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The Balance of Airborne Bacteria in Cal

C. M. WATHES; K. HOWARD; C. D. R. JONES; A. J. F. WEBSTER*

The bacterial content of the air and physical environment of two crated veal calf units wer
monitored over the growing period of 16 weeks. The rate of release of bacteria colony formin;
particles (BCFP) from the calves was rapid, typically 2 x 105 BCFP/h per unit calf area, anc
showed a positive correlation with absolute humidity. The concentration of airborne BCFP
arising mainly from these calves, was about 30 BCFP/I, but was not a simple function o
climate. In addition to clearance by ventilation at rates ranging from 2 to 10 air changes/h
the airborne bacteria were removed by sedimentation and other physical processes, and killec
by normal biological mechanisms. The combined rate for the latter two pathways of clearance
was equivalent to 4-49 air changes/h, which is of a magnitude comparable with ventilatio
rates in naturally-ventilated livestock buildings.

At present the critical concentrations of non-pathogenic bacteria in animal houses are unknow:
and so a minimum ventilation rate based on this criterion cannot be calculated. However
recognition of the different routes of clearance of airborne bacteria, including ventilation, i
fundamental to the design of animal houses.

1. Introduction

A farm animal confined indoors breathes air polluted by inert dusts, microbial aerosols
noxious gases at concentrations much higher than those outdoors. Clearance of these by-prod
of the existence of the animal is one important function of ventilation.! Although dust has |
implicated in the actiology of some respiratory discases.2 e.g. chronic bronchitis in the hc
there is apparently little correlation between airborne dust levels and the performance of hea
animals.#4 Similarly, high concentrations of toxic or irritant gases or of non-pathogenic micr
may impair pulmonary clearance leading to pneumonia in calvess but there is little experime
evidence for this controversial hypothesis. Air pollutants may indeed harm the health o
animal 8 but the critical levels for chronic exposure to such agents, both singly and in combina
are still unknown.”

The traditional criteria by which the rate of ventilation is set are the temperature
humidity of the air and the levels of carbon dioxide and oxygen® Humidity is controlle
prevent surface condensation while air temperature is manipulated according to the ther
regulatory and physiological responses of the animal. In both cases the rates of produc
and removal (of heat and moisture) are known accurately and the supply of “fresh™ air is adju
to maintain target temperatures and humidities. A steady-state balance equation is often |
for the prediction of equilibrium concentrations. Therefore, if a building designer is to em
the level of airborne bacteria as a criterion for ventilation he must first understand their kine

The purpose of this paper is (1) to describe a simple model of airborne microbes u
bacteria in a calf house as an example; (2) to present measurements of the release and clear:
rates of aerobic bacteria and (3) to review the importance of bacterial aerosols in the aetio
of respiratory diseases of housed animals in general and calves in particular.
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2. Theory
mass balance for a pollutant flow into and out of a building is

dC R
dr =

C is the indoor concentration, ¢ is time, V' is the volume of the building, R is the emission
"a 1s the ambient concentration, g, is the air change rate and g, is the sum of the specific
onstants and represents clearance from the air by mechanisms other than ventilation.
slution of Egn (1) is

qu+Q(C C), (1)

R+ I'(It Cu

Cm=Cye a0 gy (1 —c A7), (2)

Cy is the initial pollutant concentration at r=0. Eqn (2) applies to a one-compartment
with a constant emission rate and assumes complete mixing within the air space. Complex
compartment models of air flows, which may be appropriate for some livestock buildings,
icen developed?® and the consequences of incomplete mixing are now recognized.'%1 In most
ngs ge + ¢ exceeds 10/h and the exponential term becomes negligible after 15 min or so,
¢ the familiar expression for the equilibrium pollutant concentration.

R+ Vg, C,

= Vara) -

special case when R and g, are constant and C >> C,, Eqn (3) can be rearranged to give a
relationship between g, and 1/C:

1/C=a+ bq, ..{4)

a=Vq./Rand b=V/R. R and ¢, can then both be determined from a plot of 1/C' versus
ternatively, if R, C and g, are measured, g. can be calculated directly from Eqn (3).

