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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 forminJ 
particles (BCFP) from the calves was rapid, typically 2 x I 06 BCFP/h per unit calf area, an< 
showed a positive correlation with absolute humidity. The concentration of airborne BCFP 
arising mainly from these calves, was about 30 BCFP/ 1, 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 clearanc< 
was equivalent to 4-49 air changes/ h. which is of a magnitude comparable with ventilatiot 
rates in naturally-ventilated livestock buildings. 

At present the critical concentrations of non-pathogenic bacteria in animal houses are unknowt 
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 
noxiou gase at conce ntrati ns much higher than those outdoors. Clearance of these by-prod 
of the existence of the animal i one im port~tn t function of ventilation.1 Although dust has I 
implicated in Lhe aetiology of omc respiratory di ea es,2 e.g. chronic bronchitis in the ho 
there i' a pparently little correlation between a irborne dust levels and the performance of hea 
animals.4 Similarly, high concentrations of toxic or irritant gases or of non-pathogenic mien 
may impair pulmonary clearance leading to pneumonia in calves5 but there is little experime 
evidence for this controversial hypothesis. Air pollutants may indeed harm the health ol 
animal,6 but the critical levels for chronic exposure to such agents, both singly and in combinat 
are still unknown? 

The traditional crite ria by which the rate of ventilation is set are the temperature 
humidity o[ the ajr and the level of carbon dioxide and oxygen.8 Humidity is controllec 
prevent surface condensation while air temperature is ma nipulated accord ing to the then 
regulatory and phy iological response of the animal. In both case the rates of produc1 
and removal (of heat and moisture) are known accurately and the upply of 'fre h' a ir i adjw 
to maintain target temperatures and humidities. A steady-state balance equation i often L 

for the prediction of equilibrium concentration . Ther fore if a building de igner i to em~ 
the level of a irborne bacteria a a criterion for ventilation be must first understand their kine1 

The purpo e of this pap r i (I) to de crib a imple model of airborne microbes w 
bacteria in a calf house as an example · (2) to pre en t mea urements of the release and cleara 
rates of aerobic bacteria and (3) to review the importance of bacterial aero ols in the aetiol 
of re piratory disea es 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 

... ( 1) 

C is the indoor concentration, t is time, V is the volume of the building, R is the emission 
~. is the ambient concentration, qv is the air change rate and qe is the sum of the specific 
onstants and represents clearance from the air by mechanisms other than ventilation. 
)lution of Eqn ( 1) is 

C - C -<q+q)r+ R + Vq ,. " (1- -(q+q>r) 
- 0 e • . V( ) e , . , 

Cj,1 + qr 
... (2) 

Co is the initial pollutant concentration at t = 0. · qn (2) applies to a one-compartment 
with a con. tnnt emission rate and a ·ume: complete mixing within the air pace. omplex 

compartment model of air flows which may be appropriate for orne live lock building., 
.cen developedsand rhe con equences of incomplete mixing are now recognized.1o. 11 In mot 
ngs q,. + q,. exceed 10/h and the exponential term becomes negligible after 15 min or so, 
g th familiar expression for the equilibrium pollutant concentra tion. 

c -R + Vq •. II 

- V(q,. + q,.) ... (3) 

special case when R ::tnrl rJo are constant and C >>c •. Eqn (3) can be rearranged to give a 
relationship between q,. and 1/C: 

1/C =a -l b q,, ... (4) 

