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ABSTRACT
The observed seasonality of foodborne disease suggests that climatic conditions play a role and that changes in the climate
may affect the presence of pathogens. However, it is hard to determine whether this effect is direct or whether it works indirectly
through other factors, such as farm management. This study aimed to identify the climate and management variables that are
associated with the contamination (presence and concentration) of leafy green vegetables with E. coli. This study used data about
E. coli contamination from 562 leafy green vegetables (lettuce and spinach) samples taken between 2011 and 2013 from 23 openfield farms in Belgium, Brazil, Egypt, Norway, and Spain. Mixed-effect logistic and linear regression models were used to study
the statistical relationship between the dependent and independent variables. Climate variables and agricultural management
practices together had a systematic influence on E. coli presence and concentration. The variables important for E. coli presence
included the minimum temperature of the sampling day (odds ratio ¼ 1.47), region, and application of inorganic fertilizer. The
variables important for concentration (R2 ¼ 0.75) were the maximum temperature during the 3 days before sampling and the
region. Temperature had a stronger influence (had a significant parameter estimate and the highest R2) than did management
practices on E. coli presence and concentration. Region was a variable that masked many management variables, including
rainwater, surface water, manure, inorganic fertilizer, and spray irrigation. Climate variables had a positive relationship with E.
coli presence and concentration. Temperature, irrigation water type, fertilizer type, and irrigation method should be systematically
considered in future studies of fresh produce safety.

Leafy green vegetables (LGVs) have been identified as
the fresh produce commodity group of highest concern from
a microbiological safety perspective (8) because they are
often grown in the open field and are vulnerable to
contamination from manure used as fertilizer, soil, water
used for irrigation, and wildlife feces (8). Moreover, LGVs
are consumed raw and in large volumes. Pathogenic
Escherichia coli strains are one of the main concerns with
respect to foodborne disease associated with LGVs (11, 12,
35, 39).
The incidence of foodborne disease is generally
correlated with climate conditions (19, 27, 40). Roughly
one-third (population attributable fraction) of salmonellosis
cases in England, Wales, Poland, The Netherlands, the
Czech Republic, and Switzerland can be linked to higher
temperatures (34). In Australia, the rate of salmonellosis also
increases with decreasing latitude and, consequently, with
increasing average annual temperatures (13). The correlation
between foodborne disease and climatic conditions is
(partly) reflected in the strong seasonality of many
foodborne diseases. The seasonal salmonellosis patterns
have been statistically correlated with the mean monthly
temperature of the previous month (7). Similarly, in the
* Author for correspondence. Tel: þ31 317 575270; Fax: þ31 317
419000; E-mail: cheng.liu@wur.nl.

Australian subtropical and tropical regions, temperature and
precipitation have been positively associated with the
number of salmonellosis cases (45).
The mechanisms underlying the observed seasonality in
foodborne disease are not fully understood, but they are
likely a complex interplay of different factors. Besides
climatic conditions, these factors include human behavior
and consumption patterns (43, 46), farm management
practices, pathogen prevalence in the animal reservoir, and
pathogen environmental survival patterns. The risk of
foodborne disease associated with LGVs is directly related
to the likelihood of occurrence and the subsequent level of
contamination. The observed seasonality suggests that
climatic conditions influence the presence and/or level of
pathogens (22). Improved understanding of this is important
for better control and surveillance of LGV contamination,
particularly in the face of ongoing climate change.
Determination of whether the effect of climate on LGV
contamination is direct or indirect (through other factors,
e.g., farm management) remains elusive. These farm
management practices are affected by climate and could be
influenced even more or in different ways by climate
change. Though uncertain, the effects of seasonality and
climate on produce food safety should not be ignored
because they may result in higher risks (22).
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Trade project; the results of logistic and linear regressions
with climate and management variables are presented and
summarized; and, finally, data complexity and limitations
are discussed, concluding with lessons learned in this metaanalysis.

