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Abstract: The objectives of this work were (a) to present the changes in climatic parameters from
1989 to 2019, in 444 locations throughout Greece, where small ruminant farms have been based and
(b) to present associations of the changes in the climatic parameters with clinical data related to small
ruminant health. Climatic variables (1989–2019) were obtained for 444 locations with small ruminant
farms throughout Greece. During this period, significant increases were noted in temperature-related
parameters (annually 0.05 ◦C for average temperature and 0.14 ◦C for temperature range) and
precipitation (annually 0.03 mm). There were significant differences in climatic conditions between
locations of farms in accord with the management system applied therein, as well as in accord with
the breed of animals on the farms (e.g., higher average temperature in locations with Greek breeds,
higher temperature range in locations with imported breeds). There were significant associations of
temperature-related parameters with the annual frequency of cases of neonatal hypothermia seen
at a veterinary teaching hospital, as well as with the average proportion of Haemonchus contortus
larvae in faecal samples and the frequency of cases of H. contortus resistance reported by a veterinary
parasitology laboratory.

Keywords: agricultural environment; climate; climate change; epg counts; goat; Haemonchus; neonatal
hypothermia; Trichostrongylidae; pregnancy toxaemia; resistance; sheep

1. Introduction

Greece has a high number of sheep and goats, around 8,400,000 sheep and
3,600,000 goats [1], which account for approximately 6.5% and 22.0%, respectively, of
total numbers of small ruminants in Europe [2]. The milk production from these animals
amounts to 645,000 and 350,000 tonnes annually [2,3], respectively, 90% of which is used
for cheese production. Despite the importance of small ruminant farming for the coun-
try, specific climatic changes in the environment of sheep and goat farms have not been
reported. Moreover, the potential effects of these changes on small ruminant health have
not been reported.

Changes in the environment of sheep and goats can affect their health and welfare
and, consequently, their productivity. A variety of climatic factors can affect small rumi-
nants, although greater importance has been given to the potential effects of temperature.
Relevant studies have focused on the adverse effects of high temperatures and the mech-
anisms to counteract these potential adverse effects, e.g., thermoregulatory mechanisms
of the animals [4,5]. Increased environmental temperatures can result in decreased milk
production [6,7], as well as in reduced weight and quality of meat of sheep and goats [8,9].
Moreover, climatic factors may have an effect on pathogens or on hosts. For example,
nematode infections of sheep and goats are facilitated by increased temperatures, which
represent the most significant determinant of development of free-living nematodes on
pasture [10], thus increasing infection potential of grazing animals [11].
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The objectives of this work were (a) to present the changes in climatic parameters from
1989 to 2019, in 444 locations throughout Greece, where small ruminant farms have been
based, and (b) to present associations of the changes in the climatic parameters with clinical
data related to small ruminant health.

2. Materials and Methods
2.1. Small Ruminant Farms

As part of an extensive countrywide investigation into sheep and goat diseases,
444 small ruminant farms were visited in all 13 administrative regions of Greece (Figure 1).
Farms were included in the study on a convenience basis (willingness of farmers to receive
a visit by university staff), as described previously [12].

Figure 1. Location of 444 small ruminant farms around Greece, in which climatological measurements
were evaluated from 1989 to 2019.

2.2. Data Management and Analysis
2.2.1. Data Extraction

During the visit on each farm, data on farm location were collected using hand-held
Global Positioning System Garmin units. The geo-references were resolved to the specific
farm level.

Climatic variables were derived from ‘The POWER (Prediction of Worldwide Energy
Resources) Project’ (NASA Langley Research Center (LaRC), Hampton, VA, USA), which
provides meteorological datasets from NASA research for the support of agricultural needs.
The following settings were used for obtaining the data: user community, ‘agroclimatology’;
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temporal average, ‘monthly & annual’; latitude/longitude, ‘geo-references of each farm’; time
extent, ‘start date 1989–end date 2019’; output file format, ‘ASCII’. Data for the following
parameters were extracted: temperature at 2 m (T2M), temperature of Earth skin (TS),
minimum temperature at 2 m (T2Min), maximum temperature at 2 m (T2Max), temperature
range at 2 m (T2Ran), relative humidity at 2 m (RH2m), precipitation (PREC) and wind
speed at 10 m (WS10m).

For the evaluations, the annual averages provided by the above platform for every
year from 1989 to 2019 (n = 31) were taken into account. For the assessment of potential
seasonal effects, the respective monthly averages provided were computed to a seasonal
average, as follows: (month1 + month2 + month3)/3. To calculate the seasonal average for
winter, the monthly average of December of the preceding year was taken into account.

The 13 administrative regions of Greece were clustered into four main parts of the
country: North, Central, South and Islands of the country. For the evaluation of the man-
agement system applied on the farms (intensive, semi-intensive, semi-extensive, extensive),
the classification of the European Food Safety Authority [13] was used.

Data on clinical cases on three reproductive disorders, namely (a) pregnancy toxaemia,
(b) clinical mastitis and (c) neonatal hypothermia, were taken from the Department of
Obstetrics and Reproduction of the Veterinary Faculty of the University of Thessaly, located
in the veterinary teaching hospital. The Department is a certified training centre of the Euro-
pean College of Small Ruminant Health Management, under the policies and procedures of
the European Board of Veterinary Specialisation; it receives first-opinion and referral cases
and provides consultancy services at small ruminant farms. Standard procedures, with a
combination of clinical or paraclinical techniques, were employed for the diagnosis of these
cases (e.g., measurement of β-hydroxybutyrate value in blood, bacteriological examination
of milk). For the present evaluation, only cases from farms in central Greece, where the
Veterinary Faculty is located, were taken into account, as they accounted for >80% of all
clinical cases seen during the study period.