> units of ¢ are the same as ¢, and ¢. can be thought of as an equivalent rate of air
e for clearance by other pathways. The advantages of representing clearance rates in this
er are twofold. First, the combined effect of several processes occurring simultancously is
1y proportional to the sum of the rate constants and, second, the rates are independent of
llutant concentration.2

= major sink for airborne gases is ventilation; inhalation by the animal is a minor route of
nce and ¢, is effectively zero. However, for microbial aerosols and dust several other
anisms are important. Sedimentation, impaction and deposition on horizontal surfaces occur
ate proportional to the particle density and size; typical rate constants for sedimentation
speclivrly 0:1/h and 10/h for | pm and 10 um unit density particles dispersed at 1 m height
ir. The survival of airborne microbes depends,'® amongst other things, on temperature,
lity and composition of the suspending fluid with death rate constants ranging from 0-1/h
)0/h for individual species of bacteria.'* Finally, the effectiveness of mechanical devices such
-scrubbers, filters and ionizers can be considered in the above terms and will obviously
d on the efficiency of the machine and its throughput.

3. Experimental methods

3.1. Calves and calf housing
¢ Friesian bull calves were housed in January 1983 at approximately 1 week of age in
| wooden crates in each of two rooms, and were reared as veal calves until slaughter at



17 weeks of age. The calves were also the subject of a nutritional trial but a similar ran
diets was allocated to each room. Each animal was weighed weekly and records of its L
and veterinary treatment were kept. In all other respects the husbandry of the calves foll
conventional practices, but with particular attention paid to daily cleansing and manure disj

The layout and dimensions of the rooms are shown in Fig. I. The room volume was 11
giving a cubic capacity of 12m? per calf. Each room was ventilated naturally; air entered
narrow inlet, 1-58 x 0-15m, positioned at eaves height and was exhausted through a 0-61r
opening in the roof apex containing a propeller fan, the motor of which was disconn
from its power supply but which could free-wheel when naturally induced air flow p:
through the fan blades. An air dehumidifier was installed 2:6 m above the floor in each r
Air was drawn through the unit by a fan with a throughput of 1700m3/h at 290 Pa pre
difference, and the latent heat of condensation was returned to the room air. The unit
controlled by a humidistat. The rapid flow rate through the unit, equivalent to 15 air chan
ensured that the air in the room was well mixed. In the room which was used as the experim
control, the compressor was disconnected so that the unit recirculated air without dehumidifice
The room with the operating humidifier was given three regimes, namely two with contr
conditions, nominally 50% and 70% r.h. and one¢ following ambient as for the control r
These treatments commenced when the calves were 11 days old.

Fig. 1. Cross-sectional view of calf houses. D, Dehumidifier; H, humidistat; T, psychrometer

3.2.  Measurements of the physical and aerial environment

Throughout the experiment air temperature and relative humidity were monitored at
hourly intervals using a psychrometer with matched thermistors aspirated by a small far
located 1-8m above the floor at the centre of each room. Ventilation rates and the conce
tions of airborne bacteria colony-forming particles (BCFP) were measured daily during alte
weeks after one week of equilibrium at each climate. Air change rates were assessed by reco
the clearance of a small sample of a tracer gas, sulphur hexafluoride, using a gas chromatog
The concentration of airborne BCFP was measured four times daily, nominally at 1000,
1400 and 1600h, I m above the ground in front of the centre pen using nutrient
plates in a six-stage Andersen sampler’® with a sampling time of 20-30s at a flow ra
28:31/min. The plates were incubated aerobically at 25°C for 3d and the number of col
recorded. All results are expressed as the geometric mean of the numbers of bacteria.

