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Abstract
Farming sectors’ resilience has been built over decades with the aid of policies and institutions. However, its actual standing 
can be assessed in times of crises when farms have to overcome particular challenges. We use a large-scale farming sectors 
dataset FADN spanning 2006–2015 in which two major economic crises occurred—the global economic crisis of 2008 and 
the Russian embargo of 2014—to exemplify our approach to resilience’s assessment based on the Polish farming sectors. 
We introduce a distinction between “potential resilience” versus “revealed resilience” where the former is assessed based 
on resilience capacities (robustness, adaptability and transformability), while the latter is assessed based on the observed 
decomposition of total factor productivity (TFP) changes in response to the adverse economic shocks. Hence, the proposed 
framework directly links productivity with the two types of resilience. We applied the Färe-Primont method of TFP decom-
position, into technological change and various types of efficiency changes and a detailed farm survey to distinguish between 
the drivers of technological changes in each farming sector such as specific innovations and ecosystem services. Our findings 
show that farms differ in their revealed resilience both among the sectors and between two different shock events. Only field 
crop farms and granivores farms (pig and poultry) maintained their resilience to both crises, staying robust and/or adapt-
able. The former had the most productive technology and were leaders in applying innovations while the latter were second 
best in innovations and fairly good in their application of ecosystem-based services into their technology. Other farm types 
failed to be resilient to the first crisis but proved robust during the second. The outcomes of the study have implications for 
sustainability oriented policies.

Keywords  Resilience approaches · Agricultural total factor productivity · Green innovation · Ecosystem services · Global 
crises · Farming sectors

Introduction

The link between total factor productivity (TFP) and resil-
ience is not obvious. Generally, resilience is broadly defined 
as “[…] ability to ensure the provision of the system func-
tions in the face of increasingly complex and accumulating 
economic, social, environmental and institutional shocks 
[…]” (Meuwissen et al. 2019, p. 2). However, here, the 
notion of “specified resilience” also holds (O’Connell et al. 
2016), that is resilience of particular parts of a system (in 
our case farming sectors which are part of farming systems) 
to identified disturbances, i.e. where their potential future 
occurrence is known or suspected (in our case economic 
crises), though the timing and magnitude may be unknown. 
The global positive trend of agricultural output driven by 
TFP growth shows that more agricultural output is produced 
with less input. It could be explained by production with 
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less environmental externalities and positive feedbacks to 
ecosystem services, thus enhancing the resilience of farming 
sectors to challenges such as drought, diseases, political bans 
and market volatility, among others. Debates over the resil-
ience and sustainability of farming and agricultural systems 
usually focus on the eco-socio-economic trade-offs. How-
ever, it is important to distinguish that resilience and sustain-
ability are two different concept in many ways (Nagatsu et al. 
2020; Shahadu 2016; Xu et al. 2015). Modern sustainability 
means more than just the ability to maintain the system but 
in particular encompasses three aspects: continuance, orien-
tation, and relationships with other contemporaries, future 
generations, and nature (Becker 2012). In that sense, the 
sustainability subsumes resilience.

Related to the above trade-offs are notions of: “sustain-
able development”, i.e. “that is development that meets the 
needs of the present without compromising the ability of 
future generations to meet their own needs” (Brundtland 
et al. 1987); “wildlife-friendly” farming to promote biodiver-
sity (Hardman et al. 2016; Quinn et al. 2012) and “sustain-
able intensification” to reduce the pressures of agriculture 
on ecosystems (Armstrong McKay et al. 2019; Scherer et al. 
2018; Kumar et al. 2018; Rockström et al. 2017; Schiefer 
et al. 2016; Zhang et al. 2017; Ceddia et al. 2013; Garnett 
et al. 2013). However, the statistics show that most growth 
in global agricultural output, since the 1990s has come not 
from intensification or extensification but from more effi-
cient use of labour, land, capital and inputs that boost the 
total factor productivity (TFP) of agriculture (Fuglie 2015; 
Fuglie et al. 2016).

In practice, we still do not know enough about it, since 
there is a paucity of empirical studies linking productiv-
ity and resilience explicitly in one consistent framework 
(Coomes et al. 2019). This is partly, because the standard 
TFP calculations do not include environmental and social 
outcomes, so they seem to not directly refer to resilience and 
sustainability. This is despite the fact that several attempts 
have been made to enhance TFP indicators to grasp aspects 
of environment and public goods (Melfou et al. 2007; Fuglie 
et al. 2016). Additionally, research on eco-efficiency—that 
is creation of more goods and services with fewer resources 
while producing less waste and pollution—is addressing this 
issue. The recent studies on this notion and its application to 
Poland can be found in Czyżewski et al. 2020a, Czyżewski 
et al. 2020b, Sulewski et al. (2020) and Grzelak et al. (2019).

Research carried out by OECD introduced the so-called 
total resource productivity index (TRP) which covers eco-
system services and non-market environmental goods under 
the umbrella of “environmentally adjusted TFP” (OECD 
2011). There are also studies aiming at developing strate-
gies enhancing productivity and environmental performance 
at the same time for overall socio-economic development—
so-called green productivity growth and green total factor 

productivity (Peng 2020; Wang et al. 2020; Beltrán-Esteve 
et al. 2019).

It is important to realise that it is the TFP dynamics that 
interact with resilience, so the change in TFP matters rather 
than the absolute value of it, and that the links are in two 
directions (Coomes et al. 2019). First, only resilient and sus-
tainable farming can result in TFP growth. Second, in cases 
of strong shocks resulting in a negative impact on produc-
tivity, resilience and sustainability are also affected. Since 
the resilience and sustainability are two different notions, 
so also their links and interactions with TFP differ. We also 
separate them in our approach and focus on the former while 
the interrelations with the latter remain to be investigated 
within our framework in the future.

Thee resilience issues arise when adverse shocks have 
negative impacts on productivity and farm viability (Meu-
wissen et al. 2019), in our study, we observe the perfor-
mance of farming sectors during the period 2006–2015 dur-
ing which two major crises occurred. The first was in 2008, 
when all farm types in Poland were affected by an economic 
shock due to the worldwide financial crisis; this was trans-
ferred to the farming systems through: a severe impact on 
input and output prices, credit crunches, consumer behav-
iours and many other channels (Parlińska and Wielechowski 
2009). The second was in 2014 (8th of August) when most 
farming sectors were affected by political shock due to the 
immediate, unexpected introduction of the Russian Embargo 
on most of the agri-food products from the EU to Russia. It 
had strong economic consequences on European agricultural 
products; the embargo constituted 46.3% of the agri-food 
export, i.e. 5.5 billion EUR. For Poland, the banned products 
covered 70% of the value of agri-food exports to Russia and 
most severely affected fruit, vegetables, milk and its associ-
ated processed products, as well as meat and its products 
(Kraciński, 2015; Rosińska-Bukowska, 2015). Hence, in 
our analyses, we especially investigate the changes in the 
resilience of the farming sectors around the time of these 
two shocks.

To bring more empirical depth into the theoretical dis-
cussion on links between TFP and resilience, we propose a 
distinction between “potential resilience” versus “revealed 
resilience”. This was conducted by analogy to the studies 
on competitiveness which became better understood after 
distinguishing between “potential” vs “revealed” competi-
tiveness as proposed by David Ricardo. Similarly, in our 
framework, we propose a distinction between “potential 
resilience” measured by resilience capacities (robustness, 
adaptability and transformability), as proposed by Meuwis-
sen et al. (2019), while the “revealed resilience” is measured 
ex-post the shocks, and in our case, theses are economic 
shocks so it is measured by observed TFP changes calculated 
by means of Färe-Primont indices (Färe and Primont, 1995). 
The two approaches in our framework are interlinked so it is 
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possible to assess which potential resilience capacities result 
in actually revealed resilience.

According to the literature’s understanding, the dynamics 
of TFP growth is key in understanding how productivity can 
enhance or reduce agricultural resilience (Chavas, 2015). We 
add to this finding that the composition of this dynamic is 
even more important as it demonstrates the channels through 
which the resource saving is transmitted into agricultural 
production. From several approaches to TFP decomposition 
(Färe et al. 1994; Bureau et al. 1995; Brümmer et al. 2002; 
Coelli and Rao 2005; O’Donnell, 2010; Dakpo et al. 2016), 
we chose the Färe-Primont index decomposition approach 
as the most suitable for our purposes, explained in the meth-
odological section.

Hence, the main goal of the paper is to compare the resil-
ience of various farm types in Poland, when they experi-
enced global shocks, with a focus on differences in their 
sources of technological change driving their TFP. This 
topic seems especially relevant now when the sectors are 
experiencing another global shock due to the COVID-19 
pandemic. Hence understanding the type of resilience of 
each farming sector in the past facilitates the better targeting 
of policy actions in the future.

The added value of this paper is both theoretical and 
empirical. First, we proposed a novel distinction between 
potential and revealed resilience and put them into the con-
sistent framework. Second, we linked recent studies on the 
resilience of farming systems with studies on TFP changes 
and its decomposition to grasp interlinkages between the 
two. Third, we empirically assessed the revealed resilience 
to economic shocks based on changes in TFP decomposi-
tion into detailed technological and efficiency changes by 
the farm types.

The paper is structured as follows. Section 2 provides a 
background on agricultural productivity over different eco-
nomic regimes in Poland (communism, transition and mem-
bership in EU) and a description of our proposed framework 
linking productivity with resilience and sustainability. Sec-
tion 3 presents the methods applied and the data acquired. 
Section 4 presents the results of the quantitative and quali-
tative analyses, while Sect. 5 discusses the meaning of the 
results in light of our framework and results of other studies. 
Section 6 concludes and suggests further avenues for future 
research.

Background

Total factor productivity as a driving force of future 
agricultural production

In the ‘60 s, the output of agricultural production was 
mainly driven by input intensification, so more inputs were 
used to produce higher output. However, this was not sus-
tainable in the long run and in the ‘70 s the global agricul-
tural output began to be driven by TFP. This means that the 
global agricultural production increases with simultaneous 
reductions in the use of agricultural inputs (Coomes et al. 
2019). Components of this TFP growth by definition are 
enhancements of technological change and an increased 
efficiency of inputs use, where it is argued that the for-
mer is more likely to be the main driver between the two 
(Dakpo et al. 2016). At the same time, the development 
of TFP and agricultural output in Poland went through 
three fundamentally different economic regimes: commu-
nism, transformation and EU membership—see Fig. 1. It 

Fig. 1   TFP, agricultural output 
and input changes in the Pol-
ish agriculture over different 
economic regimes during 1961–
2015. Source: Own calculations 
based on (USDA, 2020)
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is quite clear that in the communistic time (50 s–80 s) in 
the centrally planned economy the agricultural output was 
kept at an artificial level due to high use of inputs heav-
ily supported by the state, while the TFP was declining 
most of the time. This was clearly an inefficient method 
of economic performance which was unsustainable in the 
long run and collapsed in 1989. Then, in the time of tran-
sition to the market economy (1989–2004), the input sup-
port was suddenly removed so it declined drastically and 
hence so did agricultural output, because the sector was not 
yet prepared for the effective use of inputs. However, the 
farming sectors were learning a new approach so after a 
few years of disturbances TFP started growing, slowly but 
steadily. After joining the EU in 2004, the development of 
productivity in the agricultural sector in Poland started to 
resemble global trends. Agricultural output then started to 
increase and was driven by TFP, despite a further decline 
in the input use—Fig. 1.

