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AND PRODUCTIVITY GROWTH?  
THE CASE OF ITALIAN AGRICULTURE 
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Abstract 
 
The paper adopts a long single-country panel dataset (Italian regions) to analyse the 
relationship between agricultural GreenHouse Gases (GHG) emissions and agricultural 
productivity growth and, thus, to assess emissions sustainability. The modelling approach and 
the empirical specification include the Environmental Kuznets Curve (EKC) as one of the 
possible outcomes. The hypothesis of emission sustainability is assessed by estimating 
alternative panel model specifications with conventional and GMM estimators. The adopted 
panel concerns the 1951-2008 and 1980-2008 emissions of methane and nitrous oxide 
properly reconstructed for the Italian regional agriculture. Results suggest that, though a 
significant relationship between agricultural GHG emissions and productivity growth may 
exist, it tends to be monotonic. Therefore, even if sustainability is accepted for some GHG, no 
robust evidence of the EKC emerges across the different specifications, estimators and 
periods.  
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Is there a Long-Term Relationship between Agricultural GHG 
Emissions and Productivity Growth?  

The case of Italian Agriculture 
 

1. Introduction: the objective of the paper 
Agricultural GreenHouse Gases (GHG) emissions have become a central issue in the debate 

on policies contrasting climate change in developed countries (European Commission 2009). 

This emphasis on the contribution of agriculture to overall GHG emissions may seem 

overstated considering the marginal role the sector now plays in most developed countries 

from a strictly economic and occupational perspective. Nonetheless, there are two major 

motivations for paying attention to the emission performance of the farming sector in rich 

countries.  

First of all, according to IPCC FAR-Fourth Assessment Report (Metz et al. 2007) agriculture 

accounts for 13.5% of 2005 global anthropogenic GHG emissions; in particular, the sector is 

responsible of about 60% of nitrous oxide (N2O) and about 50% of methane (CH4) global 

emissions.1 This significant contribution holds true even in many rich countries. In Italy, for 

instance, agriculture was the second source of national GHG emissions in 2008 (6.6%), after 

energy sector (84 %), and is still the dominant source for CH4 and N2O (43 % and 70 % of 

national emissions, respectively) (ISPRA, 2010). Secondly and more importantly, coming 

back to a global perspective, the declining path of agricultural GHG emissions eventually 

observed in many Annex I Parties (Metz et al. 2007) may represent a crucial benchmark for 

many developing countries whose agricultural transformation is still in progress.  

This transformation is expected to induce a significant growth of agricultural GHG emissions: 

up to 2030 global agricultural N2O emissions are projected to increase by 35-60 % and global 

livestock-related and CH4 production is expected to increase by 60 % (FAO 2003; Metz et al. 

2007). Therefore, it seems critical to understand whether and how developed countries 

achieved agricultural GHG emission sustainability, which forces drove this process and to 

what extent this experience may provide a lesson in order to envisage the agricultural 

emissions of developing countries in the next decades and, above all, to design appropriate 

policies.  

                                                 
1 Compared to other studies, these estimates are even optimistic. For example, using different methodologies, the 
Worldwatch Institute (Goodland and Anhang 2009) estimates that the contribution of agriculture to GHG global 
emissions may currently exceed 50% while FAO (2006) states that the livestock sector alone is responsible for 
18% of all GHG production. 
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This paper investigates the historical experience of a developed country (Italy) to assess 

whether and how the increase of agricultural production and productivity, typically 

accompanying economic growth and the consequent agricultural transformation, affects the 

agricultural GHG emission and, in fact, its long-term sustainability. Such research objective is 

pursued by using a long single-country panel dataset (Italian regions observed over period 

1951-2008 or 1980-2008) where the yearly emissions of GHG from agriculture are 

appropriately reconstructed. These data cover a period of intense economic growth 

accompanied by an equally dramatic agricultural transformation (Rizzi and Pierani 2006; 

Esposti 2010). Over these years, Italian regions can be observed across a range of diverse 

conditions: going from the stage of underdeveloped and subsistence agrarian economies 

(Italian Southern regions in early ’50s) to post-industrial economies (Italian Northern regions 

in recent years). Therefore, this specific historical experience seems particularly suitable, 

here, as it can fully represent the whole range of different situations that developing countries 

are now facing. 

2. The relationship between agricultural GHG emissions and productivity 
growth 

2.1. A simple framework to analyse agricultural emission sustainability  

Let’s consider a very simple definition of sustainability of agricultural GHG emission: it is 

sustainable a non-increasing emission level (E) over time, that is, Et+1≤Et, ∀t. It may be 

argued that such definition of sustainability is insufficient to achieve the global emission 

targets established at the international level where, in fact, a substantial reduction of GHG 

emissions is required over the next decades (OECD 2008). Nonetheless, this straightforward 

definition of emission sustainability makes the relation between sustainability and agricultural 

production growth more clearly emerge. Moreover, a non-increasing level still remains an 

interesting reference condition to analyse key forces and contributions behind agricultural 

GHG emission. In fact, according to Stephenson (2010, p. 4), if livestock emissions remained 

stuck at year 2000 levels rather than increase at a (conservative) rate of 1% per year, the 

amount of atmospheric space freed in 50 years would be as big as the 2005 total global 

transport emissions. 

To analyse which forces contribute to such sustainability and how it can be achieved, let’s 

start from a very simple adaptation of the well-known IPAT model (Holdren and Ehrlich 
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1974; Kaya 1990; Borghesi and Vercelli 2009) with the following decomposition of the 

agricultural emission of the k-th GHG at time t, Ekt: 

(1a) t
t

kt
kt VA

VA

E
E ⋅≡   

where VAt indicates the agricultural value added (in real terms) at time t. Taking the time 

derivative of the logarithms, (1a) can be expressed in growth rate terms as follows:      

(2a) Vt
V
ktEkt ggg +=   

where Ektg , V
Iktg , and Vtg  indicate the growth rates at time t of the k-th agricultural GHG 

emission, of the emission intensity (per unit of value added) and of value added, respectively. 

As emission sustainability implies 0≤Ektg , ∀t, it follows that the sustainability condition 

(SC) simply is tgg Vt
V
kt ∀≤+ ,0 . (2a) explains emission growth as a combination of two 

conventional contrasting forces, or effects (Boyce and Torras 2002; Brock and Taylor 2005): 

the technological effect, that is, the introduction of emission-saving production techniques 

that induces 0≤V
ktg ; the scale effect, that is, the impact on agricultural GHG emission of the 

increase of sectoral value added in real terms (that is, of production) under a fixed technology, 

0≥Vtg . The SC thus implies tgg Vt
V
kt ∀≥ , , namely, that the technological effect 

overcompensates the scale effect. 

The decomposition in (1a) can be pushed further:  

(1b) t
t

t

t

kt
kt L

L

VA

VA

E
E ⋅⋅≡   

where tL  indicates the agricultural labour force at time t. Therefore, tt LVA expresses the 

agricultural labour productivity. Taking the time derivative of the logarithms:      

(2b) LtPt
V
ktEkt gggg ++=   

where Ptg  and Ltg  indicate the growth rates of agricultural labour productivity and of labour 

force, respectively.  