MATERIALS AND METHODS
Data. The data used in this study were collected in the Veg-iTrade project, which studied the impact of climate change and
globalization on the safety of fresh produce. A Horticultural
Assessment Scheme (HAS) was developed in the Veg-i-Trade
project to assess the microbiological quality of LGVs. HAS was a
systematic approach to sample, analyze, and standardize the
sampling scheme in various regions within Veg-i-Trade. HAS
defined the identification of critical sampling locations, the
selection of microbiological parameters, the assessment of
sampling frequency, the selection of sampling method and method
of analysis, and, finally, data processing and interpretation (14). All
Veg-i-Trade sampling data used in this study were collected and
analyzed under HAS.
This meta-analysis included raw sampling data from Holvoet
et al. (15), Ceuppens et al. (6), Uyttendaele et al. (42), and CastroIbáñez et al. (5). Our study used E. coli contamination data from
562 LGV samples taken from 23 open-field farms from six regions
(Fig. 1): Belgium (n ¼ 160), Brazil (n ¼ 69), Egypt (n ¼ 18),
Norway (n ¼ 99), and Spain (n ¼ 216). All farms grew lettuce,
except for the farms in Spain, which grew spinach. The data were
collected from 2011 to 2013 by different laboratories of the local
universities or research institutes within the Veg-i-Trade project.
Each laboratory used its own detection limits (Table 1). All
samples were taken at the moment of harvest or 1, 2, or 3 weeks
before harvest. Climate variables included temperature (T) and
precipitation (Pr): daily average (Tavg, Tavg3, Tavg7), minimum
(Tmin, Tmin3, Tmin7), and maximum (Tmax, Tmax3, Tmax7)
temperatures of the sampling day and of 3 and 7 days before the
sampling day and daily precipitation (Pr) and total precipitation for
3 (Pr3) and 7 days (Pr7). Management variables included the
categorical variables region and toilet distance (ToiletD) and binary
variables: drinking water (DrinkingW); rainwater (RainW);
groundwater (GroundW); surface water (SurfaceW); drip irrigation
(Drip); spray irrigation (Spray); flood irrigation (Flood); composted
manure (derived) (Manure), which included composted manure
and a mixture of fertilizer with composted manure; inorganic
fertilizer (Inorganic); nonanimal organic fertilizer (NonAOrganic);
and farm animal presence (FarmA). Missing values were omitted
because regression models can only run with a complete set of
observations. Temperature and precipitation data were collated
from the weather station nearest each farm. The data sources are
summarized in Table 1. Management information was collected by
means of a questionnaire given to farmers. All variables are defined
in Table 2.
Statistical model development in general. The data were
analyzed using the statistical software package R version 3.0.2 (R
Foundation for Statistical Computing, Vienna, Austria). All
statistical tests were assessed for significance at the 95%
confidence level (P , 0.05), except for the univariate analysis (P
, 0.25).
The data were checked for collinearity by the variance
inflation factor between categorical and binary variables and the
phi coefficient between binary variables. In case of collinearity
(variance inflation factor .2 or phi coefficient .0.6), the variable
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Changes in temperature, distribution of precipitation
(including more extreme events, such as floods and
droughts), UV radiation, and moisture content are already
observed worldwide (25). Temperature has increased since
the start of observations in 1654 (4). Consistent with
precipitation changes, runoff has been notably reduced in
southern Europe and has increased in Southeast Asia and at
high latitudes. The larger simulated runoff changes reached a
20% increase compared with 1980 to 1999 mean values
(37). Droughts have already become more common,
especially in the tropical and subtropical regions since the
1970s (37). These changes will likely become more apparent
in the future (37). Climate changes will mainly impact the
contamination sources and pathways of bacteria onto LGVs
during the preharvest phase. Other phases of the food chain
will be less affected, because processing and transport
generally occur in controlled environments.
Good agricultural management practices are essential
for food safety control, and they are often applied in
response to particular climatic conditions (23). Response
strategies have been developed to adapt to the pressures on
fresh produce safety due to climate change (20). The use of
animal manure for fertilization of production fields increases
the risk of E. coli contamination on both organic and
conventional farms significantly (29, 31, 32). Farmers
should follow good agricultural practices for handling
animal manure to minimize the risk of introducing
pathogens. Such practices include manure composting and
minimizing direct or indirect contact between manure and
produce (41). The use of contaminated surface water may
also lead to contamination (17, 18, 36). Groundwater is
generally less likely to be contaminated with pathogens than
is surface water. Shallow wells and wells that are old or
improperly constructed are more likely to be susceptible to
contamination (6, 41). Infected persons who work with fresh
produce may also transmit foodborne illnesses (41). Farmers
should understand and follow basic hygiene principles to
reduce the likelihood of contamination of fresh produce and
water supplies and the spread of contamination among
workers.
A review of the impacts of climate change on
microorganisms (22) has led to improved qualitative
understanding, which will now be used to study these
impacts quantitatively. Farmers are likely to change
management practices to adapt to climate change (20).
Although a better understanding of the quantitative changes
due to management schemes and climate change is
important, such quantitative analyses are sparse due to a
lack of available data. Therefore, aggregation of the
available information in a meta-analysis may be useful to
achieve higher statistical power and generalizability.
This study aimed to explore the relative contribution of
climate and agriculture management factors to E. coli
contamination on LGVs across different regions. To identify
a combination of statistically significant variables that best
explain the observed variation in E. coli presence and
concentration throughout regions, we applied statistical
modeling to data from production fields in different regions.
The meta-analysis in this study combines findings from
independent studies from different regions within the Veg-i-
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FIGURE 1. Sampling farms distribution.
Black dots represent sampling farms that
cooperated in the Veg-i-Trade project.

repeated sampling at the same farm). We used the ‘‘lme4’’ package
(2) and ‘‘lmeTest’’ package (21) in R software (R Core Team, R
Foundation for Statistical Computing) for the mixed-effect model.
In this study, all samples were combined and treated as one data
set. Region was treated as a fixed variable to cover the differences
in sampling and detection limits among regions.
Logistic regression model. To investigate the presence or
absence of E. coli on LGVs in the open-field farms, data (n ¼ 562)
were fitted to a logistic regression model, combining the different
variables and locations together. This model aimed to separately
assess the relative contributions of the climate and management
variables to the observed variation in E. coli presence.
In the logistic regression model, the Akaike Information
Criterion (AIC) was used to compare and select the best model.
AIC measures the relative quality of a model for model selection
(1). After the final model was chosen, the odds ratio was calculated
from the parameter coefficients. The parameter coefficients give
the change in the log odds of E. coli presence for a one-unit
increase in the predictor variable.
To assess the robustness of a model’s predictive ability, a 10fold cross-validation was conducted. The data were randomly
divided into 10 subsets of equal size; nine subsets were used to
train the model, and the 10th was used to test the model’s
predictive ability. This process was repeated 10 times, each time
with a different test subset. So, all observations were used for both
training and testing, and each observation was used for validation
exactly once. The mean area under the curves was calculated. An
area of 100% represents a perfect test, and an area of 50%
represents a worthless test.
Linear regression model. To investigate the relationship
between climate and management variables and the E. coli
concentration on preharvest LGVs, the E. coli–positive data (n ¼
59) were fitted to a linear mixed-effect model combining the
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with the least biological relevance was omitted from further
analysis.
We developed models for E. coli presence (logistic regression) first and for E. coli concentration (linear regression)
afterwards. We focused on assessing the relationship of E. coli
with climate variables first and then assessed management
variables. This way, impacts of climate or management variables
can be analyzed separately to further understand how climate or
management individually influences the safety of LGVs. After that,
all variables were combined in the final model to study the overall
effects of climate and management influence on LGV safety.
To select variables for the logistic regression models, the
stepwise selection method developed by Hosmer and Lemeshow
(16) was used. Spearman’s rank correlation was used to assess
correlations between numeric and ordinal variables. In the first
step, univariate analysis was applied by fitting a univariable
regression model to obtain the estimated coefficient, the estimated
standard error, the likelihood ratio test for the significance of the
coefficient, and the univariable Wald statistic. Any variable with a
likelihood ratio test that has a P value ,0.25 is a candidate for the
multivariable model. Using a more tolerant significance level (P
,0.25 instead of P ,0.05) allowed for inclusion of variables that
are of potential importance at the model building stage (3, 26). In
the second step, the candidate variables from step one were entered
into the backward selection method to select the variables for the
multivariable model. The overall importance of each categorical
variable included in the multivariable model was verified by an
examination of the Wald statistic. In the third step, variables that
were not selected for the multivariable model were added back into
the model. By doing this, we could identify the variables that, by
themselves, are not significantly related to the E. coli present but
that make an important contribution in the presence of other
variables (16). Interactions and quadratic terms were checked for
the variables in the model.
After the variables were selected, a mixed-effect model was
applied, because of the hierarchical structure in the data (with