The results of parasitological examinations on clinical samples included (a) overall
average eggs per gram (epg) counts in examined faecal samples from small ruminants,
(b) overall average proportion of Haemonchus contortus larvae found in coprocultures of
examined faecal samples from small ruminants and (c) frequency of cases of H. contortus
resistance in small ruminants, as reported after the examination of clinical samples by the
Laboratory of Parasitology and Parasitic Diseases of the Faculty of Veterinary Medicine of
the Aristotle University of Thessaloniki. The Laboratory receives and processes samples
and provides consultancy services at small ruminant farms. Standard parasitological
techniques were employed for processing the samples received (e.g., McMaster technique,
coprocultures, faecal egg count reduction test). For the present evaluation, only results of
samples from farms in northern Greece were taken into account, as these accounted for
>85% of all samples processed during the study period.

2.2.2. Statistical Analysis

Data were entered into Microsoft Excel and analysed using SPSS v. 21 (IBM Analytics,
Armonk, NY, USA). Basic descriptive analysis was performed.

Repeated measures mixed-effect linear regression was used to evaluate the significance
of changes regarding the various climatic variables in each location throughout the period
1989–2019. Models were adjusted for repeated measures within each location. Differences
in changes regarding the various climatic parameters were also assessed on a seasonal basis,
separately for autumn, winter, spring and summer. Regression slopes were also calculated
for the various study periods and compared as appropriate.

Analysis of covariance was used to evaluate differences in changes regarding the
various climatic parameters between the four main parts of the country and between the
various management systems applied on the farms; analysis was performed for two time
periods, specifically 1989 to 2019 and 2014 to 2019.
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Comparisons of differences were also performed between locations in accord with the
animal species farmed (sheep or goats), as well as with the various breeds (indigenous or
imported) of sheep or goats. In total, twelve breeds were seen on sheep farms (indigenous
breeds: Boutsko, Chios, Friesarta, Karagouniko, Kefallinia, Local (this referred to a variety
of small-scale breeds, not always related between them and each one prevailing only
in some areas of the country with limited geographic dissemination), Mytilini, Sfakia;
imported breeds: Assaf, Awassi, Friesian, Lacaune) and seven breeds were seen on goat
farms (indigenous breeds: Kefallinia, Indigenous Greek (Capra prisca), Skopelos; imported
breeds: Alpine, Damascus, Murciano-Granadina, Saanen) [14].

The potential associations of the annual frequency of (a) pregnancy toxaemia, (b) clinical
mastitis and (c) neonatal hypothermia with the various climatic parameters was assessed
by using analysis of correlation. For this analysis, only climatic data from locations in the
central part of the country were taken into account. For pregnancy toxaemia and neonatal
hypothermia, only data for winter (when the last stage of gestation of small ruminants in
Greece takes place) were used; for clinical mastitis, data for winter and spring (when the
lactation period of small ruminants in Greece occurs) were used. The potential association
of the parasitological data with the various climatic parameters was assessed by using
analysis of correlation. For this analysis, only climatic data from locations in the north part
of the country were taken into account. Additionally, and specifically for the evaluation of
potential correlations of climatic data with the frequency of cases of H. contortus resistance,
the study period was divided into two stages: up to the end of 2011 and from 2012 onwards.
Separate correlation analyses were performed for each of these two periods; then, the
results of the evaluation of the two periods were compared between them.

In all analyses, statistical significance was defined at p ≤ 0.05.

3. Results
3.1. Changes in Climatic Parameters from 1989 to 2019
3.1.1. Overall Changes

The changes in climatic parameters from 1989 to 2019, for two temperature-related
measurements in the locations of the 444 farms, were significant (p < 0.0001 for the average
temperature at 2 m and the average temperature of Earth skin and p ≥ 0.17 for the other
parameters) (Table 1). The changes in average precipitation were also significant (p = 0.004),
but no significant changes in relative humidity (p = 0.12) and wind speed (p = 0.32) were
noted (Tables 1 and S1, Figures 2–4 and S1–S5).

Figure 2. Annual average temperature at 2 m from 1989 to 2019 among locations of 444 small
ruminant farms throughout Greece (dashed line is the respective trendline; slope: 0.046, p < 0.0001).
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Table 1. Annual average values of climatic parameters among locations of 444 small ruminant farms
throughout Greece in 1989 and 2019.

Annual Average (±s.e.1) Overall
Change

Average Annual
Change Slope (±s.e.) p

Climatic Parameters 1989 2019

Average temperature at 2 m
(T2m) (◦C) 14.8 ± 0.3 16.2 ± 0.2 9.9% 0.05 0.046 ± 0.008 <0.0001

Average temperature of Earth
skin (TS) (◦C) 15.3 ± 0.3 16.7 ± 0.3 9.6% 0.05 0.044 ± 0.008 <0.0001

Minimum temperature at 2 m
(T2mMin) (◦C) −2.8 ± 0.6 −4.6 ± 0.8 −62.3% 0.06 0.011 ± 0.038 0.77

Maximum temperature at 2 m
(T2mMax) (◦C) 34.7 ± 0.3 37.2 ± 0.3 7.4% 0.08 0.046 ± 0.033 0.17

Temperature range at 2 m
(T2mRan) (◦C) 37.5 ± 0.8 41.8 ± 1.0 11.6% 0.14 0.035 ± 0.050 0.49

Average relative humidity at
2 m (RH2m) (%) 66.5 ± 0.4 68.4 ± 0.3 2.9% 0.06 0.062 ± 0.039 0.12

Average precipitation
(PREC) (mm) 0.96 ± 0.02 1.90 ± 0.06 98.1% 0.03 0.015 ± 0.005 0.004

Average wind speed at 10 m
(WS10m) (m s−1) 2.5 ± 0.1 2.5 ± 0.1 1.3% <0.01 −0.001 ± 0.001 0.32

1 Standard error of the mean.

Figure 3. Annual average precipitation from 1989 to 2019 among locations of 444 small ruminant
farms throughout Greece (dashed line is the respective trendline; slope: 0.015, p = 0.004).

