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Introduction

During 1976 work in the Physics Department continued in three areas: soil physics,
micrometeorology and plant physics. There was an increasing commitment to collabora-
tive projects, both within the department and in association with other departments, a
process encouraged by the intensive use ofthe mobile rain shelter at Little Knott that was
described in detail in Rothamsted Report for 1974, Pdrt l, 202. The shelter was used in
1975 for an experiment on tillage (Rotiqmsted Report /or 1975,Pafi l, 230) and in 1976
for a plant physics experiment on the physiological response of spring barley to imposi-
tions of water stress of various severities at different grovth stages. In anticipation of
further intensive use ofthe mobile shelter site in future years, the laboratory accommoda-
tion at Little Knott was considerably expanded in 1976, the experimental plots and their
surrounds were protected by flood-diverting drains, and improvements werc made to the
shelt€r drive mechanisms and controls.

Much of the work on soil physics was concerned with the collaborative programme of
the Rothamsted Soil Structure Working Group, whose findings will be presented in a
semitrar presentation in mid-1977. Work continued on laboratory and field respiration,
and measurements of soil carbon dioxide effiuxion were made in support of the Little
Knott drought experiment.

Yery comprehensive sets of micrometeorological measurements were collected over
irrigated and unirrigated spring barley on Great Field: these micrometeorological data
p€rmit the determination of the fluxes of energy and gases between the crop and its en-
vironment. On the same plots, collaborative measurements of soil water content, by the
neutron scattering meter, and of transpiration and carbon dioxide assimilation, using a
canopy enclosure ( Rothamsted Report for 1975,Part l, 236) afford independent measures
of some of tlese fluxes. The exlrriments at Little Knott similarly profited from measure-
ments ofphotosynthesis, using a new portable leafchamber, and from neutron monitoring
of the soil moisture content.

The experiment at Little Knott was planned and executed in partnership with members
of the Botany Department, and members of the Physics Department have continued co-
operative work with the Nematology Department and the Field Experiments S€ction.
Planning has commenc€d for work that will be undertaken with the Plant Pathology De-
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partment on the aerobiology of spore dispersal, and the recruitment of a statistician/prc'
grammsr to a joint post in the Statistics and Physics DePartments has allowed a re-
commen@ment of the analysis of the backlog of micrometeorological records.

A welcome feature of the last quarter of 1976 has been the mmmencement of analysis
and writing-up of several projects that have simultaneously come to fruition.

Phnt phlsics

Plrtrt respDns€ to wster sEess

YicU rcqtonse: Littlc Knott. Drought has depressed barley yields frequently at
Woburn and occasionally at Rothamsted, and water deficits in spring may depress yields
more than deficits later in the season. The efects on yield of droughts of various iniensi-
ties at different growth stages were investigated at Little Knott in 1976 by imposing
such droughts, as 12 treatments, on 24 small plots (4'6 x 3'0 m) of spring barley. The
mobile shelter excluded precipitation from all plots, and the water deficits were con-
trolled by the supply and withholding of trickle irrigation. Yield and yield components
were measured for each plot, but plant responses were also evaluated in terms of water
use, photosynthetic rate, and physiological and morphological development, with many
collaborators cotrtributing their particular expertise, and with five of the 12 treatments
being replicated three times and designated for intensive measurement and analysis.

The 12 treatments differed only in their watering; each had a single drought period, of
which the duration and date of commencement were the only imposed variables. Irriga-
tion watrr was applied weekly in amounts equal to the preceding week's transpiration,
as measured by neutron scattering monitoring of soil water depletion in the most-watered
plots. The crop was sown on 3l March, and all plots were maintained at field capacity

until emergence about 14 April; from 28 April, the wettest plots were watered weekly
through the growing season, and the driest not at all. By l0 May, after two irrigations,
there were clear differences in gowth between irrigated and unirrigated plots, and by
early June there were notable diferences in stem extension. On all plots, ears emerged

about 14 June, and anthers a week later. Ripening commenced in early July, plants on
the driest treatment ripening three weeks ahead of those on the wettest'

Tables I and 2 show the harvest yields of grain, and 1000 grain weigbt for two groups

TABLE T

Harvest dala for spring barley on small plols st Litlle Knott, 1976

Dry matter yicld for plots with marimum soil watet deficit at harvest

Tr€almeflt number
Weeks of wateriog

Weeks without watedng
Glain yield (t ha-)
Standard error (t ha-r)
1000 Srair weiSht (g)
Stardard crror (g)

236

864
3.35 3.95 4.75
0.14 0.14 0.14

30.5 l4.s 39.0
0.7 0.7 0.7

\-_.Y.......J

4.55 5.@
0-19 0.14
32.5 36.5
1.0 0-7

\-_Y.......J
20
5.70 5.@
0.19 0.14ilo.o 35'5
1.0 0.7

: l0
9

9
5

7
3

tt 12
lt t2

(coosecutive from 28 April)
crain yicld (t ha-r) 2.15 3.35 3.55
StaDdard crror (t ha-r) 0 14 0 14 0 19
Itm srain wciebt G) 30 5 30 5 29'O
St ndard crror G) 0'7 O'7 l 0

TABLE 2

Hanest dala fot spring ba ey on small plots at Lirtle Knott, 1976

Dry mattcr yicld for plots watercd for thr€e w.cks, Bept dry for Yadous duratiotrs, and theE watcEd uDtil
npr ng

Trcatrn€nt number 7 6 5 4 ll l2
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of treatments. Table I relates to plots that were irrigated for the stated number of weeks
and thetr kept dry until harvest. Table 2 relates to plots each irrigated for thre€ weeks,
ttren kept dry for the indicated number of weeks, and then irrigated until ripening. (Data
for treatments I I and 12 have been combined, because their crops were nearly ripe before
the treatments differed.)

