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Abstract
The objective of the study was to compile a methodical approach for a time-and-cost-efficient test of a crop 

production technology. The two or three-year procedure consisted of: (i) a survey among farmers on the technological 
state-of-the-art, (ii) screening the selected agro-technical factors with the use of factorial (FD) and/or fractional 
factorial design (FFD), (iii) a series of on-farm FD and FFD experiments and estimation of the total and individual 
contribution of the factors into costs and profitability of production. The test crop for verification of the procedure was 
pea (Pisum spp.). The approach is illustrated by empirical data obtained from the implementation of the procedure 
for testing of a green pea production technology in north-eastern Poland. The statistical efficiency and economic 
profitability of agrotechnical factors in the tested technology were given.
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Introduction
There is an ongoing process in agriculture to bring the growing 

demand for higher yields and changing preferences for agricultural 
products together with improved efficiency of crop production 
[1,2]. Any modification of the crop production technology involves 
testing a set of agro-technical factors in a given local habitat and for 
environmental conditions. It suggests that changes in agro-technical 
factors, such as machinery, cultivars, fertilizers, pesticides, etc. should 
be validated with a cost-and-time-efficient empirical testing procedure. 
There is no prompt methodical approach for screening the interaction 
between specific agro-technical factors in order to design a new 
technological process and implement it into agricultural practice. 
Instead, there is a common practice to conduct single or two-factor 
field experiments in research stations or to compare the reduced 
number of technologies, e.g., “traditional” and “new” ones, in a single 
replicated on-farm comparative field demonstration.

The initial problem in validation of new crop production 
technology is associated with the selection of key factors responsible 
for an anticipated level and/or quality of yield and testing them 
under farm conditions. Useful tools in solving these problems are 
factorial designs (FD) of type sk (k factors on s levels) or fractional 
factorial designs (FFD) of type sk-p (p is a fraction of sk) Box and 
Hunter, Załuski and Gołaszewski, Załuski et al. [3-5] and on-farm 
experiments e.g., On-Farm Trials - Some Biometric Guidelines [6], 
Blaise et al., Gomez and Gomez, Byerlee, Amir and Knipscheer, Liu 
et al., Barlow et al. [7-12].

Certain methodological and economical considerations limit the 
broad application of FDs in agricultural experiments. The higher the 
number of factors and their levels in an experiment, the higher the 
number of treatments to be tested and the greater influence of soil 
variability on the experimental results. At the same time, the cost of the 
experiment rises.

On-farm experiments include methods, tools and techniques 
which may be easily applied in the environmental and organizational 
conditions of a given farm [7,8]. Hence, methodical assumptions of 
on-farm research should be applied to the production activity of a 
given farm and consideration given to the self-evident prerequisites 
of such activity, including the interest of farmers and available farm 
machinery. In substance, an initial prerequisite for on-farm research 

related to plant production technology is verification of a given 
technology in agricultural practice [9]. In such cases the methodical 
approach is substantially different than in classic field experimentation. 
Excluding tested factors, all the remaining factors should be taken at 
the levels of present farm technology - which means the traditional 
crop production technology at the farm level.

An indispensable part of the on-farm experimentation methodology 
is the calculation of technology modification costs. Several authors 
Amir and Knipscheer; Liu et al.; Barlow et al. [10-12] have discussed 
some practical issues in improving the economic impact of farming 
system research with respect to three stages: the ex-ante stage - securing 
representativeness of the target area, the ongoing stage - using suitable 
partial budgeting techniques, ex-post stage - an assessment of the wider 
technological and economic effects together with the identification of 
enabling and constraining factors in the technological progress.

It is presupposed that the number of treatments and replications 
of on-farm experiments should be at a minimum. An extreme case is 
when only two technologies are compared, which results in a relatively 
low research utility because the main function of such an experiment is 
a demonstration of new technology. 