Proposed framework linking total factor 
productivity with resilience and sustainability

Our framework brings in the concept which arose indepen-
dently in recent literature on resilience and productivity, 
then links them by introducing a new distinction between 
“potential resilience” and “revealed resilience”—see the 
framework in Fig. 2. Studies on TFP dynamics have evolved 
and developed in such a direction as to allow researchers to 
distinguish with higher precision the drivers of TFP changes 
(Dakpo et al. 2018). This further allows researchers to dis-
tinguish between which parts of TFP dynamics come from 
technological changes versus efficiency changes—see the 
top of the framework figure. This is a crucial source of infor-
mation from the point of view of resilience as it indicates 
that it is the productivity dynamics that interact with the 
resilience and sustainability (Chavas 2015). The TFP change 
decomposition—into technological change and three types 

Fig. 2   Framework linking total 
factor productivity dynamics 
with the resilience of farming 
sectors. Source: Own elabora-
tion; Note: Robustness, Adapt-
ability and Transformability are 
defined later in the Sect. Pro-
posed framework linking 
total factor productivity with 
resilence and sustainability
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of efficiency changes depicted in our framework in the upper 
part of Fig. 2—is formally described by Eqs. 1–7 in Sect. 3 
on methods and data.

Recent studies suggest that technological changes con-
tribute to resilience and sustainability not only through 
innovations but also through the ecosystem services adopted 
by farms (Coomes et al. 2019; Tittonell 2020). Following 
these studies, technological change can come on one side 
from innovations such as: gene revolution, enhanced input 
delivery, hardware and data, and post-harvest management. 
On the other hand, it can come from the application of eco-
system services such as: biological pest control, pollinator 
management, integrated crop-livestock practices, and rota-
tion and soil conservation—see the top left section of Fig. 2. 
That is in line with discourse on “green innovations” (Peng 
2020; Wang et al. 2020; Gupta and Barua 2018).

Resilience, as adopted in this study, is a concept devel-
oped based on adaptive cycles (Holling, 2001). We had to 
narrow our approach for the sake of applying our analysis, 
however, we are aware of many other approaches to resil-
ience (Xu and Kajikawa, 2018; Shahadu, 2016; Jarzebski 
et al. 2016). In our approach, the resilience describes the 
capacity of systems to withstand adverse shocks and to 
recover, while maintaining their essential structure and 
functions (Walker et al. 2004; Folke, 2006). On one hand, 
resilient farming enhances TFP growth that is manifested in 
the ability to generate technological change and/or efficiency 
change. On the other hand, productive farming system man-
agement influences ecosystem services and natural capital 
of the farming system through externalities and feedbacks 
so in this way the TFP growth pathways affect resilience.

In our paper, we focus on the issue of how resilience is 
revealed in TFP changes and its decomposition. We distin-
guish, as explained in the introduction, between “poten-
tial resilience”—manifested in resilience capacities—and 
“revealed resilience”—manifested in TFP changes and 
its decomposition. Here, resilience capacities refer to the 
capacity of farming sectors to cope (robustness) and respond 
(adaptability and transformability) to shocks and stresses 
(Meuwissen et al. 2019). Hence, the farming sectors in our 
framework are potentially resilient due to three capacities:

•	 Robustness: this is the ability to maintain the basic func-
tions of the system without major changes to its internal 
components (including attributes) and processes, despite 
the presence of external disturbances (Urruty et al. 2016).

•	 Adaptability: the ability of the system to adapt internal 
elements and processes in response to changing external 
circumstances and thus continue to develop along the 
previous trajectory while maintaining all vital functions 
(Folke et al. 2010).

•	 Transformability: the ability of a system to develop or 
incorporate new elements and processes to an extent that 

alters operational logic to maintain important functions 
(provision of private and public goods) when structural 
changes in the ecological, economic or social environ-
ment render the existing system unsustainable or dys-
functional (Walker et al. 2004). However, the functions 
may change over time, e.g. due to changing societal 
preferences (Meuwissen et al. 2019). Therefore, in fact, 
transformability is the capacity for a system to be trans-
formed to a different system, which can actually change 
its identity (O’Connell et al. 2016).

We link the potential and revealed resilience in our frame-
work by observing TFP changes (weather it declines, grows 
or stay the same) due to economic shocks and by assessing 
TFP change decomposition (whether it shows a withstanding 
approach or any kind of adaptation)—see bottom section of 
Fig. 2. Thereafter, we can assess the resilience of the farm-
ing sector system as follows:

•	 The system is robust if the decomposition of its TFP 
shows no substantial changes. This means that the system 
maintained its performance by withstanding the situation, 
meaning that technological change and efficiency compo-
nents are maintained in similar proportions—while TFP 
is non-declining (stays the same or grows).

•	 The system is adaptable if the decomposition of its TFP 
shows substantial changes; technological change and effi-
ciency components have substantially different contribu-
tions to TFP change, e.g. TPF driven by technological 
change becomes driven by efficiency change—while TPF 
is non-declining. In such cases, the system adapted its 
TFP.

•	 In the case of a declining TFP path, the system fails to 
be robust if there is no change in TFP composition so 
it can improve its resilience by adapting. If the system 
adapts and changes its TFP composition yet the TFP still 
declines, a larger adaptation is needed leading possibly 
to transformation.

The last part of the framework (bottom left section of 
Fig. 2) indicates that the resilience can also interact with 
sustainability (Coomes et al. 2019; Marchese et al. 2018; 
Xu and Kajikawa 2018; Dile et al. 2013). In our framework, 
the influence can be both through potential and revealed 
resilience. In the case of the former, it is because long-term 
robustness, adaptability and transformability aim to sustain 
the system. In the latter case, this is impossible for any sys-
tem to sustain in the long-run without being productive—
as is the experience of centrally planned economies which 
tried to do this and failed, as exemplified by the Polish case 
explained in Sect. Proposed framework linking total factor 
productivity with resilience and sustainability and depicted 
in Fig. 1. However, the details of the transmission channels 
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of interactions between the two types of resilience on sus-
tainability goes beyond the scope of this research.

Methods and data

We chose the Färe-Primont index for our analyses as most 
appropriate due to the following advantages. First, it can be 
used for multilateral and multi-temporal comparisons, as 
we need here, because it is not based on price but quantity 
indices. That is important also because the crises we ana-
lyse always affect the prices so price-based index of TFP 
would be biased. Second, this index, in contrast to the Laspe-
yers, Paasche, Fisher and Tornquist and Malmquist indexes, 
passes the transitivity property which makes it superior for 
comparative analyses. Third, it is also superior to the others 
with respect to the clear division of productivity driven by 
technological change vs efficiency changes and the further 
detailed decomposition of efficiency changes into technical 
efficiency change, scale efficiency change and residual mix 
efficiency change. At the same time, the Malmquist index 
ignores the efficiency changes coming from the input/output 
mix. In our case, the clear decomposition of TPF changes 
is key, because the differences in resilience among the farm 
types in our framework are assessed based on the changes in 
the composition of those elements over time (i.e. no major 
changes in the decomposition indicates robustness, while 
other changes indicate either adaptability or transformabil-
ity of the farming sector as explained in detail in our frame-
work). Besides, knowing the contribution of technological 
changes driving TFP allows us to interpret, as suggested by 
Coomes et al. (2019), the importance of its drivers in division 
by those stemming from innovations (categorised into: gene 
revolution, enhanced input delivery, hardware and data, and 
post-harvest management) and/or ecosystem services (cat-
egorised into: biological pest control, pollinator management, 
integrated crop-livestock practices, and rotation and soil con-
servation). Consequently, it enables us to include information 
on particular technologies and ecosystem services from our 
farm survey distinguishing among five types of farming (field 
crop, horticulture, granivores, cattle, and mixed farms) to 
enrich the information on the drivers of technological change 
in TFP decomposition in each farm type.

Färe‑Primont index and its decomposition

For a given number (N) of decision-making units (DMUs), 
in our case individual farms, observed in the time from t to 

t + 1, each of them uses a certain vector of inputs xt
nk = (xt

n1, 
…, xt

nK)’, where x�ℝK
+

 , to produce a certain vector of out-
puts yt

nq = (yt
n1, …, yt

nQ)’, where y�ℝQ

+ . Then the benchmark 
production technology in period t is defined as:

Ψt satisfies the standard conditions discussed in Cham-
bers (1998), Fare (1988) and Fare and Grosskopf (1996, 
2004).

The Färe-Primont productivity change index (FPP) for a 
DMU between time t and t + 1 is expressed as a product of: 
(1) technological change and (2) efficiency change:

where total factor productivity TFPt is defined as a ratio of 
aggregate level of outputs Y(yt) to aggregated inputs X(xt) 
in time t (analogically TFPt+1 , for t + 1); the first term on 
the right-hand side TFP∗

t+1
∕TFP∗

t
 is a measure of techno-

logical change (named TCt,t+1 ), and measures the difference 
between the maximum TFP using the maximum possible 
technology at period t and the maximum TFP possible at 
period t + 1—it is graphically expressed as a shift in the 
production frontier; the DMU experiences technological 
progress when the expression is greater than 1 or regresses 
when it is less than 1, or encounters no change when it is 
equal to 1. The technological change happens as a global 
phenomenon caused by changes in technology or factors 
affecting fundamental economic conditions. The analysed 
shocks were very substantial and world-wide so we assume 
these global factors are the same or similar for all our DMUs 
and, therefore, a shift in technology can be represented by 
the same frontier for all DMUs.

The second term in Eq.  2, TFPEt+1∕TFPEt captures 
efficiency change (named ECt,t+1 ), which is a change in a 
distance from the frontier, since TFPEt = TFPt∕TFP

∗
t
 is 

the ratio between observed and maximum productivity. 
This component of the Färe-Primont index can be further 
decomposed into the product of three elements—techni-
cal efficiency change, scale efficiency change and residual 
mix efficiency change. Usually, the decomposition is writ-
ten separately for input- vs. output-oriented productivity 
changes (O’Donnell 2010), however, Dakpo et al. (2016) 
proposes an expression to account for both orientations 
simultaneously, which in practice is a geometric mean, as 
follows:

(1)�t =
[(
xt, yt

)
∈ ℝ

K+Q
+

|
|x

t can produce yt
]

(2)

FPPt,t+1 =
TFPt+1

TFPt
=

TFP∗
t+1

TFP∗
t

∗
TFPEt+1

TFPEt

= TCt,t+1 ∗ ECt,t+1

(3)ECt,t+1 =

√
OTEt+1 ∗ ITEt+1
√
OTEt ∗ ITEt

∗

√
OSEt+1 ∗ ISEt+1
√
OSEt ∗ ISEt

∗
RMEt+1

RMEt

= TECt,t+1 ∗ SECt,t+1 ∗ RMEt,t+1
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where the first component—technical efficiency change 
( TECt,t+1)—is expressed as √OTE

t+1 ∗ ITE
t+1

�√
OTE

t+1 ∗ ITE
t+1

 
where OTE is output oriented technical efficiency (and ITE 
the input oriented one) and measures the maximum achiev-
able total factor productivity with the use of the same aggre-
gated amount of inputs (or outputs), while holding the input 
and output mixes fixed; The second component in Eq. 3—
scale efficiency change ( SECt,t+1)—is expressed as 
√
OSEt+1 ∗ ISEt+1

�√
OSEt+1 ∗ ISEt+1 where OSE is output 

scale efficiency and ISE is input scale efficiency. OSE is a 
ratio of OTE scores under constant returns to scale (CRS) 
versus variable returns to scale (VRS). As indicated by 
Dakpo et al. (2016), therefore, OSE captures the difference 
between TFP at a technically efficient point and the maxi-
mum possible TFP at the point of the mix-invariant optimal 
scale associated with the CRS mix-invariant production 
frontier; the third component of efficiency change in Eq. 3—
residual mix efficiency change 

(
RMEt,t+1

)
—is expressed as 

( RMEt,t+1

/
RMEt ), where RME captures the difference 

between TFP at a point located on the CRS mix-invariant 
production frontier and the maximum achievable total factor 
productivity TFP*.

