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Abstract
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The main current strategies (IPM, HACCP) to control pests in stored food products are based on critical thresholds derived from
pest population density. These thresholds usually do not consider cumulative effects of earlier pest infestation although injuries
caused by biotic pest organisms to stored food commodities are irreversible. We present conceptual and illustrative models
showing that population size indices, in contrast to cumulative (population history) indices, could (i) underestimate critical
thresholds if pest population can grow exponentially and (ii) provide incorrect information about the level of stored food damage
if pest population density can fluctuate. The importance of entomological food microanalysis and continual “cumulative moni-

toring™ based on trapping is discussed with respect to HACCP and IPM programmes in stored food products.
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Arthropod pests cause immense losses annually due to
their feeding and contamination of human food resources
world-wide. As a consequence, many different manage-
ment strategies are used to control these pests. Since the
1950’s so called “Integrated Pest Management” (IPM)
strategy, integrating economic and ecological principles,
has become a fundamental paradigm for pest management
in agriculture (STERNS ef al. 1959). This strategy was so
influential that many non-agricultural areas of pest con-
trol (e.g., urban and medical entomology ) have been try-
ing to adopt and/or adapt the IPM ideas. During the last 2
decades HACCP (Hazard Analysis and Critical Control
Points) as a specific safety system to protect food from
harmful organisms and toxicants has been developed by
food industry researchers (SCHOTHORST 1989; DUNAIF,
KRISINSKI 1992). Most recently JANG and MOFHIT (1994)
outlined a promising “systems approach® to quarantine
safety defined as “The integration of those pre- and post-
harvest practices used in production, harvest, packing and
distribution of a commodity which cumulatively meet the
requirements for quarantine security”. Both IPM and
HACCP decision-making processes are similar in terms
of using critical thresholds based on population density of
the pest (HAGSTRUM, FLINN 1996). Critical thresholds
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(1.e., economic injury threshold/level — EIT/EIL, aesthetic
injury threshold — AIT, economic threshold — ET, action
threshold — AT) are mostly characterised by the presence
of certain “critical number” of living pest animal at which
some ser1ous losses/problems to human resources appeared
(EIT, AIT) or some protective measures must be applied
(AT, ET) (tor detailed description see FLINT, VAN DEN
BOSCH 1981). Various pheromone and pitfall traps, probes,
sieves and sound detectors are employed for estimating
population density of pests in stored grain and food indus-
try premises (COGAN et al, 1991; SUBRAMANYAM, HAG-
STRUM 1996; STEJISKAL 1997, 1998). However, critical
thresholds based solely on population density are applica-
ble only in the case of protection of resources with auto-
reparation or compensation ability (e.g., plants, trees),
where the pest population density more or less realistical-
ly reflects the actual level of damage of the food resource.
This 1s not true about many stored food products which
have no auto-reparation or compensation ability although
some of them are living organisms, e.2., seeds of cereals
and pulses. Except direct measurements of damage only
“population history” indices can help to estimate the level
of actual cumulative losses. Cumulative nature of losses
and injuries caused by arthropod pests to stored food ce-
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reals is often overlooked, especially at the farm level.
HAGSTRUM and FLINN (1996) reported that in some coun-
tries (e.g., USA) food industry plants use as a food quality
criterion not only (1) numbers of living pests but also (11)
level of food injury and (ii1) numbers of arthropod frag-
ments and other organic filth per sample. Nevertheless,
information on the relationship among these criterions
(1—111) 1s scarce if any.

The aim of this work was to present conceptual models
demonstrating the differences in estimation of critical pop-
ulation thresholds based on population density vs. cumu-
lative population indices. I should like to stress that
presented graphical models are illustrative only. Some of
them are applicable only to organisms with discrete non-
overlapping generations which is not often fulfilled in
stored product pest arthropods developing continually with
overlapping generations.

Models

Population biology of animal pests is modelled in var-
ious ways which are treated in detail in many papers and
textbooks (e.g., HASTINGS 1997; BEGON, MORTIMER
1996). Similar models used in food-protective microbiol-
ogy were recently reviewed by ERBAN and CERNY (1998).

Basic equation for population changes between (non-
overlapping) generations can be expressed :

Moy =B [1]

where: N — number of pests (= population size)
T'— generation
R — net rate of population changes per gencration (7)

This equation gives following predictions: N, /N, > ]
population grows without bounds, N___ /N_= 1 population
size 1s stationary and N /N < 1 population decreases
and approaches the zero.