Figure 4. Annual average wind speed at 10 m from 1989 to 2019 among locations of 444 small
ruminant farms throughout Greece (dashed line is the respective trendline; slope: −0.001, p = 0.32).
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3.1.2. Changes between Locations in the Four Parts of the Country

There were significant differences between locations of farms in the four parts of the
country for all the climatic parameters (p < 0.0001 for all comparisons), with the exception
of average precipitation (p = 0.85) (Figures 5–7, Table S2).

Figure 5. Annual average temperature at 2 m from 1989 to 2019 among locations of 444 small
ruminant farms throughout Greece, in accord with the part of the country where these were located
(green: central part, blue: islands, brown: north part, orange: south part; dashed lines are respective
trendlines; respective slopes: 0.045, 0.043, 0.053, 0.041, p > 0.37 for all comparisons).
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Figure 6. Annual average precipitation from 1989 to 2019 (left) or 2014 to 2019 (right) among locations
of 444 small ruminant farms throughout Greece, in accord with the part of the country where these
were located (green: central part, blue: islands, brown: north part, orange: south part; dashed lines
are respective trendlines; for 1989–2019, respective slopes: 0.018, 0.006, 0.018, 0.014, p > 0.37 for all
comparisons; for 2014–2019, respective slopes: 0.041, 0.055, −0.100, 0.082, p < 0.07 for comparisons
between the north part and other parts of the country and p > 0.50 for all other comparisons).

There were no significant differences between locations in the four parts of the country
in the change in the various parameters from 1989 to 2019 (p > 0.07 for all comparisons).
Moreover, there were no significant differences between locations in the four parts of
the country in the change in the various parameters from 2014 to 2019 (p ≥ 0.08 for all
comparisons), with the exception of the average precipitation. For this parameter, there
was a tendency for significant difference between the north and other parts of the country
(p < 0.07, p > 0.50 for all other comparisons) (Figures 5–7, Table S3).
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Figure 7. Annual average wind speed at 10 m from 1989 to 2019 among locations of 444 small
ruminant farms throughout Greece, in accord with the part of the country where these were located
(green: central part, blue: islands, orange: south part, brown: north part; dashed lines are respective
trendlines; respective slopes: −0.001, −0.002, −0.003, 0.002, p > 0.07 for all comparisons).

3.1.3. Changes between Locations in Accord with the Management System Applied
on Farms

There were significant differences between locations of farms in accord with the
management system applied therein for all the climatic parameters (p < 0.025 for all com-
parisons), with the exception of the average precipitation (p = 0.91) (Table 2, Figures 8–10).

Table 2. Average (±standard error of the mean) overall values of climatic parameters from 1989 to
2019 among locations of 444 small ruminant farms throughout Greece, in accord with the management
system applied on the farms.

Management
System

Applied on
Farms

Average
Temperature
at 2 m (◦C)

Average
Temperature

of Earth
Skin (◦C)

Minimum
Temperature
at 2 m (◦C)

Maximum
Temperature
at 2 m (◦C)

Temperature
Range at
2 m (◦C)

Average
Relative

Humidity
(%)

Average
Precipitation

(mm)

Average
Wind Speed

at 10 m
(m s−1)

Intensive
(n = 52) 14.5 ± 0.1 14.9 ± 0.1 −6.2 ± 0.4 38.2 ± 0.3 44.4 ± 0.5 68.4 ± 0.4 1.55 ± 0.05 2.2 ± 0.01

Semi-intensive
(n = 180) 14.8 ± 0.1 15.2 ±0.1 −5.8 ± 0.4 38.3 ± 0.3 44.2 ± 0.5 67.8 ± 0.4 1.59 ± 0.05 2.2 ± 0.01

Semi-extensive
(n = 168) 15.6 ± 0.1 16.2 ± 0.1 −3.6 ± 0.3 37.3 ± 0.3 40.9 ± 0.4 68.9 ± 0.3 1.60 ± 0.06 2.7 ± 0.01
Extensive
(n = 44) 16.5 ± 0.1 17.2 ± 0.1 −1.2 ± 0.3 36.7 ± 0.3 37.9 ± 0.4 69.3 ± 0.3 1.59 ± 0.05 3.1 ± 0.01

There were no significant differences between locations of farms in accord with the
management system applied therein in the change in the various parameters from 1989
to 2019 and from 2014 to 2019 (p > 0.36 for all comparisons) (Table S4). Moreover, there
were no significant differences between locations of farms in accord with the management
system applied therein in the change in the various parameters during these periods, when
the analyses were performed on a seasonal basis (p > 0.15 for all comparisons).