The objective of this study was to present a methodical approach for 
testing new crop production technology. The test crop was pea (Pisum 
spp.). The consecutive stages of the procedure assume: 1) detection 
of the key technology factors on the basis of the results from on-farm 
survey and FFD field experiments. 2) implementation of the key factors 
into a series of FD and FDD on-farm experiments 3) calculation of the 
contribution of the individual agro-technical factors and profitability 
of the new technology.
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Materials and Methods
The results of a questionnaire survey and field experiments 

according to FFD illustrate an approach in detection of the key factors 
of technology.

The survey data on pea production technology was collected in the 
north-eastern part of Poland (2006). It was carried out on 243 farms 
with a total area 3896 ha and an average yield of 6.20 t ha-1 (SE=0.124). 
Only pea crops produced for consumption and contracted by the 
local processing industry were considered. This type of production 
was represented by 75% of farms and accounted for 86% of the 
surveyed area at the average yield 6.73 t ha-1 (SE=0.104). The other 
surveyed plantings produced fodder pea as dry seeds. The survey 
questionnaire addressed 27 production factors assigned into four 
groups: stand quality, agro-technical factors applied before sowing, 
quality of sowing material, and agro-technical factors associated 
with sowing and chemical application(s) after sowing (Figure 1). 
The on-research-station study is represented by data obtained from 
two-single-replicated factorial experiments of type 35-1 arranged in 
completely randomized designs. These experiments were carried 
out in 2003 and 2004 at the Tomaszkowo Experimental Station 
(53°42’N, 20°26’E). In the experiments, five experimental factors 
had 3 variants: A - cultivars (Kos, Stig, Set), B - phosphorus and 
potassium fertilization doses (natural fertility, 70 kg P·ha-1 and 100 
kg K·ha-1, and 100 kg P·ha-1 and 130 kg K·ha-1), C - sowing dates (the 
earliest possible, 10, and 20 days after the first date, respectively), D 
- sowing densities (70, 100, 130 kg·ha-1), and E - chemical protection 
(without protection, seed chemical protection, seed and plant 
chemical protection).

The factors responsible for a high variability of pea yield were 

selected for testing in on-farm experiments (2007). It was planned that 
a distributed system of on-farm experiments would be built on the 
basis of the FD of type 23 and FFDs of type 23-p and located at different 
farms while taking into account the organizational customizability of a 
given farm. The farms were typified in cooperation with the Warmian 
Fruit and Vegetable Processing Company, Ltd. in Kwidzyn, Poland. 
Three factors (A, B, C) were selected for testing in on-farm experiments 
on the basis of generalized results from the survey and research-station 
FFD experiments (Table 1): 

Fertilization of P and K: “t” - average level of fertilization in farms; 
“n” – doses of P and K per hectare were increased by 25 kg of P and 20 
kg of K, N was fixed - 50 kg. 

Sowing date: “t” - the earliest possible, “n” - 10 days after the first 
date. 

Plant protection: “t” - traditional farm approach, “n” full protection 
(seed dressing, herbicide, fungicide). 

At each farm the experiments were replicated in the 2 fields. 

Statistical analyses 

In the survey analysis, the total variability of yield was fractionated 
into the contributions of production factors by the use of General 
Linear Model (GLM). The efficiency of parameter estimation was 
maximized by using the weighted least squares method with hectares as 
weights [13]. The sums of Type-III squares in the ANOVA model and 
those coefficients η2 (eta square) displaying the relative contribution of 
a given factor were calculated according to (1) [14].

2
Effect ModelSS SSη =                   (1)

where: SSEffectis the sum of squares of a given effect, and SSModel is the 

 

Agro-technical factors  
applied after sowing 
35.4% 

Quality of sowing material  
7.1% 

Agro-technical factors  
applied before sowing 
34.7% 

Stand quality 
22.8% 

 

Figure 1: Percentage of contribution of green pea production factors in yield variation.
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sum of squares. The statistical analyses were supported by STATISTICA 
v. 9.1 (StatSoft, Inc.).

