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A B S T R A C T   

Ecological protection approaches are important in achieving sustainable productivity growth in agriculture. 
Based on an unbalanced panel dataset for 2010–2016, we used stochastic frontier analysis-based Malmquist total 
factor productivity index to estimate total factor productivity change of Swedish crop production and its com-
ponents (efficiency change, technical change, scale change). We then examined the effect of ecological protection 
approaches on total factor productivity change. The empirical results demonstrated that ecological protection 
approaches such as organic farming, mixed cropping or integrated farming could hamper total factor produc-
tivity growth. The results also indicated that average total factor productivity change in the study period was 
positive and average technical efficiency of the Swedish crop production was 71%. Among the components of 
total factor productivity change, average scale change was positive. Average technical efficiency change and 
average technical change were both negative. If technical efficiency and technological progress can be improved, 
that would increase the positive change in total factor productivity. This suggests that policies on compensation 
or insurance against productivity loss are required to encourage mainstreaming of ecological protection ap-
proaches among farmers.   

1. Introduction 

There is growing concern world-wide about protection of the envi-
ronment and its sustainability, with governments, ecological and envi-
ronmental sustainability advocates and policymakers now paying 
greater attention to sustainability issues (Arrow et al., 2012). This has 
implications for the agriculture sector, as agriculture has significant 
effects on global economic projections (Stern, 2007) and on the envi-
ronment. Conventional agriculture is criticised for harming the ecolog-
ical balance through heavy use of chemical and technological inputs 
(Shi, 2004). Agriculture also contributes to emissions to air (De Cara 
et al., 2005) and water (OECD, 2008), soil erosion (Pimentel and 
Burgess, 2013; Morgan, 2005), biodiversity loss and habitat loss (Kleijn 
et al., 2006; Tscharntke et al., 2005). On the other hand, agriculture 
plays a role in producing renewable energy, preserving landscapes and 
biodiversity (Röös et al., 2018) and ensuring food security and safety. 
While supporting these positive effects of agriculture, it is necessary to 
direct agricultural production towards efficient and sustainable prac-
tices that can reduce the adverse effects generated by agriculture. 

In agriculture, sustainability issues are likely to be compromised 

when productivity is high (Coomes et al., 2019). There is a triangular 
problem involving input use, agricultural productivity, and better 
biodiversity and ecosystem health. Agriculture is sustainable when it is 
ecologically sound (Shukla and Rajan, 1996) and maintains biodiversity 
(Kleijn et al., 2019; Anon, 2011; Pretty, 2005). To ensure sustainability, 
there is a need to adopt farming practices or approaches that protect the 
ecosystem and biodiversity. Ecological protection agriculture is 
knowledge-intensive, requires low inputs and fossil fuels (Tittonell, 
2013), and secures healthy farming and safe food for both present and 
future generations by preserving water, soil and climate and promoting 
biodiversity (Tirado, 2009). Ecological protection approaches in 
farming can form a good bridge between sustainable resource use and 
environmental protection. In contrast to the large-scale use of inputs and 
heavy manipulation of nature in conventional agriculture, ecological 
protection approaches produce crops based on the functioning of natural 
systems. Organic farming, mixed cropping, crop rotation, inter- 
cropping, planting catch crops or cover crops, reduced or no tillage, 
integrated pest management systems, integrated farming systems, 
extensive grass-based systems, reduced-input systems etc. are ap-
proaches to farming that consolidate best environmental practices to 
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preserve biodiversity and natural resources. Hence, the impact of 
farming on the environment is also reduced (Florian and Rosu, 2020). 
Many studies have documented the benefits of using compost and ma-
nures in farming (Brady, 1990; Pasztor and Kristoforson, 1990; Russell, 
1988; Allison, 1973; Kononova et al., 1966). Inter-cropping, crop rota-
tion and use of organic fertilisers benefit the environment through 
prevention of soil erosion and deforestation, generation of environ-
mentally friendly energy forms such as biogas and solar energy, con-
servation of energy and reduced dependency on fossil fuels. They also 
break the virtuous cycle of production using waste (Sanders, 2006), and 
create coordinated production systems based on ecological benefits (Ye 
et al., 2002). Ecological protection approaches may provide the oppor-
tunity to fill the production gap or improve productivity while lowering 
input use or using eco-friendly inputs. Such approaches can also enhance 
productivity for future generations with available local resources such as 
bio-fertilisers (Dima and Odero, 1997). Therefore ecological protection 
approaches may be a good solution enabling future agriculture to 
maintain a balance between productivity and environmental 
sustainability. 

Owing to their importance, productivity and sustainability have both 
received special attention in European countries through the platform of 
the European Union (EU). As an EU member state, Sweden has adopted 
EU environmental and sustainability regulations and has entered into 
several international agreements to preserve biodiversity and the envi-
ronment (GO, 2000). The main challenges for Swedish agriculture, 
especially for the crop production sector, are maintenance of environ-
mental standards, sustainable growth and improving total factor pro-
ductivity. Constraints originating from climate change, natural factor 
endowments, rising input costs and biodiversity management create 
disadvantages for the total factor productivity of agriculture (OECD, 
2018). To overcome these disadvantages, ecological protection ap-
proaches must ensure both productivity improvements and ecological 
and environmental sustainability. In Sweden, 19% of the total agricul-
tural area has been converted to organic farming (Swedish Board of 
Agriculture, 2018), reflecting the focus of Swedish agricultural policies 
on preserving biodiversity and open landscapes (GO, 2014) and the 
environment. However, due to the stochastic nature of crop production, 
it is difficult to establish a win-win situation where productivity is 
increased and the environment is protected. Thus it is important to 
identify factors affecting productivity change under ecological and 
conventional farming. 