It should be noted that the aforementioned decomposi-
tion is only one possibility, although it is the most suitable 
for our purposes. However, there is also the possibility to 
decompose the Färe-Primont index into other components, 
e.g. technical efficiency change, mix efficiency change and 
residual scale efficiency change (see Dakpo et al. 2018; 
O’Donnell 2010).

Meta‑frontier Färe‑Primont index

In our analyses, DMUs belong to different farming types 
(field crops, horticulture, cattle, granivores, mixed farms 
and other) so it is reasonable to believe that they have dis-
tinct technologies. In that case, as suggested by Dakpo et al. 
(2016), it is also appropriate to estimate a meta-technology 
which would grasp all groups’ technologies (O’Donnell 
et al. 2008; Battese et al. 2004; Battese and Rao 2002). This 
approach facilitates the calculation of the technology gap 
ratio (TGR) which measures the difference between each 
group frontier and meta-frontier and assesses which groups 
are leading in shifting the meta-frontier. At the same time, 
TGR indicates the possible scope for improvement in the 
performance of each group if all DMUs in the group have 
the same access to the technologies of all other groups. This 
is an assumption of the meta-frontier approach which allows 
us to specify in time t for s different available technolo-
gies ranging within 1,…S the following meta-technology: 

Mt = Ψ1
t
∪ Ψ2

t
∪… ∪ Ψs

t
 where Ψs

t
 is the benchmark technol-

ogy of each group s defined as:
�

s

t
=
[(
xt
s
, yt

s

)
∈ ℝ

K+Q
+

|
|x

t
s
can produce yt

s

]
 a n d 

Mt =
[
(xt, yt) ∈ ℝ

K+Q
+ |xtcan produce yt

]
 . Mt is defined here 

independently of each group of DMUs.
The meta-frontier Färe-Primont index ( MFPP) for the 

global technology enveloping all individual technologies 
between time t and t + 1 is computed as follows:

where analogically to Eq. 2, MTCt,t+1 is a meta-frontier tech-
nological change one for all DMUs and MECt,t+1 is meta-
frontier efficiency change for them.

Comparing the points of maximum productivity on the 
individual group frontiers (for each farm type) with that of 
the meta-frontier (for all farm types together), we obtain 
TGR as suggested by O’Donnell and Fallah-Fini, (2011), 
Dakpo et al. (2016); and Dakpo et al. (2018).

where TGRs
t
 is the meta-technology ratio for group s in 

period t; TFP∗s
t

 is the point of maximum productivity rela-
tive to the group’s frontier, and MTFP∗

t
 is the meta-frontier 

point of maximum productivity.
Therefore finally, the MFPP index can be expressed for 

groups within time t and t + 1, with explicit encountering for 
TGR and its change (TGRC), as follows:

where the first component is TGR change ( TGRCs
t,t+1

) 
—expressed through the comparison of TGRs in two 
periods: TGRs

t+1
∕TGRs

t
—and the second component is 

meta-frontier TFP efficiency change ( TFPEs
t,t+1

 ) where 
TFPEs

t
 = TFPt∕TFP

∗s
t

 (analogically is calculated as TFPEs
t+1

).
The meta-frontier TFP efficiency change can be further 

decomposed as in the case of individual TFP efficiency 
change index (analogically to Eq. 3), so the final decompo-
sition of the MFPP has four components:

(4)
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MTFP
t

=
MTFP

∗
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∗
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∗
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t
=

TFP∗s
t

MTFP∗
t
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(7)
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where meta-frontier TGR change ( TGRCs
t,t+1

 ), meta-frontier 
technical efficiency change ( MTECs

t,t+1
 ), meta-frontier Scale 

efficiency change ( MSECs
t,t+1

 ) and meta-frontier residual mix 
efficiency change ( MRMEs

t,t+1
).

FADN data used for TFP calculations

We use a farm-level data from the Polish Farm Account-
ancy Data Network (Polish FADN) for the years 2006–2015. 
The FADN sample consists of approximately 12 thousand1 
farms per year, representing over 7302 thousand Polish farms 
with an annual standard output3 above 4000 EUR, and they 
provide 93% of total agricultural production in Poland 
(Floriańczyk et al. 2019). The sample is representative with 
respect to the type of farm, its economic size and localisa-
tion within 4 FADN regions and provides an appropriate 
base for comparisons among the farm types. A balanced 
panel has been built using farms which were recorded in 
the database during the analysed period and continuously 
belonged to the specified farm type. The panel consists of 
a full set of FADN observations (45,760) aggregated to 6 
farming sectors: field crops (5840 observations), horticulture 
(1850), cattle farms (8050), granivores (2460), mixed farms 
(5680) and other farms (21,880)—see descriptive statistics 
in Table 5 in Appendix 1.

In our analyses, we used four types of inputs: (1) farm 
total utilised area in hectares (UAA) (FADN code SE025); 
(2) the labour force expressed in annual working units 
(AWU) (code SE010); (3) intermediate consumption in the 
Polish currency (PLN) (code SE275); and (4) capital in PLN 
(code SE436-SE446). As for the output, a single variable 
was used (also for the sake of the meta-frontier calculations), 
which is the value of the farm’s total output in PLN (code 
SE131). For the details on methodology of calculation the 
FADN variables, see (European Commission 2020).

The descriptive statistics (see Table 5) indicate that for 
farm size the smallest are horticulture farms (average of 
9.7 ha) and the largest field crop farms (average of 67.7 ha). 
However, in terms of output produced the smallest farms 
are mixed farms (180,066 PLN) and the biggest are grani-
vores farms (386,236 PLN). The labour use is the highest 
in horticulture farms (3.3 AWU) due to highly labour-
intensive technology and the lowest in the mixed farms (1.8 
AWU). Average intermediate consumption is the highest in 
granivores farms (254.957 PLN), while the lowest (being 
3.5 times smaller) in mixed farms (72,808 PLN). Capital 

intensity is the highest in granivores (732,683 PLN), but 
the smallest in mixed farms (341,592 PLN). Therefore, the 
farm types obviously differ in terms of their single factor 
productivities—the highest land productivity is in horti-
culture farms but smallest in field crop farms; at the same 
time, however, labour productivity is the smallest in horti-
culture but the highest in granivores farms. Even this simple 
observation supports our approach to calculate total factor 
productivities (not partial or single factor productivities) to 
comprehensively assess the performance of different farm 
types in the analysed period of time.

Finally, the database was cleaned of outliers (as non-
parametric analyses are sensitive to such observations) and 
restricted to positive values for all the variables. All the 
calculations presented in the results are indexed (so year 
2006 = 1), and weighted (by number of representative farms) 
for each farm type outputs with the use of a geometric mean.

Farm survey data

Our quantitative analysis is enriched by information from 
a large-scale survey carried out on a representative sample 
of 600 of the Polish farms included in the FADN database, 
which were interviewed in 2016. This subsample is driven 
from our FADN sample used for TFP calculations. The 
survey was particularly detailed with questions focusing 
on many details of farm practices, ecosystem-services and 
strategies by the five farm types at the centre of our inter-
est (i.e. field crop farms, horticulture, granivores, cattle and 
mixed farms). For such farm types, we extracted information 
about their sources of innovation based on 4 categories and 
13 indicators, as well as the adapted variety of ecosystem 
services—based on 4 categories and 17 indicators, as pre-
sented below:

	 (I)	 Sources of innovation:

(1)	 Gene revolution

•	 Share of qualified seed material (where total 
consists of certified and non-certified)

•	 Farmers’ opinion on GMO food-crops banned 
in the EU (share of farmers supporting ban)

•	 Farmers’ opinion on GMO animal feed crops 
banned in EU (share of farmers supporting ban)

•	 Farmers’ opinion on acceptable cost increases 
in the case of using GMO-free animal feed (an 
acceptable increase of GMO-free cost).

(2)	 Enhanced input delivery

•	 Use of fertilisation plan as a tool for the decision 
of fertiliser doses (share of farmers).

2  In 2015, it was exactly 730.895 farms.
3  Standard Output is the average monetary value of the agricultural 
output at farm-gate price of each agricultural product (crop or live-
stock) in a given region.

1  In 2015, it was exactly 12,313 farms.



89Sustainability Science (2022) 17:81–103	

1 3

•	 Share of farms using chemical protection 
against:

o	 diseases
o	 pests
o	 weeds

(3)	 Hardware, software and data

•	 Using soil testing (share of farms—soil tested in 
the last 5 years)

•	 Soil test for mineral nitrogen content (share of 
farms)

•	 Performing testing procedure of sprayer used for 
chemical protection (% share of farms)

(4)	 Post-harvest management

•	 Planting of catch crops (share of farms)
•	 Cereal straw incorporation (share of farms)

	 (II)	 Ecosystem services:

(1)	 Biological pest control

•	 Importance of following pest control methods 
(average: 0-meaningless, 6-very important):

o	 biological protection,
o	 mechanical protection,
o	 selection of resistant varieties,
o	 proper crop rotation.

(2)	 Pollinator management

•	 Presence on the farm:

o	 Tree lines and bushes (share of farms)
o	 Woodland on UAA (share of farms)
o	 Permanently abandoned land (share of 

farms)
o	 Hedgerows (share of farms)

•	 Share of ecological areas (mentioned previ-
ously) in UAA (share of area)

(3)	 Integrated crop-livestock practices

•	 Application of animal manure on farm (share of 
farms)

•	 Share of manured land in a single growing sea-
son (% UAA)

•	 Time taken to incorporate manure into soil 
(average time in hours)

•	 Presence of livestock (share of farms)
•	 Stocking density (LU/ha – base on FADN data)

(4)	 Rotation and soil conservation

•	 Threat of soil erosion (share of farms)
•	 Simplified and no-tillage crop cultivation
•	 Taking biological aspects in crop rotation design 

(share of farms)

The statistics related to those indicators by farm type are 
presented in the next section. They are used for the assess-
ment of the sources of technological change drivers in total 
factor productivity change among the groups of farms.

Results

TFP changes and drivers by farm types

The results obtained from the use of separate frontiers per 
farming type are presented in Fig. 3 and Table 6 in Appendix 
A. The indices of Färe-Primont productivity changes and its 
decomposition into technological change (TC) and efficiency 
change (EC) are interpreted so that an index above 1 means 
progress, equal to 1 means stagnation and below 1 means 
deterioration.