3.3. Rate of release of bacteria
The rate of release of aerobic bacteria from the calves was measured using the apparatus sl
in Fig. 2. This comprised a conical shaped sampling cup (A) of area 93cm? through v
filtered air (B) was drawn at a flow rate of 283 I/min from eight ports. The cup was pr
firmly against the flank of the restrained calf at the right scapula and a good seal was en:
by a flexible rubber gasket (C). The velocity of the incoming air stream was calculate
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Fig. 2. Schematic diagram of the apparatus for release measurements.

/s, in the same range as the speed of the convection currents [rom the animal. Prior to
aeasurement, about 71 of filtered air, controlled by butterfly valves (D), was flushed through
pparatus to clear the pipework of any ambient contamination. The sample of air
ning bacteria dispersed from the skin and coat of the calf was then passed through the
sen sampler {E), as described earlier, with a sampling time of 60-90s. The flow rate was
ored with a flow meter (F).

: release rate from three calves in each room was measured three times on one day of each
The total release from the calves into the room was calculated from the number of calves
1eir bodyzsurface area A =015 W% where W is the weight of the animal in kg, and 4 is
ired in m?,

4. Results

. 3 shows the daily measurements of ventilation rate and the mean air temperature and
¢ humidity in both rooms. Air temperature rose as the calves aged because of the rising
nt temperatures and was between 2 and 4-3°C hotter in the dehumidified room than in the
ol room. The relative humidity in the dehumidified room was usually within 5% r.h. of the
and fluctuated little, with a typical daily standard deviation of 3-4', r.h. Ventilation rates
> two rooms were similar with an overall mean (+S.D.) of 39 +2:09 and 44+ 2'16 air
es/h, respectively.

> mean daily concentrations of airborne bacteria in the dehumidified room was nearly always
than in the control room except when the compressor was switched off during the ambient
es (Fig. 4). As the calves grew larger the concentration in the control room increased from
6 to 22 BCFP/1 at 3 and 16 weeks of age, respectively. The increase in the number of
ia masked the differential effect of occupancy of the building or climate on the different
le sizes; the concentration of large particles (>3-5 pum aerodynamic diameter) rosc while
f the small particles (< 3-5um) either fell or remained constant, but was substantially lower
actor of 10 or so. The same underlying trends were observed in the treatment room.

> mean flux of bacteria dispersed by the calves showed an apparent increase with age. This,
er, is probably an artefact of the correlation between the climatc in the rooms and the age
“calves. Accordingly, the fluxes are shown plotted against absolute humidity p, g/m?, in
. The linear regression of the flux of bacteria R*, log;o BCFP/m*h, on p was R* =5-570 +
p (n=230, r=074, P <0001). R* was only weakly correlated with relative humidity and
nperature (r =047, P<001: r=042, P <005, respectively). The fluxes of bacteria were
arge, typically 2 x 10° BCFP/m?h and no allowance was made for leakage of bacteria into the
ing apparatus. After allowing for differences between calves and between ages and their
ction, the residual sampling error (e.g. within calf variation) corresponded to a coefficient of
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Fig. 3. Ventilation rate and mean relative humidity and air temperature in (QO) the control and (@) dehumidified 1
during the experiment

Fig. 4. Mean concentration of bacteria colony forming particles as a function of calf age in (O) the control a
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. 5. Mean flux of airborne bacteria vs absolute humidity for calves in () the control and(@)dehumidified rooms

ion of 2-8%. By comparison the concentration measurements had a within day (between
s, between 2-week periods) C.V. of 62%. Measurements taken when the calf struggled
itly were discarded.

> daily balance of airborne bacteria for thosc days with simultaneous measurements of
ntration and release flux is given in Table 1. Values of g. were calculated from Eqn (3)
id not exceed 50 air changes/h. In deriving these estimates the calves were assumed to be
iajor source of bactleria and other possible contributions, such as the floor, were ignored.
ontribution from the supply air was negligible.