160
4
20
12.5
0.7
12.4–19.6 (17.4)
10.8–25.0 (16.9)
13.8–21.5 (17.6)
15.5–28.1 (22.0)
13.2–33.7 (22.4)
8.6–15.7 (12.2)
6.9–16.6 (13.2)
4.8–18.5 (12.0)
8.6–15.7 (12.2)
17.5, 38.3, 67.0

69
6
14
20.3
1
15.5–29.8 (24.1)
16.3–27.6 (22.9)
15.6–30.5 (23.3)
16.0–36.0 (29.8)
22.0–35.0 (28.9)
16.0–36.0 (28.9)
11.0–22.0 (17.9)
10.0–23.0 (17.0)
11.0–22.0 (16.7)
42.1, 110, 214.6

Brazil

18
6
10
55.6
1
15.4–25.9 (19.8)
16.1–27.3 (19.9)
13.8–29.6 (21.0)
22.3–31.2 (25.8)
20.9–34.8 (26.6)
20.4–38.3 (28.0)
10.0–21.6 (14.3)
8.2–19.8 (13.7)
7.4–23.0 (14.4)
0.0, 0.0, 0.0

Egypt

99
4
3
3
1
7.7–16.2 (12.5)
5.2–21.6 (12.5)
6.4–16.4 (13.1)
3.0–21.7 (14.9)
0.4–22.9 (15.0)
8.6–21.7 (15.2)
1.7–21.8 (10.0)
1–28.00 (10.42)
1.7–21.6 (10.9)
21.4, 40.2, 58.0

Norway

Total

562
23
59
10.5

Spain

216
3
12
5.6
2
8.4–17.3 (12.8)
8.5–19.8 (13.2)
7.1–16.9 (12.5)
12.32–24.7 (18.2)
13.2–24.0 (19.14)
10.8–24.7 (17.7)
0.8–12.8 (7.6)
2.2–15.2 (8.1)
1.0–12.9 (7.7)
16.1, 20.2, 36.8
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Composted manure (derived) category includes composted manure and mixture with composted manure. Nonanimal organic category includes compost and mixture of mineral and organic
fertilizer.
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Sistema de Información
www.tutiempo.net
Norwegian Meteorological Institute web
Instituto Nacional de
The Royal
www.worldweatheronline.com portal eKlima, LandbruksMeteorologisk Agrario de Murcia (SIAM)
Meteorologia
Meteorological Institute
(Siam.imida.es)
Tjeneste (lmt.bioforsk.no)
(INMET)
of Belgium (RMI)
Rainwater (no. of samples)
160
57
0
0
0
Surface water (no. of samples)
0
0
12
48
216
Drinking water (no. of samples)
0
0
0
27
0
Groundwater (no. of samples)
0
12
6
0
0
Spray irrigation (no. of samples)
160
57
0
99
216
Drip irrigation (no. of samples)
0
12
12
0
0
Flood irrigation (no. of samples)
0
0
6
0
0
Composted manure (derived)
24
57
18
51
216
(no. of samples)
Inorganic fertilizer
88
0
0
48
0
(no. of samples)
Nonanimal organic
48
12
0
0
0
(no. of samples)
Farm animal presence
113
24
No information
0
0
(no. of samples)
Toilet distance (m)
0–100
0–100
No information
No information
0–100
100–200
100–200
200–500
200–500

Total no. of samples
No. of farms
E. coli detected
Percentage (%)
Detection limit (log CFU/g)
Tavg min–max (mean) (8C)
Tavg3 min–max (mean) (8C)
Tavg7 min–max (mean) (8C)
Tmax min–max (mean) (8C)
Tmax3 min–max (mean) (8C)
Tmax7 min–max (mean) (8C)
Tmin min–max (mean) (8C)
Tmin3 min–max (mean) (8C)
Tmin7 min–max (mean) (8C)
Maximum precipitation amt:
Pr, Pr3, Pr7 (mm)
Weather data source

Belgium

TABLE 1. Summary of leafy green vegetable samples collected in this meta-regression studya
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TABLE 2. Definitions of explanatory variables
Unit

Description

Tavg
Tavg3
Tavg7
Tmin
Tmin3
Tmin7
Tmax
Tmax3
Tmax7
Pr
Pr3
Pr7
Rainwater
Surface water
Drinking water
Groundwater
Spray irrigation
Drip irrigation
Flood irrigation
Composted manure (derived)
Inorganic fertilizer
Nonanimal organic
Farm animal presence
Toilet distance

8C
8C
8C
8C
8C
8C
8C
8C
8C
mm
mm
mm
Yes/no
Yes/no
Yes/no
Yes/no
Yes/no
Yes/no
Yes/no
Yes/no
Yes/no
Yes/no
Yes/no
m

