 
développée. En outre, des modèles empiriques basés 
sur le RPEIa pour l’aménagement du territoire et la 
prédiction du rendement ont été développés. L’indice 
de rendement durable a été calculé et sa relation avec 
le RPEIa a été déterminée. Conclusion  –  Les indices et 
les modèles développés dans la présente étude de-
vraient faciliter l’évaluation de l’efficacité en produc-
tion d’une zone, fournir une prédiction du rendement 
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Significance of this study
What is already known on this subject?
•	 The relative production efficiency index has proved to 

be a useful indicator to make appropriate and suitable 
decisions on land site use based on return on input.

What are the new findings?
•	 Empirical models based on relative production effi-

ciency for land use planning and yield prediction of 
almond have been developed for the first time.

What is the expected impact on horticulture?
•	 The indices and models developed help evaluate the 

production efficiency of an area and are functional in 
predicting almond yields, planning land use suitability 
and crop management. 
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Introduction
Considering the highly competitive international envi-

ronment, assessing a country’s production potential is neces-
sary. High-value horticultural production has been indicated 
as a sector that can provide real opportunities for enhancing 
farm incomes and reducing poverty (Bhattacharyya, 2011) 
in developing countries such as India. Furthermore, to bal-
ance the future demand and supply, particularly of horticul-
tural crops, research should focus on increasing production 
from fixed land area while simultaneously reducing the envi-
ronmental effects on production (Godfray et al., 2010). Thus, 
increasing food or fruit production through proper land-use 
management has been the major focus in the pursuit of sus-
tainable development (Thapa and Yila, 2012).

Almond (Prunus dulcis L.) is a high-value horticultur-
al nut crop. In the Indian context, almond cultivation war-
rants greater attention from researchers and planners than 
it currently receives. Because of the high demand and low 
production of the almond crop (Varmudy, 2011) in India, im-
port meets a major portion of the almond demand. Moreover, 
this demand is continuously increasing due to the increase in 
almond consumption. In India, almond is mostly cultivated 
in the cold humid regions of the north-west Himalayas. Al-
mond from this region is reputed as being one of the choic-
est fruits (Pandit and Sharma, 2015). However, in last five to 
six years (2011 onwards), the substitution of almond with 
other crops, such as apple, in orchards has become a major 
concern. The area under almond cultivation has reduced 
by 7.65% (Pandit and Sharma, 2015) in three years (2010–
2012). Few researchers have conducted preliminary studies 
to determine the reasons for the shift in cultivation (Pandit 
and Sharma, 2015).

A survey of the almond growing cold humid regions of 
the northwest Himalayas revealed that 61% of the farmers, 
who have shifted from almond cultivation to that of other 
crops, stated reasons that are directly or indirectly relat-
ed to ‘production efficiency based land-use planning and 
management’. The stated reasons are: climate and weather 
risks (10%), lack of awareness regarding land-use potential 
(18%), senile orchards (12%), unsystematic land use (9%), 
and degraded orchards (12%). Pandit and Sharma (2015) 
also reported a ‘lack of management and planning’ as one 
of the problems forcing the almond growers of the region to 
shift to cultivation of other crops, thereby reducing the acre-
age under this crop.

Addressing the afore-mentioned challenges or problems 
will require the integration of several components of horti-
cultural production combined with a complete understand-
ing of the interaction of these components (Skirvin, 2011). 
The entire almond growing area in the north-west Hima-
layan regions is rainfed, and maintaining soil and crop pro-
ductivity in rainfed areas is a major challenge (Srinavasarao 
et al., 2014). Therefore, to reduce the effort and cost involved 
in maintenance, proper land-use planning at the onset of 
plantation should be encouraged. Previously, researchers fo-
cused on improving individual components of horticultural 

production, and did not consider, in detail, the possible ef-
fects of changes in the component of interest on the other 
components of the system (Dominguez et al., 2010). Hence, 
the knowledge of plant responses to environmental, soil, and 
physiographic components and conditions is a key factor for 
proper land-use planning for ensuring optimum production. 
The production of almond is strongly influenced by several 
factors, including climatic factors, such as rainfall (Dorfman 
et al., 1988) and temperature; soil factors, such as fertility 
(Dorfman et al., 1988) and availability of nutrients (Nyomo-
ra and Brown, 1999); geographical factors, such as altitude; 
physiographic and varietal factors (Lamp et al., 2001). Fur-
thermore, on-site measurement of crop performance is te-
dious and time-consuming. A waiting period of 6 to 8 years 
is required to assess the almond yield and economic returns 
for almond producers. Hence, developing and testing of mod-
els to plan proper land-use for almond cultivation is neces-
sary. Thus far, no mathematical expressions or models have 
been proposed for the almond crop.

