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Abstract The rate of population increase of three mite species, Acarus siro (L.),
Lepidoglyphus destructor (Schrank) and Tyrophagus putrescentiae (Schrank), was studied
on various types of barley and at various combinations of temperature and humidity. The
mites were added into the chambers and incubated for 21 days on seven different kinds of
barley coming from four sites, including six cultivars and a mixture. The population
increase of all species was higher on the mixture than on any other cultivar, except for
Sebastian and Calgary. The increase of mites was studied at constant temperatures ranging
from 5 to 35 °C and relative humidity (RH) ranging from 50 to 90 %. Positive rate of
increase was found above 70 % RH for all species. The optimal humidity was at 85 % RH
for A. siro and L. destructor and at 90 % RH for T. putrescentiae. As concerns the
temperature, positive rate of increase was found at temperatures higher than 10, 15 and
20 °C for A. siro, L. destructor and T. putrescentiae, respectively. The temperature optima
were at 23, 25, and 30 °C for A. siro, L. destructor and T. putrescentiae, respectively.
Model estimated on laboratory data was then fitted to temperature and humidity records
from August to November in the Czech grain store. Estimated population rate of increase
was rarely positive: for A. siro it was for 24 %, for L. destructor for only 1 % and for
T. putrescentiae for only 7 % days of the study period. It is concluded that in the climatic
conditions of the Czech Republic the population increase of three mite pests is negligible
during autumn and winter.
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Introduction

Mites are important pests of stored products (Hughes 1976). Mite contamination decreases
the quality, germination and nutrient content of the stored grain (Armitage et al. 2002;
White et al. 1979). Stored mites produce allergens causing respiratory disease and atopic
dermatitis of farmers (Hage-Hamsten-van et al. 1988; Arlian et al. 1997; Colloff 2009).
There are also reports of anaphylactic reaction in humans (Sanchez-Borges et al. 1997) and
decrease of weight in pigs (Braude et al. 1980; Zdarkova and Horak 1993) after feeding
mite contaminated food/feed. The mites feed on fungi producing mycotoxins and are
vectors of the fungi through the grain (Hubert et al. 2004; Nesvorna et al. 2012). The
arthropod feeding can modulate the mycotoxin production (Rohlfs and Churchill 2011).
The mites also interact with bacteria including some of human pathogen importance
(Hubert et al. 2012).

These threats are believed to be serious when mite population density is high, for
example, higher than 1,000 mites/kg of grain. Survey of the Czech grain stores, revealed
that only 8 % of stores were infested by mites with densities higher than 1,000 individuals
but most stores (57 %) were infested by lower densities, ranging from 1 to 1,000 mites/kg
(Stejskal and Hubert 2008). To understand such large variation and predict occurrence of
threats it is essential to study effect of all factors that influence the mite population density.

Generally, the levels of infestation is influenced by physical conditions of the envi-
ronment, namely humidity, light and temperature (Barker 1967; Cunnington 1965; 1969;
1976; Solomon 1962; Stratil et al. 1980; Fields 1992); quality and quantity of resources
(Sinha and Kawamoto 1990; Stejskal et al. 2003; Palyvos et al. 2008; Athanassiou et al.
2011); presence and abundance of enemies, such as predators and competitors; and pres-
ence of pesticide residues. In a recent paper Collins (2012) reviewed a number of factors
that have been known to affect population growth of several mite species in stores and
stressed very important role of physical conditions.

The prediction of mite population dynamic during season is essential for planning
chemical or physical pest control that keeps mites below the economic threshold (Stejskal
and Hubert 2008). Estimation of parameters for a predictive model has been based on two
different approaches. Collins (2012) used field observations of seasonal mite population
fluctuations and related them to the temperature and humidity conditions of the grain.
Although direct observation of the mite population density provides real estimates, the
sampling can be biased due to extraction method used, for example (Krizkova-Kudlikova
et al. 2007; Hubert et al. 2009a). The other approach is based on the laboratory experiments
of population increase under given constant physical conditions and resources (Cunnington
1976; Sanchez-Ramos and Castanera 2005; Sanchez-Ramos et al. 2007a, b). As the con-
ditions and resources are not constant in the stores, but change during the storage period, a
number of laboratory experiments at a variety of conditions are needed.

