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Abstract 

Accurate assessment of crop-weed control period is an essential part for planning an effective weed management for 
cropping systems. Field experiments were conducted during the seasonal growing periods of potato in 2012 and 2013 in 
Kayseri, Turkey to assess critical period for weed control (CPWC) in potato. A four parameter log-logistic model was used to 
assist in monitoring and analysing two sets of related, relative crop yield. Data was obtained during the periods of increased 
weed interference and as a comparison, during weed-free periods. In both years, the relative yield of potato decreased with a 
longer period of weed-interference whereas increased with increasing length of weed free period. In 2012, the CPWC ranged 
from 112 to 1014 GDD (Growing Degree Days) which corresponded to 8 to 66 days after crop emergence (DAE) and 
between 135-958 GDD (10 to 63 DAE) in the following year based on a 5% acceptable yield loss. Weed-free conditions 
needed to be established as early as the first week after crop emergence and maintained as late as ten weeks after crop emergence 
to avoid more than 5% yield loss in the potato. The results suggest that CPWC could well assist potato producers to 
significantly reduce the expense of their weed management programs as well as improving its efficacy. 
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Introduction 

Potato (Solanum tuberosum L.) is grown over a vast global 
area spanning from latitudes 65’ in the Northern Hemisphere to 
50’ in the Southern Hemisphere and it can be grown up to 4000 
meters above sea level (Uremis et al., 2009). Globally, it is the 
fourth largest consumed plant after corn, rice and wheat. 
Historically and even today potatoes have played an important 
role in the fight against malnutrition and starvation 
(Ahmadvand et al., 2009). Therefore its production is 
considered essential internationally. Potato tuber contains about 
15 to 25% dry matter and is nutritious particularly in 
carbohydrates (starches), protein, vitamins (C, B1, B3, B6, K, 
folate, pantothenic acid) and minerals (K, Mn, Mg, Fe, Cu, P) 
(Gunel et al., 2010). It is also put to many other uses and it is still 
internationally one of the World’s leading nutritional food 
sources (Uremis et al., 2009). Potato production in Turkey 
mainly takes place in cool but frost-free temperatures of the 
highlands and in warmer locations in the lowlands during spring 
and autumn (Haverkort, 1981). Turkey is one of the highest 
potatoes producing countries in the Mediterranean region and 
3,948 million tons were produced during 2013 from an area of 
1.3 million ha (TUIK, 2015).  

In common with other crops, weed control in potato crops is 
a vital part of successful crop production (Solan et al., 2011). The 
volume of potato tuber production can be significantly decreased 
by weeds as they compete for nutrients, water and light. Volume 
is also reduced by diseases and insects inherently carried by weeds
if they are not controlled at the correct and critical time 
(Boydston et al., 2008). Thus, without such control, if one 
assesses the seasonal growth period in any given annual period, 
potato yield can fall by as much as 16% to 76% (Tripathi et al., 
1989). There are varying standards of modern weed 
management programs depending on the location of the 
planting region and the type of potato. In Turkey, standard 
management design procedures incorporate herbicides and 
cultivation is implemented strategically to manage weeds. 
Essentially this is done routinely at the beginning of the growing 
season as young; potato seedlings are highly susceptible to weed 
competition at this critical time. In fact, even before this, at the 
pre-planting stage or before plant emergence, herbicides sprays 
are habitually applied for weed control in potato-growing 
locations. In contrast, after crop emergence, machine or hand 
hoeing methods are regularly used for controlling the weeds by 
potato farmers (Ahmadvand et al., 2009; Felix and Boydston, 
2010; Gitsopoulos et al., 2014). 
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complex fertilizer (15-15-15) and 800 kg ha-1 of ammonium 
sulphate (AS) (21-0-0-24 S) were spread onto the plots at the 
time of sowing. Remaining fertilizers in the season (beginning of 
stem elongation) were top dressed at a rate of 300 kg Urea ha-1

and additional 150 kg AS ha-1 was applied three times (total of 
450 kg ha-1) with irrigation water (3x150 kg = 450 kg ha-1). The 
crop was irrigated following sowing and eight times during the 
season. Amount of irrigation was adjusted to meet crop water 
needs based on precipitation and air temperature.  

The experimental design was a randomized complete block 
with four replications. Two methods of weed interference 
treatments were used and these were initiated at crop emergence. 
To assess the start of the CPWC, weeds were grown along with 
the crop and compete at 2 weeks interval with potato 0 to 12 
week after emergence (WAE). To establish the end of a critical 
period, plots were completely weeded at biweekly intervals for 0 
to 12 WAE with occasional hand hoeing. Untreated weedy 
control and weed-free control treatments were introduced into 
both parts of the experiment.  