According to McPhee (2009), mathematical or empir-
ical modelling plays an integral role in the development of 
agricultural systems. Models (whether mathematical or 
conceptual) are powerful tools to test hypotheses, as well as 
to synthesize knowledge for describing and understanding 
complex systems for comparing different scenarios (Marcelis 
et al., 1998). Mathematical models have been a significant fo-
cus of researchers in agricultural systems over the past four 
decades (Fleisher, 2002). Models may be used in planning of 
production strategies and prediction of yields (Lentz, 1998). 
Some crucial modelling work is currently in process (Grundy 
and Turner, 2002). The interest in modelling of yield (Grundy 
and Turner, 2002) and land-use planning as well as manage-
ment related to horticultural crops is increasing. In fact, crop 
modelling has become one of the major research tools in hor-
ticulture (Gary et al., 1998).

Considering the need of empirical models for horticul-
tural crops and the afore-mentioned complexities, the pres-
ent investigation attempts to provide researchers, scholars, 
policymakers, and fruit growers with access to an extensive 
knowledge base of production efficiency, land-use planning, 
and yield predictions for almond cultivation through various 
empirical models. These models are applicable not only to 
the cold humid regions of the north-west Himalayas but also 
to all almond growing areas extending from sub-tropical to 
temperate regions of the world. The models as well as the 
methodology developed in the present investigation can fa-
cilitate prediction of yield and planning land use (for new 
and established orchards) for the almond crop in the entire 
almond-growing region. In some Mediterranean regions, a 
decline in nut yield has been reported, and the decline has 
been attributed to climatic parameters (Murua et al., 1993). 
Here, in the afore-mentioned models, all such parameters and 
their potential influences have been included. Furthermore, 
the almond crop has several varieties, which have different 
chilling requirements and can be grown from sub-tropical to 
temperate regions. The models developed will be applicable 
for such varieties too.

The present study was carried out with three major ob-
jectives: 1) to design a new methodology to standardize indi-
cator parameters for evaluating production efficiency of a lo-
cation for growing and managing almond crop; 2) to develop 
a production efficiency based model for land use planning of 
the almond crop; and 3) to develop a yield prediction model 
for the almond crop.

Sharma et al.  |  Production efficiency based land use planning for almond – A new modus operandi

et une planification de l’utilisation des terres pour 
la culture de l’amandier.

Mots-clés
Inde, Himalaya, amandier, Prunus dulcis, agroécologie, 
utilisation des terres, productivité foncière
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Materials and methods
The present investigation was carried out in the almond-

growing cold humid region of the northwest Himalayas 
extending from 32°30” to 34°30” North latitude and 74° to 
75°30” East longitude (Figure 1). Agro-climatically, this region 
is classified under the temperate zone at an altitude ranging 
from 1,500 to 2,500 m a.s.l. The major almond-growing cold 
humid regions included in the present investigation are 
Srinagar, Pulwama, Budgam, Anantnag, Shopian, Kulgam, 
Ganderwal, Uri, and Bandipora. The parameters used to 
evaluate the relative production efficiency index (RPEIa) 
included soil physico-chemical parameters – textural class, 
pH, organic carbon (OC), available nitrogen (N), phosphorus 
(P), potassium (K), calcium (Ca), boron (B), zinc (Zn), iron 
(Fe), cation exchange capacity (CEC); soil microbial biomass 
(SMB); weather parameters – cropping season rainfall (CSR), 
cropping season temperature (CST), wind speed during 
bloom (WS), accumulated growing degree days (GDD); 
geographic parameters – slope and altitude; age of the trees 
or orchard; and varieties (traditional or improved).

Primary and secondary data were used in this study. 
Primary data were generated through the analysis of soil 
samples collected from 28 locations (n = 560) representing 
almond-growing areas of the northwest Himalayas. These 
soils were analysed for various soil physical, chemical 
and biological properties using standard procedures. 
Corresponding climatic, geographical, varietal, and age-
related data (age of the orchard or trees) were also recorded. 
Secondary data of the same parameters were collected from 
different sources of literature that include horticultural and 
other related reports, thesis, statistical reports, and research 
papers.

Standardization and weight assigning to indicator 
parameters

In order to develop and evaluate relative production 
efficiency index for almond (RPEIa), indicator parameters 
were standardized and weights were assigned to each of 
these parameters on the basis of (r) values or coefficient of 
correlation (irrespective of positive or negative correlation) 
obtained after correlating these indicator parameters with 
yield, as per the standard statistical procedure. All these (r) 
values were classified into six classes as per the magnitude of 
influence of these values as given below: 

Class I:	 > 0.900
Class II:	 0.800 – 0.899
Class III:	 0.700 – 0.799
Class IV:	 0.600 – 0.699
Class V:	 0.500 – 0.599
Class VI:	 0.400 – 0.499

The lowest value of each class was designated as base 
value (Bv) of that particular class. For assigning weights to 
each of the indicator parameters (Table 1) the following 
equations (1 to 3) were developed and used:

Weight = (Bv – 0.1)/10	 (Eq. 1)
if (r) > 0.700 or if significant at 0.001 level of significance

Weight = (Bv – 0.2)/10	 (Eq. 2)
if (r) = 0.500 to 0.699 or if significant at 0.05 level of 

significance

Weight = (Bv – 0.3)/10	 (Eq. 3)
if (r) = 0.400 to 0.499 or if not significant but (r) > 0.400

14 

 
 
 
 
FIGURE 1.  Cold humid region of the northwest Himalayas, India. 
 