Decomposing the original scale effect 0≥Vtg  into Ltg  and Ptg  allows to take into account 

that the “pure” scale effect, that would be observed with a constant amount of labour ( Ptg ) is, 

in fact, corrected by the change of the agricultural labour force ( Ltg ) (the decline effect). As 

in the specific case of the agricultural sector labour force regularly declines during economic 

growth, it is 0<Ltg  and, consequently, provided that 0≥+= LtPtVt ggg , it is 0>Ptg . 
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Therefore, the SC ( 0≤Etg , ∀t) is met whenever the emission-saving technological effect 

( 0≤V
ktg ) is large enough, in absolute term, to overcompensate the “pure” scale effect net of 

the decline effect, namely, whenever ( )LtPt
V
kt ggg +−≤ .  

We can express the SC in a slightly different form by focusing on GHG emission per unit of 

agricultural labour rather than per unit of agricultural value added:  

(1c) t
t

kt
kt L

L

E
E ⋅≡   

with 

(2c) Lt
L
ktEkt ggg +=   

where L
ktg  is the growth rate of tkt LE . Given that 0<Ltg , the SC in such case becomes 

Lt
L
kt gg ≤ . For the sustainability to be met, the emissions per unit of labour can, in fact, 

increase but its growth rate must be lower than the rate of decline of agricultural labour (the 

decline effect). 

Several technological changes may induce lower GHG emissions of agricultural activities. In 

the case of livestock production, we can mention the shift from intensive to extensive 

production systems, breeding productivity and forage improvements (Stephenson 2010). In 

crops, we can mention a more efficient use of agricultural inputs and processes (for instance 

aerations in the case of rice cultivation) as well as genetic improvements (new crop varieties) 

allowing this more efficient use. In any case, however, it must be acknowledged that most of 

these technological improvements imply a limited or null gain in terms of agricultural 

production ( tVA ). As consequence, their impact on V
ktg  may be limited, as well. Moreover, as 

will be detailed in section 4, several of these technological improvements can be hardly 

captured in the activity-based reconstruction of the GHG emission series. Therefore, in the 

specific case of agricultural GHG, the emission-saving technological effect may be less 

relevant than usually stressed in other contexts (Brock and Taylor 2005; Borghesi and 

Vercelli 2009).  

A further driver of emissions reduction/increase is the so-called composition effect. For a 

given production scale and technology, emissions can change whenever the composition of 

output changes towards more (or less) emission-intensive activities. This effect is more 

evident in aggregate studies due to the change in macro-sectoral shares (Brock and Taylor 

2005) while it is usually disregarded in sectoral investigations (Vilas-Ghiso and Liverman 
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2005). But this is not the case for agriculture. A composition effect may still occur within this 

sector, as different crops and activities demand for different levels of GHG. The change of 

consumer preferences (and, therefore, of market conditions) may induce a progressive shift of 

production from/to livestock productions to/from crops and, within crops, from/to high 

emission towards/from low emission crops. This intra-sectoral composition effect, therefore, 

may induce either 0<V
ktg  or 0>V

ktg . In practice, term V
ktg  incorporates (and mix-up) both 

the emission-saving technological effect and the intra-sectoral composition effect. It follows 

that, to make the GHG emission path sustainable within agriculture, the combination of the 

technology and composition effects must overcompensate the “pure” scale effect, net of the 

decline effect. 

2.2. Emission sustainability and agricultural transition  

Agricultural transformation accompanying economic growth implies 5 stylised facts (Syrquin 

1988; Timmer 1988, 2002; Esposti 2010). First of all, as mentioned, a reduction of 

agricultural labour force is observed due to the strong labour demand coming from the non-

agricultural fast-growing sectors. Secondly, agricultural production (and value added in real 

terms) increases to accompany the growing demand of agricultural products for (mostly) food 

and non-food uses. The combination of these two processes makes agricultural labour 

productivity increase and, as they are driven by the growing external demand, they can be 

considered exogenous drivers to the agricultural sector. 

As will be illustrated in section 4.3, during agricultural transformation, agricultural labour 

declined and agricultural labour productivity growth occurred in a pretty smooth way, that is, 

with an almost constant growth rate. Therefore, for simplicity, in the following analysis we 

assume that both are stochastic stationary processes moving around a constant term (the 

mean): L
tLtg ελ +−=  and P

tPtg εγ += , where L
tε  and P

tε  are i.i.d zero-mean disturbance 

terms. Therefore, ( ) λ−=LtgE  and ( ) γ=PtgE . As a consequence, as far as 0≥Vtg , it must 

be ( ) ( ) λγ =≥= LtPt gEgE ,2 and the two SCs can be expressed with respect to the expected 

values and combined as follows: ( ) ( ) γλ =≤=≤>=<≤ PtLt
L
kt

V
kt gEgEgg 0 .  

The other three stylized facts are more internal to agriculture and have to do with endogenous 

adjustments of farms to respond to the exogenous drivers. Firstly, factor substitution is 

                                                 
2 In the specific case under investigation here (Italian regions over period 1951-2008 or 1980-2008), the 

assumptions 0>Ptg  and 0<Ltg  are fully consistent with observed data (see section 4).  
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observed with capital (lato sensu, i.e., including energy and materials) replacing part of the 

loss of the labour force. Then, another part of this loss is actually replaced by a massive 

introduction of (mostly labour-saving) technological change. Finally, due to the combination 

of these technological adjustments on the supply side and of the gradual change of 

consumers’ food preferences, a change in the abovementioned intrasectoral composition is 

observed. The interplay of these exogenous and internal processes eventually determines the 

combination of the contrasting effects underlying the SC: the “pure” scale, the decline, the 

technological and the intra-sectoral composition effects. 

We can now express how effects underlying agricultural GHG emission sustainability 

respond to the exogenous drivers of agricultural transformation by specifying a general 

functional relationship between agricultural GHG emissions per unit of sectoral value added 

(labour) and agricultural labour productivity. Let’s consider their logarithms: 
t

ktV
kt VA

E
e ln=  

(
t

ktL
kt L

E
e ln= ) and 

t

t
t L

VA
p ln= . While tp  is expression of the exogenous forces of agricultural 

transformation, V
kte  (or L

kte ) mostly depends on the consequent adjustments of the agricultural 

sector. This functional relationship can be generally expressed as ( ) ( )t
L
kt

V
kt pfee =or . Taking 

the time derivative we obtain: 

(3) ( ) ( ) Ptt
L
kt

V
kt gpfgg ′=or  

where ( ) ( ) t
L
kt

V
ktt peepf ∂∂∂=′ or . As a consequence, the SC ( )PtLt

V
kt ggg +−≤  becomes 

( ) 01<−≤′
γ
λ

tpf , while the SC Lt
L
kt gg ≤  becomes ( ) .

γ
λ≤′ tpf   

By adopting and estimating an empirical specification of ( )tpf , the SCs can be empirically 

assessed. Three cases are, in fact, possible. First of all, ( )tpf ′  may be fixed ( ( ) hpf t =′ ) and 

it is straightforward to test whether )or(1
γ
λ

γ
λ ≤−≤ hh .3 Secondly, ( )tpf ′  can 

monotonically increase with respect to tp , therefore over time (i.e., ( ) 0>′′ tpf ). In such 

case, though the SC may be satisfied in the early stages of agricultural transformation (low 

                                                 

3 Conditions 1−≤
Ptg

h
λ

 and 
Ptg

h
λ≤  can be empirically assessed by taking the average λ  and Ptg  

observed within the sample under investigation (see next sections). 
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tp ) , there will be a p such that any tt pp >  implies growing emissions of agricultural 

GHG. This occurs with an U-shaped ( ) ( )t
L
Ikt

V
Ikt pfee =or . Thirdly, ( )tpf ′  can monotonically 

decrease with respect to tp , therefore over time (i.e., ( ) 0<′′ tpf ). In such case, the SC may 

be not satisfied in the early stages of agricultural transformation (low tp ) but there will be a 

p such that any tt pp >  implies declining emissions of agricultural GHG. This occurs with 

an inverted U-shaped ( ) ( )t
L
Ikt

V
Ikt pfee =or .  