Critical threshold of the particular pest species popula-
tion is estimated from specific damage. It is assumed that
the relationship between population density and damage
is linear in seed/fruit feeding pests (MUMFORD, KNIGHT
1997). Over the period (usually from 3 months to 3 years)
of storage of grain or other food commodities several gen-
erations of stored-product pests can develop and extinct.
Not surprisingly, the degree of food-resource exploitation
(level of injury) does not correspond to current popula-
tion density but to a sum of all individuals which has de-
veloped on the resource. Therefore we suppose that it
would be useful to discriminate the following population
indices: (i) number of living animals (N, = NT{} ) at which
the population starts at 7, (ii) population density (V. ) at
T, and (iii) cumulative number of individuals (_CT”) of
population, which developed in the interval 7, - T .

Then CT" is simply obtained by:

I,
3
T=T“

n
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Assuming that each individual consumes a constant
amount of food resource (d) during its development then
the expected level of food-resource exploitation (£, ) can
be calculated as follows: ’

3
Er =Y N, d=Cy d 3]

T =Tu

It is obvious that if the resource has no ability for auto-
reparation, as it is in stored food product, then the losses
caused by pest feeding have irreversible and cumulative
nature. Thus the food-resource exploitation (losses) can-
not decrease between consequent generations (from 7 to
T .,) even if the population is stationary or decreasing
(N, oy = Nﬂz) (Fig. 3):

A [4]

The difference in estimation of the economic injury
threshold (EIT) when using population numbers (N)
and population cumulative numbers (C) indices

Fig. 1 presents a model of a simple exponential popula-
tion growth (equations 1 and 2) showing differences be-
tween “N" and “C” indices 1n the particular generations
(T) and the implications for economic injury thresholds
(EIT). For example, put arbitrary an economic injury thresh-
old equals to 150 emerged pest individuals (EIT = 150)
per weight/volume unit of the particular food-resource.
Then in simulation model (K = 2, N_ = 3) (Fig. 1) the
critical EIT . value 1s indicated 1 generatmn earlier by
cumulative population indices (C,. =150 at7 =3.91) than
current population size indices (N =130 at T 491). It
meant that as soon as the p{}pulatmn size {N ) reached

150 individuals the “real* economic threshold (EITH“) was
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Fig. 1. The relationship between population density (N, ) ofa
hypothetical pest and its cumulative number of individuals (C;. )
which emerged after 6 generations (R =2, N, = J). [f the par-
ticular economic threshold was represented by 150 emerged
individuals per food-resource unit, then “N” indices would n-
dicate this level of damage with one generation delay against
the “C” indices (arrows)
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exceeded ca. two times. Threshold based decision making
and predictive modelling should therefore include not only
population size (N, ) but also cumulative population indi-
ces (C'Tn} 1N some instances.

Does low pest population always reflect low food
resource damage?

The pest populations are not always exponentially grow-
ing as shown in the Fig. 1 but they frequently fluctuate.
I would like to draw attention to the fact that pest popula-
tion fluctuations are another important source of incon-
sistency between present population size (N) and food
resource exploitation (£) of stored food product. Due to
fluctuations the identical level (L) of population density
can appear several times (¢, ¢,, £,, £,) during the course of
population development (Fig. 2) — at each time, however,
the level of stored food resource exploitation is different.

Fig. 2. Identical level (L) of pest population density () can
appear several times (¢, 1,, 1,, ,) during the course of develop-
ment of fluctuating population density

From Fig. 3, which presents a schematic graphical mod-
el (equations 1-3) demonstrating the level of the exploita-
tion of food resources under various pest population
dynamics (exponential growth, equilibrium, decrease and
extinction), it is evident that the values of N, and E; cop-
ied the same trend whereas C. and E;. did not. Even the
zero population level (Nr,; = ()) may occur under substan-
tially different situations in terms of resource exploitation:
(1) zero exploitation (Tﬂ) or (i1) partial or total exploitation
of food resource (7 ) when pest population becomes ex-
tinct due to eradication (e.g., fumigation, cooling) or from
starving. Similarly, population density of hundred just ar-
rived immigrants (NTu =100) can be present at the moment
when the food resource has suffered little or no damage
(Erﬂ = ()) so far.