TFP for all farming sectors improved from 2006 to 2015. 
The highest TFP growth over that time was noted in field 
crop farms (72.5%) and the smallest in granivores farms 
(18.4%). Between them were the remaining sectors with the 
following TFP progress: in mixed farms by 40.1%, in cattle 
farms by 39.8%, in horticulture farms by 38.9% and in other 
farms by 22.9%. However, this was not a stable growth in 
TFP over that time as the farms were experiencing various 
adverse shocks and challenges. Two major adverse shocks 
affecting all farm types occurred in 2008 (global financial 
crises) and in 2014 (Russian embargo). The former shock 
affected the farms through: (1) a decline in the rate of eco-
nomic growth, both in the country and abroad which affected 
volume of demand for agricultural products; (2) a fluctuat-
ing exchange rate which affected the “terms of trade” of the 
national economy and impacted agricultural trade; (3) the 
level of global crude oil prices which influenced the costs 
of production processes; and (4) increased levels of interest 
rates which caused difficulties in obtaining loans by farmers. 
The latter shock restricted volumes of traded agricultural 
products to Russia, which hit the meat and horticultural sec-
tors in particular, for which the Russian market was a key 
one, so the situation pressured farmers to find new markets 
for those products. Besides these, the sectors experienced 
various sector specific shocks, both positive and negative.
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In the year of the first crises, 2008, TFP patterns for most 
of the farm types either regress (horticulture, mixed and 
other farms) or slow down (field crops). Only granivores 
improved its TFP performance (by 5.6%). The pattern of 
recovering from the crisis in the year after was fairly similar 
for most of the sectors, i.e. by maintaining the similar TFP 
of 2009 to the previous year and substantial TFP recovery in 
2010. The only outstanding sector was granivores in which 
TFP was already steadily growing in 2009 and 2010. After 
the second crises, the TFP slowed down from 2014 to 2015 
in most farm types (the most in cattle farms by 17.5% and 
the least in field crop farms by 6%). The only exception was 
the horticultural farms which actually improved their TFP 
on average by 12%.

What is important from the point of view of the resilience 
analyses, as explained in our framework in Sect. 2, is not 

only the development of TFP but also its decomposition. 
Changes in its components over 2006–2015 reveal several 
interesting outcomes. First, for all the farm types, the major-
ity of TFP growth was driven by technological change (TC 
indexes were higher than EC ones). Only in a few cases 
was the development the opposite, so that efficiency change 
drove the TFP growth. Such was the case of field crop farms, 
cattle farms and other farms in 2010 and also for the latter 
farms in 2011. This, therefore, is evidence of adaptation pro-
cesses taking place in those farming sectors since their TFP 
change structure was adjusted. Second, in most farm types, 
the technological change went in the opposite direction to 
efficiency change, which is the case when not all producers 
are able to keep up in adjusting to new technologies (Dakpo 
et al. 2016; Latruffe et al. 2012; Brümmer et al. 2002). In 
most cases, technological change sped up, while efficiency 

Fig. 3   Färe-Primont productivity change and its decomposition, separate frontiers per farming sector.  Source: Own calculations based on the 
polish FADN and Eq. (2) from Sect. Methods and data
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slowed down or regressed. However, in some cases, the two 
components moved together, as in the case of mixed farms in 
2009/2010, so after the recovery from the downfall of 2008 
both technology change and efficiency change improved. 
We also observed several adaptation processes manifested 
by changes in TFP decomposition—change from technol-
ogy driving efficiency which itself drives TFP change—in 
recovery from the first crisis (in the years 2010–2011) but 
not in the recovery from the second crisis (2014–2015) as 
the decomposition of TFP changes remained the same for 
all farming sectors.

Further decomposition of the efficiency changes into tech-
nical efficiency change, scale efficiency change and residual 
mix efficiency change is presented in Table 6 in Appendix 
A and Fig. 4 in Appendix B. Over the years 2008–2009, the 
observed efficiency slowed or declined in all farming sectors, 
which was driven by technical efficiency changes slowing 
or regressing, while the other two types of efficiency—scale 
and residual mix—progressed or stayed the same. In 2010, 
however, the adaptation process occurred. Technical effi-
ciency became the main driver of efficiency change (in field 
crop and other farm sectors) or was an equally strong driver 
as scale efficiency (in cattle and granivores farms) or at least 
became a more important driver in the structure of efficiency 
changes than before (in mixed farms and horticulture farms). 
In the years after the second crises 2014–2015, the techni-
cal efficiency deteriorated in all sectors (except horticulture) 
and the efficiency change was driven either by residual mix 

efficiency change (in horticulture, cattle and mixed farm sec-
tors), or by scale efficiency (in other farm sector) or at least 
equally by scale and residual mix efficiency (in granivores). 
Only in field crop farms, despite slowing down technical 
efficiency, was it a main driver of total efficiency changes.

Sources of technological changes

We show in Sect. TFP changes and drivers by farm types 
that technological change is a main driver of TFP change, 
so it is vital to investigate its sources and differences by 
farm type. Table 1 shows various innovations adopted by 
farming sectors, contributing to technological change, while 
Table 2 illustrates the ecosystem services adopted by farm 
types contributing to technological change. The farming 
sectors differ substantially in their adoption of innovations 
(grouped into categories proposed by Coomes et al. (2019), 
where the leading farm type was field crops with the highest 
percentage of farms adopting innovations, with granivores 
ranking second. The least innovating type seems to be mixed 
farms, see Table 1.

Regarding gene revolution, among farmers specialising 
in crop production (field crops and horticulture) the strong-
est support for a GMO ban could be observed (up to 76%). 
These farmers also accepted the highest price increase (up to 
12.7%) for GMO-free animal feed—the animal production 
can only be their minor activity so they prefer no risk options 
even at a higher price. This might suggest their negative 

Table 1   Innovation-based sources of TFP’s technological change (% of farms)

Source: own calculations based on a survey of 600 Polish FADN farms

Unit Field Crops Cattle Mixed Horticulture Granivores

N =  No. farms 157 131 215 41 56
Gene revolution –
 GMO food-crops banned in EU Share of supporters 72% 67% 73% 76% 61%
 GMO animal feed crops banned in EU Share of supporters 66% 64% 68% 76% 45%
 Acceptable cost increase for GMO-free animal feed Cost increase 10.8% 9.0% 11.1% 12.7% 8.4%
 Use of certified seed material Share of seeds 61% 55% 41% 70% 48%

Enhanced input delivery
 Use of fertilisation plan for setting fertiliser doses Share of farmers 29% 9% 23% 2% 14%
  Using an economic threshold to decide on using chemical protection:
   Against diseases Share of farms 52% 47% 43% 47% 43%
   Against pests Share of farms 60% 50% 52% 53% 60%
   Against weeds Share of farms 55% 49% 49% 49% 57%

Hardware, software and data
 Using soil testing Share of farms 66% 40% 46% 61% 55%
 Soil test for mineral nitrogen content Share of farms 22% 11% 13% 10% 7%
 Certification of sprayer for chemical protection Share of farms 87% 78% 82% 63% 82%

Post-harvest management
 Planting of catch crops Share of farms 63% 53% 58% 17% 62.5%
 Cereal straw incorporation Share of farms 82% 12% 49% 27% 43%
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attitude to gene innovations. However, such farmers buy the 
majority of seeds from certified sellers every year, which 
makes them the most sceptical to the introduction of new 
crop varieties. The animal farms (cattle and granivores) are 
not as strongly prejudiced against GMO crops (only 45% 
support a GMO ban for animal feed in granivores) and would 
like to spend less in the case of buying GMO-free feed (up 
to 9%). Mixed farms are buying the lowest share of certified 
seeds. This might indicate that field crops and horticulture 
farms are actively looking for innovations, however, farmers 
in this category are still strongly against the introduction of 
GMO crops, which is only one of the proxies for innovation 
applicability.

In the case of precise input delivery, field crop farms are 
noticeably the most innovative. Nearly, 1/3 of farmers pre-
pare a fertilisation plan. Those farmers are the keenest to 
observe the level of the occurrence of pests and pathogens 
and use this information to make decisions on chemical plant 
protection. In this dimension, both horticulture farms and 
granivores could be placed in second place.

Additionally, in the case of using precise data for crop 
management, field crop farms are the leaders among all 

farm types. The majority of those farmers test soils, some 
of which even use quite advanced tests, assuming Polish 
conditions, for mineral nitrogen content in the soil and take 
care to obtain certification of sprayers. Regarding testing 
soil, which comes in second place, horticultural farms could 
be observed with only slightly lower results (61%). Farm-
ers from granivores farms take care of the certification of 
sprayer for chemical protection almost as frequently as field 
crop farmers (82% of granivores farms versus 87% of crop 
farms)—see Table 1.

Regarding post-harvest management, field crops lead here 
too. Over 4/5 of straw is incorporated with the soil and catch 
crops are planted in 2/3 of farms. The share of farms grow-
ing catch crops in granivores is nearly as high as in the case 
of field crop farms. In the case of incorporating straw, the 
share of using this practice is lower in farms with animals 
(cattle, granivores, mixed) as the straw is used for animal 
production. In the case of horticultural farms, the lowest 
share of straw incorporation could be explained by a gener-
ally low share of cereals in cropping structure and using 
straw for soil cover in fruit production.

Table 2   Ecosystem services -based sources of TFP’s technological change (% of farms)

Source: own calculations based on a survey of 600 Polish FADN farms

Unit Field Crops Cattle Mixed Horticulture Granivores

Biological pest control No. farms 157 131 215 41 56
 Importance of: Scale 0 -meaning-

less, 6—very 
important

 Biological protection Scale 0–6 1.03 1.21 1.34 1.78 1.06
 Mechanical protection, Scale 0–6 2.72 2.81 2.82 2.64 2.82
 Selection resistant of varieties Scale 0–6 2.68 3.07 3.00 2.13 2.89
 Proper crop rotation Scale 0–6 3.84 3.87 4.04 2.11 3.57

Pollinator management
 Presence on farm:
 Tree lines and Bushes Share of farms 53% 48% 55% 32% 50%
 Woodland on UAA​ Share of farms 48% 47% 45% 34% 39%
 Permanently abandoned land Share of farms 41% 36% 29% 22% 29%
 Hedgerows Share of farms 13% 5% 9% 17% 9%

Share of scrubs in UAA​ % UAA​ 0.52% 1.23% 0.70% 0.59% 3.52%
Integrated crop-livestock practices
 Presence of livestock Share of farms 29% 100% 100% 12% 100%
 Application of animal manure at farm Share of farms 39% 97% 96% 34% 86%
 Share of manured land in a single growing season (% UAA) 6% 42% 30% 8% 34%
 Time to incorporate manure into soil (average time in hours) hours 12.26 14.76 12.57 15.45 13.46
 Stocking density LU/ha of UAA​ 0.04 1.02 0.81 0.11 3.44

Rotation and soil conservation
 Threat of soil erosion share of farms 31% 36% 38% 17% 34%
 Simplified and no-tillage cultivation share of farms 6.55% 2.06% 3.08% 0.00% 1.88%
 Considering biological aspects in crop rotation design share of farms 65.6% 29.0% 32.4% 61.0% 32.1%
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Generally, though the results show that Polish farmers on 
average are not strong innovators, it could be observed that 
field crop farmers are the keenest to use modern technolo-
gies and apply existing innovations in their daily practices.

The farming sectors substantially differ in their adoption 
of ecosystem services, although it is difficult to identify 
a leader—see Table 2. Depending on their specialisation, 
farmers seem to choose different services provided by the 
ecosystem. Regarding non-chemical plant protection meth-
ods, biological pest control is the most important in horti-
culture farms. In granivores farms, where crop production 
is of lower significance, the farmers appreciate the simplest 
mechanical means. In cattle farms, where mostly fodder 
crops are grown, the highest priority is to select the proper 
variety, and in mixed farms the proper crop rotation.