2.3. An EKC interpretation  

This argumentation about the shape of ( ) ( )t
L
Ikt

V
Ikt pfee =or  naturally brings the analysis of 

emission sustainability closer to a classical Environmental Kuznets Curve (EKC) hypothesis 

(Stern 2004; Brock and Taylor 2005; Borghesi and Vercelli, 2009). In practice, the necessary 

and sufficient condition for the SC to be satisfied is that the relation between the logarithm 

agricultural GHG emission intensity and the logarithm of agricultural labour productivity 

takes an inverted U-shape. Such condition, in fact, can be met only where tt pp > . This 

inverted U-shaped function may collapse to a monotonic function with decreasing slope still 

granting the SC for any tt pp >  or to a straight line with a constant slope ≤ 1−
Ptg

λ
(or 

Ptg

λ
). 

Figure 1 illustrates this ECK hypothesis and how the two SCs define the area of sustainability 

( tt pp > ). Figure 1A concerns the SC expressed in terms of V
kte ; therefore, tp  is the 

productivity level where ( ) 1−=′
γ
λ

tpf . Figure 1B concerns the SC expressed in terms of L
kte ; 

tp  is the level where ( )
γ
λ=′ tpf . 

The comparison between Figure 1A and 1B shows that, provided that λ  and γ are both >0, 

the EKC for V
kte  reaches its turning point before the ECK for L

kte . Therefore, in the latter case 

the descending part always lies in the area of sustainability. It is also worth noticing that there 

is a limited range of tp  (the O interval) where the two relations take opposite directions, the 

former already descending, the latter still ascending. Therefore, estimating both relations 

( )t
V
Ikt pfe =  and ( )t

L
Ikt pfe =  not only allow to assess the SC, and the EKC hypothesis as 

possible outcome, but also, the combination of the two can be informative also to detect 
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which stage of the relationship, between agricultural transformation and GHG emission, the 

data actually represent.  

In fact, if data confirm, the EKC is more insightful with respect to emission sustainability 

then simply corroborating the SCs. Firstly, the existence of an inverted-U curve implies that 

( )tpf ′  will become <-1 and this indicates that sustainability will be reached even whenever 

the decline rate of agricultural labour force (λ) will naturally go to zero. Secondly, 

( ) 1−<′ tpf  also warrants that, sooner or later, V
ktg  and L

ktg  will become negative enough to 

overcompensate the growth rate of tp . Thus, ktE  will not only remain constant, but also start 

declining.  

3. Model specification 
The empirical analysis of the sustainability of the agricultural GHG emission is carried out by 

estimating an appropriate specification of ( )t
V
Ikt pfe =  and ( )t

L
Ikt pfe = , and then testing the 

SCs on the estimated ( )tpf ′ . The inverted U-shape (the EKC) is just one of the possible 

forms that ( )tpf  can take to reach sustainability. An extensive review of the broad theoretical 

and empirical literature on the EKC is beyond the scope of the present paper (see Stern 2004; 

Brock and Taylor 2005). Nonetheless, it still worth reminding that the EKC is primarily an 

empirical relationship and the theoretical background has been disregarded in early studies 

(Shafik and Bandyopadhyay 1992; Selden and Song 1994; Grossman and Krueger 1995). In 

fact, this paper was inspired by this apparently less ambitious empirical literature focusing on 

reduced form models expressing the relationship between emissions (e) and productivity (p). 

Although such relationship summarizes the combination of the abovementioned underlying 

effects (the “pure” scale, the decline, the technological and the intrasectoral composition 

effects), the objective here is not disentangling the different contributions of these effects or 

providing an explanation for them, but only assessing their final outcome in terms of 

emissions sustainability.  

The recent empirical literature on the relationship between emissions and production growth 

mostly focuses on the analysis of panel data with long time series (Mazzanti et al. 2008) and 

on the improvement of the robustness of findings (Galeotti et al. 2009). The use of panel data 

with a long time dimension is increasingly preferred to cross-sectional (cross-country) and 

time-series (single-country) approaches as they significantly improve the robustness and 

general validity of findings (Mazzanti et al. 2008; Galeotti et al. 2009). In this context, the use 
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of single-country geographical units (e.g. regions) seems particularly suitable as this strongly 

reduces the amount of uncontrolled heterogeneity, usually affecting multi-country studies. 

Sector-level analysis are also increasingly preferred to aggregate studies as these latter 

disregard the relevant cross-sectoral heterogeneity in emission performance and, indirectly, 

may encounter problems in dealing with countries or regions at a very different development 

stage, therefore with quite different sectoral composition (Vincent 1997; Stern 2004). The 

present paper moves in these directions by adopting regional long-term emissions series and 

working at the sectoral level.  

Galeotti et al. (2009) stress that, once the dataset under investigation has been established, the 

major empirical question becomes finding the appropriate specification of the relationship 

between emissions and growth (e and p in he present case). The typical specification concern 

is to avoid functional forms that force the data to take particular shapes thus generating an 

empirical evidence that is actually an artefact. The simplest solution is to specify ( )t
V
kt pfe =  

and ( )t
L
kt pfe =  as n-order polynomial functions that admit the U shape but do not impose it. 

The easiest way is to adopt a cubic function.  

Within panel datasets, however, looking for the proper empirical specification raises two 

further issues. The first concerns the cross-sectional dimension, i.e., the nature of the region-

specific effect. As typical in the case of spatial data (Baltagi 2005), fixed-effects are here 

assumed. They imply a permanent (time-invariant) region-specific shifter of the curve (the 

intercept) that, in turn, expresses the permanent heterogeneity across geographical units. As a 

consequence, ( )tpf  is a region-specific function but ( )tpf ′  is region-invariant. It follows 

that the SCs are themselves region-invariant. The second concern has to do with the time 

dimension as the model which may be alternatively specified in a static or a dynamic form 

(that is, with the lagged dependent variable among regressors). The former case is more 

widely adopted by practitioners in empirical literature, but the latter should be preferred as, in 

fact, it embeds the former while admitting a more general representation of the underlying 

data generation process (in particular, persistence or cycles in the adopted time series).  

Two specifications of the EKC are eventually adopted and both are applied to the two 

alternative measures of emission-intensity: logarithm of the emissions per unit of agricultural 

value added (Vkte ; model a) and per unit of agricultural labour (L
kte ; model b). Let’s consider N 



 

 10 

regions (i=1,…, N) and T years (t=1,…, T).4 The four adopted specifications are the following 

static and dynamic cubic functions:   

(4a) ( ) ( ) kititkitkitkki
V
kit upppe ++++= 3

3
2

21 βββµ  

(4b) ( ) ( ) kititkitkitkki
L
kit upppe ++++= 3

3
2

21 βββµ   

(5a) ( ) ( ) kititkitkitk
V
Ikitkki

V
kit upppee +++++= −

3
3

2
211 βββρµ   

(5b) ( ) ( ) kititkitkitk
L
Ikitkki

L
kit upppee +++++= −

3
3

2
211 βββρµ  

where kiµ  indicates the i-th region fixed effect and kitu  is the conventional spherical 

disturbance, i.i.d. N∼(0,σ2). kρ , 1kβ , 2kβ  and 3kβ  are the parameters to be estimated. kρ  is 

the AR(1) parameter in the dynamic models,5 while 1kβ , 2kβ  and 3kβ  allow to the test the 

SCs as it is: ( ) ( )2
321 32 itkitkkt pppf βββ ++=′ .  