Avg air temp of the sampling day
Avg air temp of 3 days before the sampling day
Avg air temp of 7 days before the sampling day
Minimum air temp of the sampling day
Minimum air temp of 3 days before the sampling day
Minimum air temp of 7 days before the sampling day
Maximum air temp of the sampling day
Maximum air temp of 3 days before the sampling day
Maximum air temp of 7 days before the sampling day
Amt of precipitation on the sampling day
Total precipitation of 3 days before the sampling day
Total precipitation of 7 days before the sampling day
Does the farmer use rainwater for irrigation?
Does the farmer use surface water for irrigation?
Does the farmer use surface water for irrigation?
Does the farmer use groundwater for irrigation?
Does the farmer use spray irrigation?
Does the farmer use drip irrigation?
Does the farmer use flood irrigation?
Does the farmer use composted animal manure or mixed fertilizer with composted manure?
Does the farmer use inorganic fertilizer?
Does the farmer use compost or mixture of mineral and organic fertilizer?
Does the farmer also own farm animals?
The distance between the fields and the nearest toilet (groups of distances were created)

different variables as fixed-effect variables and Farm as a random
effect. Linear regression models assess the relative contributions of
the climate and management variables to the observed variation in
E. coli concentration. We used log-transformed E. coli concentration levels to approximate data normality. Visual inspection of
residual plots (standardized residuals with fitted value) for the
homoscedasticity test and a quantile-quantile plot for the normality
test were performed to check the assumptions for linear regression.
The F test was used to select the best model fit. Root mean square
error and mean absolute error were calculated to evaluate models.
Lower values for both performance indicators are better.

RESULTS
Data. In total, 59 LGV samples were positive for E.
coli. Very few samples (in total 18) were tested for E. coli on
farms in Egypt, but more than half of them were positive
(Table 1). Among 99 samples in Norway, only three were E.
coli positive (Table 1). Presence ranged from 3% in Norway
to 55.6% in Egypt. Note that differences in presence can be
due to differences in the lower detection limit among
studies, ranging from 0.7 log CFU/g in Belgium to 2 log
CFU/g in Spain (Table 1).
The mean (median) concentration of the positive
samples was 1.91 (2.00) log CFU/g, with a standard
deviation of 0.81. In general, the highest E. coli concentrations were found in samples from Brazil (Fig. 2). The
observed E. coli concentrations on LGVs ranged from the
detection limits to 3.9 log CFU/g in Brazil (Fig. 2). E. coli
concentrations below the detection limits are indicated as 0
log CFU/g in Figure 2.
The Tavg in Brazil was very high (up to 308C, Table 1).
Brazil also had the highest Pr among all regions (Table 1). In

contrast, Egypt had no rain on the sampling days. In general,
the days on which E. coli–positive samples were found were
dry in all regions, except for Brazil (Table 1). The variation
in climate was due not only to the different geographic
locations, but also to different growing seasons. For
example, farmers in Spain grow spinach in their wintertime,
from September to March, to avoid their high summer
temperatures, whereas farmers in the rest of the regions grow
lettuce during their summertime. Consequently, the temperature range during the sampling period in Spain was similar
to that during the sampling period in other regions, such as
Norway (Table 1). In total, about 60% of the sampling days
had precipitation amounts lower than 0.1 mm.
In this data set, management variables were region
specific. Some of the regions happened to have only one
type of irrigation water or irrigation method. For instance,
flood irrigation was applied only in Egypt. All samples from
Belgium used rainwater, and all samples from Egypt and
Spain used composted manure or a mixture with composted
manure. The details for each management variable are
summarized in Table 1.

E. coli presence on LGVs. Logistic regression was
applied separately for both climate variables and management variables to assess relationships with E. coli presence
on LGVs. Results are presented accordingly in this section.
For climate variables, univariate analysis results showed
that all variables in this analysis had a P value of ,0.25,
except for Pr (Table 3). Because temperature and precipitation variables were not independent, only one variable
should be selected for temperature and one for precipitation.
The univariate Wald test suggested that Pr3 was the only
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ln
FIGURE 2. E. coli concentrations (top: all samples, bottom:
positive samples only) on lettuce sampled from farms in Belgium,
Brazil, Egypt, and Norway and on spinach from farms in Spain.
The box width is proportional to the square root of the number of
observations in each region.

significant precipitation variable (P , 0.05). Tmin had the
lowest AIC value. So, Tmin, Pr3, and Region were chosen
after the univariate analysis.
Upon completion of the univariate analyses, first the
variables Tmin, Pr3, and Region were selected for the
multivariable analysis. With backward selection, the Wald
test for importance of the categorical variable, and
interaction check, the best model was the following:
P
ln
¼ b0 þ b1 Tmin þ b2 Pr3 þ b3;Region þ eFarm ð1Þ
ð1  PÞ
where P is the probability of having an E. coli–positive
sample, bi are constants, Tmin is the minimum temperature of
the sampling day in 8C, Pr3 is the total precipitation amount
of 3 days before the sampling day, b3,Region is the dummy
variable for region, and eFarm is the random effect for farm.
The b estimates are available in Table 4.
The estimated coefficients showed that the odds of
having E. coli–positive samples on LGVs increased when
temperature and cumulative precipitation amount increased

P
¼ b0 þ b1;RainW þ b2;Spray þ eFarm
ð1  PÞ

ð2Þ

where P is the probability of having an E. coli–positive
sample, bi are constants, b1,RainW is the dummy variable for
rainwater, b2,Spray is the dummy variable for spray irrigation,
and eFarm is the random effect for farm. Spray irrigation
showed a protective effect (Table 4). Using rainwater for
irrigation versus other irrigation water types increased the
odds of having E. coli contamination on LGVs by a factor of
12.14 (Table 4).
The backward selection was performed once more,
combining significant (P , 0.25) climate and management
variables to predict E. coli presence on LGVs. Region was
again not included in the backward selection. The combined
model has the following form:
ln