The previously constructed predictive models for mite population growth in the grain
used temperature as the only predictor (Kawamoto et al. 1991; Pekar and Zdarkova 2004;
Aspaly et al. 2007; Pekar and Hubert 2008). In this study our aim was to study effect of
other two important variables, humidity and food type. We investigated the effect of six
barley cultivars (and a mixture) coming from four harvesting sites on the population
increase of three species of mites because previously we observed that cultivars can affect
markedly population increase (Kucerova and Stejskal 1994). We selected barley cultivars
for our experiments as we found higher infestation level in the barley than in the wheat in
the Czech grain stores (Hubert et al. 2009b). We measured population increase of three
mite species for different combinations of potential temperature and humidity conditions.
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Finally, we used constructed model to simulate population dynamics of the three species
using actual storage conditions from a store in the Central Bohemia.

Materials and methods
Mites

The tested strains of Acarus siro (L.), Lepidoglyphus destructor (Schrank) and Tyroph-
agus putrescentiae (Schrank) originated from laboratory stock cultures kept at the Crop
Research Institute, Prague, Czech Republic (CZ). A. siro and T. putrescentiae were
collected from the grain mass stored in Bustéhrad, CZ in 1996 (E. Zdarkova). The mites
have been reared on a mixture of oat flakes, wheat germ and dried yeasts (Pangamin,
Rapeto, Bezdruzice, CZ) at a ratio 10:10:1 (w/w). L. destructor came from food a
processing factory (CZ), collected in 1965 (E. Zdarkova). The mites have been reared on
a mixture of dog food (Ontario-pet, Placek, Podebrady, CZ), wheat germ, dried fish food
(LonBio, Aqua Tropic Lonsky, Praha, CZ), dried yeasts and gelatin (Serva Electropho-
resis GmbH, Heidelberg, Germany) at a ratio 10:10:3:2:1 (w/w). All species of mites
were kept in Iwaki cell tissue chambers (Cat. No. S401879.1, P-lab, Prague, CZ). The
chambers were palced in the Secodar 4.0 boxes (Cat. No. A741000, P-Lab) with satu-
rated KCl solution providing 75 % r.h. Before the experiment, the mites were collected
from the surface of the tissue chambers by a camel-hair brush under a Stemi 2,000 C
dissection microscope (C. Zeiss, Jena, Germany). Unsexed adults of undetermined age
were used for the assays.

Barley cultivars

The barley cultivars were harvested in August 2008 in Central Bohemia and immediately
after the harvest were transferred to Crop Research Institute. They were cleaned and stored
at 5 °C for 1 month before start of the experiments. There were six barley cultivars
harvested at four sites were used: Calgary (harvested at Trebiz), Diplom (harvested at
Horovice and Klobouky), Jersey (harvested at Klobouky, Prague and Trebiz), Prestiz,
Sebastian and Tolar (all harvested at Horovice). The mixture of undetermined cultivars
(originating from the experimental field at Prague—Ruzyne) was obtained from the local
grain store. Before the experiment, the barley was dried at 50 °C for 6 h and the dust
fraction was removed by sieving at AS240 digit Retch sieving machine (Retch, de-Haan,
Germany). The barley was remoistened by distilled water and the humidity was checked
using an Agricomputer MK2 (Opting servis, Ostrava, CZ). To obtain appropriate moisture
the barley was pre-incubated in plastic boxes with saturated KCI solution (cca 85 % r.h.).
After preincubation the remoistened barley was weighted to 25 g (0.01 g accuracy) on
Navigator microbalance (Ohaus, Pine Brook, NJ, USA) and placed into plastic IWAKI
chambers (P-LAb, Prague, CZ).

Experimental design
The comparison of barely cultivars was tested in 10 replicates per each barley cultivar and

each mite species. Ten specimens of each species were added separately into Iwaki chamber
and incubated in Secador desiccators (P-Lab) in the darkness at 25 °C and 84 % r. h. The
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chambers were incubated for 21 days. The experiment was terminated by the extraction of the
mites in Tullgren-Berlese funnels. The mites were counted under a dissection microscope.