Plots were made with the dimension of 2.8 m wide, 5 m long 
and planted into four rows. Tubers were sown at a spacing of 70 
cm x 28 cm. All statistical results were recorded from the inner 
two rows of every plot.  
 

Weed and crop measurement  
Field experiments were carried out in two different locations 

over two successive yearly periods. Weed grown naturally in the 
plots were used and weed population density was determined 
from an arbitrarily placed 1 meter by 1 meter quadrat. At 
maturity, the potato was harvested by hand in the two middle 
rows of each plot.  

Species composition and weed density were assessed by 
categorizing and counting weeds from one meter squared 
quadrats in each plot. Weeds were clipped at the soil surface and 
dried at 70 °C to determine the above-ground dry matter. In 
both years, final crop harvests were carried out when the potatoes 
had reached full maturity. Potato tuber yield determinations 
from each plot were obtained by hand harvesting 4.5 m-2 areas of 
the middle two rows. 

 
Meteorological data  
Total monthly rainfall (mm) and average temperatures (°C) 

throughout the experimental period were recorded from the 
Yeşilhisar Meteorological Station which is broadcast by the 
Turkish State Kayseri Meteorological Service and these figures 
were used throughout as being the average daily temperature and 
total monthly rainfall (Fig. 1).  

  
Growing degree days (GDDs) calculation 
Air GDDs were taken as an independent variable for 

regression analysis and were assessed by using the method 
indicated by Gilmore and Rogers (1958) (Eq. 1). The time of 
crop emergence (DAE) was used as the yardstick for GDD data 
recording:  
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Where: 
 

Tmax and Tmin are the daily highest and lowest temperatures 
(°C) respectively and Tb is the base temperature (°C).  4 °C was 
selected as the base temperature (Nasrullah et al., 1992). 

The critical period for weed control (CPWC) criteria 
provides essential guidance on the relevant time periods in the 
plantation growth stages during which crops ideally should be 
kept weed-free to stop yield or quality reductions caused by weed 
interference (Evans et al., 2003; Zimdahl, 2004). It defines two 
separate types of weed interference scenarios:   

(1) the critical weed interference period or the longest 
possible period from the time that crops are planted that the 
crops are able to live together side by side with weeds without 
unreasonable yield loss occurring, and  

(2) the critical weed-free period or the smallest possible 
period for the crop to be kept weed-free before yield loss effected 
by weed growth is no longer a problem (Hall et al., 1992; Evans et 
al., 2003). Thus, the CPWC identifies the most beneficial time 
periods for the best integrated weed management (IWM) 
program (Swanton and Weise, 1991).  

Critical periods of weed-crop competition for potatoes have 
been monitored and statistically analysed in only relatively few 
environments and only for a limited variety of weed types 
(Baziramakenga and Leroux, 1998; Ciuberkis et al., 2007; Costa 
et al., 2008; Ahmadvand et al., 2009).  On average, the critical 
period for weed removal in potatoes has been assessed as 4 to 6 
weeks from planting. However, Costa et al. (2008) established 
data demonstrating that in Brazil, the critical period for weed 
interference was only one day, i.e. 20 to 21 days after tuber 
planting. Again, by comparison, in the UK, one weeding 
between 2 to 8 weeks after crop planting was sufficient to stop 
any significant yield losses. Weeds emergence after these periods 
(8 WAP) significantly reduced by crop canopy as long as there is 
100% coverage. However, with lower canopy cover, removal of 
weeds at 2 weeks after planting had no effects because weed 
growth after this period continued to compete with the crop 
(Turner et al., 1999). In Canada, allowing plots to be weed-free 
for 3 weeks was not enough to curtail some reduction in yield. 
Competition from couch grass (Elytrigia repens (L.) Nevski) 
occurred virulently after crop emergence and 15 days after crop 
emergence when numbers of weed seedlings were low 
(Baziramakenga and Leroux, 1994). Therefore, the principle 
focus of this research was to determine the CPWC for potato 
grown in the Central Anatolian Region of Turkey, an area where 
there is little or no knowledge of CPWC on potato. 