P
¼ b0 þ b1 Tmin þ b2;SurfaceW þ b3;Inorganic þ eFarm
ð1  PÞ
ð3Þ

where P is the probability of having an E. coli–positive
sample, Tmin is the minimum temperature in 8C, bi are
constants, b2,SurfaceW is the dummy variable for surface
water, bi,Inorganic is the dummy variable for inorganic
fertilizer, and eFarm is the random effect for farm. Because
Region had collinearity with SurfaceW, the joint model was
run again, using the variable Region instead of SurfaceW.
Compared with equation 3, a significantly lower AIC was
found in that model with the following form:
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by one measurement unit (8C or mm). For a 18C increase in
daily minimum temperature, the odds of having E. coli–
positive samples on LGVs increased by a factor of 1.48
(95% CI, 1.27 to 1.73) (Table 4). For a 1-mm increase in 3
days’ cumulative precipitation, the odds of having E. coli–
positive samples on LGVs increased by a factor of 1.02
(95% CI, 1.01 to 1.03) (Table 4). Tmin and Pr3 had a
statistically significant relation with E. coli presence.
For management variables, both univariate analysis
results and Wald test results showed that all variables in this
analysis had a P value of ,0.25, except for NonAOrganic
(Table 3). DrinkingW and Flood irrigation were not used for
any samples after the missing values were removed.
DrinkingW and Flood were, therefore, dropped from
multivariate analysis. All other management variables were
selected as candidates for the multivariate model (n ¼ 520).
The variance inflation factor results showed that collinearity
exists between Region and RainW, SurfaceW, and Spray.
This meant that the Region effect in the E. coli presence
model may be a proxy for these management practices.
Although we would have preferred to keep Region in the
model to explain the differences in the sampling effort and
detection limits among regions, it would be a huge sacrifice
to avoid so many relevant variables. Therefore, Region was
not included in the selection.
Upon completion of the univariate analyses, all variables
were selected for the multivariable analysis. With backward
selection and the Wald test for importance, the following
model was the best, with Farm as a random effect term:
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TABLE 3. Variables associated with the presence and concentration of E. colia
E. coli presence
Variable

a

8C
8C
8C
8C
8C
8C
8C
8C
8C
mm
mm
Yes/no
Yes/no
Yes/no
Yes/no
Yes/no
Yes/no
Yes/no
Yes/no
Yes/no
0–100 m
0–100 m
Belgium
Belgium
Belgium
Belgium

Coeff

SE

0.14
0.10
0.10
0.07
0.08
0.07
0.18
0.09
0.09
0.01
0.01
0.68
0.63
1.28
1.28
1.28
0.55
0.66
0.07
1.162
0.63
0.54
0.58
2.17
1.52
0.89

0.03
0.03
0.03
0.02
0.02
0.02
0.03
0.03
0.03
0.01
0.00
0.28
0.29
0.69
0.69
0.69
0.31
0.32
0.49
0.31
0.35
0.48
0.38
0.53
0.63
0.38

OR (95% CI)

1.15
1.11
1.11
1.07
1.09
1.08
1.19
1.09
1.09
1.01
1.01
1.97
0.53
3.60
0.28
3.60
0.57
1.94
0.93
3.19
1.89
0.58
1.78
8.75
0.22
0.41

(1.09,
(1.05,
(1.05,
(1.03,
(1.04,
(1.03,
(1.13,
(1.04,
(1.03,
(1.00,
(1.00,
(1.13,
(0.30,
(0.78,
(0.08,
(0.78,
(0.31,
(1.02,
(0.31,
(1.72,
(0.93,
(0.21,
(0.83,
(3.11,
(0.05,
(0.19,

1.21)
1.17)
1.17)
1.12)
1.14)
1.13)
1.27)
1.15)
1.16)
1.03)
1.01)
3.47)
0.94)
12.61)
1.28)
12.61)
1.06)
3.61)
2.25)
5.93)
3.76)
1.42)
3.76)
25.56)
0.66)
0.86)

P value

Coeff

SE

P value

0.000
0.000
0.000
0.002
0.000
0.001
0.000
0.001
0.004
0.073
0.068
0.017
0.031
0.061
0.061
0.061
0.074
0.039
0.882
0.000
0.072
0.263
0.132
0.00
0.016
0.020

0.10
0.09
0.05
0.07
0.10
0.04
0.09
0.03
0.04
0.01
0.01
0.57
0.25
1.34
0.46
0.53
1.01
1.29
0.46
0.63
1.27
1.84
1.77
0.90
0.03
1.02

0.02
0.02
0.02
0.01
0.02
0.02
0.03
0.02
0.03
0.01
0.00
0.233
0.26
0.45
0.25
0.32
0.17
0.15
0.38
0.24
0.17
0.24
0.14
0.16
0.26
0.15

0.000
0.000
0.032
0.000
0.000
0.020
0.002
0.090
0.174
0.291
0.026
0.019
0.337
0.004
0.072
0.104
0.000
0.000
0.229
0.011
0.000
0.000
0.000
0.000
0.897
0.000

Coeff, regression coefficient; OR (95% CI), odds ratio (95% confidence interval). Only variables with P ,0.25 are shown.

ln

P
¼ b0 þ b1 Tmin þ b2;Region þ b3;Inorganic þ eFarm
ð1  PÞ
ð4Þ

where P is the probability of having an E. coli–positive
samples, Tmin is the minimum temperature in 8C, bi are
constants, b2,Region is the dummy variable for regions,
b3,Inorganic is the dummy variable for inorganic fertilizer, and
eFarm is the random effect for farm. The odds ratio (Table 4)
shows that a 18C increase in minimum temperature increases
the odds of E. coli contamination on LGVs by a factor of
1.47, assuming that management remains the same. In both
equations 3 and 4, Tmin had a significant influence on
estimating E. coli contamination. Although other variables
were not significant (P , 0.05), they improved the model fit
significantly according to the AIC test. Therefore, management variables were also included in the final mixed model.
Although equation 4 was the best model fit for this metaanalysis, we also presented equation 3 because it provided
more understanding of the variable Region and would be
more useful than equation 4 for future studies on a
prediction model in a specific region. Cross-validation
analysis of equation 4 showed that the mean area under
the curves was 88% (range 79 to 95%) (Fig. 3). So, the
model had a good predictive value.
Because Tmin was the only significant variable in the
joint model, we concluded that, although climate and
management variables together influence E. coli presence

on LGVs, Tmin had stronger influence on E. coli presence
than management variables.