3.2. Associations of Climatic Parameters with Animal Species and Breeds
3.2.1. Associations with the Animal Species Farmed

There were no significant differences between locations of farms with sheep or goats
for all the climatic parameters (p > 0.09 for all comparisons) (Figure S6), with the exception
of the average wind speed. For this parameter, there were consistently significantly higher
values in the locations of goat farms in comparison to locations of sheep farms (p < 0.0001)
(Figure 11); moreover, the average wind speed in all locations studied throughout all the
years covered was significantly higher on goat farms than on sheep farms: 2.60 ± 0.03 m s−1

versus 2.49 ± 0.02 m s−1, respectively (p = 0.001).
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Figure 8. Annual average temperature at 2 m from 1989 to 2019 among 444 locations of small
ruminant farms throughout Greece, in accord with the management system applied on these farms
(blue: intensive, orange: semi-intensive, grey: semi-extensive, yellow: extensive management system;
dashed lines are respective trendlines; respective slopes: 0.047, 0.047, 0.046, 0.044, p > 0.80 for
all comparisons).

Figure 9. Annual average precipitation from 1989 to 2019 among 444 locations of small ruminant
farms throughout Greece, in accord with the management system applied on the farms (blue: inten-
sive, orange: semi-intensive, grey: semi-extensive, yellow: extensive management system; dashed
lines are respective trendlines; respective slopes: 0.016, 0.017, 0.016, 0.014, p > 0.67 for all comparisons).

There were no significant differences between locations of farms with sheep or goats
in the change in the various parameters from 1989 to 2019 and from 2014 to 2019 (p > 0.36
for all comparisons).

3.2.2. Associations with the Breeds of Sheep or Goats on the Farms

There were significant differences between locations of farms with Greek or imported
breeds (for sheep and goats) for all temperature-related parameters (p ≤ 0.01 for all com-
parisons, except for the maximum temperature in locations of sheep farms (p = 0.16))
(Figure 12). However, no such significances were noted for average relative humidity,
average precipitation or average wind speed at 2 m (p ≥ 0.06 for all comparisons, except
for the wind speed in locations of sheep farms (p < 0.0001)). Details are in Table 3.
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Figure 10. Annual average wind speed at 10 m from 1989 to 2019 among locations of 444 small
ruminant farms throughout Greece, in accord with the management system applied on the farms
(blue: intensive, orange: semi-intensive, grey: semi-extensive, yellow: extensive management system;
dashed lines are respective trendlines; respective slopes: −0.002, −0.001, −0.001, −0.002, p > 0.44 for
all comparisons).

Figure 11. Annual average wind speed at 2 m from 1989 to 2019 among locations of 444 small
ruminant farms throughout Greece, in accord with the animal species farmed in the respective
locations (green: sheep, brown: goats; bars show standard error of the mean; dashed lines are
respective trendlines; respective slopes: −0.001, −0.001, p = 0.96).

Figure 12. Annual average temperature at 2 m from 1989 to 2019 among locations of 325 sheep
(left) and 119 goat (right) farms, in accord with the breeds on these farms (orange: Greek breeds,
blue: imported breeds; bars show standard error of the mean).
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Table 3. Average (±standard error of the mean) overall values of climatic parameters from 1989 to
2019 among locations of 325 sheep farms and 119 goat farms throughout Greece, in accord with the
breeds of animals on the farms.

Animal
Breedson

Farms

Average
Temperature

at 2 m
(◦C)

Average
Temperature

of
Earth

Skin (◦C)

Minimum
Temperature
at 2 m (◦C)

Maximum
Temperature
at 2 m (◦C)

Temperature
Range

at 2 m (◦C)

Average
Relative

Humidity
(%)

Average
Precipitation

(mm)

Average
Wind Speed
at 10 (m s−1)

Sheep farms

Greek breeds 15.9 ± 0.1 * 16.4 ± 0.1 * –2.9 ± 0.3 * 36.1 ± 1.3 40.4 ± 0.4 * 68.5 ± 0.3 1.58 ± 0.05 2.7 ± 0.01 *
Imported

breeds 14.6 ± 0.1 * 15.0 ± 0.1 * –6.1 ± 0.4 * 38.1 ± 0.3 44.2 ± 0.5 * 68.3 ± 0.4 1.61 ± 0.05 2.2 ± 0.01 *

Goat farms

Greek breeds 16.2 ± 0.1 * 16.8 ± 0.1 * –2.1 ± 0.3 * 37.0 ± 0.3 * 39.1 ± 0.4 * 69.2 ± 0.3 1.65 ± 0.05 2.6 ± 0.01
Imported

breeds 14.7 ± 0.1 * 15.1 ± 0.1 * –6.3 ± 0.4 * 38.1 ± 0.3 * 44.3 ± 0.5 * 68.3 ± 0.4 1.57 ± 0.05 2.6 ± 0.01

* p < 0.01 for marked comparisons.

There were no significant differences between locations of farms with Greek or im-
ported breeds in the change in the various parameters (p > 0.09 for locations with sheep
farms and p > 0.46 for locations with goat farms).

3.3. Potential Associations with Small Ruminant Health

The annual frequencies of cases of (a) pregnancy toxaemia, (b) clinical mastitis and
(c) neonatal hypothermia during the study period, attended at the Department of Obstetrics
and Reproduction of the Veterinary Faculty of the University of Thessaly, are in Table S5.