Adoption of ecological approaches instead of conventional farming 
also raises other difficulties. For example, organic farming forbids the 
use of specific inputs that cause emissions, which can reduce produc-
tivity (OECD, 2018). This has resulted in calls for less implementation of 
agro-ecological farming in some cases (Skevas et al., 2013; Brittain et al., 
2009; Boatman et al., 2004; Lee et al., 2001). On the other hand, while 
pesticide use protects current conventional production by reducing pest 
damage, it may negatively affect the organisms needed for future pro-
duction (Skevas and Lansink, 2014; Skevas et al., 2013; Brittain et al., 
2009; Boatman et al., 2004; Lee et al., 2001). Adopting a particular 
technology also depends on the investment requirement (Jaeck and 
Lifran, 2013; Batz et al., 2003). If ecological protection approaches 
require higher investment, or result in lower productivity, this may 
discourage farmers from adopting eco-friendly practices. Farmers will 
only change to ecological farming if adoption of eco-friendly practices 
increases farm productivity or if they are compensated for productivity 
losses. There is therefore a need to investigate the complex problem of 
maintaining or increasing total factor productivity while adopting 
ecological protection approaches in farming. The aims of the present 
study were to assess whether total factor productivity of the Swedish 
crop sector has improved (or not); to identify sources of change in total 
factor productivity; and to determine the extent of total factor produc-
tivity change and whether it follows a positive, negative or inconsistent 
trend. A novel contribution of the work lies in examining the effect of 
adopting ecological protection approaches on total factor productivity 

change of crop production. The results can be expected to be of signif-
icant relevance for policy making. 

The rest of this paper is organised as follows. Section 2 summarises 
the literature review. Section 3 introduces the data source, describes the 
selection of variables and presents statistics on those variables. Section 4 
describes the econometric model, while section 5 presents the empirical 
results. Section 6 discusses the findings and section 7 presents some 
conclusions. 

2. Literature review 

Total factor productivity in agriculture and its drivers in both 
developing and developed economies have been the subject of much 
research (Han and Zhang, 2020; Rada et al., 2019; Plastina and Lence, 
2018; Wang et al., 2017; Rada, 2013; Bokusheva et al., 2012; Rada and 
Buccola, 2012; Wang et al., 2012; Bragagnolo et al., 2010; Coelli et al., 
2003). The increasing importance of research on effects of climate and 
environment on total factor productivity growth is also reflected in the 
literature. Several studies have assessed the impact of environmental 
factors such as temperature, rainfall and weather on agricultural pro-
ductivity growth (Njuki et al., 2020; Nijuki et al., 2018; Burke and 
Emerick, 2016; Kaminski et al., 2013; Seo, 2013; Ball et al., 2004; 
Chaston and Gollop, 2002). The long-term relationship between total 
factor productivity growth and greenhouse gas emissions from agricul-
ture has also been investigated (Coderoni and Esposit, 2013). Baldoni 
et al. (2017) examined whether and to what extent total factor pro-
ductivity and emissions intensity as an environmental indicator affect 
each other across farm size and specialisation. Several studies have 
analysed the effect of global warming on total factor productivity 
growth (Letta and Tol, 2018; Dietz and Stern, 2015; Moore and Diaz, 
2015). Productivity has also been evaluated in different policy contexts, 
such as the effects of subsidising fertilisers and seeds (Abman and 
Carney, 2020), the effect of conservation agriculture (Das et al., 2020), 
the effect of green manure and fertiliser (Egodawatta et al., 2012) and 
the effect of EU common agricultural policy (CAP) subsidies (Mary, 
2013). 

Ecological protection approaches have also been assessed, e.g. in 
studies examining factors governing adoption of sustainable agro- 
ecological farming practices (Dessart et al., 2019; Schoonhoven and 
Runhaar, 2018; De Snoo et al., 2013; Baumgart-Getz et al., 2012; Pro-
kopy et al., 2008; Knowler and Bradshaw, 2007; Pannell et al., 2006; 
Kabii and Horwitz, 2006). The feasibility of using ecological inputs in 
agricultural production has been investigated using partial budget 
analysis (Ahmed and Shams, 1998). Other studies have examined the 
role of ecological farming in poverty reduction, environmental regen-
eration and political stabilisation (Shukla and Rajan, 1996). Ottmann 
et al. (2013) evaluated whether a diversified and integrated farming 
system in an ecological perspective has better global sustainability, 
while Smits et al. (2008) investigated the contribution of effective 
governance to adoption of eco-friendly farming practices. The dynamic 
interaction between sustainable and resilient farming systems and total 
factor productivity growth has also been examined (Coomes et al., 
2019), while Owusu-Sekyere et al. (2020) evaluated the heterogeneous 
demand for ecologically sustainable products among consumers. Based 
on this literature, it may be argued that ecologically friendly agriculture 
can play a role in various dimensions and contexts of society, the 
economy and the environment. 

The Swedish economy is highly developed, with the crop sector 
playing a vital role in the economy. Many studies have examined eco- 
friendly agriculture in the Swedish crop sector in terms of advantages 
and disadvantages, ecological modernisation, factors influencing adop-
tion of an eco-friendly approach and natural resources management 
through eco-friendly farming systems (Chongtham et al., 2016; Uyt-
tenbroeck et al., 2016; Nykvist, 2014; Castellazzi et al., 2008; Arch-
ambault, 2004; Rydberg and Milberg, 2000). Some previous studies 
have analysed total factor productivity of the Swedish crop sector 
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(Cechura et al., 2014; Zhu and Lansink, 2010). The present study is 
unique in measuring total factor productivity change of the Swedish 
crop sector in a different period than in previous studies and in analysing 
total factor productivity change under ecological protection approaches. 