In another experiment designed to determine the effect of temperature and moisture (see
Table 1) we used 6 replicates. The design was similar to the previous experiments, but the
chambers were kept in desiccators using different salt solutions. The grain was a mixture of
undetermined cultivars. The relative humidity ranged from 50 to 90 % and the temperature
ranged from 5 to 35 °C. The length of experiment was 21 or 42 days (Table 1). The
termination of experiment was similar as is described above.

Monitored temperature and moisture in field farm flat-store

Continuous measurements of temperature and moisture came from a flatfarm store in
Trebiz (CZ). The stored barley was harvested in August 2009. The temperature and
humidity was monitored from August to November 2009, when barley was emptied. The
temperature and humidity was monitored using Tinytag Plus two Logger sensor (cat No.
4505, Omni-Instruments, Dundee, Scotland, UK) every 3 h. The sensor was situated 10 cm
below the surface level of stored barley. From recorded data we estimated daily average of
temperature and moisture and used it in the simulation model (see below).

Data analyses

The intrinsic rate of population increase (r) was estimated using the formula for expo-
nential population growth (N, = Nge'). This response variable showed homoscedastic
variance and symmetrical distribution. The effect of harvesting site and barley cultivar on
r was studied using Linear Mixed-effect Model (LME) (Pekar and Brabec 2012) in order to
estimate variance components for the site and cultivar (cultivar nested within site). The
fixed effects were composed of two explanatory variables, mite species and barley cultivar.
The fit of the model was checked using diagnostic plots. Following LME, the effect of
cultivar on r was studied separately for each mite species with one-way ANOVA, i.e. with
a single factor. Tukey HSD test was used to compare the mean of rate among cultivars.
The response of mite density to the temperature and humidity gradient was studied
using Generalized Additive Models (GAM) because the response was strongly non-linear

Table 1 Experimental conditions used for the observation of population increase of tested mites at different
moisture and temperature combinations

Temperature Duration Relative humidity (%)
[°C] of experiment
KCl NaCl NH,CI NaNO; Mg(NO3),

5 42 87.7 75.7 80.6 71.1 58.9

10 42 86.8 75.7 80.6 75.1 57.4

15 21 86.8 75.7 79.9 76.0 55.9

20 21 85.1 75.7 79.2 73.2 54.4

25 21 84.3 75.3 78.6 74.5 529

30 21 83.6 75.1 77.2 70.4 51.4

35 21 83.0 74.9 77.0 69.7 49.9

The relative humidity of saturated salt solution is according to Eaton and Kells (2009); Aspaly et al. (2007)
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(against both explanatory variables), and a satisfactory fit could not be obtained by using
any non-linear temperature-dependent model (Kontodimas et al. 2004). The response was
the intrinsic growth rate. Since r has symmetric unbounded distribution and homoscedastic
variance Gaussian family and identity link were used (Wood 2006). The linear predictor
was an interaction between temperature and relative humidity. It was modelled using thin-
plate regression splines. The basis dimension of the spline was set at default, which
provided fit higher than 90 % (R* adjusted).

Estimated model for each mite species (on mixture of barley cultivars) was then used
to predict rate of population increase for data on temperature and humidity obtained from a
grain store at Trebiz. All analyses were performed within the R environment (R Devel-
opment Core Team 2011).

Results
The effect of barley

Estimation of variance components revealed that the site explained negligible variation in
the data (6* = 1.7 x 10™'"), whereas cultivar explained 54 % (6* = 1.9 x 107%). The
interaction between mite species and cultivar on r was highly significant (LME,
Fi2264 = 5.3, P < 0.0001) showing that the cultivar had different effect on the population
increase of the three mite species (Table 2). For A. siro the effect of cultivar was highly
significant (ANOVA, Fggs = 19.8, P < 0.0001): the rate was significantly lower on
Diplom and Jersey in comparison with the mixture and Sebastian in particular (Table 2).
For L. destructor the effect of cultivar was also highly significant (ANOVA, Fy g¢ = 21.7,
P < 0.0001): the rate was significantly lower on all cultivars in comparison with the
mixture, Calgary and Sebastian (Table 2). For T. putrescentiae the effect of cultivar was
also highly significant (ANOVA, Fgg¢ = 24.6, P < 0.0001): the rate was significantly
lower on all cultivars in comparison with the mixture and on Sebastian (Table 2).