 
  

Figure 1.  Cold humid region of the northwest Himalayas, India.
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where Bv is the base value of the class in which the coefficient 
of correlation falls. Only the parameters or variables having 
(r) value more than 0.400 were considered as indicator pa-
rameters. The equations were developed after exhaustive 
analysis and conducting separate experiments for determin-
ing the influence of each of these parameters on yield.

Classification and allotment of marks
After assigning weights the indicator parameters were 

divided into four classes: Class I (Most suitable for almond 
crop), Class II (Suitable with slight limitations), Class III 
(suitable with more serious limitations) and Class IV (very 
less suitable). Marks 0.4, 0.3, 0.2 and 0.1 were allotted to 
the classes as per their suitability levels (Table 2). Classes 
for soil physical, chemical and biological parameters were 
standardized as per the rating chart based on soil test values, 
whereas classes for climatic, physiographic and varietal 
parameters were standardized as per the historic as well as 
experimental data related to influence of these parameters 
on almond yield. Although these classes are generally more 
crop specific than the location specific but the values or range 
in these classes are subject to minor variation as per the local 
conditions. Varietal classes have broadly been divided into 
two major classes: improved and traditional (Table 2).

This standardization and weight assigning methodology 
can be followed for any fruit crop especially for fruit crops 
of temperate regions. The indicator selected here in this 
investigation (for almond crop) may not be the same for 
other crops because the indicator parameters may have 
different association with the fruit yields of different crops.

Sustainability yield index
Almond productivity was calculated through a sustain-

able yield index (SYI). The SYI was computed to offset any 
annual variation in yield (Srinavasarao et al., 2014) and also 
to highlight specific performance of a variety during the last 
few years. Furthermore, its relation with production efficien-
cy index was also determined. The SYI was calculated using 
the following equation:

SYI = Y- σ / Ymax

where Y is the estimated average yield of a variety across 
the years, σ is its estimated standard deviation, and Ymax is 
the observed maximum yield during the years (Singh et al., 
1990).

Statistical analysis
A large dataset was statistically analyzed exhaustively 

as per the method described by Cochran and Cox (2000). 
The correlation and other mathematical relationships were 
developed using SPSS and MS Excel software.

Results and discussion
Since almond production had been the economic 

mainstay of the cold humid regions of north-west Himalayas, 
almond producers in these regions have been making efforts 
to increase almond productivity through both indigenous 
and introduced land management practices. The use of the 
RPEIa can facilitate attempts to increase almond productivity.

Table 1.   Assignment of weights to indicator parameters, for almond crop, based on the coefficient of correlation (r) and 
base values. Class I: >0.900, Class II: 0.800–0.899, Class III: 0.700–0.799, Class IV: 0.600–0.699, Class V: 0.500–0.599, Class VI: 
0.400–0.499; lower value of each class is the base value of that class.

Parameters Correlation coefficient (r) values* 
for nut yield Class Base value (Bv) Weight

Textural class 0.807 II 0.800 0.07
Slope (degree) 0.890 II 0.800 0.07
Altitude (m) 0.884 II 0.800 0.07
Age of tree or orchard (years) 0.784 III 0.700 0.06
pH 0.610 IV 0.600 0.04
OC (%) 0.930 I 0.900 0.08
Av. N (kg ha-1) 0.719 III 0.700 0.06
Av. P (kg ha-1) 0.761 III 0.700 0.06
Av. K (kg ha-1) 0.776 III 0.700 0.06
Ca (meq 100 g-1 soil) 0.572 V 0.500 0.03
Boron (ppm) 0.543 V 0.500 0.03
Zinc (ppm) 0.421 VI 0.400 0.01
Iron (ppm) 0.466 VI 0.400 0.01
CEC (C mol kg-1) 0.667 IV 0.600 0.04
Microbial biomass (µg g-1 soil) 0.527 V 0.500 0.03
Cropping season rainfall (mm) 0.729 III 0.700 0.06
Cropping season temperature (°C) 0.856 II 0.800 0.07
Wind speed during bloom (km h-1) 0.769 III 0.700 0.06
Accumulated GDD 0.740 III 0.700 0.06
Variety (traditional/improved) 0.504 V 0.500 0.03

* Irrespective of positive or negative correlation.
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Table 2.  Standardisation of indicator parameters to evaluate relative production efficiency index for almond (RPEIa) in the 
cold humid regions of the northwest Himalayas.