There was a positive correlation of the annual frequency of cases of pregnancy tox-
aemia with the average wind speed at 10 m (p = 0.009), as well as a tendency for an inverse
correlation with the average temperature at 2 m (p = 0.07) (Figure S7) and for positive
correlation with the average relative humidity at 2 m (p = 0.06) (Figure S8). There was
no correlation between the annual frequency of cases of clinical mastitis and the various
climatic parameters (p > 0.25 for all comparisons) (Figure S9). There was an inverse correla-
tion of annual frequency of cases of neonatal hypothermia with the average temperature at
2 m (p = 0.039) and the minimum temperature at 2 m (p = 0.017) (Figure 13) and a positive
correlation with temperature range at 2 m (p = 0.030) and wind speed at 10 m (p = 0.017)
(Figure 14). Details are in Tables 4 and S6.
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Veterinary Faculty of the University of Thessaly. Right diagram: annual average temperature at 2 m
(green dotted line) and annual minimum temperature at 2 m (blue dotted line), from 1999 to 2019,
in the central part of Greece versus annual frequency of cases of neonatal hypothermia attended
at the Department of Obstetrics and Reproduction of the Veterinary Faculty of the University of
Thessaly (red solid line) (dashed lines are respective trendlines; r = −0.393, p = 0.039 and r = −0.463,
p = 0.017, respectively).
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Figure 14. Scatterplot of annual average of wind speed at 10 m in the central part of Greece versus
the annual frequency of cases of neonatal hypothermia attended at the Department of Obstetrics
and Reproduction of the Veterinary Faculty of the University of Thessaly (dashed line is respective
trendline; r = 0.466, p = 0.017).

The parasitological results of (a) average epg counts in faecal samples, (b) average
proportion of H. contortus larvae in coprocultures of faecal samples and (c) frequency of
cases of H. contortus resistance during the study period, as reported by the Laboratory of
Parasitology and Parasitic Diseases of the Faculty of Veterinary Medicine of the Aristotle
University of Thessaloniki are in Table S7.

There was no correlation between the average epg counts in faecal samples and climatic
parameters (p > 0.11 for all comparisons) (Figure S10). There was a positive correlation
of the average proportion of H. contortus larvae in coprocultures of faecal samples with
average temperature at 2 m (p < 0.0001) and average Earth skin temperature (p = 0.0004)
Figures 15 and S11), whilst no correlation was seen with the other parameters (p ≥ 0.07 for
all comparisons). Moreover, there was a positive correlation of the frequency of cases of
H. contortus resistance with average temperature at 2 m (p = 0.0003) and average Earth skin
temperature (p = 0.0007) (Figures 16 and 17), whilst no correlation was seen with the other
parameters (p > 0.11 for all comparisons). Details are in Tables 5 and S8.

Table 4. Correlation coefficients (r) of the annual frequency of cases of (a) pregnancy toxaemia,
(b) clinical mastitis and (c) neonatal hypothermia attended at the Department of Obstetrics and
Reproduction of the Veterinary Faculty of the University of Thessaly with the various climatic
parameters that prevailed in the central part of Greece.

Climatic Parameters Pregnancy Toxaemia Clinical Mastitis Neonatal Hypothermia

Average temperature at 2 m (T2m) −0.326 0.026 −0.393 *
Average temperature of Earth skin (TS) −0.268 0.015 −0.350

Minimum temperature at 2 m (T2mMin) −0.304 0.086 −0.463 *
Maximum temperature at 2 m (T2mMax) −0.244 0.154 0.007

Temperature range at 2 m (T2mRan) 0.122 0.053 0.418 *
Average relative humidity at 2 m (RH2m) 0.359 0.023 0.345

Average precipitation (PREC) 0.134 0.004 0.072
Average wind speed at 10 m (WS10m) 0.516 * −0.127 0.466 *

* p < 0.05.



Sustainability 2022, 14, 1673 12 of 19

Sustainability 2022, 14, x. https://doi.org/10.3390/xxxxx 13 of 20 
 

 

and Reproduction of the Veterinary Faculty of the University of Thessaly (dashed line is respective 
trendline; r = 0.466, p = 0.017). 

The parasitological results of (a) average epg counts in faecal samples, (b) average 
proportion of H. contortus larvae in coprocultures of faecal samples and (c) frequency of 
cases of H. contortus resistance during the study period, as reported by the Laboratory of 
Parasitology and Parasitic Diseases of the Faculty of Veterinary Medicine of the Aristotle 
University of Thessaloniki are in Table S7. 

There was no correlation between the average epg counts in faecal samples and cli-
matic parameters (p > 0.11 for all comparisons) (Figure S10). There was a positive correla-
tion of the average proportion of H. contortus larvae in coprocultures of faecal samples 
with average temperature at 2 m (p < 0.0001) and average Earth skin temperature (p = 
0.0004) (Figures 15 and S11), whilst no correlation was seen with the other parameters (p 
≥ 0.07 for all comparisons). Moreover, there was a positive correlation of the frequency of 
cases of H. contortus resistance with average temperature at 2 m (p = 0.0003) and average 
Earth skin temperature (p = 0.0007) (Figures 16 and 17), whilst no correlation was seen 
with the other parameters (p > 0.11 for all comparisons). Details are in Tables 5 and S8. 

Table 5. Correlation coefficients (r) of (a) annual average epg counts in faecal samples, (b) annual 
average proportion of Haemonchus contortus larvae in coprocultures of faecal samples and (c) annual 
frequency of cases of H. contortus resistance as reported by the Laboratory of Parasitology and Par-
asitic Diseases of the Faculty of Veterinary Medicine of the Aristotle University of Thessaloniki with 
the various climatic parameters that prevailed in the north part of Greece. 

Climatic Parameters epg Counts in  
Faecal Samples 

% H. contortus Larvae in  
Coprocultures of Faecal Samples 

Cases of H. contortus 
Resistance 

Average temperature at 2 m (T2m) −0.156 0.726 * 0.684 * 
Average temperature of Earth skin (TS) −0.157 0.678 * 0.651 * 
Minimum temperature at 2 m (T2mMin) 0.270 0.281 0.066 
Maximum temperature at 2 m (T2mMax) −0.091 −0.126 −0.277 

Temperature range at 2 m (T2mRan) −0.271 −0.299 −0.197 
Average relative humidity at 2 m 

(RH2m) 0.022 −0.151 −0.165 

Average precipitation (PREC) 0.136 0.127 0.058 
Average wind speed at 10 m (WS10m) −0.142 −0.338 −0.172 

* p < 0.05. 