5. Discussion
5.1. Physical and aerial environment

Britain calves can be housed in climatic buildings because they thrive in conditions covering
e range of temperatures.’® In particular, average daily liveweight gain and total heat loss
1l calves is the same at air temperatures from 5 to 20°C but the proportion of heat lost by
ration rises with temperature.’? Similarly, the direct effects of air humidity on calf performance
nall and, in consequence, the recommended span is wide, 30-90%, r.h.' In this experiment
ve humidity never fell below 75% in the control room while air temperature was in the range
C, from which we may infer that the calves were neither heat nor cold stressed.

re have been many surveys of BCFP concentrations in animal houses: mean levelsé are about
"FF/I compared with less than 30 BCFF/I in this experiment in which the cubic capacity
louble that recommended for commercial farms.® The rise in concentration with age
ts not only the higher flux from the animals but also their larger surface area. The origins
borne bacteria and dust in animal houses are the animals themselves and the stockman,
edding or litter, especially during bedding down and when disturbed, and the animal
8 In our study the animals were the major source of bacteria and, when they were
ved at the end of the trial, levels fell to one-sixth or less of those recorded during the
’ occupancy, in agreement with Goodrich et al.1?



Release and clearance rates and concentrations of airborne bacteria in two calf houses

TABLE 1

Calf | N, of Mean Mean air Mean Absolute | Ventilation Mean Total Mean Rate constant (g.),
age, calves calf |temperature,| relative | humidity, | rate(q.), air |  release flux, release, concentration, equivalent
d weight, kg ‘C humidity,% | g/m? changes/h  liogio BCFP m~2 h™'| BCFP/h x 10° | logi0 BCFP/m® air changes/h
25 9* 59 56 86 6-10 77 6-149 18-64 3-555 395
9 59 17 54 438 78 5717 690 3-361 19-5
36 9 73 67 91 6-85 9-5 6277 28-27 4295 3:5
9 73 87 52 4-50 98 6-057 1704 4-042 43
50 8 90 14-4 89 11-05 18 6:325 3145 3-748 493
8 90 189 49 795 27 6226 2504 3721 406
64 8 107 11-6 84 870 62 6-402 41-39 4-197 179
8 107 11-2 92 9:35 72 6-179 24-11 3-945 184
85 7 134 14-6 88 11-00 28 6618 6739 4097 462
8 134 14-4 88 10-55 31 6-360 42-52 4-295 165
99 7 155 182 86 13-40 44 6-278 33-59 4-129 183
8 155 20-7 65 11-70 32 6-388 49-46 4-161 278
113 7 175 18-7 86 13-80 24 6-816 124-18 4-384 442
8 175 206 65 11-65 34 6-455 61-81 4278 262

*For each day the first and second rows of data correspond to the control and dehumidified rooms, respectively

TV I7 QAHIVM ' "N
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5.2. Release rate of bacteria

an, the skin acts as a host for both aerobic2 and anaerobic?' bacteria, which live in
: micro-colonies, each containing 10?-10° cells.22 The bacteria are dispersed into the air on
desquamated skin scales?? or squames, which are shed during normal replacement of the
nis. Not all squames carry bacteria23 24 and their median aerodynamic diameter is about
2 although their median minimum projected diameter is much larger.2* The rate at which
uals shed bacteria is highly variable and is faster in males than in females.2 If measurement
m the legs alone can be extrapolated to the whole body Mackintosh et al2* recorded
from males ranging from 2 x 10° to 2 x 10° colony forming units m~2 h~'. However,
imately 80% of the output may come from the perineal region.2s