Results
Survey

All the studied factors of the green pea production technology 
contributed 40.1% to the yield variation. The further decomposition 
of this variation showed that factors associated with stand quality, 
agricultural activities before sowing, quality of sowing material, and 
application after sowing contributed in 22.8, 34.7, 7.1, and 35.4 percent, 
respectively (Figure 1).

The soil gradation and the complex of agricultural suitability 
had the highest impact on yield variation and its suitability for pea 
production (stand quality). This was followed by forecrop and tillage 
after forecrop harvesting (before sowing), seed dressing, sowing 
density, fertilization of phosphorus, dates of sowing and harvest (seed 
quality and treatments after sowing). 

FFDs 

The on-research-station studies on the key agro-technical factors of 
green pea production are represented by data from the two-year series 
(E03, E04) of two 35-1 FFD experiments. 

On-farm research

The treatment means from experiments fluctuated greatly between 
the very high yield of 8.30 t ha-1 in 1E2 and the very low yield of 1.69 t 
ha-1 in 5E5 (Table 2). In general, yields in experiments E5 and E8 were 
significantly lower than in experiments with two treatments but the 
difference between yields of traditional (T) and new (N) technology 
(technology difference N-T) was nearly at the same level. The only 
exception was experiment 1E2 where the difference N-T exceeded the 
others by about twice the amount.

The main and interactional effects estimated for experiments E5 
and E8 (Table 3) were the basis for the calculation of the contribution 
of each factor to the technology. This was then used to assess the 

relative costs of modifying the technology. The contribution of factors 
and their interactions (experiments E5 and E8) to N-T technology 
differences was measured with estimates of main and interaction 
effects. Fertilization (A, 33%) had the highest contribution, followed 
by sowing date (B, 15%) and chemical protection (C, 9%). Among the 
interactions, fertilization × sowing date × chemical protection (ABC, 
28%) and sowing date × chemical protection (BC, 13%) also had 
significant contributions.

Extra fertilization which involved costs of fertilizers and their 
application was done at the average cost €9, 82 ha-1 (recalculated from 
39.29PLN - Polish zloty) (Table 4). Sowing date was a non-cost factor. 
Decisively, the highest costs were of intensified chemical protection, 
i.e., fungicides and their application; on average €43.75 ha-1. The total 
additional costs in new technology accounted for €53.57 ha-1.

The individual contributions of tested factors were estimated 
using the results from FD and FFD on-farm experiments. In the analysis 
of added return for each factor in experiment E8, there are noticeable 
negative values for added return, added profit and marginal ratio for 
chemical protection (C). The low economic effect stems from the fact that 
yields in this FD experiment were relatively low and did not compensate 
for the high costs of fungicides. In addition, as mentioned, interactions 
BC and ABC had a relatively high share in yield variation, which could 
have diminished the main effect of C and may indicate the necessity of an 
analysis of interactions with other factors. The marginal benefit-cost ratio 
for fertilization was 2.00 and for chemical protection 0.12. 

At an average technological difference of 0.83 t ha-1, the average 
added return and added profit were €134 t-1 and €81 t-1, respectively. 
The marginal rate across the experiments was 2.51, which means that 
each €1 invested in new technology gave €2.51 in return.

Discussion
This paper presents a methodical procedure for engineering 

crop production technology in a two-stage process, which consists 
of detecting key agro-technical factors of a given technology which 
contributes the most to yield variation and verifying them in the 
conditions of agricultural practice. The procedure is composed of 

Experiment* Factor-treatment
A-t A-t A-n A-n
B-t B-n B-t B-n

xE2 (4 sites)
(nnn, ttt)

C-t ttt - - -
C-n - - - nnn

xE5 (1 site)
(nnn, nnt, ntn, tnn, ttt)

C-t ttt - - nnt
C-n - tnn ntn nnn

xE8 (1 site)
(nnn, nnt, ntn, tnn, ttn, tnt, ntt, ttt)

C-t ttt tnt ntt nnt
C-n ttn tnn ntn nnn

*xE2 – symbol x means the number of farms, E2 means the experiment with 2 treatments. As an example, treatment “tnt” for factors A,B,C means technology where factor 
A is at the level “traditional” (t), B – “new” (n), and C – “traditional” (t).