! a= V qe/R and u = VjR. R and qe can then both be determined from a plot of 1/C versus 
lternatively, if R , C and q,. are measured, qe can be calculated directly from Eqn (3). 
e unit~ of t} e are the same as q, and q, can be thour;ht of as an equivalent rate of air 
~e for clearance by other pathways. The advantages of repr enting clearance rate in this 
ter are twofold. First, the combined effect of several proces. es occu rri ng simultaneously is 
tly proporticnrrl to the sum cf the rate const~nts ~nd , sccnncl , 1 hP- r::.t e. arc independent of 
ollutant concentration.1z 
e major ink for airborne ga es is ventilation ; inhalation by the animal is a minor route of 
mce and q, i effectively zero. However. for microbial aerosols and dust several other 
a ni m are important. edimenta tion , impaction and deposition on horizontal surfaces occur 
rate propo11ional to the particle dew ily and size; typical rate constants for sedimentation 
:spect ivP. ly, 0·1 / h and I 0/h for I llJl1 and I 0 ~m1 unit density particles dispersed at 1 m height 
ajr. The survival of airborne microbe depends,13 amongst other things, on temperature, 
dity and composition of the suspending fluid with death rate constants ranging from 0·1 /h 
00/h for individua 1 species of bacteria.14 Finally. the effectiveness of mechanical devices such 
r scrubbers, filters and ionizers can be considered in the above terms and will obviously 
nd on the efficiency of the machine and its throughput. 

3. Experimental methods 
3 .1. Calves and calf housing 

ne Friesian bull calves were housed in January 1983 at approximately 1 week of age in 
d 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 ~ 
and veterinary treatment were kept. In all other respects the husbandry of the calves foil 
conventional practices, but with particular attention paid to daily cleansing and manure dis1 

The layout and dimensions of the rooms are shown in Fig. 1. The room volume was 11 
giving a cubic capacity of 12m3 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 0·6rr 
opening in the ro0f 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 1700 m3 /h at 290 Pa pre 
difference, and the latent heat of condensation was returned to the room air. The unit 
controlled by a humidi tat. The rapid flow rate through the unit, equivalent to 15 air chan. 
ensured that the air in th room was well mixed. In the room which was used as the experim 
control, the com pres or was d i connected so that the unit recirculated air without dehumidifica 
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. 

0 ..__. 
m 

T 

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

3.2. Measurements oft he physical and aerial environ111ent 
Throughout the experiment air temperature and relative humidity were monitored at 

hourly intervals using a p ychrometer with matched thermistor a p.irated by a small fan 
located 1·8 m above the floor at the centre of each room. Ventilation rate and the conce: 
tions of airborne bacteria colony-forming particle (B FP) were measured daily during all 1 

weeks after one week of equilibrium at each climate. Air change rate were a essed by rec r 
the clearance of a small sample of a tracer gas, sulphur hexafluoride, u ing a gas chromatog1 
The concentration of airborne BCFP was measured four tim s daily, nominally at 1000, 1 
1400 and 1600h, 1m above the ground in front of th centre pen using nutrient 
plates in a six-stage Andersen sampler15 with a sampling tim of 20- 30 s at a flow rat 
28·31/min. The plates were incubated aerobically at 25°C for 3d and the number of cole 
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 sh 

in Fig. 2. This compri ed a conical shaped sampling cup (A) of area 93 cm 2 through w 
filtered air (B) was drawn at a flow rate of 28·31/min from eight ports. The cup was pre 
firmly against the flank of the restrained calf at the right capula and a good seal was ens1 
by a flexible rubber gasket (C). The velocity of the incoming air stream was calculatec 
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Pump 

Fig. 2. Schematic diagram of the apparatus for release measurements. 

Is, in the same range as the speed of the convection current from the animal. Prior to 
Jeasurement, about 71 of filtered air, controlled by butterlly va lves (D), was flushed through 
pparatus to clear the pipework of any ambi~::nl contamination. The sample of air 
.ning bacteria dis per ·ed fr m Lhe skin and coat of the calf was then passed through the 
·sen ampler (E) as described earlier, with a sampling time of 60-90 s. 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 body surface area A= 0·15 W0' 56 where W is the weight of the animal in kg, and A is 
tred in m 2