Estimation of models (4a)-(5b) is repeated for the four different GHG emission series, that is, 

k= CH4 (1980-2008), N2O (1980-2008), CO2eq.6 (1980-2008), CH4 (1951-2008).7  

4. Emissions time series reconstruction 
The emission data here considered concern 1951-2008 and 1980-2008 agricultural emissions 

of methane (CH4) and nitrous oxide (N2O), respectively in the 20 Italian regions. These 

regional data are the official national-level estimates of the Italian Institute for Environmental 

Protection and Research (ISPRA), disaggregated at regional level (top-down methodology). 

For major sources of CH4 emissions, however, longer regional time series can be 

reconstructed with a bottom-up methodology.  

4.1. Top-down reconstruction 

As a Party to the United Nations Framework Convention on Climate Change (UNFCCC) and 

the Kyoto Protocol, Italy is committed to implement, regularly update and publish national 

emission inventories of GHGs.8 For the agriculture sector, reported under the IPCC Category 

4, five sources are considered: emissions from enteric fermentation (4A), manure 

                                                 
4 In the present application N=20 and T= 29 and 58 for the short and long series, respectively (see below). 
5 During the estimation stage, the one-lag specification has been chosen among alternative AR(p) specifications 
according to the AIC (Akaike Information Criterion).  
6 CO2 equivalents. See footnote 11. 
7 In the case of CH4, for the sake of simplicity, “short series” here identifies the 1980-2008 period, “long series” 
the 1951-2008 period (see section 4 for details).  
8 In order to comply with these commitments, the ISPRA annually compiles and communicates an annual GHG 
inventory submission consisting of a National Inventory Report (NIR) and of the Common Reporting Format 
(CRF) tables. 
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management (4B), rice cultivation (4C), agricultural soils (4D) and field burning of 

agriculture residues (4F).9 A sixth category, burning of savannas (4E), is not present in Italy. 

The reported agricultural GHG emissions concern methane and nitrous oxide (Table 1), as 

CO2 and fluorine gas emissions are negligible and CO2 emissions and removals from land use, 

land-use change and forestry, are reported under the another category (i.e., LULUCF) and 

estimated with a different methodology.  

From these national figures, the respective regional GHG emissions are derived following a 

top-down methodology that disaggregates national emissions using regional activity data 

linked to the different source categories (De Lauretis et al. 2009). These activity data (animal 

number, fertilizer consumption, cultivated areas, annual crop productions, etc) are taken from 

ISTAT surveys (ISTAT, various years).10 Once regional emissions of N2O and CH4 have been 

computed for the five abovementioned sources, the amount of total agricultural emissions can 

be finally expressed in terms of GHG global warming potential (CO2 equivalents).11  

4.2. Bottom-up reconstruction 

Longer regional time series (from 1951 to 2008) can be reconstructed using a bottom-up 

methodology. This allows the investigation of the relationship between agricultural emissions 

and growth over a period that actually includes the decades of more intensive transformation 

of Italian agriculture. Unfortunately, available data makes this reconstruction affordable only 

for CH4 and only for emissions generated by three source categories (enteric fermentation, 

manure management and rice cultivation). These sources, however, represent 99.2 % of total 

CH4 agricultural emissions in 2008 (ISPRA 2010). 

Over the 1951-1980 period, methane emissions from enteric fermentation and manure 

management, are estimated by assigning an Implied Emission Factor (IEF) to each livestock 

category, multiplied by the respective population. Animal categories here considered are 

those contributing to a large part of the total emissions: cattle, swine, sheep, goats and horses, 

representing 99.7 % of total enteric fermentation emission in Italy in 2008. Livestock 

numbers used to estimate emissions from 1951 to 1980 are taken from the Italian regional 

                                                 
9 Although field burning of crop residues is forbidden in Europe, Italy is one of few countries that still reports 
figures from this minor source category. 
10 Though the methodology here used is based on De Lauretis et al. (2009), where more details can be found, 
adaptations were necessary due to lack of available data. These changes in the methodology have to be 
exclusively attributed to the authors.  
11 The Global Warming Potential (GWP) is based on the heat-absorbing capacity, relative to that of CO2, as well 
as the decay rate of each gas (over 100 years, in this case). In this study, we used the GWP reported in the IPCC 
Fourth Assessment Report: 25 for CH4 and 298 for N2O. 
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agricultural dataset, Agrefit (Rizzi and Pierani 2006).12 For any animal category, the IEF is 

the average value of the respective ISPRA estimates for years 1990-2008 (ISPRA, 2010). CH4 

emissions from rice cultivation have been estimated using the observed cultivated area (as 

reported National Rice Organization-ENR) and the IEF associated to the multiple aeration 

practice (33.17 Kg CH4/ha), as, in Italy, the area cultivated adopting single aeration is a very 

little share of the total rice area, and this practice has been mainly used only since 1990.  

4.3. Regional series: some descriptive evidence 

In addition to emission time series, the adopted dataset is completed by the 1951-2008 series 

of real-term agricultural value added (VA) and labour force (L) for all the 20 Italian regions. 

These series are taken from the Agrefit database then extended to years 2004-2008 using 

ISTAT data (ISTAT 1994-2008). Real-term regional agricultural value added is expressed in 

millions € at 1995 constant prices, while the regional labour force is expressed in thousand 

units.  

By reporting some basic descriptive statistics, Table 2 summarizes the key evidence 

concerning the evolution over time and the differences across spaces of the variables under 

investigation. The upper part of the table reports the growth rate of the variables expressing 

the exogenous forces of agricultural transformation: the agricultural labour force (Lg ) and 

labour productivity ( Pg ) which, in turn, also depends on the growth rate of the agricultural 

value added. By dividing the long period covered by the available data (1951-2008) in 

subperiods (before the shorter series of GHG emission and, then, the two equal sub-periods 

from 1980 to 2008) we obtain a pretty regular picture in both dimension of the dataset (time 

and space). Over time, agricultural labour is always declining at a growth rate that remains 

quite stable mostly moving, on average, between -3% and -3.5% per year. This decline is also 

regular across the 20 regions as demonstrated by the quite low standard distributions and by 

the maximum and minimum values (the regions with the lowest and highest decline, 

respectively). Agricultural labour decline is generalized: in no sub-period we observe a region 

showing growth in the agricultural labour force and the decline, in practice, never goes below 

the 1,5% per year though it may reach a 5% rate.  

                                                 
12 Agrefit database is freely available at www.agriregionieuropa.it. This dataset often reports higher livestock 
numbers than ISTAT surveys due to the different adopted classifications (for example for dairy cows). So the 
respective values have been scaled using a conversion factor derived from years 1980-2004 to have comparable 
data from the different statistical sources (Agrefit and ISTAT).  
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Similar conclusions can be drawn for the agricultural labour productivity. On average, it 

grows in all subperiods with a rate showing a slight decline over time but still mostly 

oscillating in the +4,5%-3% range. This path is generalized across regions as indicated by the 

low standard deviation of Pg  and by the fact that in no region and in no sub-period we 

observe a decline.  