Parameter Weight 
(Wi)

Class I Class II Class III Class IV

Textural Class 0.07 Loam Sandy loam, Clay loam Sandy, Clay Grit
Slope (degree) 0.07 < 2 2-8 8-20 > 20
Altitude (m) 0.07 1500-2000 1,400-1,500, 2,000-2,300 1300-1400, 2300-2500 < 1300, > 2500
Age of tree or orchard (years) 0.06 8-15 6-8, 15-20 4-6, 20-25 < 4, > 25
pH 0.04 6.0-6.75 5.6-6.0, 6.75-7.3 5.3-5.6, 7.3-7.6 < 5.3, > 7.6
OC (%) 0.08 > 0.75 0.51-0.75 0.40-0.50 < 0.40
Av. N (kg ha-1) 0.06 > 560 400-560 280-400 < 280
Av. P (kg ha-1) 0.06 > 25 19-25 10-18 < 10
Av. K (kg ha-1) 0.06 > 280 201-280 120-200 < 120
Ca (meq 100 g-1 soil) 0.03 > 2.5 2.0-2.5 1.5-2.0 < 1.5
Boron (ppm) 0.03 0.80-1.0 0.70-0.80 0.5-0.70 < 0.5
Zinc (ppm) 0.01 > 1.2 0.81-1.2 0.6-0.80 < 0.6
Iron (ppm) 0.01 > 7.5 6.1-7.5 4.5-6.0 < 4.5
CEC (C mol kg-1) 0.04 > 16 13-16 8.0-12 < 8.0
Microbial biomass (µg g-1 soil) 0.03 300-500 200-300, 500-600 100-200, 600-700 < 100, > 700
Cropping season Rainfall (mm) 0.06 170-240 100-170, 240-350 50-100, 350-400 < 50, > 400
Cropping season Temperature (°C) 0.07 18.5-22.5 16-18.5, 22.5-24 12-16, 24-28 < 12, > 28
Wind speed during bloom (km h-1) 0.06 < 4 4-20 20-45 > 45
Accumulated GDD 0.06 1,550-1,650 1,450-1,550, 1,650-1,750 1,350-1,450, 1,750-1,850 < 1,350, > 1,850
Marks (M) 0.4 0.3 0.2 0.1
Varieties (traditional/improved)
Traditional: seedlings
Improved: ‘Pranyaz’, ‘Merced’, 
‘Waris’, ‘Makhdoom’, ‘IXL’, 
‘Shalimar’, ‘Primorskij’, ‘California’ 
‘Paper Shell’

0.03

Class I Class II Class III Class IV

Tr
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rie

ty 1
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rie

ty 2

Va
rie

ty 3

Va
rie

ty 4

Va
rie

ty 5

Va
rie

ty 6

Va
rie

ty 7

Va
rie

ty 8

Marks (M) 0.40 0.37 0.35 0.33 0.30 0.25 0.20 0.17 0.10

In case exact information regarding the improved variety is not available average marks for such improved variety is 0.31; In case of no information 
about the variety (whether improved or traditional), average marks for all the varietal classes (i.e., 0.29) are considered.
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FIGURE 2.  Influence intensity of indicator parameters, higher percentage influence (outer orbit) to lower 
percentage influence (towards core) on production efficiency of almond (Prunus	 dulcis	 L.) in the cold humid 
regions of the northwest Himalayas. 
 
 
  

Figure 2.  Influence intensity of indicator parameters, higher percentage influence (outer orbit) to lower percentage influence 
(towards core) on production efficiency of almond (Prunus dulcis L.) in the cold humid regions of the northwest Himalayas.
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Relative production efficiency index for almond (RPEIa)
A new and advanced technique, based on various soil, cli-

matic, geographic, and crop parameters (indicator parame-
ters) was developed to counter the problems related to land-
use planning and management, which most almond growers 
of the northwest Himalayan regions are facing. To determine 
the contribution of various indicator parameters to produc-
tion efficiency responsible for the declining productivity, the 
influence intensity of these parameters in almond-growing 
cold humid regions of the northwest Himalayas was assessed 
(Figure 2). Organic carbon, which is on the outer orbit, was 
observed to have the most intense influence and this can be 
attributed to its high coefficient of correlation (r) value. The 
high value of (r) may be because of its vital role in governing 
the cycling and availability of plant nutrients and the func-
tioning of the soil system (Cox et al., 2012). Texture, slope, 
altitude, and cropping season temperature were the factors 
with the next highest influence intensity. The values of these 
factors were relatively lower than that of organic carbon. 
Available macro nutrients (nitrogen, phosphorus, and potas-
sium), age of the tree or orchard, growing degree days, wind 
speed during bloom period and cropping season rainfall 
were the next in influence intensity. A similar reason, name-
ly coefficient of correlation values (association), holds good 
for influence intensity of other indicator parameters too (the 
influence intensity trend was pH, cation exchange capacity > 
microbial biomass, boron, calcium, variety > iron, zinc. These 
coefficient of correlation values are directly proportional to 
the role of each of these indicator parameters towards the 
RPEIa, and consequently the yield. RPEI is primarily an in-
dicator of overall production efficiency for predicting crop 
performance (Sharma et al., 2012).