By examining total factor productivity change in the Swedish crop 
sector and sources of change, the aim in this study was to help diagnose 
problems related to specific sources that can increase total factor pro-
ductivity. Specifically, this study examined the causality of ecological 
protection approaches for total factor productivity change in Swedish 
crop production. Eco-friendly practices can be acceptable to farmers if 
they contribute to increased productivity and benefit farm finances. 
Farmers are unlikely to adopt eco-friendly practices solely for the sake of 
environmental and ecological conservation. This study extends the 
literature by examining the effects of choice of a particular ecological 
protection approach in crop production. 

3. Data, variables and descriptive statistics 

3.1. Data 

The empirical analysis was based on unbalanced panel data taken 
from the Farm Accounting Data Network (FADN) of the European 
Commission (EC). The FADN dataset for the period 2010–2016 was 
obtained from the Swedish Board of Agriculture. In data analysis, three 
types of farm were considered based on specialisation: 1) farms that 
produce only one crop or a specific crop, 2) farms with integrated crop 
and livestock production, and 3) farms with mixed cropping. The inte-
grated and mixed cropping farms can be regarded as eco-friendly farms. 
As organic production is another approach to ecological production, 
farms applying organic practices or a combination of organic and con-
ventional practices were categorised as eco-friendly farms. The dataset 
included data on all types of field crops, fruits and other plant products 
produced in the Swedish crop sector. 

3.2. Variables 

One output variable and four input variables were used for analysing 
total factor productivity change. Output, the dependent variable in the 
production function, was calculated by adding the sales value of all 
seasons and all types of crops produced by a farm in each year. The four 
important input variables in the production function are labour, mate-
rials, machinery and land. Labour cost includes the cost for all labour 
used in production by a farm, which is calculated by adding together the 
labour wage and social security contribution for a particular form of 
labour. Materials consists of total cost of purchased seed, the value of 
self-produced seeds used in production by the farm, cost of plant pro-
tection materials, cost of soil-improving chemical fertilisers including 
manures, and other specific costs directly related to production. Ma-
chinery represents the total cost of machinery used in production, 
calculated by adding together the cost of machinery hire, the value of 
current upkeep of machinery and equipment, cost of fuel and lubricants 
and vehicle costs. Land represents the area under production, measured 
in ‘ares’ (100 m2). Since 100 ares equal 1 ha, in the present analysis land 
area was converted from ares to hectares (ha) by dividing by 100. All 
inputs except land were measured in Swedish kronor (SEK). The mon-
etary variables were deflated using the Price Index for 2010. Descriptive 
statistics on these variables are presented in the first block in Table 1. 

The explanatory variables for the technical inefficiency variance 
function used in analysing determinants of technical inefficiency are 
presented in the second block in Table 1. The variable Age is year of birth 
of the operations manager directly involved in on-farm production (farm 
owner or not). To calculate age, year of birth was deducted from the 
current year of production. Four types of subsidies were considered in 
the technical inefficiency variance function as determinants of technical 
inefficiency. These were: farm support, labour subsidy, subsidy for farm’s 
location in less favoured area (less favoured area subsidy), and subsidy 

given for adopting practices beneficial for climate and environment 
(environment-friendly agricultural practices subsidy), all measured in SEK. 
The variable farm support represents area-based income subsidy for 
farms under the CAP. The variable labour support is not part of CAP 
support, but is instead part of Swedish labour policy and available for 
Swedish farmers. The variable region represents the division of area for 
agriculture and rural development according to FADN. Three areas were 
considered here, representing the southern and central plains area, the 
southern and central forest and valley area, and northern Sweden (coded 
710, 720 and 730, respectively). Region was considered a dummy var-
iable in the analysis and 710 as the base category, with 720 and 730 as 
other categories. 

The variables used in identifying factors affecting total factor pro-
ductivity change of the Swedish crop sector are listed in the third block 
in Table 1. The variable location in a less favoured area is a dummy 
variable, with a value of 0 set for farms not located in less favoured areas 
of Sweden. A value of 1 was given for farms located in such areas and 
facing specific and natural constraints, a value of 2 for areas described as 
less favoured but not mountains according to the EU, a value of 3 for 

Table 1 
Descriptive statistics.  

Variables Unit Mean/ 
% 

Standard 
deviation 

Min. Max. 

Production-related variables 
Output 1000 

SEK 
1847.3 2539.2 1400 23,170 

Labour cost 1000 
SEK 

472.7 573.7 450 4883.5 

Material 1000 
SEK 

424.4 570.7 256 5335.9 

Machinery 1000 
SEK 

412.1 489.3 13.6 5046.5 

Land ha 137 142.6 6 785.5  

Inefficiency determinants 
Age Years 56 10 28 90 
Farm support 1000 

SEK 
262.3 306.9 0 2261.4 

Labour support 1000 
SEK 

6.9 24.6 0 570.4 

Less favoured area 
subsidy 

1000 
SEK 

7.8 41.1 0 242.7 

Environment-friendly 
practices subsidy 

1000 
SEK 

28.1 70.6 0 603  

Region: 
Code 710 % 81    
Code 720 % 13    
Code 730 % 6     

Variables related to factors affecting productivity 
Payment of agricultural 

insurance 
1000 
SEK 

34.4 31 0 197.3  

Specialisation      
0 % 76    
1 % 24     

Organic farming 
0 % 88          

1 % 12     

Location in less favoured area 
0 % 72    
1 % 18    
2 % 3    
3 % 6    
4 % 1     
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mountain areas and a value of 4 for farms located in phasing-out areas. 
The variable payment of agricultural insurance represents the cost of 
buying insurance against crop damage. The variable specialisation is a 
dummy variable where a value of 0 was given for farms that only pro-
duce specific field crops and a value of 1 for farms with mixed cropping 
or integrated farming. Similarly, the variable organic farming was also 
regarded as a dummy, where a value of 0 was given for farms not pro-
ducing crops organically (i.e. using chemical fertilisers and plant pro-
tection chemicals in production), and a value of 1 for farms with organic 
production (i.e. no use of chemical fertilisers and plant protection 
chemicals in production) or producing crops using both organic and 
inorganic practices. 