 
Figure 15. Scatterplot of annual average Earth skin temperature in the north part of Greece versus 
the annual average proportion of Haemonchus contortus larvae in coprocultures from faecal samples 
as reported by the Laboratory of Parasitology and Parasitic Diseases of the Faculty of Veterinary 

Figure 15. Scatterplot of annual average Earth skin temperature in the north part of Greece versus
the annual average proportion of Haemonchus contortus larvae in coprocultures from faecal samples
as reported by the Laboratory of Parasitology and Parasitic Diseases of the Faculty of Veterinary
Medicine of the Aristotle University of Thessaloniki (dashed line is respective trendline; r = 0.678,
p = 0.0004).

Figure 16. Scatterplot of annual average temperature at 2 m in the north part of Greece versus
the annual frequency of cases of Haemonchus contortus resistance as reported by the Laboratory of
Parasitology and Parasitic Diseases of the Faculty of Veterinary Medicine of the Aristotle University
of Thessaloniki (dashed line is respective trendline; r = 0.684, p = 0.0003).

Figure 17. Annual average temperature at 2 m in the north part of Greece (grey continuous line)
versus the annual frequency of cases of Haemonchus contortus resistance as reported by the Laboratory
of Parasitology and Parasitic Diseases of the Faculty of Veterinary Medicine of the Aristotle University
of Thessaloniki (pink dots) from 1999 to 2019 (dashed lines are respective trendlines; slopes of the
annual frequency of cases of H. contortus resistance: 0.071 for the period 1999 to 2011, 2.679 for the
period 2012 to 2019, p < 0.0001).
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Table 5. Correlation coefficients (r) of (a) annual average epg counts in faecal samples, (b) annual
average proportion of Haemonchus contortus larvae in coprocultures of faecal samples and (c) annual
frequency of cases of H. contortus resistance as reported by the Laboratory of Parasitology and
Parasitic Diseases of the Faculty of Veterinary Medicine of the Aristotle University of Thessaloniki
with the various climatic parameters that prevailed in the north part of Greece.

Climatic Parameters epg Counts in
Faecal Samples

% H. contortus Larvae in
Coprocultures of
Faecal Samples

Cases of
H. contortus Resistance

Average temperature at 2 m (T2m) −0.156 0.726 * 0.684 *
Average temperature of Earth skin (TS) −0.157 0.678 * 0.651 *

Minimum temperature at 2 m (T2mMin) 0.270 0.281 0.066
Maximum temperature at 2 m (T2mMax) −0.091 −0.126 −0.277

Temperature range at 2 m (T2mRan) −0.271 −0.299 −0.197
Average relative humidity at 2 m (RH2m) 0.022 −0.151 −0.165

Average precipitation (PREC) 0.136 0.127 0.058
Average wind speed at 10 m (WS10m) −0.142 −0.338 −0.172

* p < 0.05.

4. Discussion
4.1. Climatic Conditions in the Locations of Small Ruminant Farms

Climatic conditions and changes can affect livestock welfare, as they may contribute
to the dissemination of pathogens, influence the quality of feed provided and modify
environmental conditions during housing and grazing. Among the effects in climatic
changes caused by small ruminant production, one may include the contamination of
waterways, land degradation and release of greenhouse emissions. The animal production
sector has contributed to greenhouse gas emissions and is now facing the consequences [15].
Nevertheless, in Greece, awareness of the importance of climate change has led to a
decrease in CH4 emissions by livestock from 2000 to 2016, from 3200 Gg to 2800 Gg of CO2
equivalent [16].

The increase in temperature in Greece for the past 30 to 40 years has already been
reported [17]. Relevant studies have focused on urban environments [18], forested areas [19]
and cultivated lands [20]. The findings of the current study, which presents data for
locations of small ruminant farms (i.e., the primary animal production activity in the
country), also indicate a progressive increase in temperature in the respective locations
throughout the country.

Farms under extensive management are mainly low input holdings, with basic
buildings providing little protection to animals from adverse weather conditions; hence,
such farms would be more frequently located in areas with milder weather conditions
(e.g., higher temperatures). In contrast, farms under intensive management contain high-
quality buildings (e.g., with insulation), which can provide better protection to animals,
and thus are located in areas with low temperatures. Furthermore, the differences in the
temperature of the locations in accord with the breeds of animals on the farms may reflect
the possibility of animals of indigenous Greek breeds to tolerate higher temperatures. In
sheep and goats, there are genetic differences in heat stress adaptations and, consequently,
tolerance to high temperatures [21,22], which are mediated through a complex network of
genes [23,24]. In general, local breeds of small ruminants (or their crosses) are considered
to have better tolerance to local climate conditions (including temperature) than imported
breeds, with relevant results also reported from various regions globally, e.g., Africa [25],
Brazil [26] and India [27]. One may thus postulate that in small ruminants, adaptations
to locally prevailing temperatures shaped the spatial distribution of some gene variants,
which might have underpinned adaptive variation [28]. Possibly, farming animals of in-
digenous breeds in locations with higher temperatures than those of locations of farms of
animals of imported breeds may contribute to the lower milk production of the indigenous
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animals [14], given that in small ruminants, milk production is inversely associated with
exposure to high environmental temperatures [29,30].