The regular and homogenous trend of both labour force ( Lg ) and labour productivity (Pg ) is 

evidently reflected even in the ratio PL gg , which is of major interest here. Such ratio 

slightly increases over time but always ranges between the 0.6-1 interval; this also implies 

that 







+−

P

L

g

g
1  is always <0. The highest value is observed in the last sub-period where, in 

fact, the growth of labour productivity slows down a little. In this last sub-period we also 

observe regional cases where this ratio is > 1 which signals a decline in agricultural value 

added. If we exclude the last sub-period where heterogeneity across regions is more evident, 

however, PL gg  is quite homogenous across space as in all regions it mostly remains in the 

0.5-1 interval. 

Such evidence supports the argument that these exogenous drivers of agricultural 

transformation behave quite smoothly and homogeneously with growth rates that can be 

legitimately assumed as stationary stochastic processes moving around the mean (λ and γ, 

respectively). In particular, the average values for the periods 1951-2008 and 1980-2008 are 

3.3% and 3.6% and 4.5% and 4%, respectively. The same can be said for the PL gg around 

the mean λγ  whose averages are 0.92 and 0.73 in the two periods.    

Regularity and homogeneity observed on the key variables of agricultural transformation, 

however, are not confirmed when looking at the emission figures. Here, on the contrary, it is 

difficult to find regular patterns across time and common patterns across regions. In the case 

of N2O, on average always declining emissions were observed. The standard deviation, 

however, is relatively high and, in fact, we observe in all periods both regions showing 

declining and increasing emissions, even though the former case is prevalent. For CH4 the 

regional average suggests an initial period of emission growth and then a decline. Even in this 

case, however, regional heterogeneity is the key evidence, since regions with increasing and 

declining emission always co-exist. 

This is confirmed when looking at the longer series (1951-2008). We can divide the period in 

three homogenous sub-periods with the first (the fifties and the sixties) showing emission 



 

 14 

increase on average the followed by the two sub-periods of decline, initially quite slow and 

then more marked. But even in this longer term perspective we always find regions with 

increasing and regions with declining emissions. 

This strong heterogeneity of regional behaviour is obviously confirmed even in the CO2eq 

series and suggests that, while an inverted U-shape of emission pattern is consistent with 

these data, at the same time it is impossible to find any evidence of a clearly common pattern 

or clear regularities across regions. Therefore, we can wonder whether it is possible to 

reconcile this apparently contrasting evidence of a common (i.e., quite homogeneous) path of 

agricultural transformation and a strongly differentiated evolution of agricultural GHG 

emissions. A possible interpretation, that is pursued in the empirical model adopted and 

estimated here, is that there is common relationship between ( )L
kt

V
kt ee or and tp . The latter 

drives the former following a path that is common to all regions but with different in 

magnitude and timing. This would explain the descriptive evidence of homogeneity observed 

in the growth tp and heterogeneity in the growth of ( )L
kt

V
kt ee or and imply a region-specific 

relationship between ( )L
kt

V
kt ee or and tp . At the same time, it remains possible and plausible 

to assume that the shape of this relation is common across regions and, therefore, its 

sustainability (as expressed by the SCs) as well. These combinations of heterogeneity and 

common feature are, in fact, incorporated in specifications (4a)-(5b).  

4.4. Model estimation 

One fundamental criticism to the EKC empirical literature refers to the often implicit 

assumption of stationarity of variables involved in the regressions (4a)-(5b) (Galeotti et al. 

2009). If time series were not stationary, in fact, such regressions would be spurious. Thus, 

assessing for stationarity properties of the series in use, is preliminary to model estimation 

and assessment of existence of the EKC. If stationarity is accepted for all model variables, the 

EKC relation may be specified, as usual, in the levels. Otherwise, we should look for co-

integration among model variables and specify and estimate the model accordingly.13  

In testing for the presence of unit roots within the panel, however, it is worth noticing that 

conventional panel unit-root tests may be influenced by the presence of cross-sectional 

dependence that very likely occurs when spatial (geographical) data are under investigation 

                                                 
13 Nonetheless, Liu et al. (2006), Hong and Wagner (2008), Galeotti et al. (2009) remind that investigating the 
cointegration relationship under an inverted-U shape relationship may be not trivial, especially within a panel, as 
the alleged relation is not linear by definition.   
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(Baltagi 2005). Therefore, instead of the conventional IPS test (Im et al. 2003), the IPS test 

robust to cross-section dependence (CIPS) (Pesaran 2007; Lewandowski 2007) is here 

adopted.  

Even under stationarity, however, model estimation still raises major econometric issues in 

particular in the case of the dynamic specifications (5a) and (5b). The presence of the lagged 

dependent variables among regressors (that is, of an AR(1) term), makes the conventional 

panel fixed-effect within (or Least Squares with Dummy Variables, LSDV) estimator, which 

is appropriate for the static case, potentially incur the so-called Nickell bias (Arellano 2003, p. 

85). In fact, LSDV estimates are consistent whenever T goes to infinity (Arellano 2003, p. 

90), but are biased in the finite sample. Even though in the present case (i.e., N=20 and T=29 

or 58) bias is expected to be small (Esposti 2007), beside LSDV estimates we perform, for the 

dynamic models, also the Arellano-Bond (one-step) GMM estimation. Such estimation should 

prevent this bias, in principle, but its small-sample performance is unpredictable and practical 

aspects (namely, the choice of instruments) may be particularly critical (Arellano 2003, p. 

120) also considering that the number of potential instruments largely increases with T.  

Earlier Monte Carlo studies (Kiviet 1995) demonstrate that LSDV although inconsistent, may 

show a relatively small variance compared to GMM estimators. So, an alternative approach 

based upon the correction of LSDV for the finite sample bias has been proposed by Kiviet 

(1995) and has become widely used in empirical studies. Kiviet (1995) shows that the bias-

corrected LSDV estimator (LSDVC) often outperforms the GMM estimators, though the 

relative bootstrap standard errors might not perform well. So, a better way to estimate this 

kind of models seems to be using LSDVC estimates only to check the robustness of the 

findings obtained through LSDV estimator.  

Considering the state of the art on the estimation of panel dynamic models, the following 

strategy is here adopted. Firstly, the static models (4a)-(4b) are estimated with the LSDV 

estimator. These estimates should be consistent but, in fact, the model specification may be 

incorrect for the omission of the AR(1) term. Therefore, the dynamic models are then 

estimated using, in sequence, the three abovementioned estimators: LSDV, GMM and 

LSDVC. The statistical significance of the AR terms should provide evidence on the possible 

omitted variable bias of the static model estimation. Cross-checking the three estimates of the 

dynamic models may eventually indicate which robust results emerge across the different 

estimators.  
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5. Estimation results 

5.1. Panel unit-root tests 

Table 3 reports the results of the CIPS test performed on model variables.14 Test results 

suggest that tp
 

is definitely stationary at whatever conventional confidence level and, as 

could be expected, the same conclusion holds true for its quadratic and cubic 

transformations.15 All series of emission intensity largely reject unit-root at 5 % confidence 

level. The only exception concerns V
ONe

2

 

whose unit-root test still rejects non-stationarity at 6 

% confidence level. Considering that DF-based unit-root tests typically suffer from low power 

(high propensity to accept the null of non-stationarity), this evidence suggests that all model 

variables can be definitely treated as stationary. Thus, equations (4a)-(4b) and (5a)-(5b) can 

be properly specified in the levels and consistently estimated using the abovementioned panel 

estimators.     

5.2. Model estimates and SC testing 

Tables 4 and 5 display model (4a-b) and (5a-b) estimates for the four GHG emissions series. 