On the basis of these indicator parameters and their 
influence intensity, the empirical model to evaluate the RPEIa 
(Equation 4: basic model) of almond was defined and used.
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parameters	too	(the	influence	intensity	trend	was	pH,	cation	exchange	capacity	>	microbial	
biomass,	 boron,	 calcium,	 variety	 >	 iron,	 zinc.	 These	 coefficient	 of	 correlation	 values	 are	
directly	proportional	to	the	role	of	each	of	these	indicator	parameters	towards	the	RPEIa,	
and	consequently	the	yield.	RPEI	is	primarily	an	indicator	of	overall	production	efficiency	
for	predicting	crop	performance	(Sharma	et	al.,	2012).	

On	the	basis	of	these	indicator	parameters	and	their	influence	intensity,	the	empirical	
model	to	evaluate	the	RPEIa	(Equation	4:	basic	model)	of	almond	was	defined	and	used.	
                    n              n 

	RPEIa	=	(∑Wi	M	/	∑Wi	Mm)	×	100		 (Eq.	4)	
     i=1           i=1 

	
where								RPEIa		:	Relative	production	efficiency	index	for	almond;			
																			Wi							:	Weight	of	indicator	parameter,		
																			M								:	Marks	of	the	class	in	which	the	parameter	or	its	value	falls,		
																			Mm									:	Maximum	marks		
	 								n									:	Number	of	indicator	parameters	
	 								i										:	Indicator	parameter	

	
The	RPEIa	values	were	divided	into	various	suitability	classes	[23]	on	the	basis	of	almond	

performance	through	a	number	of	experiments.		
	
For	RPEIa	>	80:	(C-I)	Extremely	suitable	for	almond	cultivation	
													70-80:	(C-II)	Suitable		
													60-70:	(C-III)	Suitable	with	slight	amendments	
													50-60:	(C-IV)	Less	suitable	
															<	50:	(C-V)	Not	suitable	

	
A	model	to	estimate	almond	yields	in	California,	including	different	variables,	has	been	

used	earlier.	The	estimated	yield	results	were	generally	consistent	with	expectations	[18].	
Moreover,	some	successful	projections	related	to	the	effects	of	climatic	conditions	on	land	
suitability	and	production	of	almond	have	already	been	made	using	empirical	models	[18].	

 	 (Eq. 4)

where
RPEIa 	 : Relative production efficiency index for almond;
Wi 	 : Weight of indicator parameter;
M	 : Marks of the class in which the parameter or its 
	    value falls;
Mm 	 : Maximum marks;
N	 : Number of indicator parameters;
I	 : Indicator parameter.

The RPEIa values were divided into various suitability 
classes (Sharma and Arora, 2010) on the basis of almond 
performance through a number of experiments.

For RPEIa

> 80	 : (C-I) Extremely suitable for almond cultivation;
70–80	 : (C-II) Suitable;
60–70	 : (C-III) Suitable with slight amendments;
50–60	 : (C-IV) Less suitable;
< 50	 : (C-V) Not suitable.

A model to estimate almond yields in California, including 
different variables, has been used earlier. The estimated 
yield results were generally consistent with expectations 
(Murua et al., 1993). Moreover, some successful projections 
related to the effects of climatic conditions on land suitability 
and production of almond have already been made using 
empirical models (Murua et al., 1993).

Land use planner for almond
The basic logic behind RPEIa was to plan economically 

beneficial land use for almond and to do so exhaustive 
analysis were done and another ‘area’ based empirical model 
(Equation 5) for planning land use for almond was also 
developed. For land use or almond orchard planting, ‘area’ 
also plays a significant role in relation to economic returns 
from the orchard. If area is smaller, higher value of RPEIa is 
needed. 

Sa = (RPEIa + Ar) – B	 (Eq. 5)

where Sa is Land suitability (economic) for almond and Ar is 
area in hectare and B is the  base value of suitability class. 
If area ≤ 2 ha, the base value (B) of class C-I is considered; 
if area is > 2 and ≤ 10 ha the base value (B) of class C-II is 
considered and if area > 10 ha the base value of class C-III is 
considered.