E. coli concentration on LGVs. Visual inspection of
normality plots of standardized residuals and the homoscedasticity test (residual plot of standardized residuals with fitted
values) did not reveal any obvious deviation from normality.
The random effect Farm was dropped because its effect was
negligible in the smaller data set (59 samples from 16 farms).
To assess the effect of the climate variables and management
variables on E. coli concentration, E. coli–positive samples
were fitted to the linear regression model. Results of climate
and management variables are presented in this section.
Based on univariate analysis, variables Tavg, Tavg3,
Tavg7, Tmax, Tmax3 (highest R2 0.38), Tmax7, Tmin, and Pr7
were significant (P , 0.25) (Table 3). Because the
temperature variables were not independent, only one
variable should be selected. So Tmax3, Pr7, and Region
were chosen after the univariate analysis. With backward
selection, the Wald test for importance of the categorical
variable, the F test to select the best model fit, and the
interaction check, the final model had the following form:
Y ¼ b0 þ b1 Tmax 3 þ b2;Region

ð5Þ

where Y is the E. coli concentration in log CFU/g, bi are
constants, Tmax3 is the maximum temperature on 3 days
before the sampling day in 8C, and b2,Region is the dummy
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Tavg3
Tavg7
Tmax
Tmax3
Tmax7
Tmin
Tmin3
Tmin7
Pr3
Pr7
Rainwater
Surface water
Groundwater
Spray irrigation
Drip irrigation
Composted manure (derived)
Inorganic fertilizer
Nonanimal organic
Farm animal presence
Toilet distance (100–200 m)
Toilet distance (200–500 m)
Region (Brazil)
Region (Egypt)
Region (Norway)
Region (Spain)
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24

LIU ET AL.

J. Food Prot., Vol. 79, No. 1

TABLE 4. Final mixed-effect logistic regression models to estimate Escherichia coli absence or presence on lettuce and spinach
Odds ratio (95% CI)

P value

Climate model (n ¼ 559):
Variance (SD) 3.06 (1.75) for random effect Farm
b0
b 1 (Tmin)
b 2 (Pr7)
b 3,Belgium
b 3,Brazil
b 3,Egypt
b 3,Norway
b 3,Spain

8.339
0.391
0.019
Reference
1.203
3.092
2.088
0.327

0.00 (0.00–0.01)
1.48 (1.27–1.73)
1.02 (1.01–1.03)
Reference
0.30 (0.02–3.70)
2.20 (1.64–295.47)
0.12 (0.00–3.61)
1.39 (0.06–29.69)

,0.000
,0.000
0.003
Reference
0.348
0.020
0.225
0.834

Management model (n ¼ 520):
Variance (SD) 1.33 (1.15) for random effect Farm
b0
b 1,RainW
b 2,Spray

1.184
2.497
3.315

Joint model (n ¼ 520):
Variance (SD) 1.81 (1.35) for random effect Farm
b0
b 1 (Tmin)
b 2,SurfaceW
b 3,Inorganic
b0
b 1 (Tmin)
b 2,Belgium
b 3,Brazil
b 4,Norway
b 5,Spain
b 6,Inorganic

9.016
0.401
0.844
1.334
9.433
0.388
Reference
0.664
17.589
2.273
2.714

variable for region. Maximum temperature was significantly
and positively correlated with E. coli concentrations (Table
5). This model gave a root mean square error of 0.38 and a
mean absolute error of 0.30, indicating high accuracy. The

0.31 (0.02–4.28)
12.14 (1.80–81.99)
0.04 (0.00–0.86)

0.00 (0.00–0.00)
1.51 (1.29–1.76)
2.33 (0.23–23.78)
3.80 (0.50–29.01)
0.00 (0.00–0.00)
1.47 (1.26–1.72)
Reference
1.94 (0.14–27.11)
0.00 (0.00–0.00)
9.71 (0.00–168.09)
1.51 (0.92–247.23)

0.379
0.010
0.040

,0.000
,0.000
0.476
0.198
,0.000
,0.000
Reference
0.621
0.997
0.118
0.057

adjusted R2 was 0.75 with an associated P value of ,0.00.
Figure 4 graphically shows the regression of Tmax3 and E.
coli concentration for each region. This regression gave an
adjusted R2 of 0.38 and an associated P value of 0.00 (Fig.
4), indicating that E. coli concentration had a significant
positive correlation with Tmax3.
In the management model, variables FarmA and ToiletD
were excluded in the univariate analysis, because the missing
values in these two variables were 17 and 25% of the total
samples. Too many samples would have to be excluded for the
regression analysis if these two variables were included in the
data set. Three samples from Norway were excluded from the
data set due to missing values in irrigation water type. Upon
completion of the univariate analysis, all variables had a P
value ,0.25 except for SurfaceW and Flood (Table 3). The
variance inflation factor results showed that Region had
multicollinearity with RainW, Manure, Inorganic, and Spray.
This meant that the region effect may be a proxy for these
management practices. Therefore, Region was not included in
the selection. With backward selection, the F-test, and the
interaction check, the final model (n ¼ 56) had the following
form:
Y ¼ b0 þ b1;RainW þ b2;Spray þ b3;GroundW þ b4;Inorganic ð6Þ

FIGURE 3. Receiver operating characteristic curves for each of
the 10-fold cross-validations.