In the case of “pollinator management”, different kinds 
of shrubs (trees, woodland, hedgerows, etc.) are most fre-
quently seen in crop farms, however, in general its share in 
UAA is the lowest. This could be the result of careful till-
age practices aiming for efficient use of the main resource, 
which is the land. The biggest share of “pollinator-friendly” 
areas could be observed in granivores (3.53%). Often, crop 
production is treated in these farms as a marginal activity, 
thus the farmers are not trying to use every single plot of 
land for crop production.

As expected, the best integrated crop-livestock practices 
could be observed in the case of cattle farms. Cattle farmers 
use animal manure on their own fields to try to exploit its 
yielding potential. Even the granivore farms have a higher 
stocking rate, although not all of them use the manure on the 
farm. This is particularly the case in poultry farms, which 
usually have very low land resources and export all the 
manure from the farm. Farms specialising in crop produc-
tion (field crops, horticulture) use animal manure to a much 
lower extent (39 and 34% of farms, respectively) as nearly 
all manure needs to be acquired outside of the farm, which 
is costly.

In the case of soil conservation, the crop specialised farms 
(horticulture, field crops) have the best situation regarding 
the threat of erosion. These farms usually operate on the bet-
ter (heavier) soils compared with the animal farms. Again, 
field crop farms are leaders in the utilisation of the advan-
tage of proper crop rotation (nearly 66% of farmers took 
biological aspects into consideration when choosing crops). 
This might be caused by a scarcity in organic matter due 
to limited manure application. A similar situation could be 
observed in horticulture farms (61%), while in other farms 
economic aspects are the most important when crop rota-
tion is decided. Even the simplified and no-tillage cultiva-
tion methods are in general not very popular in Poland; field 
crops farms apply this technology to the greatest extent (in 
over 6.5% of farms). Due to the specificity of crops grown, 
this technology is not used in horticultural farms.

Results with meta frontier and technology gap 
ratios

In Sect. TFP changes and drivers by farm types, we assessed 
the production frontier separately for each farm type, while 
here we combine all the farm types in order to see the lead-
ers of the TFP changes and the existing technological gaps 
between the farm types (as explained in the methodological 
Sect. 3).

Table 7 presents the MFPP and its components for the 
Polish FADN farms together for the years 2006–2015. When 
all farms are taken together, we can see that the total farm-
ing sector experienced an increase of TFP by 27.8%, which 
was mostly driven by technological progress (53.2%), while 
efficiency actually fell (by 16.6%). As explained previously, 
the opposite direction of technological change and efficiency 
change can be explained by the fact that there are some farm 
types which do not cope immediately with technological 
advancements. Further decomposition of efficiency changes 
shows that it declined mainly due to technical efficiency 

Table 3   Technology gap ratios 
for the Polish FADN farms, 
2006–2015

Source: Own calculations based on the Polish FADN and Eq. (5) from Sect. Methods and data

Field crops Horticulture Cattle Granivores Mixed Other

2006 1.00 0.73 0.68 0.74 0.59 0.99
2007 1.00 0.86 0.71 0.55 0.59 0.74
2008 0.88 0.89 0.84 0.87 0.84 1.00
2009 0.82 1.00 0.53 0.61 0.51 0.66
2010 1.00 0.88 0.73 0.69 0.77 0.93
2011 1.00 0.85 0.81 0.64 0.61 0.70
2012 0.78 0.91 0.63 1.00 0.62 0.92
2013 0.87 1.00 0.75 0.89 0.68 0.95
2014 0.59 0.49 0.55 0.48 0.47 1.00
2015 0.88 1.00 0.68 0.66 0.82 0.71
Average 0.88 0.86 0.69 0.71 0.65 0.86
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decline (by 9.5%), followed by a decline in residual mix 
efficiency (by 7.2%) and scale efficiency (by 0.7%).

The meta-frontier approach allows the assessment of 
which farm types make up the frontier and which ones lag 
behind. The latter is indicated by TGR presented in Table 3 
and TGR changes presented in Table 8 in Appendix A. The 
TGR ratios indicate that the meta-technology frontier was 
mostly comprised of the field crop farms as they had the 
highest average TGR among all sectors (0.88) and were 
located on the frontier five times (with TGR equal to 1) over 
the analysed period. This means they had access to the most 
productive technologies of all farming sectors. The second 
closest on average was the horticultural farming sector and 
other farm sectors, both with a TGR equal to 0.86. The least 
productive technology was seen in the case of mixed farms, 
with an average TGR of 0.65, while the sector was never on 
the frontier. This means that the sector on average reached 

only 65% of the maximum productivity, which is feasible 
under the meta-technology.

It is interesting to analyse the meta-frontier during the 
years around the two crises. During the first crisis, the fron-
tier was made of the “other farms” sector in 2008, the hor-
ticultural farming sector in 2009 and the field crop farm-
ing sector in 2010. Interestingly, field crops led the frontier 
before the first crises (2006–2007) and again a few years 
later (2010–2011). During the second crisis, again other 
farms were leading in the immediate year of the crises in 
2014, but horticultural farms took over in 2015.

The TGRC over the analysed period indicate that hor-
ticultural farms experienced the highest progress in their 
technological advancement over the period, namely by 18%, 
followed by mixed farms (by 10%) and cattle farms (by 2%). 
On average, the other farms sector is the one in which TGRC 
decreased the most, by 13%—see Table 8.

Table 4   Assessment of resilience through TFP changes and its components changes TC and EC

Field crop Horticulture Cattle Granivores Mixed Other

Financial crises

2008
Robust:
TFP>1, 
TC>EC

Need to adapt:
TFP<1, 
TC>EC

Need to adapt:
TFP<1, TC>EC

Robust:
TFP>1, 
TC>EC

Need to 
adapt:
TFP<1, 
TC>EC

Need to 
adapt:
TFP<1, 
TC>EC

2009
Robust:
TFP>1, 
TC>EC

Need to adapt:
TFP<1, 
TC>EC

Need to adapt:
TFP<1, TC>EC

Robust:
TFP>1, 
TC>EC

Need to 
adapt:
TFP<1, 
TC>EC

Need to 
adapt:
TFP<1, 
TC>EC

2010
Adaptable:
TFP>1, 
TC<EC

Robust:
TFP>1, 
TC>EC

Adaptable:
TFP>1, TC<EC

Robust:
TFP>1, 
TC>EC

Robust:
TFP>1, 
TC>EC

Adaptable:
TFP>1, 
TC<EC

Russian 
embargo

2014
Robust:
TFP>1, 
TC>EC

Robust:
TFP>1, 
TC>EC

Robust:
TFP>1, TC>EC

Robust:
TFP>1, 
TC>EC

Robust:
TFP>1, 
TC>EC

Robust:
TFP>1, 
TC>EC

2015
Robust:
TFP>1, 
TC>EC

Robust:
TFP>1, 
TC>EC

Robust:
TFP>1, TC>EC

Robust:
TFP>1, 
TC>EC

Robust:
TFP>1, 
TC>EC

Robust:
TFP>1, 
TC>EC

Source: Authors’ own elaboration
TFP total factor productivity change, TC technological change, EC is efficiency change; values over 1 mean growth, values below 1 mean 
decline
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Discussion of the results

In light of our framework (Sect. 2) and the results obtained 
through quantitative and qualitative analyses (Sect. 4), we 
can interpret the links between resilience and total factor 
productivity, as summarised in Table 4.

The values of the FPP and its components (technologi-
cal change (TC) and efficiency change (EC)) facilitated the 
assessment of the revealed resilience of the farming sectors 
to two major adverse shocks – the global financial crisis of 
2008 and the Russian embargo of 2014. Table 4 revealed 
that in the case of a non-declining TFP (i.e. TFP equal to 1 
or higher) we have two possibilities. First, the farming sector 
is robust if it manages to maintain its productivity (TFP > 1) 
despite no adjustments in its TFP decomposition—technol-
ogy change drives TFP so it is larger than the efficiency 
change (i.e. TC > EC). Second, the farming sector is adapt-
able if it manages to maintain its productivity (TFP > 1) due 
to adjustments in its TFP decomposition—efficiency drives 
the TFP development (i.e. TC < EC). In the case of regress-
ing TFP (TFP < 1), we also have two possibilities. First, if 
TFP declined as there was no substantial adjustments in TFP 
decomposition, it means that the sector failed to stay robust 
and needs to adapt (TC > EC). Second, if the TFP declined 
(TFP < 1) despite attempts to change its TPF decomposi-
tion (TC < EC), it means that it failed to adapt and needs to 
transform.

As we can observe in Table 4, the farming sectors differ 
in reactions to the shocks, among each other and in each of 
the two types of crises. In the first 2 years of the financial 
crisis (2008–2009), only field crop and granivores sectors 
stayed resilient, while the remaining sectors failed to do so 
and needed to adapt to regain the resilience revealed in TFP 
changes. Indeed, in the third year of the first crisis, 2010, all 
the sectors achieved either robustness (horticulture, grani-
vores and mixed farming sectors) or adaptability (field crop, 
cattle and other farming sectors). In the case of the Rus-
sian embargo, the situation was different, as all sectors in 
both years (2014–2015) remained robust, even those that 
were the most affected in Poland, such as horticulture and 
meat (cattle and granivores). Interestingly, in none of the 
cases did any of the sectors experience a decline in their TFP 
while attempting to change their decomposition. There is, 
therefore, no situation when adaptation failed and the sector 
needed to transform. In fact, single farms in the FADN sam-
ple were changing the farming groups (so they individually 
transformed from one specialisation to another), so in a way 
transformation took place at the level of individual farms but 
not at the whole farming sector. We clearly observed in our 

result the responses of TFPs after the years of crises, how-
ever, for more formal links some authors suggest to apply a 
bias-corrected DEA analysis (Czyżewski et al. 2020b).

The explanation of differences in revealed resilience 
among the farm types obtained here can be partly explained 
by findings from other studies. The research on the resilience 
of the farming systems in the EU, including the Polish hor-
ticulture farming system, indicated that this sector’s main 
resilience capacity is robustness as it relies mostly on buffer 
resources (i.e. funds which build their reserves such as own 
savings and funds from Common Agricultural Policy), while 
it possesses relatively low-to-moderate abilities to adapt or 
transform. This was explained by deficiencies in resilience 
attributes such as low openness for cooperation among farm-
ers, policy overregulation, problems with insurance policies 
and low policy responsiveness to the needs of that sector 
(Krupin et al. 2019). We can assess that the sector failed to 
be robust in the first two years of the first crisis, and only in 
the third year after the first crisis and throughout the second 
crisis did it regain its robustness.

Our result shows that the field crop sector lead in the Pol-
ish farming system in building up the technology frontier 
and in the adoption of innovation practices. At the same 
time, it was the only sector which managed to stay robust 
and adaptable over the two crises. The French studies carried 
out over a similar period (2002–2014) with the use of French 
FADN data and the same methods of Färe-Primont index 
also shows that this sector has access to the most productive 
technology and builds up the frontier (Dakpo et al. 2016). 
The shifts in the frontier in both countries are driven mainly 
by technological change so the sources of revealed resilience 
could be explained by insights into the drivers of those tech-
nological changes. In our survey, we investigated the sources 
of technological changes as suggested by Coomes et al. 
(2019a), divided into innovation and ecosystem services. 
However, in our survey, field crop farms were not leaders in 
their adoption. Additionally, more of the responding farms 
declared ecosystem services-based practices (in particular, 
biological pest controls, rotation and soil conservation) and 
few declared innovation-based technologies (in particular, 
the lack of precision technologies, as well as hardware, soft-
ware and data use) in comparison to other farming types.