If Sa is positive (+) the land is suitable for almond planting 
and if Sa is negative (-) or zero, the land is not suitable for 
almond planting. Suitability as per the above model should 
be considered only if the initial RPEIa ≥ 60. Earlier also a 
few empirical models to reflect agriculture environmental 
efficiency have been tried (Sharma et al., 2013) but a 
production efficiency based model for land use planning 
for almond crop has been developed for the first time. Prior 
empirical models (Jat et al., 2012) for land use change had 
never considered ‘area’ and ‘RPEIa’ together. Moreover, 
these models were developed for urban development. Some 
researchers had used an area-based model for projection of 
locations with safe chilling hours for some temperate fruit 
crops (Gary et al., 1998).

Sustainability yield index (SYI) and its relationship with 
RPEIa

The SYI is a quantitative measure to assess sustainability 
of any agricultural or horticultural system or practice (Wanjari 
et al., 2004). The mean yield of each variety over the years, 
maximum yield attained by a variety in any year (maximum 
potential yield) and standard deviation were derived to 
identify an efficient variety for attaining a sustainable yield 
in the region. The estimates of SYI, mean yield, and RPEIa 
of each variety over the years (2011 onwards) are given in 
Table 3. Furthermore, relationship between SYI and RPEIa 
was also determined (Figure 3). A positive and significant 
relationship between SYI and RPEIa was observed. This is 
evident from the fact that higher values of the RPEIa means 
optimum status of soil, climatic, geographical, and crop 
parameters (Sharma et al., 2013) and thus lands with higher 
RPEIa had higher SYI. The linear regression equation, given 
below can be used for determining SYI based on RPEIa:

SYI = 0.128 × RPEIa – 9.77

Sharma et al. developed and observed a positive and 
linear relationship of SYI with RPEI in maize crops in the 
foothill regions of the north-west Himalayas. High SYI with 
higher productivity was also reported by Jat et al. (2012).

Testing RPEIa

To test the suitability and applicability of the basic 
model, average data of past few years (2011–2013) of some 
locations representing the almond-growing cold humid 
region of the northwest Himalayas were considered. The 
average values, of all the indicator parameters are presented 
in Table 4. The almond-growing areas are generally at a slope 
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of 0 to 2 degrees with an average altitude of 1,550 m a.s.l. 
The soils are generally sandy clay loam in texture with pH 
ranging from 6.6 to 7.7 and organic carbon ranging from 0.60 
to 1.20. The soil-available N, P, and K contents ranged from 
290 to 385, 18.0 to 29.0, and 250 to 320 kg ha-1, with mean 
values of 355, 24.0, and 268 kg  ha-1, respectively. Calcium, 
boron, zinc and iron were in the range of 1.4–2.2 meq 100 g-1 
soil, 0.51–0.70, 0.29–0.42 and 6.0–11.2 ppm, respectively. 
The cation exchange capacity of the soils in this region varied 
from 14.0 to 20.0 mol kg-1. The average values of microbial 
biomass were around 347 µg  g-1 soil. The cropping season 
rainfall, temperature, wind speed and accumulated GDD 
were 305 mm, 18.32 °C, 1.81 km h-1 and 1,726, respectively. 
The age of the trees was in the range of 8 to 12 years old.

Eight top varieties (improved) (CITH, 2012) grown in the 
area were considered for RPEIa evaluation. It was observed 
that ‘Pranyaz’ was having highest RPEIa value (80.75), 
followed by ‘Merced’ (80.53), ‘Waris’ (80.38), ‘Makhdoom’ 
(80.23), ‘IXL’ (80.00), ‘Shalimar’ (79.63) and ‘Primorskij’ 
(79.25). The least value of RPEIa, 79.03, was noticed in variety 
‘California Paper Shell’ (Table 3). Among the aforementioned 
varieties, the first five varieties were having RPEIa values 
falling in suitability class I, whereas the last three varieties 
were in suitability class II. Furthermore, the variety with 
higher values of RPEIa were having higher nut yield, i.e., 
‘Pranyaz’ which had the highest value of RPEIa had a nut yield 
of 2.41 t ha-1 followed by ‘Merced’ (2.00 t ha-1), ‘Waris’ (1.83 