 

Materials and Methods  

Site description  
Field experiments were carried out in 2012 and 2013 on 

arable farm land at Yeşilhisar Kayseri, in the Central Anatolian 
region of Turkey. The soil texture of the experimental area was 
sandy loam soil which was made up of 86% sand, 4.6% silt, and 
8.94% clay pH 8.5, 0.233 mS cm-1 EC, 1.93% lime and 0.4% 
organic matter  

 
Experimental design  
The experimental analysis was undertaken in accordance 

with the local practice in potato production. Initial tillage 
consisted of autumn and spring chisel plowing and subsequent 
disking with a harrow. In general, pre-emergence and post-
emergence herbicides are utilized in the area for weed control of 
potato. In this study, however, weeding was done by hand 
hoeing. ‘Marabel’ potato cultivar was used. The plots were 
fertilized in two stages. Firstly, basal application of 700 kg ha-1 of 
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Statistical analysis 
Relative yields and other data were calculated using 

ANOVA with ‘R software’ (R Development Core Team, 2006) 
to evaluate the importance (p < 0.05) of years, treatments, 
replications and their coexistence. The relative yield of each 
experimental unit was recorded as a percentage of the 
corresponding weed-free yield within each replication for each 
treatment. Due to differences in growing degree days (GDD), 
which was used as an explanatory variable, in regression analyses, 
statistical analysis was performed separately for each year. Relative 
yield (% of weed-free) data were analysed using the four 
parameter log-logistic model where the D term was fixed at 100 
(Knezevic et al., 2007): 

( )
( )[ ]{ }EXB

CDC
Y

loglogexp1 −+

−+
=  (2) 

 

Where: 
Y is the response (e.g., relative yield),  
C is the lower limit,  
D is the upper limit,  
X is the GDD calculated after crop emergence,  
E is the GDD giving a 50% response between the upper and 

lower limit (also known as the inflection point, I50) and  
B is the slope of the line at the inflection point (the rate of 

change). 
The regression analyses were carried out using GDD as a 

quantitative variable because it is an established biological test 
measurement of time well suited for assessing the progress of 
plant growth and development (Gilmore and Rogers, 1958). If 

one considers the curve fitting procedure, GDD is a more 
popular variable utilized for fitting regression models compared 
with a categorical variable (e.g., crop growth stage [CGS]) as 
GDD provides a constant and more accurate x-axis scale. It 
therefore follows that it is a better indicator in comparing years 
and planting date’s data from different areas (Knezevic et al., 
2002). In addition, GDD can be used together with specific 
CGS in allowing more expeditious assessments in the field and 
thus, from a practical point of view, the essential data becomes 
more readily accessible to producers, consultants and other 
practitioners (Knezevic et al., 2002). 

All statistical analyses were carried out and graphs were 
drawn up with ‘R software’ (R Development Core Team, 
2006) utilizing the DRC (dose–response curves) statistical 
add-on package (Knezevic et al., 2007; Knezevic and 
Datta, 2015). The values of YR2.5 (2.5% yield reduction), 
YR5 (5% yield reduction) and YR10 (10% yield reduction) 
were obtained from the curves giving a target range for 
measuring the effects of increased periods  of weed presence and 
weed-free treatments on crop yield. The 2.5%, 5% and 10% yield 
reductions were expressed in GDD indicating the influence of 
the duration of weed interference. The GDD estimate relating to 
the 90%, 95% and 97.5% relative yield was calculated from Eq. 
(2) for each year and then the same was related to the 
corresponding DAE. In the study, a maximum yield loss of 5% 
was arbitrarily assigned as the value above which yield reduction 
was determined as being unacceptable (Knezevic et al., 2007). 
 

Results and Discussion 
 

Weed density and dry matter 
The weed populations were similar in both years (Table 1). 

The most common weeds in the experimental area were redroot 
pigweed (Amaranthus retroflexus L.), common lambsquarters 
(Chenopodium album L.), field bindweed (Convolvulus arvensis 
L.), puncturevine (Tribulus terrestris L.), common cocklebur 
(Xanthium strumarium L.), barnyardgrass (Echinochloa crus-galli 
(L.) Beauv.) and prickly Russian thistle (Salsola ruthenica L.). 
These seven species of weed made up 87 and 91% of the total 
weed mass in 2012 and 2013, respectively. All these weeds are 
common in other summer grown crops in this location as well 
(Akca and Isik, 2013). Previous study indicated that some of 
these weeds (A. retroflexus, C. album, X. strumarium, E. crus-
galli) were same in other cultivated crops in Turkey (Bukun, 

Fig. 1. Total monthly rainfall (line) and average temperature 
(bar) during 2012 and 2013 (A) and long-term averages from 
1975-2013 (B) 
 