• 

4. Results 
. 3 shows the daily measurements of ventilation rate and the mean air temperature and 
'~ humiuily in both rooms. Air temperature rose as Lbe calve aged because nf t hP. 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 or 3 ·% r.h. t:uli la tion rates 
~two rooms were similar with an overall mean (±S.D.) of 3·9 ± 2·09 and 4·4 ± 2·16 air 
~esjh, respectively. 
e mean daily conct:ntrations of airborne bacteria in the dehumidified room was nt:arly always 
than in the control room except when the compressor was switched off during the ambient 

1es (Fig. 4). As the calves grew larger the concentration in the control room increased from 
t 6 to 22 BCFP/1 at 3 and 16 weeks of age, re ·pectivcly. The increase in the number of 
ria masked the differential effect of occupancy of the building or climate on the different 
~le sizes; the concentration of large particles (>3·5 ~un a rodynamic diameter) roc while 
)fthe small parlides ( <..:3·5~n) either fell or remained .. om;tant, but wa ub tantia lly lower 
factor of lO or so. The same underlying trends were observed in the treatment room. 
e mean flux of bacteria dispersed by the calves showed an apparent increase with age. This, 
:ver, is probably an artefact of the correlation between the climate in the rooms and the age 
e calves. Accordingly, the fluxes are shown plotted against absolute humidity p, gjm3 , in 
. T he linear regression of the Aux of bacteria R*, log1 B FP/m2 h, on p was R* = 5·570 + 

.Jp (n = 30, r = 0·74, P < 0·00 I). R* wa only weakly correlated with relative humidity and 
an perature (r = 0·47. P < 0·0 I: r = U-42 I' < 0·05 respectively). The fluxl!s of bacteria were 
large typically 2 x 106 13 FP/m2h and no allowance was made for leakage of bacteria into the 
>ling apparatus. After allowing for difler nces between calves and between ages and their 
action, 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 (0) the control and(.)dehumidified r, 
during the experiment 
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ion of 2·8%. By comparison the concentration measurements had a within day (between 
s, between 2-week periods) C. V. of 6·2%. Measurements taken when the calf struggled 
ttly were discarded. 
:: daily balance of airborne bacteria for those days with simultaneous measurements of 
mtration and release flux is given in Table 1. Values of qe were calculated from Eqn (3) 
lid not exc ed 50 air changes/h. In deriving these estimates the calv were assumed to be 
1ajor source of ba~.:leria 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 
le range of temperatures.18 In particular, average daily liveweight gain and lola! heat loss 
al calves is the same at air temperatures from 5 to 20°C but the proportion of heat lost by 
oration rises with temperature.H Similarly, the direct effects of air humidity on calf performance 
mall and, in consequence, the recommended span is wide, 30-90% r.h.1 In this experiment 
ive 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. 
•ere have been many surveys ofBCFP concentrations in animal houses: mean levels& are about 
CFF/1 compared with less than 30 BCFF/1 in this experiment in which the cubic capacity 
double that recommended for commercial farms.1e The rise in concentration with age 
:::ts not only the higher flux from the animals but also their larger surface area. The origins 
rborne bacteria and dust in animal houses are the animals themselves and the stockman, 
bedding or litter, especially during bedding down and when disturbed, and the animal 
•1a In our study the animals were the major source of bacteria and, when they were 
wed at the end of the trial, levels fell to one-sixth or less of those recorded during the 
~s' occupancy, in agreement with Goodrich et a/.19 



TABLE I 

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

Calf No. of Mean Mean air Mean Absolute Ventilation Mean Total Mean Rate constant (q,), 
age, calves calf temperature, relative humidity, rate (q,), air release flux, release, concentration, equivalent 

d weight, kg oc humidity,% g/m3 changes/h iog,o BCFP m- 2 h- 1 BCFP/h X ](f> log 10 BCFP/m3 air changes/h 