t ha-1), ‘Makhdoom’ (1.55 t ha-1), IXL (1.55 t ha-1), ‘Shalimar’ 
(1.38 t  ha-1), ‘Primorskij’ (1.32 t  ha-1), and ‘California 
Paper Shell’ (1.14 t ha-1). Furthermore, to recommend best 
varieties for almond-growing cold humid regions of the 
northwest Himalayas, RPEIa-based varietal supremacy 
among the improved varieties was evaluated (Table 3). The 
RPEIa values of ‘Pranyaz’, ‘Merced’, ‘Waris’, ‘Makhdoom’, and 
‘IXL’ were more than the mean value, and they exceeded 
the mean by 0.78, 0.56, 0.41, 0.26, and 0.03, respectively. 
These varieties were considered superior amongst the 
improved varieties included in the study. According to 
Awasthi (2006), dominance of old traditional varieties is 
also one of the reasons for declining almond productivity in 
the region. For reducing the use of traditional varieties and 
promoting adoption of improved varieties, the performance 
of improved varieties was also analyzed. On comparing the 
nut yield of improved almond varieties during the past few 
years ‘Pranyaz’ exhibited the highest nut yield, followed by 
‘Merced’, ‘Waris’, ‘Makhdoom’, ‘IXL’, ‘Shalimar’, ‘Primorskij’, 
and ‘California Paper Shell’. This can be attributed to the 
corresponding RPEIa values. These values were evaluated 
using the empirical model developed to determine RPEI for 
almond. Among these improved varieties ‘Pranyaz’, ‘Merced’, 
‘Waris’, ‘Makhdoom’, and ‘IXL’ were the best improved 
varieties and this again could be attributed to the positive 
variation in the RPEIa values of these varieties from the mean 
value.

Table 3.  Evaluated relative production efficiency index (RPEIa), nut yield, and sustainability yield index (SYI) of almond in the 
almond growing cold humid regions of the northwest Himalayas. VMR: Variation from mean RPEIa.

Varieties RPEIa
Nut yield
(t ha-1) SYI VMR

‘Pranyaz’ 80.75 2.41 0.63 0.775
‘Merced’ 80.53 2.00 0.59 0.555
‘Waris’ 80.38 1.83 0.46 0.405
‘Makhdoom’ 80.23 1.55 0.54 0.255
‘IXL’ 80.00 1.54 0.45 0.025
‘Shalimar‘ 79.63 1.38 0.39 -0.345
‘Primorskij‘ 79.25 1.32 0.44 -0.725
‘California Paper Shell’ 79.03 1.14 0.38 -0.945
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FIGURE 3.  Relationship (positive and linear) between sustainability yield index (SYI) and relative production 
efficiency index (RPEIa) in the cold humid regions of the northwest Himalayas. 
 
 
  

Figure  3.    Relationship 
(positive and linear) be-
tween sustainability yield 
index (SYI) and relative 
production efficiency index 
(RPEIa) in the cold humid 
regions of the northwest Hi-
malayas.
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Almond productivity and RPEIa

Besides varietal variation and superiority, the RPEIa of 
almond-growing cold humid region was related to almond 
productivity (Figure 4). The trend of productivity was similar 
to that of RPEIa. Data of six years reflected that the RPEIa 
value was highest during the year 2005–06 (83.93) and 
productivity was also the highest (9.27 q ha-1) during the same 
year. Similarly, the lowest RPEIa value (74.68) was observed 
during 2007–08 and the corresponding productivity value 
(6.86 q  ha-1) was also the least during this year. A similar 
trend of crop productivity with RPEI has been previously 
observed (Sharma and Arora, 2010) in maize growing areas 
of north-west Himalayas. The overall almond productivity in 
cold humid region has declined in past six years. The peculiar 
geographic situations, non-scientific land-use planning and 
management (Kumar et al., 2012), ignorance of production 
efficiency can be the main causes of this productivity decline.

Yield prediction model
After developing RPEIa and studying its relationship with 

almond productivity and SYI, an attempt was made to develop 
a production efficiency based yield prediction model too. 
Yield as well as RPEI for almond was analyzed statistically 

and a best-fit model, polynomial regression model, was 
developed. A significant relationship between almond yield 
and its corresponding RPEIa values was observed (Figure 5). 
On the basis of this relationship, an RPEIa-based prediction 
model for nut yield was developed as follows:

Nut yield (t ha-1) = 0.005 × (RPEIa)2 – 0.645 × RPEIa + 21.37� (Eq. 6)

This empirical model can be used to predict the almond 
yield on the basis of RPEIa, which is further derived from 
20 indicator parameters. Hence, this model is based on all 
those indicator parameters that were used to evaluate RPEIa. 
A similar relationship between crop yield and RPEI has 
already been observed in northwest India (Awasthi, 2006). 
Similar empirical models were also developed by a few 
scientists (Gupta et al., 2013; Alexander and Hoogenboom, 
2000; Ramirez et al., 2007). However, all these models were 
developed for other crops and were based on different 
parameters, for example the predictive yield model based 
on accumulated winter chill (Murua et al., 1993). Empirical 
models once developed and validated, can be used to predict 
crop yield (Ramirez et al., 2007).

Table 4.  Observed average values of various indicator parameters to evaluate production efficiency of almond in cold humid 
region of northwest Himalayas. Wi: Weight of indicator parameter, M: Marks of the class in which the parameter or its value 
falls, Mm: Maximum marks; RPEIa: Relative production efficiency index.