3.3. Descriptive statistics 

Among the input variables considered in this study, the greatest 
average cost was labour cost (472 thousand SEK) followed by materials 
(424 thousand SEK), and machinery capital (412 thousand SEK). Land 
inputs were not measured in SEK. Among the subsidies, the greatest was 
the area-based income support (i.e. farm support) paid to crop- 
producing farms (262 thousand SEK). The majority of farms were 
located in the southern and central plains region and in less favoured 
areas of Sweden. In terms of eco-friendly practices, 88% of farms were 
not operating such systems. The majority of farms involved in non- 
organic production specialised in production of a specific crop. The 
average age of farm operation managers (not necessarily owners) was 
estimated to be 56 years. However, the maximum age recorded was 90 
years, reflecting the average life expectancy in Sweden of 83 years 
(World Bank, 2019). 

4. Methodology 

4.1. Productivity analysis 

A range of measures of productivity, such as the Fisher, Tornqvist, 
Hicks-Moorsteen and Malmquist indices, are available, but there is no 
consensus in the literature on which index is best for measuring farm 
productivity. O’Donnell (2012) concluded that the Hicks-Moorsteen 
index is best, whereas Balk (2001) favoured the Malmquist index. The 
Malmquist total factor productivity index is extensively used in the 
agricultural economics literature (Song et al., 2016; Coelli and Rao, 
2005; Karagiannis and Tzouvelekas, 2005). The benefit of using this 
index is that it permits decomposition of productivity changes into 
several components. It also does not require information on the prices of 
inputs and output. In this study the Malmquist index was used to esti-
mate total factor productivity, which was then decomposed into three 
components: technical efficiency change, technical change (or progress) 
and scale change. This index measures the productivity change between 
two data points by calculating the ratio of the distances for each point 
relative to a common technology. The output and all inputs are char-
acterised by vectors yt and xt at time t. The production frontier repre-
senting the reference technology provides the maximum possible output 
with given inputs at a certain point in time. It is possible to calculate 
both an output- and input-oriented index. In the output-oriented index, 
output is maximised with given production technology assuming fixed 
input vector. The output-oriented Malmquist total factor productivity 
index is estimated as the geometric mean of two Malmquist index values, 
for periods k and t (Färe et al., 1994): 

m0(xk, xt, yk, yt) =
[
m0

k(xk, xt, yk, yt) × m0
t (xk, xt, yk, yt)

]0.5 (1) 

Efficiency is usually lost in the process of production, so eq. (1) can 
be written as: 

m0(xk, xt, yk, yt) =
d0

t (xt, yt)

d0
k (xk, yk)

×

[
d0

k (xt, yt)

d0
k (xk, yk)

×
d0

k (xk, yk)

d0
t (xk, yk)

]0.5

(2)  

where d0
k(xt, yt) represents the distance function for the distance be-

tween farm observation at time t and technology frontier at time k. The 
term before the square bracket measures technical efficiency change 
between period k and t, while the geometric mean of the term within 
square brackets indicates technical change. 

According to Coelli et al. (2006), efficiency change and technical 
change are the only sources of productivity growth in the presence of 
constant returns to scale generated by production technology. They also 
point out that by increasing scale efficiency, productivity can be 
improved even the technology remains the same in both periods 
compared and farms are efficient. Since crop production is dynamic, 
subject to structural change, and variables return to scale, the effects of 
scale change can be included in decomposition of Malmquist total factor 
productivity index, as also proposed by Orea (2002). Changes in scaling 
of the production frontier due to technical change and combination of 
inputs both generate scale change. 

Since part of total factor productivity change results from efficiency 
change and output-oriented efficiency requires estimation of production 
frontier, both parametric and non-parametric approaches can be used. 
The advantages of parametric approaches in this context are that they 
provide estimates of elasticities and accommodate measurement errors 
and other noise in the data (Skevas and Lansink, 2014). The stochastic 
production frontier approach is mainly employed in parametric studies 
(e.g. Emvalomatis, 2011; Zhengfei and Lansink, 2006; Brümmer et al., 
2002; Kumbakhar and Heshmati, 1995), for both efficiency and pro-
ductivity estimates. Given its advantages, the stochastic production 
frontier approach was employed in this study to estimate total factor 
productivity change in terms of the Malmquist productivity index. The 
stochastic frontier production function for panel data suggested by 
Aigner et al. (1977) and Meeusen and van den Broeck (1977) was used. 
It takes the form: 

Yit = Xitβ+ vit − uit (3)  

where Yit represents the output of region i (i = 1,2,3………. n) at time t 
(t = 1,2,3, ……….n); β is the vector of parameters to be estimated; vit is a 
random error component that follows a normal distribution assumed by 
Aigner et al. (1977) with mean 0 and standard deviation σv

2 i.e. vit ~ N(0, 
σv

2); and uit is a non-negative random variable related to technical in-
efficiency in production. 

There are several options for selecting the distribution of the in-
efficiency term uit, but the exponential distribution can be chosen for 
convenience. The exponential distribution assumes that uit is an inde-
pendently and identically distributed random variable. The probability 
density function of each uit has mean λ and zero standard deviation, i.e. 
uit ~ N(λ, 0). The technical efficiency of production of region i at time t is 
defined as: 

TEit = exp[E( − uit)|(vit − uit) ] (4) 

Following Battese and Coelli (1995), the model incorporates both the 
exponential specifications of the time-varying inefficiencies and tech-
nical change in the stochastic frontier. As the aim in this study was to 
investigate sources of productivity change along with total factor pro-
ductivity change, it was necessary to use a model which assumes that 
farm efficiency is time-variant. The Battese and Coelli (1995) model was 
also suitable for the panel dataset. In productivity research, the model is 
well-accepted and used widely, e.g. by Jin et al. (2010), Rae et al. 
(2006), Coelli et al. (2003) and Brümmer et al. (2002). For these reasons, 
the Battese and Coelli (1995) model was used here for stochastic frontier 
analysis. 