Table 1: The scheme of six on-farm experiments with 2-, 5-, and 8-treatments.

Experiment Mean
Treatments Technology difference 

nnn nnt ntn ntt tnn tnt ttn ttt nnn-ttt
1E2 7.58 8.30 - - - - - - 6.85 1.45
2E2 7.00 7.38 - - - - - - 6.62 0.77
3E2 5.82 6.14 - - - - - - 5.50 0.65
4E2 4.61 4.97 - - - - - - 4.24 0.73
5E5 2.09 2.45 2.13 2.15 - 2.03 - - 1.69 0.76
6E8 2.13 2.50 2.15 1.94 2.44 1.90 2.11 2.09 1.88 0.63

Average 4.87 5.29 2.14 2.04 2.44 1.97 2.11 2.09 4.46 0.83

Table 2: Mean yields and technology difference in on-farm experiments.
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three consecutive research methods: a survey of the state of the art 
of technology and/or on-research-station factorial experiments at 
the first stage, and a system of on-farm factorial experiments at 
the second stage. The information provided by these methods is 
complementary but the crucial stage of this approach is associated 
with on-farm research. 

The use of on-farm field experiments in agricultural experimentation 
is considered a very useful tool at any stage of research. However, it also 
underlines the difficulty of testing crop production technology within 
differentiated farm conditions [2,15-18]. Some of the technologies 
developed by agricultural scientists in the conditions of experimental 
stations do not work in practice and some of them may be unique to a 
specific location of the station and have to be (re)developed from the 
beginning [19-21]. 

In this paper, the developed system of various full and fractional 
factorial designs for testing crop production technology in on-farm 
experiments was based on the results of a thorough survey study and 
fractional factorial experiments at a plot scale. A similar compilation 
of different research methods for an integrated agricultural technology 
developed system was proposed by Biggs [22], who combined 
exploratory surveys, diagnosis of farmers’ problems, on-farm 
experiments and development feedback systems. Byerlee et al. [9] 
distinguished the two main objectives of on-farm research; increasing 
the body of knowledge and solving specific problems in the farming 

Effect 5E5 6E8 Average mean and interaction 
effects

Adjusted average mean and 
interaction effects*

A 0.275 0.265 0.270 0.273
B 0.160 0.080 0.120 0.121
C 0.180 -0.035 0.072 0.073

AB 0.058 0.057 0.058
AC 0.038 -0.038 -0.038
BC 0.108 0.108 0.109

ABC 0.145 0.315 0.230 0.233
Sum of average contribution of main and interaction effects into the difference N-T 0.82 0.83

*Average effects from experiments were adjusted to the average difference N-T (0.83)
Table 3: Main and interaction effects in on-farm experiments.

Rates of return of additional costs on new technology, rates of return of additional costs on new technology per test factor

Experiment Technological difference 
N-T (t ha-1)

Sale price
€ t-1

Added return
€ t-1

Added profit
€ t-1 Marginal benefit-cost ratio

1E2 1.45 160 232 178 4.33
2E2 0.77 160 122 69 2.29
3E2 0.65 165 106 53 1.99
4E2 0.73 165 120 67 2.25
5E5 0.76 163 124 70 2.31
6E8 0.63 163 102 48 1.90

Mean 0.83 163 134 81 2.51
Rates of return of additional costs on new technology per test factor

Experiment
Added return Added profit Marginal benefit-cost ratio

A B C A B C A B C
5E5 44.69 26.00 29.25 34.88 26.00 -14.50 4.56 0.00 0.67
6E8 43.06 13.00 -5.69 33.26 13.00 -49.44 4.39 0.00 -0.13

Mean 43.88 19.50 11.78 34.07 19.50 -31.97 4.47 0.00 0.27
Adj. factor* 1.79 3.74 0.53
Adj. mean 78.46 34.87 21.07 127.50 72.98 -119.64 2.37 0.00 0.14