GMM estimation has been obtained using all admitted lags as instruments and correcting for 

robust standard errors. To maintain consistency and robustness of GMM estimated standard 

errors and considering the problematic choice of instruments when T becomes large (i.e., 

largely exceeds N), only the one-step GMM estimation is performed (Arellano 2003). 

Before entering the discussion of the issue of interest here (the SCs), estimation results 

deserve some preliminary and general comments. First of all, passing from the static to the 

dynamic specification substantially affects the results. This should not surprise as in this 

empirical literature it is well established that results are highly sensitive to functional forms, 

model specifications and also changes in the data and years sampled (Harbaugh et al. 2000). 

Here, not only the coefficient associated to the AR(1) term is often significant; it also usually 

becomes the major factor in explaining the dependent variable and often “subtracts” statistical 

significance to other regressors. This can be interpreted as an evidence of the fact that the 

static relationships are misspecified and suggests that the empirically relationships emerging 

                                                 
14 For all variables the test specification has been chosen running individual (regional) DF tests and finding the 
accepted specification following Enders (1995 p. 257). AR(1) tests have been adopted to be consistent with the 
dynamic specification (5a,b).  
15 See Granger and Hallman (1988) and Liu et al. (2006) for more details on the properties of monotonic or 
polynomial transformations of series with known order of integration 
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in the static case (the inverted-U shape included) may be an artefact due to the attempt to 

conceal the intrinsic autocorrelation in emission data. 

The second consideration concerns the comparison among the three estimators. It can be 

noticed that, in terms of statistical quality (i.e., statistically significance of estimated 

parameters) the GMM estimation16 generally outperforms the LSDV estimates. This is 

particularly true for the shorter emission series as in the case of longer series T becomes 

significantly larger than N and, therefore, the Nickell bias is expected to be small. The 

LSDVC estimation does not provide a major improvement in this respect. In general terms, 

LSDVC parameter estimates tend to be closer to the GMM case thus reducing the bias of the 

LSDV estimates. In fact, the LSDVC estimation does not provide any significant contribution 

in terms of better estimation quality.  

A third consideration has to do with length of the emission series considered. Estimation 

results clearly indicate that more statistically significant parameters are obtained in the case of 

longer time series (CH4). The practical implication of this is that the shorter series may hardly 

identify a significant and meaningful relationship between emission and productivity series. 

This should not be surprising in the case of a non-linear underlying relationship. In the case of 

an (inverted) U-shaped curve, for instance, observations over a relatively short time period 

may concentrate around the inversion point and this makes the empirical identification of a 

functional relationship more difficult.  

A final comment concerns the comparison between models (4a)-(5a) and (4b)-(5b), that is, 

between emission intensity expressed in terms of agricultural value added ( )V
kte  and labour 

units ( )L
kte . Though the two cases should represent the same underlying process (see section 

2), the respective estimates show remarkable differences. In particular, if we concentrate on 

the more robust evidence, that concerning the GMM estimation and the longer series, in the 

V
kte case we may notice more statistically significant parameters that for Lkte . This implies that 

for V
kte results suggest more complex functional relationships between emission and 

productivity while these are absent or just linear for L
kte . 

In commenting these estimates more in detail, it is worth reminding the main objective here is 

to assess whether the SCs of the GHG emissions in Italian regional agriculture are met. To 

                                                 
16 In all GMM estimations the Hansen tests (that also takes into account heteroskedasticity) confirms that the 
selection of instruments is appropriate, while LM autocorrelation tests accept the adopted dynamic specification 
as first order correlation is observed but no second order correlation. Tests’ results are available upon request. 
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make this more explicit, any model estimation in Tables 4 and 5 can be accompanied by a 

more explicit derivation of the ( )tpf  shape as well as by the calculation of the respective 

slope ( ) ( )2
321 32 itkitkkt pppf βββ ++=′  then checking if ( )tpf ′  is lower than the observed 

average values of 1−
γ
λ

 and 
γ
λ

. Tables 6 and 7 report this evidence for the model estimates of 

Table 4 and 5, respectively. By fixing at 0 the parameters 321 ,, kkk βββ  not statistically 

significant at the 10% confidence level, the shape of the ( )tpf  is firstly obtained, then it is 

assessed whether ( )tpf ′  is constant or not. If not, its shape is derived and the level tp  that 

makes the SCs be respected is finally computed.   

According to the discussion above, comments on what emerge in Tables 6 and 7 are here 

limited to the GMM estimation. In the former table ( V
kte ), we can notice that in no case we 

observe an inverted-U shape occurs for ( )tpf . Nonetheless, due to a monotonically declining 

( )tpf ′ , the SC is still respected for NO2 . This is not the case for CH4 but, eventually, the 

former effect prevails as the SC are respected for the aggregate CO2eq that shows an inverted-

U shape for ( )tpf ′  that respects the SC for all positive value of tp . In the case of CH4, 

however, the longer series offer different evidence. The inverted-U shape for ( )tpf ′  make the 

SC respected for all values of tp  in the 1980-2008 period and respected for 6.5>tp  in the 

1951-1979. This latter evidence, in fact, suggests a non sustainable path in these first decades 

as the average tp  observed over years 1951-1979 is 1.413, therefore much lower than 5.6.17 

The conclusion would be that agricultural CH4 emissions experienced an initial unsustainable 

path, corresponding to the decades of more intense agricultural transformation, then followed 

by decades in which sustainability has been recovered.  

As anticipated, Table 7 (Lkte ) illustrates a simpler picture. No relationship is observed in 

shorter emission series. This can be interpreted in two different ways. An easy interpretation 

simply is that there is no real functional linkage between agricultural emission and labour 

productivity and, therefore, no sustainability issue of agricultural transformation (at least in 

the form here illustrated) really surfaces. A second interpretation is that, though an underlying 

functional relationship exists, it can not be empirically identified because, as mentioned, the 

                                                 
17 This average is 2.685 for years 1980-2008 and 2.049 over the whole 1951-2008 period.  
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limited time series make the available observations concentrate around points of inversion of 

this relationship. 

This latter interpretation is somehow supported by the evidence concerning the longer 

emission series also in Table 7. In such case, a significant relationship is obtained and it 

indicates a monotonically increasing ( )tpf , thus a constant and positive ( )tpf ′  implying a 

not sustainable emission path. On the one hand, results obtained for these longer series would 

reveal that the identification of possible complex relationships between agricultural GHG 

emission and drivers of agricultural transformation requires a longer period of observation 

that is often out of reach of most of the currently available emission series. On the other hand, 

it must be noticed that the results obtained for V
kte  and L

kte  in the case of longer CH4 series are 

apparently at odds: the former suggests sustainability while the latter indicates an 

unsustainable path. 

This may definitely deserve further research work in the future. Nonetheless, the approach 

here adopted may still provide an explanation of this apparent contradiction. Figure 1 

illustrates how the same underlying process can generate opposite behaviour of ( )t
V
kt pe  and 

( )t
L
kt pe  over a limited range of tp (the O interval). In particular, while the former is already 

declining the latter is still increasing, and this is consistent with what obtained in the present 

study for the longer emission series of CH4. Such combination of apparently contradictory 

patterns of ( )t
V
kt pe  and ( )t

L
kt pe  can be evidently even more plausible for shapes more 

complex than the inverted-U shape. Assessing whether this interpretation is valid or not 

would evidently require even longer time series showing that the two patterns eventually 

converges to a common sustainability path.      