25 9* 59 5-6 86 6·10 7·7 6·149 18·64 3·555 39·5 

9 59 7·7 54 4·38 7·8 5·717 6·90 3-361 19·5 

36 9 73 6·7 91 6·85 9·5 6·277 28·27 4·295 3·5 

9 73 8·7 52 4·50 9·8 6·057 17·04 4·042 4·3 

50 8 90 14·4 89 11·05 1·8 6·325 31-45 3·748 49·3 

8 90 18·9 49 7·95 2·7 6·226 25·04 3·721 40·6 

64 8 107 11·6 84 8·70 6·2 6·402 41·39 4·197 17·7 

8 107 11·2 92 9·35 7·2 6·179 24·77 3·945 18·4 

85 7 134 14·6 88 11·00 2·8 6·618 67-39 4·097 46·2 

8 134 14·4 88 10·55 3·1 6·360 42·52 4·295 16·5 
99 7 155 18·2 86 13-40 4·4 6·278 33·59 4·129 18·3 

8 155 20·7 65 11·70 3·2 6·388 49·46 4·161 27·8 
113 7 175 18·7 86 13-80 2·4 6·816 124·18 4·384 44·2 

8 175 20·6 65 11·65 3-4 6·455 61·81 4·278 26·2 

*For each day the first and second rows of data correspond to the control and dehumidified rooms. respectively 
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5.2. Release rate of bacteria 
an, the skin acts as a host for both aerobic20 and anaerobic21 bacteria, which live in 
! micro-colonies, each containing 102-105 cells.22 The bacteria are dispersed into the air on 
desquamated skin scales22 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 dliameter i much larger.24 The rate at which 
uals shed bacteria is highly variable and is faster in males than in females.20 If measurement 
)n the legs alone can be extrapolated to the whole body Mackintosh et a/.24 recorded 
from males ranging from 2 x 105 to 2 x 106 colony forming units m- 2 h- 1. However, 
imately 80% of the output may come from the perineal region.25 

bacteria fluxes observed in this study were very large, typically 2 x 106 BCFP m- 2 h - 1 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 increa ed humidity26 while the micro-climate beneath the hair coat and the 

>upply of nutrients provide an attractive site for bacterial growth. The use of absolute 
ity as an index of climatic stress i 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,27 
disappear at l5°C. Therefore, the extrapolation of measurement based on one region of 
dy to the whole animal may have cau ed uncertainties in the estimate of R. The total 
to the room clearly depends on the number of calves and their activity. If animal 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 
·e have been many studies of the survival of airborne microbes which have been gener<~ ted 
ally in the laboralory.26 In general, the lifetime of individual species of bacteria in an artificial 
I is shortened as air temperature rises, while the effects of relative humidity (at a con tanl 
·ature) depend on the species.13 However, when an aerosol contain more than one pecie 
:ll: case with one produced naturally, sampl~s t<~ken some distance from the source will 
ise 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 
nship describing their combined response is unlikely to he simple. Furthermore, the survival 
teria on skin squames will not necessarily be the same as that for bacteria suspended in 

results show that qe ranges between 4/h and 49/h compared with air change rates of 2-10 
:mgesjb. The clearance mechanisms encompassed in the determination ·of qe include both 
1ysical processes of edimentation and impaction and the biological process of death. 
mner will be influenced by the airflow patterns in the building while the latter will be 
1ed by, amongst other things, climate. The relationship of q, with both these determinates 
:complex. Although previous workers12 have shown that the rates of physical decay can be 
.ted from the clearance of physical tracers of similar aerodynamic properties,29 the 
cation of a suitable index of climatic stress for a heterogeneous aerosol must await further 
Nevertheless, our demonstration that qe is of magnitude comparable with air change rates 

•ed in naturally-ventilated livestock buildings shows the relative importance of the different 
nee mechanisms even though the factors which determine qo are unknown. 

5.4. Air hygiene and animal health 
hough there has been much speculation regarding air hygiene and respiratory diseases of 
d 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.7 Pritchard5 suggests that impaired pulmonary clearance is a necessary cause o 
pneumonia. The impairment may result from "cilialloss 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 study30 showed that filtration of air reduced the incideno 
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's16 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 6m3 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 dt 
was also shown in one North American study31 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 m3 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.7 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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