4.2. Empirical model 

4.2.1. Stochastic frontier translog production function 
Determination of Malmquist total factor productivity index using the 

stochastic frontier analysis approach requires a production function to 
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use in the estimation procedure. Due to superior performance in terms of 
theoretical consistency, the translog production function is extensively 
used (Mennig and Sauer, 2019; Coelli et al., 2003). This production 
function also does not contravene curvature properties, such as con-
cavity (Färe et al., 2005). Therefore the translog production function 
was used in this study and the translog functional form of the stochastic 
frontier model was defined as: 

lnYit = β0 +
∑N

n=1
βnlnXnit +

1
2
∑N

n=1

×
∑N

k=1
βnklnXnitlnXkit +

∑N

n=1
βtntlnX + βtt+

1
2

βttt
2 + vit − uit (5)  

where Yit is the aggregated output of farm i at time t; Xnit is the nth input 
variable in the farm at time t; vit is normally distributed random error, i. 
e. vit ~ N(0, σv

2); and uit is the effect that arises from technical inefficiency 
in production. The interaction of time trends with the input variables 
allows non-neutral technical change. 

Since productivity change results from scale change (Orea, 2002), 
technical change and efficiency change (Coelli et al., 2006), the first 
component of productivity change, (technical) efficiency change, was 
calculated as: 

TEC =
TEit

TEik
(6) 

From the estimated parameters of the stochastic production frontier, 
the index of technical change (TCit) between period k and t was calcu-
lated for farm i. The partial derivatives of the production function con-
cerning the time at xit and xik were then converted into indices, and their 
geometric mean was calculated. Technical change index was estimated 
as: 

TC =

[(

1 +
df (xik, k, β)

dk

)

×

(

1 +
df (xit, t, β)

dt

)]0.5

(7) 

To capture the effect of scale on productivity change, as proposed by 
Orea (2002), the scale change was calculated as: 

SC = exp

{
1
2
∑N

n=1
[εnikSFik + εnitSFit]ln

xnit

xnik

}

(8)  

where SFik =
(εik − 1)

εik
, εik =

∑N
n=1εnik, and εnik =

dlnyik
dlnxnik.

By adding the indices obtained through calculations using eqs. (6)– 
(8), total factor productivity (TFP) was calculated: 

TFPC = TEC+ TC+ SC (9) 

To estimate the factors affecting total factor productivity change, the 
functional form of the pooled ordinary least regression model can be 
written as: 

TFPC = β0 + β1X1 + β2X2 + β3X3 + β4X4 + ε (10)  

where TFPC is the dependent variable and represents total factor pro-
ductivity change; X1 is a dummy representing farm adoption of inte-
grated farming and mixed cropping; X2 is a dummy representing farm 
adoption of organic farming; X3 is a dummy representing location of the 
farm in a less favoured area; and X4 indicates the payment for pur-
chasing agricultural insurance. The term ε captures the unobserved ef-
fect on total factor productivity change. 

5. Empirical results 

5.1. Estimates of stochastic production frontier and the technical 
inefficiency model 

The estimates obtained using the maximum likelihood random effect 

model are presented in Table 2. The maximum likelihood values were 
estimated using the sfcross command in STATA, due to the strongly un-
balanced nature of the dataset. The benefit of using the sfcross command 
is that it controls for time and considers the panel dataset as cross- 
sectional. Capturing the effect of time on efficiency and productivity 
changes the time trend included in the model as an explanatory variable. 
The estimated first-order coefficients can be interpreted as the sample 
mean production elasticities, as both the output and input variables are 
divided by their respective mean value. The results showed that the 
estimated first-order coefficients of labour cost, material cost and ma-
chinery cost had expected positive signs and were statistically signifi-
cant at 1% level. The elasticity of labour cost, material cost and 
machinery capital was estimated to be 0.073, 0.714 and 0.141, respec-
tively. The most crucial input was materials regarding the magnitude of 
elasticity, followed by machinery and labour cost. The coefficient of land 
was not significant and its sign was positive. Although land as an input 
could be expected to be positively significant, an insignificant coefficient 
of the “land” variable was not a new outcome in our research. A possible 
explanation is that technology use Swedish integrated crop farming and 
organic crop farming may not be influenced by farm location and farm 
size?????. Another explanation is that other input variables play such a 
major role in production that they mask the contribution of land. Total 
factor productivity change was estimated based on the coefficients 
shown in Table 2. 

The estimated coefficients of variables in the technical inefficiency 
model are shown in Table 3. In this model, the dependent variable is 
technical inefficiency, which means that a positive estimate indicates a 
positive correlation between technical inefficiency and the variable, 
while a negative estimate indicates a negative correlation. Regarding 
determinants of technical inefficiency, the coefficient of farm support 
was estimated to be − 0.269 (significant at 1% level), implying that the 
greater the area-based income subsidy paid to a farm, the lower the 
technical inefficiency. The estimated sign of the coefficient for both the 
environment-friendly agricultural practices subsidy and labour support 
was positive and statistically significant at 1% level, indicating that the 
greater the amount of those subsidies paid to a farm, the lower the 
technical efficiency of that farm. The coefficient for northern Sweden 
was estimated to be 0.869 (significant at 1% level), implying that farms 
located in northern Sweden are significantly technically more inefficient 
than farms located in the southern and central plain areas of Sweden. 
Although the estimated coefficient of farm location in the south-central 
forest and valley area was not significant, the estimated sign was 

Table 2 
Maximum likelihood estimation of the stochastic production frontier.  