where Y is the E. coli concentration in log CFU/g, bi are
constants, b1,RainW is the dummy variable for rainwater,
b2,Spray is the dummy variable for spray irrigation, b3,GroundW
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TABLE 5. Parameter estimates, SE, and probability in the final linear regression models to estimate Escherichia coli (log CFU/g) on
lettuce and spinach
SE

P value

0.258
0.041
Reference
1.432
0.765
0.287
1.090

0.432
0.020
Reference
0.215
0.169
0.294
0.151

0.553
0.043
Reference
,0.000
,0.000
0.333
,0.000

Management model (n ¼ 56, adjusted R2 ¼ 0.67)
b 0 (Intercept)
b 1,RainW
b 2,Spray
b 3,GroundW
b 4,Inorganic

1.561
0.471
0.594
1.663
1.544

0.236
0.185
0.195
0.357
0.169

,0.000
0.014
0.004
,0.000
,0.000

Joint model (n ¼ 56, adjusted R2 ¼ 0.69)
b0
b 1 (Tmax3)
b 2,Manure
b 3,Inorganic
b 4,Spray

0.502
0.083
0.613
0.557
0.391

0.589
0.016
0.249
0.266
0.168

0.399
,0.000
0.017
0.041
0.024

Climate model (n ¼ 59, adjusted R2 ¼ 0.75)
b 0 (intercept)
b 1 (Tmax3)
b 2,Belgium
b 2,Brazil
b 2,Egypt
b 2,Norway
b 2,Spain

is the dummy variable for groundwater, and b4,Inorganic is the
dummy variable for inorganic fertilizer. The influences of
rainwater, spray irrigation, groundwater, and inorganic
fertilizer were significantly different from all other irrigation
water types and fertilizer types (equation 6). This model gave a
root mean square error of 0.44 and a mean absolute error of
0.32, indicating high accuracy. Adjusted R2 was 0.67, with P
, 0.00. The model parameter coefficients are given in Table 5.
Inorganic fertilizer gave a protective effect compared with
other fertilizer types (Table 5). E. coli concentrations were
positively related with RainW, Spray, and GroundW.
Climate variables and management variables were then
combined to predict E. coli concentrations. All variables
selected for the multivariable analysis in the previous two
models were combined for the stepwise selection. According

to this joint model, the E. coli concentrations on LGVs were
estimated with the following equation:
Y ¼ b0 þ b1 Tmax 3 þ b2;Manure þ b3;Inorganic þ e4;Spray

ð7Þ

where Y is the E. coli concentration in log CFU/g, bi are
constants, b2,Manure is the dummy variable for composted
manure (derived), b3,Inorganic is the dummy variable for
inorganic fertilizer, and b4,Spray is the dummy variable for
spray irrigation. In the joint model, Tmax3, Manure,
Inorganic, and Spray were selected to estimate E. coli
concentrations. This model gave a root mean square error of
0.42 and a mean absolute error of 0.31, indicating high
accuracy. Adjusted R2 was 0.69, with a P value of ,0.00.
Inorganic fertilizer again had a protective effect compared
with other fertilizer types (Table 5). E. coli concentrations
were positively related to higher maximum temperature and
use of composted manure (derived) and spray irrigation.
This model had a lower adjusted R2 than equation 5.
Multicollinearity was present among Region, Manure,
Inorganic, and Spray. Equation 5 was the best model fit to
estimate E. coli concentrations on LGVs based on this metaregression analysis; the variable Region was masking three
other management variables. However, equation 7 was
useful for future prediction modeling in a specific region.
We concluded that both climate and management
variables influence E. coli concentrations significantly. Tmax
had the strongest influence (adjusted R2 of 0.38) among all
variables.

DISCUSSION
FIGURE 4. Correlation of E. coli concentrations with daily
average temperature for each region.

Our study identified a combination of statistically
significant variables that best explained observed variation
in E. coli presence and concentration. A two-step approach

Downloaded from http://meridian.allenpress.com/jfp/article-pdf/79/1/17/1688667/0362-028x_jfp-15-255.pdf by guest on 17 January 2021

bi estimate

26

LIU ET AL.