6. Concluding remarks 
The objective of this paper is to empirically assess the long-term sustainability of GHG 

emissions from agricultural sources. This is pursued by analysing the relationship occurring 

over time and across heterogeneous regions between the agricultural productivity, as 

expression of agricultural transformation accompanying economic growth, and the 

agricultural GHG emission. The historical experience of Italian regions is here considered as 

an exemplary case for the intense transformation experienced by the national agriculture in 

the last decades, as well as for the heterogeneity persistently observed across Italian regions in 



 

 20 

terms of GHG emission patterns. Therefore, the Italian case may be of particular interest for 

the agricultural transformation currently experienced by developing countries.  

To achieve this objective, the paper firstly puts forward a simple analytical framework linking 

the emission sustainability conditions to the shape assumed by the relationship between 

agricultural emissions intensity (i.e., per unit of labour or value added) and productivity 

growth. The EKC is one the possible shape consistent with these sustainability conditions. 

Secondly, suitable regional long-term emission series are reconstructed. Finally, alternative 

empirical specifications are proposed and appropriate panel econometrics’ techniques are 

adopted. 

Results suggest that an inverted-U shape (EKC) relationship between emissions and 

productivity can be generally excluded. Short time series make difficult the identification 

itself of a significant relationship. The longer time series of methane emissions, however, 

suggest that a relation do emerge and such relation seems to indicate that a sustainable path of 

emission per unit of agricultural value added has been reached after the first decades of 

intense and unsustainable agricultural transformation. This evidence, however, is not 

confirmed by the trend of the emissions per unit of agricultural labour, thus suggesting more 

complex underlying functional relationship and, at the same time, the need of even longer 

time series. 

It follows that the Italian regional experience may provide some interesting indications for the 

agricultural transformation underway in many of developing countries. The lesson would be 

that after a period of apparently unsustainable path, due to the prevalence of the scale effect, 

emissions sustainability can be eventually achieved due to the increasing contribution of the 

technological and, above all, of the intrasectoral composition effect. But this lesson should be 

taken with much caution. The Italian case demonstrates that results are not univocal and may 

also be contradictory.  

The underlying relationship between emissions and productivity growth can be more complex 

and may require more sophisticated approaches. Moreover, long time series are needed to 

achieve some significant evidence and these are often unaffordable in many countries. 

Finally, the quality of series reconstruction itself may be at least partially blamed for these not 

univocal results. Further efforts in improving the quality of collection, elaboration and 

reconstruction of agricultural GHG emission data would be equally helpful to improve this 

research approach. 
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Table 1 - Agricultural GHGs and respective sources (4E excluded) 

IPCC category Denomination (Source) Greenhouse Gas 

4A Enteric fermentation CH4 

4B Manure management N2O, CH4 

4C Rice cultivation CH4 

4D Agricultural soils N2O 

4F Field burning of agricultural residues N2O, CH4 

 

Table 2 – Descriptive statistics of growth rate of the model variables (labour force, labour 

productivity, GHG emission) in Italian regions 

  Period 
Growth 

1951-1979 1980-1994 1995-2008 1980-2008 Whole period 

Lg       
Average -0.0298 -0.0393 -0.0301 -0.0362 -0.0328 
Stand. Deviation 0.0080 0.0149 0.0148 0.0148 0.0148 
Minimum -0.0442 -0.0643 -0.0547 -0.0560 -0.0458 
Maximum -0.0138 -0.0148 -0.0145 -0.0167 -0.0185 

Pg       
Average 0.0489 0.0461 0.0307 0.0398 0.0447 
Stand. Deviation 0.0112 0.0187 0.0178 0.0109 0.0086 
Minimum 0.0280 0.0121 0.0005 0.0236 0.0301 
Maximum 0.0700 0.0921 0.0749 0.0604 0.0656 

( )PL gg−       
Average 0.6110 0.9623 0.9885 0.9208 0.7283 
Stand. Deviation 0.1162 0.5397 1.2705 0.2355 0.1006 
Minimum 0.4521 0.4027 0.3371 0.4820 0.5289 
Maximum 0.9440 1.4108 1.8641 1.3803 0.8954 

)(4 shortECHg       
Average - 0.0005 -0.0086 -0.0075 
Stand. Deviation - 0.0239 0.0127 0.0145 
Minimum - -0.0551 -0.0360 -0.0372 
Maximum - 0.0271 0.0173 0.0118 

OENg
2

      

Average - -0.0030 -0.0124 -0.0067 
Stand. Deviation - 0.0143 0.0141 0.0103 
Minimum - -0.0317 -0.0416 -0.0275 
Maximum - 0.0263 0.0123 0.0095 

.2eqECOg       

Average - 0.0002 -0.0107 -0.0069 
Stand. Deviation - 0.1756 0.0130 0.0115 
Minimum - -0.0361 -0.0391 -0.0248 
Maximum - 0.0255 0.0153 0.0108 
 1951-1969 1970-1989 1990-2008 Whole period 

)(4 longECHg      

Average 0.0039 -0.0050 -0.0174 -0.0060 
Stand. Deviation 0.0100 0.0159 0.0159 0.0104 
Minimum -0.0269 -0.0485 -0.0457 -0.0302 
Maximum 0.0148 0.0136 0.0173 0.0046 
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Table 3 - Panel unit-root test (CIPS test) on EKC variables  

Variable 
Test 

Z (t-bar) 
p-value 

tp  -2.280 0.008 

( )2
tp  -2.488 0.000 

( )3
tp  -2.711 0.000 

V
shortCHe )(4

 -2.372 0.002 

V
ONe

2
 -2.085 0.061 

V
eqCOe .2

 -2.245 0.011 

V
longCHe )(4

 -2.861 0.000 

L
shortCHe )(4

 -2.117 0.045 

L
ONe

2
 -2.280 0.007 

L
eqCOe .2

 -2.185 0.022 

L
longCHe )(4

 -2.141 0.040 
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Table 4 - Estimates of models (4a) and (5a) for all emission series (standard errors in 

parenthesis) 

 STATIC MODEL (4a) DYNAMIC MODEL (5a) 

GHG LSDV LSDV LSDVC GMM 

CH 4 (short series)     

(short)CH  4
ρ

 
- 0.587** 

(.046) 
0.596** 
(.031) 

0.334** 
(.038) 

1(short)CH  4
β  2.593** 

 (1.304) 
-0.581 
(1.273)

 -0.587 
(1.105)

 -2.880** 
(1.349)

 

2(short)CH  4
β  -0.988* 

(0.001) 
0.210 

(0.480)
 0.213 

(0.607)
 0.932* 

(0.512)
 

3(short)CH  4
β  0.103 

(0.066) 
-0.033 
(0.059)

 -0.033 
(0.074)

 -0.111* 
(0.064)

 

N 2O     

ON2
ρ

 
- 0.522** 

(.048) 
0.530** 
(.035) 

0.377** 
(.039) 

1ON2
β  3.697** 

(1.139) 
-0.274 
(1.340)

 -0.278 
(1.072)

 -2.157* 
(1.306)

 

2ON2
β  -1.520** 

(0.447) 
0.064 

(0.511)
 0.064 

(0.688)
 0.585 

(0.515)
 

3ON2
β  0.184** 

(0.057) 
-0.011 
(0.064)

 -0.015 
(0.083)

 -0.059 
(0.065)

 

CO2eq.     

eq.CO2
ρ

 
- 0.535** 

(.049) 
0.543** 
(.034) 

0.337** 
(.039) 

1eq.CO2
β  3.176** 

(1.151) 
-0.371 
(1.297)

 -0.464 
(1.058)