Variables Coefficient Standard error z P >|z|

Ln labour 0.073*** 0.014 5.03 0.000 
Ln material 0.714*** 0.040 17.56 0.000 
Ln machinery 0.141*** 0.064 2.19 0.029 
Ln land 0.022 0.048 0.46 0.646 
Time 0.041 0.029 1.38 0.167 
Ln labour2 0.006*** 0.001 4.36 0.000 
Ln material2 0.059*** 0.004 13.87 0.000 
Ln machinery2 − 0.171*** 0.056 − 3.01 0.003 
Ln land2 0.064*** 0.019 3.35 0.001 
Time2 − 0.026*** 0.007 − 3.62 0.000 
Ln labour x ln material 0.005*** 0.001 2.61 0.009 
Ln labour x ln machinery − 0.002 0.002 − 0.60 0.549 
Ln labour x ln land − 0.009*** 0.001 − 5.10 0.000 
Ln material x ln machinery 0.038 0.023 1.62 0.105 
Ln material x ln land − 0.101*** 0.020 − 4.85 0.000 
Ln machinery x ln land 0.081*** 0.036 2.21 0.027 
Time x ln labour − 0.0001 0.0007 − 0.17 0.861 
Time x ln material − 0.006 0.008 − 0.69 0.490 
Time x ln machinery 0.018 0.011 1.58 0.114 
Time x ln land − 0.017* 0.009 − 1.78 0.075 
Constant 0.423*** 0.063 6.63 0.000 
Number of observations 1719  
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positive, indicating that farms located in this part of Sweden have lower 
technical efficiency. The greater magnitude of the coefficient for 
northern Sweden indicates that farms are least efficient in this region. 
The average technical efficiency was estimated to be 0.71 or 71%, which 
implies that the inefficiency in crop production can be reduced by 29%. 

5.2. Total factor productivity change decomposition 

The change in total factor productivity from 2010 to 2016 was 
calculated using the estimated coefficients from the stochastic frontier 
model and then decomposed to reveal the sources. The results indicated 
that the overall change in total factor productivity originated from all 
three sources, i.e. technical efficiency change, technical (or technolog-
ical) change and scale change (Table 4). Technical efficiency change was 
positive in 2011, 2012, 2015 and 2016 with respect to the previous year, 
indicating that efficiency improved in those years. However, in 2013 
and 2014, technical efficiency change was negative. The technical 
change estimates for each year from 2010 to 2016 with respect to the 
previous year were negative and fluctuating, indicating that there was 
no technological improvement in production systems in the Swedish 
crop sector in the period. The magnitude of technical change was also 
more or less similar after 2012 (Table 4). Scale change was negative only 
in 2014 and 2016; otherwise, the change was positive in all years. Total 
factor productivity change was positive until 2012, and became negative 
thereafter. The average technical efficiency change was negative, but 
the magnitude was small (− 0.4%). There was also negative average 

technical change (− 2.6%), whereas mean scale change was larger and 
positive (3.8%). The positive scale change implies that the total factor 
productivity change of farms was driven by changes in the scale of 
production, which increased return to scale. The average total factor 
productivity change was estimated to be positive (0.7%), implying that 
from 2010 to 2016, total factor productivity improved in the Swedish 
crop sector. 

5.3. Factors affecting total factor productivity change 

Factors driving the total factor productivity change for crop- 
producing farms in Sweden are shown in Table 5. The indices of 
change in total factor productivity were regressed on the four variables 
that can affect farm-level total factor productivity change, i.e. speciali-
sation, organic farming, payment of agricultural (crop) insurance, and 
farm location in a less favoured area. Among these variables, speciali-
sation and organic farming are the two approaches of ecological 
farming. All variables except payment of agricultural insurance were 
dummy, so for convenience payment of agricultural insurance was 
normalised. The coefficient of specialisation and organic farming indi-
cated the effect of ecological protection approaches on total factor 
productivity change (Table 5). The sign of both coefficients was nega-
tive, which implies that adopting ecological protection approaches in 
farming is not satisfactory for total factor productivity change in the 
Swedish crop sector. The coefficient of organic farming was only sta-
tistically significant for specialisation (− 0.077, significant at 1% level). 

Similarly, the average difference between organic farm and non- 
organic farms was − 3.2%, but this difference was not significant. This 
is supported by the findings in Table 6 that average total factor pro-
ductivity change was negative for the farms that adopted ecological 
protection approaches and positive for the farms that did not. Moreover, 
the cost of purchasing agricultural insurance negatively affected total 
factor productivity change, although the effect was not statistically 
significant. The coefficient for farms located in less favoured areas (not 
mountain) was − 0.144 (statistically significant at 1% level). This means 
that the average difference between farms in such areas and farms in 
other locations was 14.4% on average. As expected, the estimated sign of 
farm location in areas facing specific and natural constraints was 
negative. On farms not located in less favoured areas, total factor pro-
ductivity change can be increased. For mountain area and phasing-out 
area the values were positive, which was unexpected, but they were 
not statistically significant. 

Table 6 compares total factor productivity change for farms that had 
adopted ecological protection approaches and those that had not. The 
total factor productivity change for mixed or integrated farming and for 

Table 3 
Inefficiency determinant estimates.  