DISCUSSION

Successful field agricultural pest control strategies,
“field-IPM” concept in particular, are sometimes uncriti-
cally overtaken into different arcas where protection of
human resources against pest 1s necessary. The critical

illllllll“—r#-_--.
_'_“”H*-*-

P A W e e u_-—-—-—-r—-_ﬂ-ﬁld‘_l-

\
|

T
T, equilibrivm 7, decline

'-.]

T, growth

™

Fig. 3. The graphical demonstration of the relationships be-
tween indices of population density (Nr, ), cumulative popula-
tion density (C Tn) and food resource exploitation (E, ) under
various pest population dynamics: growth (7, - 7' ) eqtfilibrium
(T,—T,), decrease and extinction (7, ~ 7 ) (Curves are smoothed
to be continual)

thresholds for pests in the field agriculture are based on
population density which 1s usually more or less correlat-
ed with the current level of plant damage due to gradual
compensation growth. However, stored food resources
have no auto-reparation mechanisms and the use of criti-
cal thresholds solely based on the “N” indices could bring
some problems. Aforesaid we demonstrated that in expo-
nentially growing pest population the population size (N)
indices may be unrealistic in terms of estimation of real
economic injury threshold unlike “C” population cumula-
tive numbers indices. We also argue that pest density in
fluctuating populations (Fig. 2, 3) may tell us very little
about actual injuries to food products under certain cir-
cumstances. However, 1t 1s necessary to stress that “N”

indices are very important for pest population predictions
and thus for the estimation of future hazards. Our conclu-

sions may have some practical implications for critical
thresholds and decision-making process to control stored
food product pest.

Basically, there are two approaches to establish EIT in
stored grain for human consumption at the national and
international agricultural commodity market nowadays.
First approach coins the zero pest arthropod tolerance
(EIT = 0). Thus “total insurance” approach, which is typ-
1cal of Europe including the Czech Republic, assumes that
buying or selling the particular commodity without any
pest arthropod also automatically ensures food commodi-
ty with zero level of injury. As a consequence, entomolog-
ical microanalysis (filth testing) is not usually performed
along the whole food production chain and critical thresh-
olds for dead pests, pest fragments, faeces and allergens
in human food commodities are not available in most of
these countries. However, as shown in simulation models,
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population density (even zero pest density!), contains poor
information about past infestation and, as a consequence,
about the quality of the protected food resource. This fact
is intuitively employed as a part of the business strategy
while marketing stored cereals. It is well-known that it is
possible to repeatedly kill insects, blow off or sieve them
out during the storage, especially carefully shortly before
selling the cereals 1n order to drastically decrease the prob-
ability of the detection of the pest infestation by a custom-
er. For example ARMITAGE (1994) found that the aspirated
sieve 1s able to remove all adults of Cryptolestes ferru-
gineus and Oryzaephilus surinamensis and over 95% of
Sitophilus granarius from the infested stored grain. How-
ever weight (consumed and injured grain) and qualitative
(contamination by faeces, body fragments, allergens, chem-
icals produced by pests etc.) pest-induced damage accu-
mulated during the whole storage period of the infested
food commodity could be removed only in part. Never-
theless, according to HACCP philosophy the safety and
quality of human food must be ensured by monitoring and
checking critical limits of safety and quality at each “crit-
ical control point” of the whole food processing chain.
Non-linear relationship between level of damage and pop-
ulation density of some stored-product pests makes the
“N-indices” fairly unsafe as an exclusive criterion of the
present quality of food resource. To reach the goal of safe-
ty trough HACCP philosophy 1n any particular food pro-
duction plant, besides monitoring pest population density
(“N™), some form of direct motoring of the level of the
damage and contamination of food inputs and outputs
should be established and maintained.