The effect of temperature and humidity

The obtained data are summarized in Table 3. For A. siro the effect of temperature and
humidity on the rate was significant (GAM, F,g = 115.4, P < 0.0001, Rﬁdj_ = 0.93) and

Table 2 Observed mean rate of population increase (SE) for the three mite species reared on six barley
cultivars and a mixture of barley cultivars

Cultivar Acarus siro Lepidopglyphus destructor Tyrophagus putrescentiae
Mixture 0.16 (0.007)* 0.13 (0.004)* 0.16 (0.004)
Calgary 0.10 (0.006)™ 0.10 (0.006)* 0.12 (0.006)°
Diplom 0.09 (0.009)° 0.02 (0.009) 0.08 (0.005)°
Jersey 0.03 (0.015)° 0.02 (0.008)" 0.08 (0.004)°
Prestiz 0.10 (0.006)* 0.03 (0.015) 0.07 (0.010)°
Sebastian 0.15 (0.007)* 0.11 (0.015)* 0.17 (0.006)*
Tolar 0.12 (0.006)* —0.01 (0.006)" 0.09 (0.007)°

Tukey HSD test was used to compare the rate among cultivars. Different superscript letters identify sig-
nificant difference (at oo = 0.05)
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Fig. 1 Surface (a—c) and contour (d—f) plots of intrinsic growth rate (r) when related to relative humidity and
temperature. The surface and contours were estimated using GAM. In the surface plots the points are means. In
the contours plots only contours for positive values are displayed. The thick isocline is 0. a, d. Acarus siro; b, e.

Lepidoglyphus destructor; ¢, f. Tyrophagus putrescientiae

non-linear (Fig 1a). Positive growth rate of mites was approximately above 70 % r.h. and
10 °C (Fig. 1d). The maximum rate was estimated at 23 °C and 85 % r.h. For L. destructor
the effect of temperature and humidity on the rate was also significant (GAM,
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Fig. 2 The simulation of the growth of mites in Trebiz grain stores. a Change in the mean day temperature
and humidity during 107 days from August to November. b Predicted rate of population increase for three
mite species using GAM models

Fog, = 145.4, P < 0.0001, Rﬁdj“ = 0.95) and non-linear (Fig. 1b). Positive growth rate
was found above 70 % r.h. and 15 °C (Fig. le). The maximum rate was at 25 °C and 85 %
r.h. For T. putrescentiae the effect of temperature and humidity on the rate was significant
(GAM, Fy5; = 82.6, P < 0.0001, Ridj” = 0.90) and non-linear (Fig. 1c). Positive
growth rate was found above 70 % r.h. and 20 °C (Fig. 1f). The maximum rate for
T. putrescentiae was at 30 °C and 90 % r.h.

Simulation of the growth rate of mites

In the grain store the temperature decreased (with fluctuations) from 25 to 3 °C and the
humidity increased from 60 to 75 % from August to November (Fig. 2a). The estimated
population rate of increase was rarely above zero: for A. siro it was for 24 %
(N = 107 days), for L. destructor for only 1 % and for T. putrescentiae for only 7 % days
of the study period (Fig. 2b). However, even the positive values were lower than 0.07, thus,
simulated increase in population density was very low.
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Discussion

All three tested explanatory variables, i.e. barley cultivar, temperature and humidity,
strongly influenced rate of population increase of A. siro, L. destructor and T. putres-
centiae. Thus a predictive model should include at least all these variables to achieve a
reasonable predictive power.

The quality of the grain was known to have strong effect on the population increase of
mites (Collins 2012). The quality includes the nutritional content and the condition of the
grain. Grain in a good condition, unbroken and clean, is less attacked by mites than
damaged and dusty grain (Solomon 1969). In this study the condition of grain quality was
standardized as a result of drying, moisturizing, sieving, thus removing the fine materials,
which is critical for development of some mite species (e.g., L. destructor). Therefore, the
effect of site was negligible.