*adjusting factor results from division of mean added return, added profit and marginal rate by the relevant sum of mean effects for factors A, B, and C, i.e., for added return: 
134.39/(43.88+19.50+11.78)=1.79

Table 4: Summary of economic outputs.

systems. These authors argued that location-specific research with 
a short-term objective of developing improved technologies for a 
target group of farmers and research conducted over a longer time (to 
overcome major, widespread constraints in farming systems) are part of 
an integrated research system in which area-specific research provides 
the basis for defining longer-term research priorities. Another model 
for generating an acceptable agricultural technology was developed by 
Rhoades and Booths [23] and stresses that applied research must begin 
and end with the farmer.

In our studies the test crop was Pisum sativum L. sensu lato 
cultivated for food use. The study was conducted in the north-eastern 
part of Poland and covered farms which contracted their production to 
the local vegetable processing company. The results of the studies from 
the survey and field plot experiments enabled the identification of key 
factors responsible for high yields, construction of factorial experimental 
designs, and eventual implementation of the system of experiments 
on farms. The system is composed of factorial and fractional designs 
based on a plan of full factorial design 23. Such a systemic approach 
was advantageous both from the point of view of organization of the 
research, as well from the point of view of farms where the experiments 
were located. It was done in an attempt to improve the efficiency of 
on-farm experiments by implementation of covariates associated with 
spatial variation of soil properties into statistical analysis. However, the 
results were not satisfactory. A possible reason for this was the number 
of on-farm experiments and replications per experiment was too small 
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to prove the effects of spatial covariates because of the small number of 
degrees of freedom for experimental error.

Field experiments conducted on farms are not common practice 
in Poland. In general, demonstration experiments involving only two 
or three treatments without replications or with quasi-replications is 
rather easily accepted by farmers. However, in the case of most advanced 
designs requiring some extra organizational activities, and usually 
extra expenditures, the motivation for experimentation is relatively 
low. In the current study, only two advanced experiments (E5 and E8) 
were established on farms. Despite this, the data from the experiments 
enabled estimation of significant sources and their contribution to yield 
variation. The farmers’ participation in the experiment was crucial for 
the successful introduction of the proposed experimental system. Some 
authors report that this is generally advantageous because the farmers’ 
participation in on-farm experiments requires fewer resources and less 
time than on-research-station or diagnostic survey research [24].

Conclusions
On the basis of the results presented in this paper some methodical 

conclusions may be drawn. 

Survey studies and on-research station multifactorial experiments 
are effective tools in screening agro-technical factors in the context of 
crop production technology and detection of key factors responsible 
for high yield variation. Both the research methods are confirmative 
and validate each-other.

ANOVA of data from the survey, together with eta-square 
estimates enables the fractionation of production factors and reveals 
the structure of their contribution into yield variation.

Single two-treatment experiments with alternative technologies 
(traditional, new) should be established at as many sites as possible 
because they are the basis of overall information on the technology 
gap. In addition, they are the reference point for correction of a single 
contribution of factors and their interactions to the gap. 

The system of FD and FDD on-farm experiments is universal and 
scalable for a higher number of factors. 

The system of on-farm experiments enables flexible organization 
of experiments, depending not only on the interests of farmers 
and organizational capacity of farms, but also on the methodical 
assumptions of research and available funds. 

The efficiency of the system is high because the experiments may 
be analyzed in multiple ways: as a single realization or configured in 
different sets of experiments (i.e., at the local administration level, for 
different soils, etc.). It is worth noting that the efficiency of the system 
and its information provided will be higher, together with the higher 
number of farms engaged in on-farm experimentation. 

The proposed procedure may be adopted by processing companies 
which contract feedstock from farmers. This is because, for a given 
feedstock the crop production technology at the contracted farms is 
common and uniform and any innovative changes in production 
factors may be quickly and efficiently verified, e.g., when a new 
production factor should be tested.
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