With regard to precipitation changes in Greece, the present results differ significantly
from previous relevant reports—both Pakalidou and Karacosta [31], who studied an urban
environment, and Stefanidis et al. [32], who studied the environment at water enclosures,
did not report significant changes in precipitation over the years. This difference can
possibly be explained by the diversity of locations assessed in the present study. The
tendency of a change in the pattern of precipitation recorded in recent years is noteworthy,
warranting close monitoring. This tendency reflected primarily a pattern of more intense
changes in precipitation in the north part of the country. This may reflect the influence
of air masses moving from Northern Europe and Russia, which affect more strongly the
northern part of Greece. Nevertheless, no differences were identified between locations of
farms in relation to management system or animal breeds therein.

Finally, the difference in wind speed between locations of sheep and goat farms may
possibly reflect the fact that goat farms are located at higher elevations than sheep farms
(333.5 m versus 243.0 m for average altitude of locations of the respective farms, p = 0.002
[Lianou unpublished results]).

4.2. Potential Associations of Climatic Changes with Small Ruminant Health

For the assessment and highlighting of possible associations of the occurrence of
clinical problems of small ruminants over a 20-year period with climatic changes, we used as
examples four different pathological conditions of sheep and goats, specifically, pregnancy
toxaemia, clinical mastitis, neonatal hypothermia and trichostrongylid infections.

Pregnancy toxaemia is a frequent metabolic disorder of sheep, caused by metabolic
imbalance during pregnancy, predisposed by the increased number of borne foetuses [33].
The findings did not provide strong evidence of association of the frequency of the disorder
with the climatic changes observed. There was only a significant association with the
wind speed, which reflects the consequences of heat loss (on average 9%) recorded in
sheep with the increase in air speed [34]. Furthermore, there was some tendency for
an inverse association of the frequency of the disease with the gradual increase in the
temperature. Pregnant sheep exposed to low environmental temperatures have increased
energy demands due to the undesirable environmental conditions [35], and moreover,
they have reduced feed intake [35], which can further contribute to development of the
disorder. Low environmental temperatures can also result in hypoglycaemia, which is
a prime feature of pregnancy toxaemia [36]. Potentially, the increased wind speed and
the low temperatures can also have indirect effects; for example, they can impede easy
access of farmers to their animals, reducing the care provided to them, or they can result in
freezing of water within pipes, thus stopping the availability of water to the animals, which
in turn would lead to reduced feed intake, precipitating a metabolic imbalance and finally
the development of the disorder [37]. As environmental temperatures have been found
to increase gradually over the years, the energy requirements of the ewes would have
been decreased [38], thus contributing to a lower risk of the development of pregnancy
toxaemia. We consider, however, that the decrease in cases recorded was primarily the
result of improved health management on the farms, which resulted from an increase in
available scientific knowledge and updated training of farmers. The progressive increase
in environmental temperature could have contributed only to some extent, as discussed
above. This is reflected in the lack of a significant association and the presence of only a
tendency with the reduction in the frequency of the disorder.

No significant associations were found between environmental factors and the fre-
quency of mastitis. Mastitis is mainly predisposed by management or genetic factors [39,40],
and environmental effects may be of limited importance for the development of the disease.
In a relevant study, it was found that only short-term temperatures changes [41] may have
an effect on the development of subclinical mastitis.
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With regard to neonatal hypothermia, there was a clear association of the environmen-
tal changes with the reduction in the frequency of cases seen. Neonatal hypothermia is
a complex syndrome, developing when newborns lose more heat than they can produce
and absorb [42]. Directly after birth, newborns may be suddenly exposed to low temper-
atures with the dramatic difference from 39 ◦C within the uterus to −5 to 10 ◦C in the
external environment in parturitions taking place during the winter, which contributes to
a sharp increase in heat demand by newborns. Therapeutic management of the disorder
includes the placement of the affected lambs and kids in a protected place, with optimum
environmental conditions [42], and in this respect, the ‘Moredun box’ has been devised,
wherein affected animals can be placed for protection and to promote the increase in their
body temperature. Even if the condition can be prevented with management changes
on the farms, environmental temperature still has a key role in the development of this
disorder [42]. This becomes evident in the stronger association with the increase in the
minimum temperature, given that temperatures below 5 ◦C are the ones that cause the
greatest heat loss by newborns and predispose them to the development of the problem.
Hence, it can be expected that a progressive rise in the environmental temperature over
the years would have contributed to decreasing the risk of the disorder. Again, improved
health management on farms should not be overlooked and it certainly has contributed to
the reduction in the frequency of the disorder. However, we postulate that given the nature
and the pathogenesis of the disorder, the climatic changes recorded throughout the study
period have also played a role in the reduction in the frequency of clinical cases seen.

Gastrointestinal nematode infections are particularly influenced by climatic factors.
This is due to the fact that increased temperature, in the presence of appropriate humidity,
facilitates the development of parasitic forms and their dissemination in the grazing areas.
In low temperatures (e.g., winter), parasitic larvae have a slow development and may
even be destroyed [11]. Thus, it was originally expected that average epg counts in clinical
samples would have increased throughout the study period, but this was not found in the
laboratory results of clinical samples. Possibly, this can be explained by the fact that over
the years, farmers have increased the number of anthelmintic treatments performed [43]; it
is also noteworthy that new anthelmintic drugs have been developed, some licensed for
administration during the lactation period with a withdrawal period of zero days for milk,
offering new potential for the timing of their administration. This overcame a significant
limitation in the administration of anthelmintic drugs with a long withdrawal period for
milk, given that in Greece, dairy production systems prevail on small ruminant farms, and
led to greater flexibility and improved efficacy of anthelmintic regimes applied on small
ruminant farms.