The importance of efficiency changes was smaller in 
the development of revealed resilience. This can partly be 
explained by studies demonstrating that technical efficiency 
is significantly affected by Common Agricultural Policy 
(CAP) subsidies, and the influence depends on the type 
of subsidies (Latruffe 2017; Latruffe and Desjeux 2016; 
Sckokai and Moro 2009; Czyżewski et al. 2017). Among 
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our farm types, field crop farms are the beneficiaries of the 
highest per ha (decoupled) CAP subsidies, especially from 
Pillar 1 (i.e. direct payments for farmers), while the most 
productive in Poland were the CAP investment subsidies 
of Pillar 2 (i.e. Rural Development Programmes, so mainly 
investment subsidies or per ha payments for certain farming 
practices)—see Zawalińska et al. (2013). This could explain 
why more technological advancements (both innovation-
based and ecosystem-based) were present in our survey in 
the case of cattle and granivores farms, which are the main 
beneficiaries of the CAP investment subsidies in Poland.

Interestingly, the farming sectors reacted differently to 
the two types of shocks. The farms were more resilient 
to the Russian embargo shock, although it had similarly 
severe economic implications as the global crisis. Even 
the most directly affected sector as horticulture managed 
to stay robust, although before the ban it exported up to 
1/3 of its total production to Russia (out of which c.a. 60% 
were apples) (Guzek 2016). The sector maintained its TFP 
without adjusting its decomposition (between technological 
change and efficiency change). However, its efficiency com-
ponent was altered—its residual mixed efficiency increased 
which can be explained by the fact that this sector relies least 
of all on CAP subsidies (small total area payments and no 
direct price support).

Concluding remarks

The conceptual framework and empirical analysis pre-
sented in this paper provide the assessment of the specified 
“revealed resilience” manifested in total factor productivity 
changes and in its components in times of two major crises 
after Poland joined the EU, i.e. the global financial crisis of 
2008 and the Russian embargo of 2014. The paper combined 
in one consistent framework the studies on the resilience of 
farming systems (drawing mainly from resilience capacities 
such as robustness, adaptability and transformability), stud-
ies on total factor productivity decomposition (identifying 
the relationship between its components such as technol-
ogy change and various types of efficiency changes) and 
studies on the contemporary drivers of technological pro-
gress—namely innovation and ecosystem-based services. 
Therefore, the approach proved relevant to the specified 
(farming sector) “revealed resilience” (ex-post the shock) 
due to economic disturbances.

The paper transcends previous approaches in three 
aspects. First, it introduces a distinction between “poten-
tial” vs “revealed” resilience which helps to obtain a 
better understanding of the resilience performance. Sec-
ond, it empirically assesses the proposed conceptual 
framework linking total factor productivity with resil-
ience. Third, it shows resilience to specific shocks, eco-
nomic and political one which also has strong economic 
consequences.

Our approach could be applied to gain a better under-
standing of farms’ responses to the current COVID-19 
pandemic (see Meuwissen et al. 2021), as well as to design 
future CAP policy, which puts resilience among the priori-
ties of the 2021–2027 period. We indicate that policy can 
firstly, foster “potential resilience” by supporting resilience 
capacities to strengthen resilience attributes, such as: diver-
sity, flexibility, modularity, openness (as they help farming 
sectors to be more robust, adaptable and transformable). 
Second, the policy can monitor “revealed resilience” by 
including the total factor productivity measures for different 
eco-socio-economic farm types Po the Common Monitor-
ing and Evaluation Framework. Besides, the policy makers 
can foster the research on links between “potential” and 
“revealed” resilience, that is how in practice those attrib-
utes actually result in total factor productivity changes and 
its components (through withstanding their performance 
without changes in its TFP decomposition, adapting by 
adjustment of TFP components or transforming into other 
sectors).

However, future research is needed in at least three direc-
tions. First, more farm sector specific studies on resilience 
capacities (robustness, adaptability and transformability) are 
needed to assess potential resilience and compare it with 
revealed resilience. Second, more studies on farm type spe-
cific drivers of total factor productivity (driven by techno-
logical and efficiency changes) are vital, including a variety 
of innovations, ecosystem services and beyond. Third, there 
is a need for more recent studies over a longer time frame, 
encountering more historical crises to analyse farm system 
responsiveness and also to the latest crisis, that of COVID-
19, when data become available.

Appendix A

See Tables 5, 6, 7, and 8.
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Table 5   Descriptive statistics 
for the Polish FADN farms. 
2006–2015

Type of farm; number of observations Min Max Mean Standard deviation Coefficient 
of variation

Field crop farms; no. of observations: 5840
 UAA [ha] 5.0 731.7 67.7 79.9 1.2
 Labour [AWU] 0.5 27.8 2.2 1.7 0.8
 Intermediate consumption [PLN] 5965 2,727,074 117 345 154,458 1.3
 Capital [PLN] 16,433 9,974,105 593,758 712,597 1.2
 Total Output [PLN] 8773 5,373,387 233,837 302,517 1.3

Horticulture farms. no. of observations: 1850
 UAA [ha] 0.6 48.0 9.7 7.2 0.7
 Labour [AWU] 0.5 20.2 3.3 2.4 0.7
 Intermediate consumption [PLN] 4775 1,031,352 84 159 123,847 1.5
 Capital [PLN] 12,650 6,837,266 555,720 686,535 1.2
 Total output [PLN] 2078 1,970,760 200,713 231,375 1.2

Cattle farms; no. of observations: 8050
 UAA [ha] 2.6 197.4 30.8 20.8 0.7
 Labour [AWU] 0.6 9.2 2.0 0.6 0.3
 Intermediate consumption [PLN] 6032 1,400,221 90,024 92,643 1.0
 Capital [PLN] 29,223 4,614,783 565,304 500,017 0.9
 Total output [PLN] 6389 2,237,795 180,066 181,271 1.0

Granivores farms; no. of observations: 2460
 UAA [ha] 0.9 481.7 32.5 36.6 1.1
 Labour [AWU] 0.5 16.9 2.0 0.9 0.4
 Intermediate consumption [PLN] 14,453 3,517,470 254,957 298,764 1.2
 Capital [PLN] 51,106 6,832,907 732,683 772,672 1.1
 Total output [PLN] 17,438 6,078,128 386,236 447,616 1.2

Mixed farms; no. of observations: 5680
 UAA [ha] 1.9 699.2 27.6 34.2 1.2
 Labour [AWU] 0.5 10.1 1.8 0.6 0.3
 Intermediate consumption [PLN] 4151 1,421,352 72,808 73,381 1.0
 Capital [PLN] 14,459 4,917,174 341,592 323,409 0.9
 Total output [PLN] 5034 2,440,040 121,592 128,414 1.1

Other farms; no. of observations: 21,880
 UAA [ha] 1.1 485.2 32.2 33.8 1.0
 Labour [AWU] 0.5 30.4 1.9 0.9 0.5
 Intermediate consumption [PLN] 3896 1,546,628 89,391 112,596 1.3
 Capital [PLN] 8360 5,194,883 398,086 410,894 1.0
 Total output [PLN] 2330 2,335,045 151,630 184,315 1.2

All farm types together; no. of observations 45,760
 Total UAA [ha] 0.6 731.7 35.0 42.8 1.2
 Total labour input [AWU] 0.5 30.4 2.0 1.1 0.5
 Total Int. Cons. [PLN] 3896 3,517,470 99,700 134,918 1.4
 Capital [PLN] 8360 9,974,105 469,823 515,449 1.1
 Total output [PLN] 2078 6,078,128 177,992 228,376 1.3
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Table 6   TFP changes and its 
component for the Polish FADN 
farms, using separate frontiers 
per farm type (normalised 
weighted results)

Years TFP 
change 
(TFP)

Technologi-
cal change 
(TC)

Efficiency 
change 
(EC)

Technical effi-
ciency change 
(TEC)

Scale effi-
ciency change 
(SEC)

Residual mix 
efficiency change 
(RMEC)

Field crop farms
2006 1.000 1.000 1.000 1.000 1.000 1.000
2007 1.162 1.193 0.974 1.031 0.997 0.947
2008 1.022 1.193 0.857 0.898 1.009 0.946
2009 1.026 1.245 0.824 0.831 1.001 0.991
2010 1.695 1.245 1.361 1.191 1.048 1.091
2011 1.658 1.396 1.188 1.098 1.033 1.047
2012 1.901 1.396 1.362 1.233 1.051 1.050
2013 1.636 1.396 1.172 1.061 1.054 1.049
2014 1.785 1.396 1.279 1.144 1.045 1.070
2015 1.725 1.396 1.236 1.067 1.044 1.109
Horticulture farms
2006 1.000 1.000 1.000 1.000 1.000 1.000
2007 1.051 1.144 0.918 0.840 0.968 1.130
2008 0.943 1.146 0.823 0.757 0.984 1.104
2009 0.939 1.382 0.679 0.683 0.971 1.024
2010 1.299 1.382 0.940 0.935 0.981 1.025
2011 0.991 1.382 0.717 0.705 0.975 1.044
2012 1.265 1.382 0.916 0.879 0.973 1.071
2013 1.184 1.382 0.857 0.847 0.964 1.049
2014 1.268 1.382 0.918 0.877 0.957 1.093
2015 1.389 1.382 1.005 0.922 0.944 1.155
Cattle farms
2006 1.000 1.000 1.000 1.000 1.000 1.000
2007 1.073 1.164 0.922 0.944 0.990 0.986
2008 0.992 1.164 0.852 0.862 0.998 0.990
2009 0.951 1.164 0.817 0.810 0.994 1.015
2010 1.368 1.164 1.175 1.001 1.005 1.168
2011 1.388 1.324 1.048 0.972 1.006 1.073
2012 1.357 1.324 1.025 0.940 1.006 1.083
2013 1.398 1.324 1.056 0.957 1.005 1.098
2014 1.572 1.324 1.187 1.028 1.008 1.146
2015 1.398 1.324 1.056 0.895 1.008 1.170
Granivores farms
2006 1.000 1.000 1.000 1.000 1.000 1.000
2007 0.966 1.000 0.966 0.961 1.000 1.004
2008 1.022 1.142 0.894 0.959 1.011 0.923
2009 1.134 1.142 0.993 1.021 1.017 0.955
2010 1.188 1.142 1.040 1.004 1.029 1.007
2011 1.082 1.142 0.947 0.986 1.007 0.953
2012 1.278 1.399 0.914 0.921 0.987 1.005
2013 1.237 1.399 0.885 0.917 0.974 0.991
2014 1.275 1.399 0.911 0.920 0.989 1.002
2015 1.184 1.399 0.846 0.860 0.982 1.002
Mixed farms
2006 1.000 1.000 1.000 1.000 1.000 1.000
2007 1.022 1.122 0.911 0.952 1.006 0.951
2008 0.973 1.200 0.811 0.826 0.994 0.988
2009 0.968 1.200 0.807 0.817 0.997 0.991
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Table 6   (continued) Years TFP 
change 
(TFP)

Technologi-
cal change 
(TC)

Efficiency 
change 
(EC)

Technical effi-
ciency change 
(TEC)

Scale effi-
ciency change 
(SEC)

Residual mix 
efficiency change 
(RMEC)