Variables Coefficient Z P >| Z|

Dependent variable: technical inefficiency (Usigma) 
Age 0.001 

(0.007) 
0.18 0.855 

Farm support − 0.269*** 
(0.015) 

− 17.46 0.000 

Less favoured area subsidy 0.005 
(0.011) 

0.39 0.700 

Labour support 0.032*** 
(0.013) 

2.43 0.015 

Subsidy for environment-friendly practices 0.024*** 
(0.008) 

2.94 0.003 

Region dummy (720) 0.304 
(0.212) 

1.43 0.152 

(730) 0.869*** 
(0.315) 

2.76 0.006 

Constant − 1.417*** 
(0.517) 

− 2.74 0.006 

Vsigma − 1.971*** 
(0.058) 

− 33.66 0.000 

Sigma v 0.373*** 
(0.010) 

34.15 0.000 

Mean technical efficiency 0.71 
E(Sigma u) 0.573 
Log-likelihood value − 1398.2229 
Wald chi2(20) 7604.96 
Prob > chi2 0.0000 
Number of observations 1719  

Table 4 
Components of total factor productivity change 2010–2016.  

Year Technical 
efficiency change 

Technical 
change 

Scale 
change 

Total factor 
productivity change 

2010 – – – – 
2011 0.005 − 0.018 0.265 0.251 
2012 0.027 − 0.034 0.039 0.032 
2013 − 0.012 − 0.026 0.0003 − 0.038 
2014 − 0.074 − 0.029 − 0.045 − 0.148 
2015 0.006 − 0.028 0.010 − 0.011 
2016 0.023 − 0.026 − 0.039 − 0.042 
Mean − 0.004 − 0.026 0.038 0.007  

Table 5 
Factors affecting total factor productivity change.   

Coefficient Z P>|Z|

Specialisation − 0.077*** 
(0.035) 

− 2.18 0.029 

Organic farming − 0.032 
(0.032) 

− 0.99 0.320 

Ln Payment of agricultural insurance − 0.007 
(0.006) 

− 0.97 0.334  

Location in less favoured area 
(1) Constraints area − 0.074 

(0.054) 
− 1.38 0.169 

(2) Less favoured but not mountain − 0.144*** 
(0.063) 

− 2.26 0.024 

(3) Mountain area 0.009 
(0.079) 

0.12 0.907 

(4) Phasing-out area 0.053 
(0.109) 

0.48 0.630 

Constant 0.048 
(0.042) 

1.11 0.266  
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organic farming was − 0.054 and − 0.036, respectively, which indicates 
that the average productivity change was negative for the farms that 
adopted ecological protection approaches. 

6. Discussion 

6.1. Technical efficiency and its determinants 

Average technical efficiency was estimated to be 71%, indicating 
that there is scope to increase technical efficiency by 29% in Swedish 
crop production through efficient use of inputs in production. Inefficient 
farms need to be more careful about choosing efficient inputs and using 
optimum amounts of inputs in their production process. For the same 
sector, Heshmati and Kumbhakar (1997) found technical efficiency of 
62% for the period 1976–1988, indicating that technical efficiency has 
improved over time. Average technical efficiency of around 74% in 
different periods has been reported elsewhere (Cechura et al., 2014; Zhu 
and Lansink, 2010). In terms of determinants of technical efficiency, 
subsidies such as labour support, less favoured area subsidy and 
environment-friendly practices subsidy had negative effects on technical 
efficiency. This is possibly because subsidies are considered as extra 
income by farmers, which in turn affects production decisions and re-
duces technical efficiency. Due to the income and insurance effect of 
subsidies, motivation for improving efficiency might be lower among 
farms receiving subsidies. Farm support is a decoupled subsidy payment 
under the EU CAP that is paid to farms based on their area and enti-
tlement. The positive impact of farm support on technical efficiency 
might be explained by the area- and entitlement-based conditions for 
securing this subsidy, e.g. farms might be motivated to earn more 
through efficient production and purchase more land. However, the 
effects of subsidies appeared to be inconsistent, confirming previous 
findings that subsidies have mixed effects (Latruffe et al., 2016; Minviel 
and Latruffe, 2016). Regions of Sweden differ in terms of weather, 
geographical and climate conditions, which affect production. The sig-
nificant negative effect of the northern Sweden region on technical ef-
ficiency revealed that regional variations play an important role in 
determining technical efficiency, as reported previously (Barnes, 2008; 
McCloud and Kumbhakar, 2008; Hadley, 2006). 

6.2. Sources of total factor productivity change 

Mean total factor productivity change 2010–2016 was positive for 
the Swedish crop sector but the changes in its components were mixed, 
with mean technical efficiency change and mean technical change found 
to be negative, while mean scale change was positive. However, 
although mean technical efficiency change was negative overall, it was 
positive for some years between 2010 and 2016. Positive technical ef-
ficiency change on Swedish crop-producing farms has been reported 
previously (Rasmussen, 2010; Zhu and Lansink, 2010), although for 
different study periods. Farms may not be the same in different periods, 
so it is not easy to compare the results. Overall, however, the results 
indicate that positive efficiency change can be achieved on Swedish crop 
farms if action is taken to improve the efficiency of the most inefficient 
farms, although some previous studies have observed negative technical 
efficiency change (Darku et al., 2016; Cechura et al., 2014). Eco-friendly 
farms also experience the problem of declining technical efficiency, with 
Sauer and Park (2009) reporting negative change in the case of organic 

farms. While mean technical efficiency change in the present study was 
also negative, the value was very small (− 0.4%), which means that it 
deducted little from total factor productivity change. This small but 
negative technical efficiency change could result from farms using fewer 
inputs than the optimal to get subsidies for environment-friendly prac-
tices, or from farms being located in areas where the environment or 
weather hampers crop production. 