Table 1. The population density (plants m-2) of weed species in the season-long weedy 

treatment in the experimental area 

  
Weed species 

Density (plants m-2)/Years 
2012 2013 

Amaranthus retroflexus L. 16 24 

Chenopodium album L. 12 16 

Convolvulus arvensis L. 4 5 

Tribulus terrestris L. 4 6 

Xanthium strumarium L. 7 9 

Echinochloa crus-galli (L.) Beauv. 6 9 

Salsola ruthenica L. 8 10 

Sinapis arvensis L. 4 2 

Sisymbrium altissimum L. 2 1 

Acroptilon repens L. DC. 0.2 0.4 

Alhagi pseudalhagi L. - 0.2 
Total 63.02 82.6 
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2004; Isik et al., 2006; Tursun et al., 2012). Such weed species are 
abundant and important weeds in Turkey. The total weed dry 
matter went up as the duration of weed interference period 
increased. The total weed dry matter was higher in 2013 than 
2012 (Fig. 2, Table 2) and the weeds acquisition weight increased 
more in 2013 than in 2012. These figures were established by 
assessment of the weed density in 2013 (Table 1). These findings 
were in agreement with Ahmadvand et al. (2009) who reported 
that as the duration of weed infestation increased weed biomass 
also increased, but as the duration of weed-free period increased 
the biomass of the weeds decreased. 

 
Critical period for weed control 
There was an interaction between the year and the 

treatments in both the years at the beginning and at the end of 
the CPWC; therefore, all yield data was assessed separately for 
each year (Fig. 3, Table 3). The relative yield of potato was altered 
by the duration of weed interference or weed free periods (Fig. 3). 
Increasing periods of weed interference markedly reduced potato 
yields in both years. While average potato yields from the season-
long weed-free plots were 85,000 kg ha−1 in 2012 and 78,600 kg 
ha−1 in 2013; from the season-long weed infested plots were 
18,425 kg ha−1 in 2012 and 6,678 kg ha−1 in 2013. These results 
were similar to Ahmadvand et al. (2009) who recorded lower 
potato yields with increasing weed interference. 

The CPWC varied in both years (Fig. 3). The length of the 
CPWC in potato was 70, 58, and 44 days in 2012 and 65, 53, 40 
days in 2013 with 2.5, 5 and 10% acceptable yield loss levels 
(AYL), respectively.  5% is as a rule, accepted for most crops in 
Turkey (Isik et al., 2006). The CPWC in potato was 
commenced on 112 GDD in 2012 and 135 GDD in 2013, 
which is equivalent to 8-10 DAE, at 5% acceptable yield loss 
(AYL)  (Table 4). Based on the 2.5 and 10% AYL onset of the 
CPWC were 75-171 GDD in 2012 (6-13 DAE) and 99-186 
GDD in 2013 (7-15 DAE). The beginning of the CPWC was 
at an earlier date in 2012 compared to 2013. The soil and 
weather conditions in 2012 would have influenced the 
beginning of the CPWC in a bit earlier in 2012 (6-13 DAE) 
compared to 7-15 DAE in 2013 (Table 4). 
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The end of the CPWC also varied between years (Fig. 3). 
The end of the critical period for weed control was 1014 GDD 
in 2012 and 958 GDD in 2013 which was similar to 66-63 
DAE, at 5% AYL (Table 4). The end of the critical period for 
weed control increased as the AYL decreased from 10% to 2.5% 
(Fig. 3). The differences between the beginning and the end of 
the critical period for weed control in both years were probably 
the result of the difference in weed densities between the growing 
seasons (Table 1) and this might be due to the variations in the 
time of sowing and amount of rainfall received in each respective 
year (Tursun et al., 2007). 
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Fig. 2. Weed dry matter (g m–2) response to increasing 
duration of weed interference, represented by growing degree 
days (GDD) at Kayseri, Turkey in 2012 and 2013. The 
regression lines are plotted using Eq. (2), and the parameter 
values are presented in Table 2 
 

Table 2. Regression parameters by year and practice for the four-parameter logistic 

model (Eq. 2) characterizing the influence of the duration of weed interference on 

weeds dry matter (g m−2) 

Years 
Regression parameters, as mean ± S.E.  

B C D I50 

2012 -2.8 ± 0.3   9.0 ± 52.6 5126.3 ± 218.8 912.1 ± 40.42 
2013 -3.7 ± 0.4   1.5 ± 82.1 5178.5 ± 188.6 771.9 ± 26.9 

B: the slope of the line at the inflection point; C: the lower limit; D: the upper 

limit; I50: the GDD giving a 50% response between the upper and the lower limit. 

Table 3. Parameter estimates by year and practice for the four-parameter logistic 

model (Eq. 2) characterizing the influence of the duration of weed interference on the 

relative yield of potato at Kayseri, Turkey (Fig. 3) 

Year Treatments 
Regression parameters, as mean ± S.E.  