2010 1.439 1.388 1.037 0.925 1.004 1.116
2011 1.120 1.388 0.807 0.811 0.982 1.013
2012 1.497 1.388 1.078 0.953 0.997 1.135
2013 1.411 1.388 1.016 0.884 0.994 1.157
2014 1.510 1.388 1.088 0.942 0.999 1.157
2015 1.401 1.388 1.009 0.853 0.995 1.189
Other farms
2006 1.000 1.000 1.000 1.000 1.000 1.000
2007 1.054 1.000 1.054 0.970 1.064 1.021
2008 0.998 1.000 0.998 0.892 1.064 1.051
2009 0.983 1.000 0.983 0.891 1.063 1.039
2010 1.279 1.000 1.279 1.223 1.071 0.976
2011 1.080 1.000 1.080 0.991 1.054 1.033
2012 1.108 1.205 0.920 0.975 1.044 0.904
2013 1.236 1.205 1.026 1.138 1.068 0.844
2014 1.311 1.441 0.910 0.918 1.046 0.947
2015 1.227 1.441 0.851 0.866 1.049 0.938

Source: own calculations based on the Polish FADN and Eqs. (2) and (3) from Sect. Methods and data

Table 7   Average TFP changes 
and its component for the Polish 
FADN farms, using meta-
frontier for all farm types

Source: own calculations based on the Polish FADN and Eq. (4) from Sect. Methods and data

Years TFP change
(TFP)

Technologi-
cal change
(TC)

Efficiency 
change
(EC)

Technical effi-
ciency change
(TEC)

Scale effi-
ciency change
(SEC)

Residual mix 
efficiency 
change
(RMEC)

2006 1.000 1.000 1.000 1.000 1.000 1.000
2007 1.049 1.155 0.908 0.935 1.001 0.970
2008 0.985 1.155 0.853 0.876 1.004 0.970
2009 0.976 1.247 0.783 0.825 0.997 0.951
2010 1.313 1.247 1.053 1.179 1.005 0.889
2011 1.049 1.247 0.841 0.888 0.999 0.949
2012 1.112 1.247 0.892 0.902 0.993 0.996
2013 1.276 1.247 1.023 1.063 0.996 0.966
2014 1.362 1.532 0.889 0.959 0.993 0.933
2015 1.278 1.532 0.834 0.905 0.993 0.928
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Appendix B

See Fig. 4.

Table 8   Technology gap ratios 
changes (TGRC) for the Polish 
FADN farms

Source: Own calculations based on the Polish FADN and Eq. (6) from Sect. Methods and data

Field crops Horticulture Cattle Granivores Mix Other

2006 1.00 1.00 1.00 1.00 1.00 1.00
2007 1.00 1.18 1.04 0.74 1.00 0.74
2008 0.88 1.22 1.23 1.17 1.43 1.01
2009 0.82 1.37 0.78 0.82 0.86 0.66
2010 1.00 1.20 1.07 0.93 1.31 0.94
2011 1.00 1.16 1.19 0.86 1.03 0.70
2012 0.78 1.25 0.93 1.34 1.06 0.92
2013 0.87 1.37 1.11 1.19 1.16 0.96
2014 0.59 0.67 0.80 0.65 0.79 1.01
2015 0.88 1.37 1.01 0.88 1.38 0.72
Average 0.88 1.18 1.02 0.96 1.10 0.87

Fig. 4   Efficiency change components evolution by farming sectors, for 2006–2015. Source: Own calculations based on the Polish FADN and 
Eq. (3) from Sect. 3



101Sustainability Science (2022) 17:81–103	

1 3

Acknowledgements  The authors would like to thank Herve Dakpo for 
his methodological guidance and sharing the R code for TFP calcula-
tions, and all the colleagues from the H2020 projects LIFT and SURE 
FARM who provided inspiration for this paper.

Author contributions  KZ: conceptualization, methodology, formal 
analyses, writing-original draft, writing-reviewing and editing, super-
vision; AW: formal analyses, software, data curation, visualization, 
writing-original draft, funding acquisition; PK: methodology, soft-
ware, data curation, investigation; KB: conceptualization, data cura-
tion, resources.

Funding  This work was supported by the National Science Centre, 
Poland under the grant number: 2015/19/B/HS4/02273.

Declarations 

Conflict of interest  The authors declare no conflict of interest of any 
kind.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Armstrong McKay DI, Dearing JA, Dyke JG, Poppy GM, Firbank LG 
(2019) To what extent has sustainable intensification in England 
been achieved? Sci Total Environ 648:1560–1569

Battese GE, Prasada Rao DS, Donnell CJ (2004) A metafrontier pro-
duction function for estimation of technical efficiencies and tech-
nology gaps for firms operating under different technologies. J 
Product Anal 21(1):91–103

Battese GE, Rao DSP (2002) Technology gap, efficiency, and a stochas-
tic metafrontier function. Int J Bus Econ 1(2):87

Becker CU (2012) The meaning of sustainability. Sustainability ethics 
and sustainability research. Springer, Netherlands, pp 9–15

Beltrán-Esteve M, Giménez V, Picazo-Tadeo AJ (2019) Environmental 
productivity in the European union: a global Luenberger-meta-
frontier approach. Sci Total Environ 692:136–146

Brümmer B, Glauben T, Thijssen G (2002) Decomposition of produc-
tivity growth using distance functions: the case of dairy farms in 
three European countries. Am J Agric Econ 84:628–644

Brundtland G, Khalid M, Agnelli S, Al-Athel S, Chidzero B, Fadika L, 
Hauff V, Lang I, Shijun M, de Botero MM (1987) Our common 
future (‘Brundtland report’). Report of the World Commission on 
Environment and Development. Oxford University Press, Oxford

Bureau J-C, Färe R, Grosskopf S (1995) A comparison of three nonpar-
ametric measures of productivity growth in European and United 
States agriculture. J Agric Econ 46:309–326

Ceddia MG, Sedlacek S, Bardsley NO, Gomez-y-Paloma S (2013) Sus-
tainable agricultural intensification or Jevons paradox? The role 

of public governance in tropical South America. Glob Environ 
Chang 23:1052–1063

Chavas JP (2015) Dynamics, viability, and resilience in bioeconomics. 
Annu Rev Resour Econ 7(1):209–231

Coelli TJ, Rao DSP (2005) Total factor productivity growth in agri-
culture: a Malmquist index analysis of 93 countries, 1980–2000. 
Agric Econ 32:115–134

Coomes OT, Barham BL, MacDonald GK, Ramankutty N, Chavas JP 
(2019) Leveraging total factor productivity growth for sustainable 
and resilient farming. Nat. Sustain 2:22–28

Czyżewski B, Matuszczak A, Grzelak A, Guth M, Majchrzak A 
(2020a) Environmental sustainable value in agriculture revisited: 
How does Common Agricultural Policy contribute to eco-effi-
ciency? Sustain Sci 1:3

Czyżewski B, Matuszczak A, Polcyn J, Smędzik-Ambroży K, Stanisze-
wski J (2020b) Deadweight loss in environmental policy: the case 
of the European union member states. J Clean Prod 260:121064

Czyżewski B, Przekota G, Poczta-Wajda A (2017) The incidence of 
agricultural policy on the land market in Poland: two-dimensional 
and multilevel analysis. Land Use Policy 63:174–185

Dakpo KH, Desjeux Y, Jeanneaux P, Latruffe L (2016) Productivity, 
efficiency and technological change in French agriculture during 
2002–2014: a Färe-Primont index decomposition. In: Conference: 
149th EAAE seminar ‘Structural change in agri-food chains: new 
relations between farm sector, food industry and retail sector’, 
Rennes, France, 27–28 October 2016

Dakpo KH, Jeanneaux P, Latruffe L, Mosnier C, Veysset P (2018) 
Three decades of productivity change in French beef production: 
a Färe-Primont index decomposition. Aust J Agric Resour Econ 
62:352–372

Dile YT, Karlberg L, Temesgen M, Rockström J (2013) The role of 
water harvesting to achieve sustainable agricultural intensification 
and resilience against water related shocks in sub-Saharan Africa. 
Agric Ecosyst Environ 181:69–79

European Commission (2020) Definitions of variables agriculture - 
FADN : F. A. D. N. - FADN PUBLIC DATABASE (europa.eu). 
https://​ec.​europa.​eu/​agric​ulture/​rica/​datab​ase/​datab​ase_​en.​cfm. 
Accessed Sept 2020

Färe R, Grosskopf S, Norris M, Zhang Z (1994) Productivity growth, 
technical progress, and efficiency change in industrialized coun-
tries. Am Econ Rev 84:66–83

Färe R, Primont D (1995) Multi-output production and duality: theory 
and applications. Springer, Netherlands

Floriańczyk Z, Osuch D, Bocian M, Malachowska B, Cholewa I (2019) 
Plan wyboru próby gospodarstw rolnych Polskiego FADN od roku 
obrachunkowego 2019 wersja z dn. 25.10.2018 roku. Warszawa.

Folke C (2006) Resilience: the emergence of a perspective for social-
ecological systems analyses. Glob Environ Chang 16:253–267

Folke C, Carpenter SR, Walker B, Scheffer M, Chapin T, Rockström 
J (2010) Resilience thinking: integrating resilience, adaptability 
and transformability. Ecol Soc 15:4

Fuglie K (2015) Accounting for growth in global agriculture. Bio-based 
Appl Econ 4:201–234

Fuglie K, Benton T, Sheng Y, Hardelin J, Mondelaers K, Laborde D 
(2016) G20 MACS white paper: metrics of sustainable agricul-
tural productivity. OECD, Paris. https://​www.​oecd.​org/​tad/​events/​
G20%​20MACS%​20WP%​20Ag%​20Pro​ducti​vity%​20Met​rics%​
204-​26-​2016_​Final.​pdf

Garnett T, Appleby MC, Balmford A, Bateman IJ, Benton TG, Bloomer 
P, Burlingame B, Dawkins M, Dolan L, Fraser D, Herrero M, 
Hoffmann I, Smith P, Thornton PK, Toulmin C, Vermeulen SJ, 
Godfray HCJ (2013) Sustainable intensification in agriculture: 
premises and policies. Science(80-) 341:33–34

Grzelak A, Guth M, Matuszczak A, Czyżewski B, Brelik A (2019) 
Approaching the environmental sustainable value in agriculture: 

http://creativecommons.org/licenses/by/4.0/
https://ec.europa.eu/agriculture/rica/database/database_en.cfm
https://www.oecd.org/tad/events/G20%20MACS%20WP%20Ag%20Productivity%20Metrics%204-26-2016_Final.pdf
https://www.oecd.org/tad/events/G20%20MACS%20WP%20Ag%20Productivity%20Metrics%204-26-2016_Final.pdf
https://www.oecd.org/tad/events/G20%20MACS%20WP%20Ag%20Productivity%20Metrics%204-26-2016_Final.pdf


102	 Sustainability Science (2022) 17:81–103

1 3

how factor endowments foster the eco-efficiency. J Clean Prod 
241:118304

Gupta H, Barua MK (2018) A framework to overcome barriers to green 
innovation in SMEs using BWM and Fuzzy TOPSIS. Sci Total 
Environ 633:122–139

Guzek E (2016) Rynek polskich jabłek w latach 2013–2015 a wprow-
adzone embargo rosyjskie w kontekście sytuacji ekonomicznej 
sadowników. czasopisma.pwszplock.pl.