However, the proportion of H. contortus larvae in faecal samples was found to increase
during the study period, in clear association with the increase in environmental temperature.
This nematode is considered a predominant parasite of sheep and goats in areas with warm
climatic conditions, in which infection with H. contortus is enabled and facilitated [44].
The increased infections by this parasite are in line with the extension of the geographical
distribution of the parasite in temperate climates in the Northern Hemisphere [45]. Given
that H. contortus can cause serious disease in affected animals (e.g., anaemia, ill-thrift),
farmers may increase the number of anthelmintic treatments to their animals (as discussed
above), which in turn increases the risk for developing anthelmintic resistance. This was
depicted by the increase in the cases of resistance of the parasite, also in association with
the increasing temperatures.
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5. Conclusions

We presented examples for four different pathological conditions of sheep and goats
regarding the potential effects of long-term climatic changes on the health of these animals.
There were differences between the pathological conditions in the potential effects of cli-
matic changes in their occurrence. Despite the associations found in selected pathological
conditions with some climatic factors, during complex pathophysiological processes, envi-
ronmental factors may, from time to time, have some effect, but other interactions also play
a significant role in disease processes. The findings indicate that there is a need for more
in-depth research into the response of animals to challenges from the environment.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/su14031673/s1: Table S1. Annual average values of climatic param-
eters among locations of 444 small ruminant farms throughout Greece from 1989 to 2019; Table S2.
Average overall values of climatic parameters from 1989 to 2019 among locations of 444 small rumi-
nant farms throughout Greece, in accord with the part of the country; Table S3. Slope of change in
the annual values of climatic parameters from 1989 to 2019 among locations of 444 small ruminant
farms throughout Greece, in accord with the part of the country; Table S4. Slope of change in the
annual values of climatic parameters from 1989 to 2019 among locations of 444 small ruminant farms
throughout Greece, in accord with the management system applied on the farms; Table S5. Annual
frequency of cases (a) pregnancy toxaemia, (b) clinical mastitis and (c) neonatal hypothermia in
small ruminants, from 1989 to 2019, attended at the Department of Obstetrics and Reproduction
of the Veterinary Faculty of the University of Thessaly; Table S6. Significance (p values) of the
correlations between the annual frequency of cases of (a) pregnancy toxaemia, (b) clinical mastitis
and (c) neonatal hypothermia attended at the Department of Obstetrics and Reproduction of the
Veterinary Faculty of the University of Thessaly with the various climatic parameters that prevailed
in the central part of Greece; Table S7. Annual (a) overall average epg counts in faecal samples from
small ruminants, (b) overall average proportion of Haemonchus contortus larvae found in coprocul-
tures of samples from small ruminants and (c) frequency of cases of H. contortus resistance in small
ruminants, as detected at the Laboratory of Parasitology and Parasitic Diseases of the Faculty of
Veterinary Medicine of the Aristotle University of Thessaloniki; Table S8. Significance (p values) of the
correlations between (a) annual average epg counts in faecal samples, (b) annual average proportion
of Haemonchus contortus larvae in coprocultures of faecal samples and (c) annual frequency of cases
of H. contortus resistance, as reported by the Laboratory of Parasitology and Parasitic Diseases of the
Faculty of Veterinary Medicine of the Aristotle University of Thessaloniki with the various climatic
parameters that prevailed in the north part of Greece; Figure S1. Annual average temperature of Earth
skin from 1989 to 2019 among locations of 444 small ruminant farms throughout Greece; Figure S2.
Annual average annual minimum temperature at 2 m from 1989 to 2019 among locations of 444 small
ruminant farms throughout Greece; Figure S3. Annual average annal maximum temperature at 2 m
from 1989 to 2019 among locations of 444 small ruminant farms throughout Greece; Figure S4. Annual
average range of temperature at 2 m from 1989 to 2019 among locations of 444 small ruminant farms
throughout Greece; Figure S5. Annual average relative humidity at 2 m from 1989 to 2019 among
locations of 444 small ruminant farms throughout Greece; Figure S6. Annual average temperature at
2 m from 1989 to 2019 among locations of 444 small ruminant farms throughout Greece, in accord
with the animal species farmed in the respective locations; Figure S7. Scatterplot of annual average
temperature at 2 m in the central part of Greece versus the annual frequency of cases of pregnancy
toxaemia attended at the Department of Obstetrics and Reproduction of the Veterinary Faculty of
the University of Thessaly; Figure S8. Scatterplot of annual average of relative humidity at 2 m in
the central part of Greece versus the annual frequency of cases of pregnancy toxaemia attended
at the Department of Obstetrics and Reproduction of the Veterinary Faculty of the University of
Thessaly; Figure S9. Scatterplot of annual average temperature at 2 m in the central part of Greece
versus the annual frequency of cases of clinical mastitis attended at the Department of Obstetrics
and Reproduction of the Veterinary Faculty of the University of Thessaly; Figure S10. Scatterplot of
annual average Earth skin temperature in the north part of Greece versus the annual average epg
counts in faecal samples from small ruminants as reported by the Laboratory of Parasitology and
Parasitic Diseases of the Faculty of Veterinary Medicine of the Aristotle University of Thessaloniki;
Figure S11. Annual average Earth skin temperature in the north part of Greece (grey bars) and annual
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average % of Haemonchus contortus larvae in coprocultures from faecal samples from small ruminants
as reported by the Laboratory of Parasitology and Parasitic Diseases of the Faculty of Veterinary
Medicine of the Aristotle University of Thessaloniki (black line), from 1999 to 2019.
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