    B       C       D   I50 

2012 weedy   1.8 ± 0.4 11.7 ± 7.8   96.5 ± 3.0 585.9 ± 66.7 
2012 weed-free -3.9 ± 1.3 24.9 ± 3.9 104.4 ± 7.5 477.2 ± 30.5 
2013 weedy   2.3 ± 0.3   9.0 ± 4.1   98.2 ± 2.3 484.4 ± 29.7 
2013 weed-free -4.2 ± 1.9 21.8 ± 4.3   93.1 ± 7.4 474.2 ± 28.4 

B: the slope of the line at the inflection point; C: the lower limit; D: the upper 

limit; I50: the GDD giving a 50% response between the upper and the lower limit. 
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Potato tuber yield was reduced by 73-97% when weeds were 
allowed to compete with the crop from planting to harvest. This 
is consistent with Ahmadvand et al. (2009) who stated that both 
tubers weight per plant and tuber yield of potato decreased with 
the increasing duration of weed presence. Uremis et al. (2009) 
reported that tuber yield lost, compared to season long weedy 
plots with weedless ones, were between 29% and 60%. When 
class-A tubers were in consideration they obtained moderately 
higher yield lost. These results suggest that the effect of weed 
competition not only affects the volume of crop production but 
also crop quality too. Similar results that weeds affect yield 
and quality of crops were reported by Bukun (2004), in cotton, 
Isik et al. (2006) in corn and Tursun et al. (2007) in leek. 

The results indicated that weed control measures in the 
Central Anatolian Region of Turkey begin 7-10 days after 
potato emergence. Previous studies have reported similar results 
(Ruşen, 2006; Ahmadvand et al., 2009). Several studies have 
shown that the end of CPWC was variable and highly 
dependent on the density, competitiveness, and emergence 
periodicity of the weed population (Evans et al., 2003; Bukun 
2004). 

In Turkey, mechanical weed control such as hoeing and 
herbicide applications are the principle types of weed control 
methods in the potato. As a result of early CPWC (1 week AE), 
growers could improve their timing of post emergence herbicide 
applications and mechanical weed control. Further studies 
should be carried out in order to determine the CPWC in other 
locations where weed populations are different from those 
reported here.  

Detail information on CPWC in potato could assist with 
decision-making on the correct timing for the application of 
herbicide at the post emergence stage of crops. Enhanced 
knowledge and usage of the CPWC would also lead to more 
effective and efficient ways of weed control including farming. It 
follows that reducing herbicide care by the introduction of more 
accurate farming programs would almost certainly reduce the 
risk of environmental pollution and the stress factors involved in 
trying to assess the most herbicide-resistant weeds (Hall et al., 
1992). 

 
Conclusions 

 
The development of an Integrated Weed Management 

System (IWM) requires knowledge of the behaviour of weeds in 
the agro ecosystem, including possible effects on crop yield. The 
CPWC is an essential part of formulating strategies for IWM. 
The amount of interference between potato and weeds is 
affected in part by limiting resources like water, nutrients, and 
light. Potato yield is therefore directly related and dependent on 
its ability to secure as much of these resources as possible 
throughout the growing season. Weeds should have an 
insignificant effect on potato yield if they are controlled at the 
correct time. Based on the 5% acceptable yield loss, results suggest 
that under the experimental conditions of this study potato 
tolerates weed interference up until 7 to 10 days after crop 
emergence (DAE), thus indicating that control measures should 
begin at that stage. The crop should be kept weed free 
up until 63 to 66 days after crop emergence (DAE) in 
order to prevent yield loss in excess of 5%. Weeds that 
emerge after the 63 to 66 DAE grow in a competitive 
disadvantage in comparison with potato. 

 

Years 
Yield 

reduction 
(%) 

CPWC 

GDD DAE 

The beginning of the CPWC 

2012 
2.5 75 6 
5 112 8 

10 171 13 
    

2013 
2.5 99 7 
5 135 10 

10 186 15 
The end of the CPWC   

2012 
2.5 1219 76 
5 1014 66 

10 838 57 
    

2013 
2.5 1137 72 
5 958 63 

10 801 55 

Table 4. The critical period of weed control (CPWC) for potato at Kayseri, Turkey in 2012 

and 2013 expressed in growing degree days (GDD) and days after crop emergence (DAE) 

 

Fig. 3. Effect of weed interference on potato yield (% of weed-free) 
as represented by growing degree days (GDD) at Kayseri, Turkey 
in 2012 and 2013. The regression lines are plotted using Eq. (2), 
and the parameter values are presented in Table 3 
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