Hardman CJ, Norris K, Nevard TD, Hughes B, Potts SG (2016) Deliv-
ery of floral resources and pollination services on farmland under 
three different wildlife-friendly schemes. Agric Ecosyst Environ 
220:142–151

Holling CS (2001) Understanding the complexity of economic, eco-
logical, and social systems. Ecosystems 4:390–405

Jarzebski MP, Tumilba V, Yamamoto H (2016) Application of a tri-
capital community resilience framework for assessing the social–
ecological system sustainability of community-based forest man-
agement in the Philippines. Sustain Sci 11:307–320

Kraciński P (2015) Handel zagraniczny jabłkami w UE w kontekście 
rosyjskiego embargo. Probl. World Agric. / Probl. Rol. 
Światowego. 10.

Krupin V, Zawalińska K, Bańkowska K, Gradziuk P (2019) FoPIA-
surefarm case-study report Poland. In: Paas W, Accatino F, Anto-
nioli F, Appel F, Bardaji I, Coopmans I, Courtney P, Gavrilescu 
C, Heinrich F, Krupin V, Manevska-Tasevska G, Neumeister D, 
Peneva M, Rommel J, Severini S, Soriano B, Tudor M, Urquhart 
J, Wauters E, Zawalińska K, Meuwissen M, Reidsma P (eds) D5.2 
Participatory impact assessment of sustainability and resilience 
of EU farming systems. Sustainable and resilient EU farming sys-
tems (SURE-Farm) project report. https://​www.​suref​armpr​oject.​
eu/​wordp​ress/​wp-​conte​nt/​uploa​ds/​2019/​06/​D5.2-​FoPIA-​SURE-​
Farm-​Case-​study-​Report-​Poland.​pdf

Kumar V, Jat HS, Sharma PC, Gathala MK, Balwinder-Singh, Malik 
RK, Kamboj BR, Yadav AK, Ladha JK, Raman A, Sharma 
DK, McDonald A (2018) Can productivity and profitability be 
enhanced in intensively managed cereal systems while reducing 
the environmental footprint of production? Assessing sustainable 
intensification options in the breadbasket of India. Agric Ecosyst 
Environ 252:132–147

Latruffe L (2017) The impact of subsidies on the technical efficiency 
of farms. INRA Sci Soc 273:3

Latruffe L, Desjeux Y (2016) Common agricultural policy support, 
technical efficiency and productivity change in French agriculture. 
Rev Agric Food Environ Stud 97:15–28

Latruffe L, Fogarasi J, Desjeux Y (2012) Efficiency, productivity and 
technology comparison for farms in Central and Western Europe: 
the case of field crop and dairy farming in Hungary and France. 
Econ Syst 36:264–278

Marchese D, Reynolds E, Bates ME, Morgan H, Clark SS, Linkov I 
(2018) Resilience and sustainability: similarities and differences 
in environmental management applications. Sci Total Environ 
613:1275–1283

Melfou K, Theocharopoulos A, Papanagiotou E (2007) Total factor 
productivity and sustainable agricultural development. Econ Rural 
Dev 3:1822–3346

Meuwissen MPM, Feindt PH, Slijper T, Spiegel A, Finger R, de Mey 
Y, Paas W, Termeer KJAM, Poortvliet PM, Peneva M, Urquhart J, 
Vigani M, Black JE, Nicholas-Davies P, Maye D, Appel F, Hein-
rich F, Balmann A, Bijttebier J, Coopmans I, Wauters E, Mathijs 
E, Hansson H, Lagerkvist CJ, Rommel J, Manevska-Tasevska G, 
Accatino F, Pineau C, Soriano B, Bardaji I, Severini S, Senni S, 
Zinnanti C, Gavrilescu C, Bruma IS, Dobay KM, Matei D, Tanasa 
L, Voicilas DM, Zawalińska K, Gradziuk P, Krupin V, Marti-
kainen A, Herrera H, Reidsma P (2021) Impact of COVID-19 on 
farming systems in Europe through the lens of resilience thinking. 
Agric Syst 191:103152

Meuwissen MPM, Feindt PH, Spiegel A, Termeer CJAM, Mathijs E, 
de Mey Y, Finger R, Balmann A, Wauters E, Urquhart J, Vigani 
M, Zawalińska K, Herrera H, Nicholas-Davies P, Hansson H, Paas 
W, Slijper T, Coopmans I, Vroege W, Ciechomska A, Accatino 
F, Kopainsky B, Poortvliet PM, Candel JJL, Maye D, Severini 
S, Senni S, Soriano B, Lagerkvist CJ, Peneva M, Gavrilescu C, 
Reidsma P (2019) A framework to assess the resilience of farming 
systems. Agric Syst 176:102656

Nagatsu M, Davis T, DesRoches CT, Koskinen I, MacLeod M, Sto-
janovic M, Thorén H (2020) Philosophy of science for sustain-
ability science. Sustain Sci 15(6):1807–1817

O’Connell D, Abel N, Grigg N, Maru Y, Butler J, Cowie A, Stone-
Jovicich S, Walker B, Wise R, Ruhweza A, Pearson L, Ryan P, 
Stafford Smith M (2016) Designing projects in a rapidly changing 
world: guidelines for embedding resilience adaptation and trans-
formation into sustainable development projects. (Version 1.0). 
Global Environment Facility, Washington, D.C.

O’Donnell CJ (2010) Measuring and decomposing agricultural pro-
ductivity and profitability change. Aust J Agric Resour Econ 
54:527–560

O’Donnell CJ, Fallah-Fini SKT, O’Donnell C (2011) Comparing firm 
performance using transitive productivity index numbers in a 
meta-frontier framework. University of Queensland, School of 
Economics

O’Donnell CJ, Rao DSP, Battese GE (2008) Metafrontier frameworks 
for the study of firm-level efficiencies and technology ratios. 
Empir Econ 34:231–255

OECD (2011) Resource productivity in the G8 and the OECD: a 
report in the framework of the Kobe 3R action plan. ENV/EPOC/
WPRPW/WPEI(2O11)i/FINAL. OECD, Paris. http://​www.​oecd.​
org/​env/​waste/​47944​428.​pdf

Parlińska M, Wielechowski M (2009) Wpływ globalnego kryzysu 
finansowego na stan amerykańskiego i polskiego rolnictwa. Prob-
lemy rolnictwa światowego 8 (XXIII). Warsaw University of Life 
Sciences, Warszawa, Wydawnictwo SGGW, Warsaw, pp 152–163

Peng X (2020) Strategic interaction of environmental regulation and 
green productivity growth in China: green innovation or pollution 
refuge? Sci Total Environ 732:139200

Quinn JE, Brandle JR, Johnson RJ (2012) The effects of land sparing 
and wildlife-friendly practices on grassland bird abundance within 
organic farmlands. Agric Ecosyst Environ 161:10–16

Rockström J, Williams J, Daily G, Noble A, Matthews N, Gordon L, 
Wetterstrand H, DeClerck F, Shah M, Steduto P, de Fraiture C, 
Hatibu N, Unver O, Bird J, Sibanda L, Smith J (2017) Sustain-
able intensification of agriculture for human prosperity and global 
sustainability. Ambio 46:4–17

Rosińska-Bukowska M (2015) Zeszyty Naukowe Szkoły Głównej 
Gospodarstwa Wiejskiego w Warszawie Problemy Rolnictwa 
Światowego tom 15 (XXX). Zesz. Nauk. SGGW w Warszawie 
- Probl. Rol. Światowego.

Scherer LA, Verburg PH, Schulp CJE (2018) Opportunities for sustain-
able intensification in European agriculture. Glob Environ Chang 
48:43–55

Schiefer J, Lair GJ, Blum WEH (2016) Potential and limits of land and 
soil for sustainable intensification of European agriculture. Agric 
Ecosyst Environ 230:283–293

Sckokai P, Moro D (2009) Modelling the impact of the CAP single 
farm payment on farm investment and output. Eur Rev Agric Econ 
36:395–423

Shahadu H (2016) Towards an umbrella science of sustainability. Sus-
tain Sci 11:777–788

Sulewski P, Wąs A, Kłoczko-Gajewska A, Kobus P, Pogodzińska K, 
Gołaś M (2020) Ekoefektywność towarowych gospodarstw rol-
nych w Polsce. SGGW, Warsaw.

Tittonell P (2020) Assessing resilience and adaptability in agroecologi-
cal transitions. Agric Syst 184:102862

https://www.surefarmproject.eu/wordpress/wp-content/uploads/2019/06/D5.2-FoPIA-SURE-Farm-Case-study-Report-Poland.pdf
https://www.surefarmproject.eu/wordpress/wp-content/uploads/2019/06/D5.2-FoPIA-SURE-Farm-Case-study-Report-Poland.pdf
https://www.surefarmproject.eu/wordpress/wp-content/uploads/2019/06/D5.2-FoPIA-SURE-Farm-Case-study-Report-Poland.pdf
http://www.oecd.org/env/waste/47944428.pdf
http://www.oecd.org/env/waste/47944428.pdf


103Sustainability Science (2022) 17:81–103	

1 3

Urruty N, Tailliez-Lefebvre D, Huyghe C (2016) Stability, robustness, 
vulnerability and resilience of agricultural systems. A review. 
Agron Sustain Dev 36:1–15

USDA (2020) International agricultural productivity. Economic 
Research Service. Database obtained from, as of Septemeber 
2020. https://​www.​ers.​usda.​gov/​webdo​cs/​DataF​iles/​51270/​AgTFP​
count​ryinc​omegr​oups.​xlsx?v=​3740.9

Walker B, Holling CS, Carpenter SR, Kinzig A (2004) Resilience, 
adaptability and transformability in social-ecological systems. 
Ecol Soc 9:2

Wang KL, Pang SQ, Ding LL, Miao Z (2020) Combining the biennial 
Malmquist-Luenberger index and panel quantile regression to ana-
lyze the green total factor productivity of the industrial sector in 
China. Sci Total Environ 739:140280

Xu L, Kajikawa Y (2018) An integrated framework for resilience 
research: a systematic review based on citation network analysis. 
Sustain Sci 13:235–254

Xu L, Marinova D, Guo X (2015) Resilience thinking: a renewed sys-
tem approach for sustainability science. Sustain Sci 10:123–138

Zawalińska K, Giesecke J, Horridge M (2013) The consequences of 
less favoured area support: a multi-regional CGE analysis for 
Poland LFA measure in Poland. Agric Food Sci 22:272–287

Zhang X, Bol R, Rahn C, Xiao G, Meng F, Wu W (2017) Agricultural 
sustainable intensification improved nitrogen use efficiency and 
maintained high crop yield during 1980–2014 in Northern China. 
Sci Total Environ 596–597:61–68

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://www.ers.usda.gov/webdocs/DataFiles/51270/AgTFPcountryincomegroups.xlsx?v=3740.9
https://www.ers.usda.gov/webdocs/DataFiles/51270/AgTFPcountryincomegroups.xlsx?v=3740.9

	A framework linking farming resilience with productivity: empirical validation from Poland in times of crises
	Abstract
	Introduction
	Background
	Total factor productivity as a driving force of future agricultural production
	Proposed framework linking total factor productivity with resilience and sustainability

	Methods and data
	Färe-Primont index and its decomposition
	Meta-frontier Färe-Primont index
	FADN data used for TFP calculations

	Farm survey data

	Results
	TFP changes and drivers by farm types
	Sources of technological changes
	Results with meta frontier and technology gap ratios

	Discussion of the results
	Concluding remarks
	Acknowledgements 
	References