Technical change (progress) was negative for all years and conse-
quently mean technical change was negative (− 0.026 or − 2.6%). This 
result is not consistent with findings in the literature of positive mean 
technical change in different periods, but with negative change in some 
years within these periods (Mennig and Sauer, 2019; Rasmussen, 2010). 
Findings by Sauer and Park (2009) for organic farms support the 
negative technical change observed in this study. Our negative technical 
change values indicate that, for every year from 2010 to 2017, output of 
farms did not increase with respect to the previous year, and there was 
no declining shift in production technology in each year. The reason 
could be that the farms did not change their technology in the produc-
tion process within the study period 2010–2016. They may have faced 
extreme weather conditions due to their location, rested more of their 
land or used fewer inputs to receive more financial support from the 
government. 

Mean scale change in efficiency was positive (3.8%), which is 
consistent with findings by Rasmussen (2010), Darku et al. (2016), 
Sauer and Park (2009), Mennig and Sauer (2019) and Lansink et al. 
(2002). The magnitude of the scale component change outweighed the 
negative technical change, making total factor productivity change 
positive. Since crop production is subject to returns to scale, the positive 
change in scale efficiency indicates that, on average, the farms were 
operating at a technologically optimal scale of production by changing 
their scale with respect to the previous year. 

Although total factor productivity change was positive overall, it was 
negative after 2012. This result is consistent with findings by Cechura 
et al. (2014) that mean total factor productivity change for the Swedish 
crop sector was negative within the period 2004–2011. Our main 
finding of overall positive mean total factor productivity change also 
confirms previous findings (Mennig and Sauer, 2019; Darku et al., 2016; 
Rasmussen, 2010). Values reported by Sauer and Park (2009) for Danish 
organic farms were similar to those in Table 6, i.e. mean total factor 
productivity change was negative for organic crop production. Total 
factor productivity change was positive overall in the present study 
because the positive scale change outweighed (by almost twofold) the 
negative technical change. This means that the average total factor 
productivity change in the Swedish crop sector between 2010 and 2016 
was mainly driven by scale change and technical change. 

6.3. Effects of ecological protection approaches 

One of the novel contributions of this study was to evaluate how 
ecological protection approaches affect total factor productivity change. 
The results obtained do not support adoption of ecological protection 
approaches, owing to negative effects on total factor productivity 
change, as found in other studies (e.g. Sauer and Park, 2009; Lansink 
et al., 2002). A probable reason for the negative effect of using ecolog-
ical approaches in production is the characteristics or components of 
particular ecological practices. For instance, organic farming does not 
permit chemical fertilisers, pesticides, insecticides or other plant pro-
tection chemicals, which means that crop production may face con-
straints in improving soil fertility or dealing with insect and pest attacks. 
Although less use of fertilisers and plant protection materials may 
improve soil health in the long term, it will not increase crop produc-
tivity in the particular year or in the short term. In mixed cropping, 
applying fertilisers or manures to a specific crop may be challenging and 
harvesting may be difficult for mixed crops, creating wastage. Waste 
accumulation and disease or pest attack in one crop can harm another. 
Crop-livestock integrated farming may also have higher labour 

Table 6 
Comparison of total factor productivity change.   

Specialisation Organic farming 

Specific Mixed or 
integrated 

Yes No 

Mean total factor productivity 
change 

0.037 − 0.054 − 0.036 0.023  
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requirements and demand more specialist knowledge, so labour short-
ages can harm the productivity of integrated farms. The existence of 
labour support in Sweden signals that labour is costly, as farms need 
labour costs to be subsidised. 

7. Conclusions 

Against a background of ecological degradation problems in con-
ventional agriculture, this study examined total factor productivity 
change in the Swedish crop sector and sources driving this change. In a 
novel contribution filling an existing knowledge gap, it also evaluated 
the effect of ecological protection approaches on total factor produc-
tivity change. Stochastic frontier-based Malmquist factor productivity 
index was used to measure total factor productivity change, using farm- 
level panel data for the period 2010–2016 taken from the FADN dataset 
collected by the Swedish Board of Agriculture. A change pooled 
regression model was used to analyse the effect of ecological protection 
approaches on total factor productivity. The empirical results showed 
that the average technical efficiency of the Swedish crop sector was 
71%, indicating that the sector could increase output by 29% with given 
inputs and technology. An important determinant of technical efficiency 
was farm support, which could be designed to increase technical effi-
ciency. Being located in northern Sweden resulted in significant in-
efficiency for farms. 

Total factor productivity change (0.7%) was positive over the whole 
study period, but there were variations in its three sources, i.e. technical 
efficiency change, technical change and scale change. Mean technical 
efficiency change and technical change for the period 2010–2016 were 
both negative, but scale change was positive, indicating that the farms 
were operating at increasing returns to scale on average. The positive 
value of total factor productivity change from 2010 to 2016 indicates 
that the total factor productivity of Swedish crop-producing farms 
increased in the period. If positive technical efficiency change and 
technical change can be achieved through improved efficiency and 
technological progress, higher positive total factor productivity change 
in the crop sector is possible in future. 

The results also showed that farm specialisation, adoption of organic 
farming, and farm location in a less favoured area are important factors 
affecting the total factor productivity change, in a negative direction in 
almost all cases. In particular, farm specialisation in mixed cropping or 
integrated production and location in a less favoured (not mountain) 
area of Sweden had significant negative effects on total factor produc-
tivity change. As organic farming, mixed cropping and integrated crop- 
livestock farming are ecological protection approaches, these results 
indicate that adoption of ecological approaches has a negative effect on 
total factor productivity change. Ecological protection approaches can 
also help to achieve sustainability in crop production, however, making 
it necessary to incorporate eco-friendly approaches in production. 
Considering the findings on sources of total factor productivity change 
and the negative effect of ecological practices on productivity change, 
policies are urgently required to improve total factor productivity while 
also promoting widespread adoption of ecological approaches. 
Compensation or insurance against productivity loss due to adopting 
ecological approaches could make these approaches more acceptable to 
farmers. 
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