bacteria fluxes observed in this study were very large, typically 2 x 105 BCFP m~2 h™* at
per end of values reported for men. As stated earlier, our calves were not under severe
ress and it seems likely that the relationship between R* and p reflected either changes in
>us moisture loss with increasing temperature or age per se, or both. Certainly cornified
‘e more easily detached from the bovine epidermis after swelling and water absorption
wetting and increased humidity?® while the micro-climate beneath the hair coat and the
supply of nutrients provide an attractive site for bacterial growth. The use of absolute
ity as an index of climatic stress is probably an oversimplification, and other variables, such
perature and vapour pressure, or combinations of these, may be more appropriate. At air
atures above 25°C there are large regional differences in sweating rate in young cattie,2’
disappear at 15°C. Therefore, the extrapolation of measurements based on one region of
dy to the whole animal may have caused uncertainties in the estimate of R. The total
to the room clearly depends on the number of calves and their activity. If animals are also
n litter, disturbance of the bedding will disperse many bacteria into the air. Unfortunately,
n the contribution from this source are not available.

5.3.  Survival of airborne bacteria
¢ have been many studics of the survival of airborne microbes which have been generated
ally in the laboratory.® In general, the lifctime of individual species of bacteria in an artificial
| is shortened as air temperaturc rises, while the eftects of relative humidity (at a constant
ature) depend on the species.’® However, when an aerosol contains more than one species,
1 case with one produced naturally, samples taken some distance from the source will
se those species with long half-lives: only the survivors are collected. The effect of climate
nixture of bacteria will be a function of their individual responses and therefore the
aship describing their combined response is unlikely to be simple. Furthermore, the survival
eria on skin squames will not necessarily be the same as that for bacteria suspended in

results show that g. ranges between 4/h and 49/h compared with air change rates of 2-10
nges/h. The clearance mechanisms encompassed in the determination of ¢, include both
ysical processes of sedimentation and impaction and the biological process of death.
rmer will be influenced by the airflow patterns in the building while the latter will be
ed by, amongst other things, climate. The relationship of g. with both these determinates
complex. Although previous workers'2 have shown that the rates of physical decay can be
ed from the clearance of physical tracers of similar aerodynamic properties,?® the
ation of a suitable index of climatic stress for a heterogeneous aerosol must await further
Nevertheless, our demonstration that ¢. is of magnitude comparable with air change rates
ed in naturally-ventilated livestock buildings shows the relative importance of the different
cc mechanisms, even though the factors which determine g, are unknown.

5.4. Air hygiene and animal health
ough there has been much speculation regarding air hygiene and respiratory diseases of
| animals the evidence for the association is slight.6.7 In the context of bacterial aerosols
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two points must be made: first, the majority of airborne bacteria are non-pathogenic
second, bacteria can provide a burden on the defences of the respiratory tract even after
death.” Pritchard® suggests that impaired pulmonary clearance is a necessary cause o
pneumonia. The impairment may result from “cilial loss due to viruses or mycoplasma, bac
endotoxin, noxious gases such as ammonia or to overburden of the mucociliary escalator by .
bacteria, fungi or dust™5 His later study3? showed that filtration of air reduced the incidenc
severity of respiratory disease in housed veal calves. The concentrations of both bacteria anc
were lower in the filtered room and it is impossible to ascribe the benefit to either pollt
indeed, both may have been implicated.

Mitchell’s'® recommendations for the design of calf houses, in particular their ventilation,
been widely adopted by British farmers. His minimum ventilation rate of 6 air changes/h
cubic capacity of 6m?* per calf ensures that calf buildings are relatively spacious by tradit
standards. One possible explanation for the success of his advice is that reducing the sto
density simply lowers the output of bacterial contamination. The importance of stocking de
was also shown in one North American study3' in which raising the ventilation rate from 1
air changes/h had no effect on the clinical incidence of pneumonia ( ~ 80%). This was prol
because of the low cubic capacity of 3-1 m? per calf.

6. Conclusions

At present the concentration of airborne bacteria cannot be used as a criterion for ventil
rates, because the critical levels are unknown.” Despite this lack, the concept of a micr
balance can aid the designer of animal houses in the understanding of the kinetics of bac
aerosols. Recognition of the relative importance of pathways of clearance including ventil
and the strengths of the different sources will lead eventually to fundamentally sound desig
calf houses and ventilation systems.
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