The barley cultivars differ in nutritional content. The effect of cultivar on the rate of
population increase has not been investigated before, yet nutritional content of the grain
can affect the population increase. Recently Nietupski and Ciepielewska (2006) found
different population increase of A. siro on a number of barley cultivars. In their study the
population increase was positively related to the malting quality of barley grain and
negatively to its protein content. Interestingly, the highest rate in our study was observed
on the mixture of cultivars. So the mixture seems to provide optimal resource quality to all
three mite species. The still open question is the high variability among the cultivars and
the higher growth of mites on the cultivar mixture. However, the practice is that the barley
cultivars are mixed according to the contract between farmer and purchaser. It means that
the cultivars are not stored separately but in the mixture.

The population strains, wild and laboratory reared, may differ dramatically in fitness
components (Fields 1992). Wolska (1980) points out that inbreeding reduced fitness in
laboratory populations. This would mean that rate of population increase obtained from
laboratory reared strains is underestimated when compared to strains from the field. There
is evidence that the filed and laboratory strains differ in their sensitivity to pesticides, e.g.
Oligonychus pratensis (Banks) to bifenthrin (Bynum and Archer 2002). In our study we
used strains that were held in the laboratory for more than 15 years.

The comparison of previously published estimates for lower temperature thresholds is,
however, complicated by the fact that different humidity was used. Solomon (1969) found
the lower temperature threshold for A. siro to be 5 °C at 75 % r.h., while recently Aspaly
et al. (2007) found it to be 10 °C at 85 % r.h.. This roughly corresponds to an estimate in
this study. Stratil et al. (1980) observed positive growth rate at 15 °C and 70 % RH for L.
destructor, which is similar to our estimation. But estimation of the lower temperature
threshold for 7. putrescentiae is different from previous studies. While previously 10 °C at
85 % r.h. was reported to be the lower threshold (Sanchez-Ramos and Castanera 2005;
Aspaly et al. 2007), now we found it to be at 20 °C and 70 % RH.

Observed population rate of increase is rather similar to the rates observed in previous
studies. The optimal values for population increase correspond to the previous observation.
For A. siro it was at 20-25 °C and 85 % RH (Solomon 1969; Aspaly et al. 2007); for L.
destructor it was at 25 °C and 85 % RH (Stratil et al. 1980; Danielsen et al. 2004); and for
T. putrescentiae it was at 30 °C and 90-95 % RH (Sanchez-Ramos and Castanera 2005).
Results from this study show that A. siro is better adapted to lower temperatures than L.
destructor and T. putrescentiae irrespective of the tested barley cultivar. Of the latter two
T. putrescentiae showed preference for higher temperatures and higher relative humidity.
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The practical impact of constructed model is that a store did not provide opportunity for
a massive growth of mites during autumn as favourable conditions were limited to a few
days in October and November. Nevertheless, we have observed massive infestation of
stored barley by all three mite species in other stores (Hubert et al. 2009b). This contra-
diction can be explained by a number of factors, which are reviewed by Collins (2012). In
the study we demonstrated variability in growth rate of mites on different barley cultivars
or sampled sites. For A. siro, the temperature models were sensitive to the diet, when
higher growth rate was on laboratory rearing diet than on the wheat (Aspaly et al. 2007;
Pekar and Hubert 2008). In our simulation the initial numbers of mite were low in order to
simulate empty and clean store. However the mites showed density dependent population
growth (Pekar and Hubert 2008). The physical conditions vary among years and within
stores. Even when outdoor conditions are unfavourable, mites aggregate in hot spots,
where they can develop more quickly due to the high temperature and moisture (Jian and
Jayas 2012).

In order to improve the predictive model it is necessary to record physical conditions
during the entire storing period at a variety of locations that differ in climatic conditions.
Furthermore, it is essential to know distribution of temperature and RH in the column of a
stored grain. Additionally, other variables which decrease mite population density could be
considered to be included in the model. Such is the effect of predatory mites (Cheyletus
eruditus, C. malaccensis) as it can affect the population density of pests dramatically
(Pulpan and Verner 1965); the density-dependence; and the effect of pesticide residues
(Collins 2006).
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