 -2.843** 
(1.317)

 

2eq.CO2
β  -1.268** 

(0.452) 
0.118 

(0.492)
 0.118 

(0.613)
 0.874* 

(0.500)
 

3eq.CO2
β  0.146** 

(0.058) 
-0.020 
(0.061)

 -0.021 
(0.074)

 -0.099* 
(0.060)

 

CH 4 (long series)      

(long)CH  4
ρ

 
- 0.752** 

(0.021)
 0.752** 

(0.017)
 0.704** 

(0.020)
 

1(long)CH  4
β  -0.829** 

(0.102) 
-.307** 
(0.061)

 -.306** 
(0.066)

 -0.443** 
(0.094)

 

2(long)CH  4
β  0.239** 

(0.058) 
0.109** 
(0.033)

 0.110** 
(0.037)

 0.177** 
(0.051)

 

3(long)CH  4
β  -0.045** 

(0.010) 
-0.019** 
(0.056)

 -0.019** 
(0.015)

 -0.030** 
(0.008)

 

**Statistically significant at the 5% confidence level; *Statistically significant at the 10% confidence level 
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Table 5 - Estimates of model (4b) and (5b) for all emission series (standard errors in 

parenthesis) 

 STATIC MODEL (4b) DYNAMIC MODEL (5b) 

GHG LSDV LSDV LSDVC GMM 

CH 4 (short series)     

(short)CH  4
ρ

 
- 0.733** 

(0.043) 
0.679** 
(0.027) 

0.602** 
(0.040) 

1(short)CH  4
β  3.587** 

(1.304) 
1.133 

(0.936) 
1.121 

(0.912) 
1.369 

(1.244) 

2(short)CH  4
β  -0.986* 

(0.512) 
-0.332 
(0.362) 

-0.319 
(0.351) 

-0.606 
(0.473) 

3(short)CH  4
β  0.103* 

(0.060) 
0.036 

(0.046) 
0.032 

(0.044) 
0.075 

(0.059) 
N 2O     

ON2
ρ

 
- 0.666** 

(0.030) 
0.618** 
(0.029) 

0.586** 
(0.039) 

1ON2
β  4.690** 

(1.140) 
1.485* 
(0.900) 

1.440* 
(0.910) 

0.265 
(1.354) 

2ON2
β  -1.517** 

(0.448) 
-0.472 
(0.360) 

-0.441 
(0.349) 

-0.199 
(0.511) 

3ON2
β  0.184** 

(0.057) 
0.057 

(0.046) 
0.050 

(0.044) 
0.024 

(0.064) 
CO2eq.     

eq.CO2
ρ

 
- 0.693** 

(0.029) 
0.696** 
(0.028) 

0.601** 
(0.039) 

1eq.CO2
β  4.177** 

(1.151) 
1.283 

(0.896) 
1.362 

(0.874) 
0.641 

(1.275) 

2eq.CO2
β  -1.268** 

(0.452) 
-0.391 
(0.347) 

-0.297 
(0.335) 

-0.331 
(0.482) 

3eq.CO2
β  0.146** 

(0.058) 
0.045 

(0.044) 
0.042 

(0.042) 
0.040 

(0.059) 
CH 4 (long series)      

(long)CH  4
ρ

 
- 0.889** 

(0.164) 
0.900** 
(0.130) 

0.859** 
(0.169) 

1(long)CH  4
β  0.171* 

(0.101) 
0.071** 
(0.033) 

0.072** 
(0.046) 

0.128** 
(0.062) 

2(long)CH  4
β  0.239** 

(0.058) 
0.001 

(0.019) 
0.001 

(0.026) 
-0.018 
(0.038) 

3(long)CH  4
β  -0.045** 

(0.001) 
-0.002 
(0.003) 

-0.002 
(0.005) 

0.001 
(0.006) 

**Statistically significant at the 5% confidence level; *Statistically significant at the 10% confidence level 
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Table 6 – Estimated model (4a) and (5a): shape of ( )tpf , ( )tpf ′ , assessment of the SCs  

 STATIC MODEL (4a) DYNAMIC MODEL (5a) 

GHG LSDV LSDV LSDVC GMM 

CH 4 (short series)     

( )tpf
 

inverted-U shape no relationship no relationship U shape 

( )tpf ′  decreasing -
 

-
 

increasing 

( )tpf ′ < ( ) 1−γλ 18
 respected for pt > 2.7 -

 
-
 

not respected
 

N 2O     

( )tpf
 

cubic no relationship no relationship linear 

( )tpf ′  U shape -
 

-
 

fixed and <0 

( )tpf ′ < ( ) 1−γλ  not respected
 

-
 

-
 

 respected
 

CO2eq.     

( )tpf
 

cubic no relationship no relationship cubic 

( )tpf ′  U shape -
 

-
 

inverted-U shape 

( )tpf ′ < ( ) 1−γλ  not respected
 

-
 

-
 

respected 
 

CH 4 (long series) 
 

    
1951-1979     

( )tpf
 

cubic cubic cubic cubic 

( )tpf ′  inverted-U shape inverted-U shape inverted-U shape inverted-U shape 

( )tpf ′ < ( ) 1−γλ  respected 
 

respected for pt >6.4
 

respected for pt >6.5
 

respected for pt >5.6
 

CH 4 (long series)      

1980-2008     

( )tpf
 

cubic cubic cubic cubic 

( )tpf ′  inverted-U shape inverted-U shape inverted-U shape inverted-U shape 

( )tpf ′ < ( ) 1−γλ  respected 
 

respected 
 

respected 
 

respected 
 

 

 

 

 

                                                 
18 If not otherwise specified, λ  and γ  refer to the average Lg  and Pg  observed over period 1980-2008. 
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Table 7 - Estimated model (4b) and (5b): shape of ( )tpf , ( )tpf ′ , assessment of the SCs 

 STATIC MODEL (4a) DYNAMIC MODEL (5a) 

GHG LSDV LSDV LSDVC GMM 

CH 4 (short series)     

( )tpf
 

cubic no relationship no relationship no relationship 

( )tpf ′  U shape -
 

-
 

-
 

( )tpf ′ < ( )γλ  not respected
 

-
 

-
 

-
 

N 2O     

( )tpf
 

cubic linear linear no relationship 

( )tpf ′  U shape fixed and >0 fixed and >0 -
 

( )tpf ′ < ( )γλ  not respected
 

not respected
 

not respected
 

-
 

CO2eq.     

( )tpf
 

cubic no relationship no relationship no relationship 

( )tpf ′  U shape -
 

-
 

-
 

( )tpf ′ < ( )γλ  not respected
 

-
 

-
 

-
 

CH 4 (long series) 
 

    
1951-1979     

( )tpf
 

cubic linear linear linear 

( )tpf ′  inverted-U shape fixed and >0 fixed and >0 fixed and >0 

( )tpf ′ < ( )γλ  respected for pt >7.1
 

not respected
 

not respected
 

not respected
 

CH 4 (long series)      

1980-2008     

( )tpf
 

cubic linear linear linear 

( )tpf ′  inverted-U shape fixed and >0 fixed and >0 fixed and >0 

( )tpf ′ < ( )γλ  respected for pt >6.2
 

not respected
 

not respected
 

not respected
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Figure 1 – Inverted-U shape relationship between the logarithm of the agricultural emission 

intensity and the logarithm of agricultural labour productivity ( tp ): emissions per unit of 

sectoral value added,
 

V
kte  , (A) or per unit of sectoral labour force,

 

L
kte  , (B) 
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