The second approach permits non-zero pest popula-
tion density (EIT > 0). HAGSTRUM and FLINN (1996) re-
ported that there 1s 0.1-5 pest per kg of grain tolerance 1n
the USA — any food commodity infestation is however

penalised to cover the cost of future pest control and clean-
ing measures. In connection with non-zero EIT the US

food industry plants frequently check safety and quality of
food products by methods of microanalytical entomology,
which includes estimation of pest presence or density and
of its fragments by filth-flotation test (HELRICH 1990),
ELISA tests and direct counting of the number of insect
~damaged kernels (IDK) per food-resource unit. For exam-
ple, in the USA (HAGSTRUM, FLINN 1996) the following
EITs are used to reject the commodity for human consump-
tion: 32 IDK/100 g of grains (in mills 5 IDK/100 g) and
75 insect fragments/50 g of flour (1n mills 15 insect frag-
ments/50 g). It seems that farmers and store-keepers most
frequently use the pest population density as the only qual-
itative criterion whereas food industry plants use additional
qualitative and safety criterions in connection with the
hazard analysis of the pest infestation. Thus we can recog-
nise that various food-storing and producing subjects use
various economic injury thresholds: EIT of present living
pest (EIT,), EIT of insect damage kernels (EIT,, )and EIT
of filth (e.g., fragment, hairs, faeces) (EIT,). Despite the
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use of various EITs in practice, there is surprisingly very
little information on the relationship and its quantification
among these EITS. It is apparent from Fig. 3 that the num-
ber of injured kernels EIT, , (= exploitation of the food
resource [E] in our case) is not simply correlated with No.
of present living pests EIT, Clearly, we would like to stress
that the above mentioned critical thresholds (EIT, , EIT, .,
EIT,) should be treated in some instances as independent
food safety and qualitative criterions. Neglecting this fact
by food grain suppliers (farmers, storekeepers, agro-trad-
ers), which rely mainly on “N’-monitoring, may result in a
tricky situation when their customers (e.g., flour mill lab-
oratory), using other EITs, label the grain load as a “low
grade” or “not for human consumption” even though the
supplier delivers grain without pest or under 2 living pests
per kg of the commodity. To prevent this situation a zero
pest population level should be maintained during the
whole period of food commodity storage (which is not
economical and “ecological”) or a monitoring of all types
of EITs should be established. The problem is that for ento-
microanalysis, besides laboratory and microscopic equip-
ment, some type of special entomological and chemical
qualifications is needed. This could be solved by purchase
of such analytical service from a district agricultural and
advisory laboratory. We think that another and probably
more operational approach could be an establishment of
some form of the continual “cumulative monitoring”, based
on collection of cumulative capture data from traps dur-
ing the whole storage of the particular batch of the com-
modity. Cumulative capture indices, although with certain
bias, give certainly a better picture of the past infestation
and commodity damage than discontinual sampling. I sup-
pose that work by VELA-COIFIER et al. (1997), though
proposing only week cumulative thresholds per insect trap,

indicates that this approach could be feasible.
Conclusions

Unlike cumulative pest numbers the pest population
density 18 not always consistent with injuries (e.g., weight
losses or No. of injured kernels) of stored food product.
HACCP and IPM programmes should therefore ensure not
only monitoring of pest population density but also of
the criterions directly reflecting the actual injury of food
resource along the whole food production chain. It1s sug-
gested to initiate a research program studying the rela-
tionship between “cumulative trap-monitoring” of pests
and the level of injury/contamination of stored food prod-
ucts. The research 1s also needed to improve some current
methods of food entomological microanalysis, particular-
ly in terms of detection and determination of stored prod-
uct pest eggs.
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V praci jsou prezentovany dva konceptualni modely demonstrujici nelinearitu aktualnich polti skladiStnich Skidcu k poSkozeni
potravnich zdroji. Prvni model upozoriiuje na zanedbavany fakt, Ze kumulativni pocty naristaji rychleji neZ aktualni poCty, coz
vede k podhodnoceni kritického poétu 8kiidct odpovidajiciho readlnému prahu Skodlivosti. Druhy model ukazuje, Ze aktualni
populaéni hustota Skodlivého organismu miiZe odpovidat naprosto odliSnému stupni exploatace potravniho zdroje (4. poskozeni
a ztratdm). V praci je upozornéno na vyznam kontinudlniho monitorovani pomoci sb&éru kumulativnich dat z lapacu, které
dokumentuji historii populace $ktidce na sledovaném potravnim zdroji. Kromé sledovani aktualniho poctu Zivych Skudet a , ku-
mulativniho monitorovani by mélo byt nezbytou soudasti programtit HACCP a IPM v potravinafskych zafizenich rovn€z moni-
torovani stupné poskozeni a kontaminace skladovanych produktii pomoci metod potravinafské mikroanalyticke entomologie.

Kli¢ova slova: populaéni dynamika §kiidcil; prahy $kodlivosti; rozhodovaci procesy, HACCP
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