Parameters Average values
(3 years) Wi M Mm WiM WiMm RPEIay

Textural Class Sandy Clay loam 0.07 0.3 0.4 0.021 0.028
Slope (degree) 1 (0-2)x 0.07 0.4 0.4 0.028 0.028
Altitude (m) 1,550.00 (1,500-1,760) 0.07 0.4 0.4 0.028 0.028
Age of tree or orchard (year) 8.5 (8-12) 0.06 0.4 0.4 0.024 0.024
pH 6.87 (6.6-7.7) 0.04 0.3 0.4 0.012 0.016
OC (%) 0.72 (0.60-1.2) 0.08 0.3 0.4 0.024 0.032
Av. N (kg ha-1) 355 (291-385) 0.06 0.2 0.4 0.012 0.024
Av. P (kg ha-1) 24 (18-29) 0.06 0.3 0.4 0.018 0.024
Av. K (kg ha-1) 268 (250-320) 0.06 0.3 0.4 0.018 0.024
Ca (meq 100 g-1 soil) 1.87 (1.4-2.2) 0.03 0.2 0.4 0.006 0.012
Boron (ppm) 0.61 (0.51-0.70) 0.03 0.2 0.4 0.006 0.012
Zinc (ppm) 0.36 (0.29-0.42) 0.01 0.1 0.4 0.001 0.004
Iron (ppm) 8.26 (6.0-11.2) 0.01 0.4 0.4 0.004 0.004
CEC (C mol kg-1) 16.33 (14-20) 0.04 0.4 0.4 0.016 0.016
Microbial biomass (µg g-1 soil) 347 (300-505) 0.03 0.4 0.4 0.012 0.012
Cropping season rainfall (mm) 305 (290-330) 0.06 0.3 0.4 0.018 0.024
Cropping season temperature (°C) 18.32 (17-20) 0.07 0.3 0.4 0.021 0.028
Wind speed during bloom (km h-1) 1.81 (1.1-2.9) 0.06 0.4 0.4 0.024 0.024
Accumulated GDD 1,726 (1,695-1,762) 0.06 0.3 0.4 0.018 0.024
Varieties (traditional/improved*)
Traditional: seedlings
Improved: as listed

‘Pranyaz’

0.03

0.40 0.4 0.0120 0.012 80.75
‘Merced’ 0.37 0.4 0.0111 0.012 80.53
‘Waris’ 0.35 0.4 0.0105 0.012 80.38
‘Makhdoom’ 0.33 0.4 0.0099 0.012 80.23
‘IXL’ 0.30 0.4 0.0090 0.012 80.00
‘Shalimar’ 0.25 0.4 0.0075 0.012 79.63
‘Primorskij’ 0.20 0.4 0.0060 0.012 79.25
‘California Paper Shell’ 0.17 0.4 0.0051 0.012 79.03

* The eight best varieties of the region were considered.
x Values in brackets are the range values.
y RPEIa calculated using the following equation:

                 n                   n 
 RPEIa = (∑Wi M / ∑Wi Mm) x 100) 

   i= 1               i=1 
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Conclusion
The methodology here developed to standardize indica-

tor parameters for evaluating relative production efficiency 
index was reported for the first time. It can be used to stan-
dardize indicator parameters for any fruit crop. The RPEIa 
developed in this study will prove to be a crucial index that 
can be applied to land-use planning, yield prediction, and 
almond yield enhancement. The empirical findings suggest 
that the cold humid regions of the northwest Himalayas have 
the potential to increase almond production; however, this 

can be achieved only after planning correct and economi-
cally beneficial land use. The empirical models developed 
in this study will be crucial tools for managing global future 
yield demands of almond by enhancing the production and 
productivity of almond. The production potential and land 
suitability of newly developed almond varieties through 
breeding can be tested and recommended using the models 
developed in the present investigation. Furthermore, these 
models can be used for framing policies and creating con-
tingency plans under different climatic and soil or location 

Figure  4.    Six-year trend reflecting relationship between relative production efficiency index (RPEIa) and productivity of 
almond in the cold humid regions representing the northwest Himalayas.
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FIGURE 5.  Almond yield as influenced by relative production efficiency index (RPEIa) in the cold humid regions of 
the northwest Himalayas. 
 
 
 

Figure  5.    Almond yield as 
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scenarios. These models will further prove to be highly ef-
fectual for land-use planning of almond cultivation in other 
regions. Nevertheless, almond farmers are unlikely to adopt 
this methodology directly because it requires some mathe-
matical knowledge. However, they are likely to be attracted 
to the adoption of these methodologies, which can provide 
higher returns on the resources invested in terms of land-
use planning and management. The farmers would be willing 
to use such technology or methods if they offer more attrac-
tive economic returns and fewer climate risks than existing 
methods do.
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