precipitation over the farms. Although the weather station
nearest to each LGV farm was chosen, the distance still
ranged up to 50 km away from the farm. Fourth, little
precipitation was observed on the sampling days, and we
have, thus far, not looked at rain amounts over more than 7
days. Medina-Martı́nez et al. (24) found that lettuce was
contaminated after a flood in Spain and that bacteria
disappeared after 7 days due to UV radiation.
Our results for E. coli presence and concentration are
slightly different than those of other studies. Park et al. (32,
33) found that E. coli presence was determined by farm
management (manure application) and by the region (state).
Once a contamination event had occurred, the count of E.
coli on spinach was determined by weather only (mean
precipitation of the past 29 days and mean maximum
temperature over the past 9 days) (33). Strawn et al. (38) also
found that manure application, irrigation water, temperature,
and precipitation increase the risk of pathogen contamination. Pagadala et al. (30) stated with their univariate analysis
that the irrigation water source was a significant variable for
all indicator bacteria on tomatoes. And Region was a
significant variable for total coliforms levels. In line with our
results, Castro-Ibáñez et al. (5) also found that coliform
counts were positively related to temperature. We found that
the influence on E. coli presence and concentration was
dominated by temperature variables. Differences with other
studies can be explained by different model objectives and
experimental setup. For instance, Park et al. (33) included
cumulative weather effects and considered the survival of E.
coli between contamination and sampling. We did not take
the dynamics in the period between contamination and
sampling into consideration due to lack of information on
UV, which is the most important factor for bacteria survival.
Increasing temperature due to climate change may
increase the presence and concentration of E. coli in the
future, although the actual increase in E. coli concentration
with a 18C increase is low. A direct positive effect of
temperature on E. coli presence and contamination is,
however, not expected, given the general observed
negative relation between temperature and environmental
persistence (9). From a microbiology perspective, E. coli is
expected to have reduced survival with increasing temperature in soil, manure, or water (9, 22, 28, 44). Temperature
may affect environmental factors such as wildlife intrusion,
insect activity, and irrigation frequency, which, in turn,
directly affect E. coli presence and concentration. These
environmental factors should be included in future
sampling and analyses to cover more potential contamination pathways. Figure 5 illustrates the relationships found
in this study for E. coli concentration, climate, and
management variables. Both climate and management
variables had a positive relationship with E. coli presence
and concentration. In addition, climate may indirectly
relate to management variables and then influence the E.
coli concentration. However, management practices vary in
different temperature zones, often due to different socioeconomic conditions in these zones. Fertilizer type and
irrigation water type may also be influenced by the gross
domestic product, which happens to be lower in those
countries in this study that have higher temperatures. We
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was taken; first, to study the relationship between climate
and management variables and E. coli presence and, second,
to study the relationship between climate and management
variables and E. coli concentrations. The climate variables
Tmin and Pr3 were important for presence; Tmax3 was
important for concentration. The management variables
RainW and Spray were important for both presence and
concentration. In addition to these two variables, GroundW
and Inorganic were also important in estimating E. coli
concentration. When climate and management variables
were combined, both temperature and management practices
influenced E. coli presence and concentration together.
Temperature had a stronger influence (shown by significant
parameter estimate and highest R2) than did management
practices on E. coli presence and concentration on LGVs.
Inorganic fertilizer had a positive parameter estimate in the
E. coli presence model. This differed from our expectation
because inorganic fertilizer should be sterile. However, the
parameter estimate was not significant, meaning that,
although inorganic fertilizer significantly explained data
variation, the parameter estimate was not representative for
indicating directional changes in E. coli contamination. One
hypothesis is that the counterintuitive risk factor of inorganic
fertilizer is due to the nature of the data set. The farms
applying inorganic fertilizer happened to have a higher
percentage of positive samples than the ones using
composted manure. Almost all of these positive samples
were from the same farm in Belgium. The contamination
could be caused by poor hygiene conditions on the farm or
by other factors that cannot be explained by our data set.
Another hypothesis is that E. coli takes advantage of an
easily metabolized nutrient source (10) and, thereby,
increases its growth rate in the soil. This process is known
to be favored by high soil temperatures (10). Composted
manure contains comparatively more nutrients that are not
readily available (e.g., the nutrients are locked in complex
structures such as cellulose and lignin) (10), and, thus,
inorganic fertilizer may promote E. coli survival compared
with composted manure. Nonsignificant variables should not
be used to predict future E. coli presence, whereas we think
that the E. coli concentration model with an adjusted R2 of
0.75 is applicable for scenario analysis.
In this study, log-transformed E. coli concentration data
were used to transform a multiplier effect (nonlinear
relationship) to an additive effect (linear relationship). The
log-transformed model still indicates the same directional
trend, but it uses a linear relationship instead of a nonlinear
relationship. The log-transformed regression coefficients
should be interpreted as the ratio of the expected median of
the untransformed data instead of the expected mean. We
want to emphasize this difference for interpretation of the
untransformed data.
The current study has some minor limitations. First, the
LGV samples used in the modeling may not represent the
situation on large farms due to the high uncertainty of the
measurements. Second, the length of the measurement
period was short for observation of changing management
behavior due to climate change. However, a broad
temperature range in the data was able to cover that. Third,
the precipitation data used may not fully represent the
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do not have sufficient data to reach a conclusion about this.
Further research is needed to prove that climate variables
influence E. coli concentrations strongly via management
practices.
Meta-analysis provides opportunities to perform statistical analysis with limited positive samples from
different regions. Including the regions with different
climate conditions and E. coli concentrations enlarges the
temperature range for the analysis. Although Region
appears to be an important variable for E. coli contamination in this study, the meta-analysis allows a generic model
to identify the statistically significant variables for E. coli
contamination throughout the regions. From this study we
have learned several lessons for future meta-analysis. (i)
Experimental design in meta-analysis has to be standardized as much as possible. In our study all samples were
taken according to the HAS developed in the Veg-i-Trade
project. Each partner used the same sampling method and
questionnaire. However, the sampling and analysis in
different regions were not designed for a meta-analysis
from the start. Even though the sampling was performed
according to the same scheme, we had to work with two
produce types (lettuce and spinach) and, more importantly,
different detection limits. (ii) Meta-analysis has more strict
sampling requirements than individual studies. The combined data sets need to have a representation that is as
balanced as possible for all levels of management
variables. If a study is set up for a meta-analysis, then
every management variable would ideally have the same
amount of samples in each region. The use of specific
management variables in studies outside the Veg-i-Trade
project made it impossible to include these other studies in
this meta-analysis. This highlights the need for a
coordinated future international sampling collection effort
and for development of a study design and reporting
standards to assure that the data collected and the results
reported in different regions are comparable and could be
used in subsequent meta-analyses. (iii) Some of the
regional differences are not defined in the meta-analysis,
and they should not be ignored. The differences in joint
models with and without Region show that Region
explained not only the regional variations in many

management practices but also additional regional differences. We recommend that the model boundary be
enlarged in future studies by including these additional
differences (e.g., variation in detection limits, experimental
material and equipment, local hygiene, socioeconomic
development levels, presence of wildlife intrusion, insect
activity, irrigation frequency, soil type, and slope and
topography) to complete the system analysis of LGVs
safety.
This is the first large-scale meta-analysis of E. coli
presence and concentration on LGVs. This study combined
climate and management variables from 23 farms and
included 562 samples. The current study sets the baseline for
future monitoring of climate and contamination relationships. The significant climate and management variables
(temperature, types of fertilizer and irrigation water, and
irrigation methods) determined in this study should be
considered systematically in fresh produce safety studies in
the future.
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