For both groups, grain yields correlate inversely with length of dry spell; grain leld
for the wettest treatments, I I and 12, is double that for the driest (treatment 3). The 1000
grain weight is less variable, ranging from 29 to 40 g, but appears to be increased by the
availability of water during the grain filling period. (W. Day, Legg, A. T. Day, French,
Pritchard, Parkinson, Croft, Derry, Sayers, Scott, Dominy and Jeffers, with Lawlor and
Sheila Davies, Botany Department)

Edge efects. The Little Knott plots were all small, 20 rows 4.6 m long, and some ofthe
crop was therefore harvested in 15 and 25 cm samples along plant rows to reveal the
existence of any plot edge effects. The results indicate that, for watering treatments, pro-
vided the peripheral 0.45 m of the plot is discarded, the harvest data give reliable, com-
parative yield measures. (W. Day)

In the soil, edge efrects may be ascribed to the lateral growth of roots from ooe plot to
aDother or to the horizontal movement of water across plot boundaries. Tritiated water,
applied with the irrigation water, was used on two of the Little Knott plots on 26 May
and 30 June to attempt to detect such lateral movement between well-watered and un-
watered plots. The measurements of26 May indicated that penetration of tritiated water
from the wet to the dry plot was insignificant for horizontal distances exceeding 0.5 m.
A more severe test, in cracked soil on 30 June, did indicate that small quantities oftritiated
water were detectable 0.5 m within the dry plot. Analyses to assess thevolumeflow ofwater
across the plot boundary are proceeding. (kgg and French)

Walet ase: weekly p*iotls: spring borley: Linlc Knott. Access tubes for the neutron
scattering moisture monitor were installed in 17 plots: one each in two of the tbree
replicate plots of the five treatments rclected for intensive study, and in one plot per
treatment for the remainder. Measurements were made at the beginning of each week, at
19 depths in the top 1.5 m of soil, and the resulting moisture content values, and the
week's total of crop water use, were available to guide the Wednesday irrigation pro-
gramme. Early in the season, the standard deviation of water use estimates for replicate
plots was less than 3 mm; during the growing season the soils responded to the crop, the
weather and the treatment, aod the standard deviation increased to l0 mm, in comparison
with an instrumental uncertainty of t 1.5 mm.

For most of the season, the fully irrigated barley transpired at a rate of 1.2 Er, in
agreement with the l.l5 E" reported by French, Long and Penman (Rothomsted Repo
for 1972, Part 2, 24), where E7 repres€nts a modified form of Penman's estimate of po-
tential transpiration (Penman, H. L., Proceedings of the Royal Sociely, Series A, (1948)
193, 120-145). During the exceptionally hot and dry period from 22 ltne to 12 llly
transpiration proceeded at a rate of 1.4 ET, probably as a result of advection of sensible
heat from adjacent non-irrigated plots, but possibly representing a response of large areas
of crop to these exceptional conditions.

Over the whole season, fully irrigated plants (treatments I I and 12) transpired zl00 mm
of wat€r: the non-irrigated (treatment 3) transpired 145 mm; other treatments were inter-
mediate. When irigation was terminated, transpiration continued at about 1.2 Er until
the soil moisture deficit reached 80 or 100 mm, when transpiration suddenly declined to
0'5 -8" or less. This decline occurred at the same deficit for a drought occurring at any
time during the growing season. Plants on treatment 3 matured earlier than the others,
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when their soil moisture deficit was 135 mm. Treatment 7 attained the greatest soil
moisture deficit, 174 mm, and yielded about 20% more grain than treatment 3. Total
water use correlated well with grain yield and wilh total dry matter, but there is evidence
that water use is reduced proportionately more by \ /ater stress than is dry matter pro-
duction-

During periods when irrigation was rvithheld, the plants abstracted water from pro-
gressively greater depths as the roots extended down the profile. Plants to which water
had been well supplied early in the season responded, on the withholding of water, by
abstracting water within one week from depths as great as l'2 m. (French, Legg, Croft,
Gordon and Jeffers)

Watet ute: hourly periods: spring bo ey: Little Knou. The neutron scattering tech-
nique does not afford estimates of transpiration for periods of less than one week. An
understanding of the dynamics of plant response to water stress requires lro,-r, measure-

ments of transpiration, stomatal resistance, and soil and plant water potential.
Monteith (Symposium of the Societyfor Experimental Biology (1965),29,205-234) has

developed a mathematical model that describes hourly transpiration in terms of air tem-
perature and humidity above the crop, leaf area index, stomatal resistance to water vapour
flow, wind speed and net radiation intercepted by the crop. One replicate plot from each

of the five intensive-study treatments was instrumented to record the meteorological
variables; stomatal resistance was measured by a continuous flow porometer developed
for this experiment, and leaf area index was monitored by destructive sampling supported
by preliminary trials with a fish-eye lens and camera. Data were logged throrghout the-

seaion, and analysis is proceeding. For a typical day, summation of the hourly values of
transpiration from Monteith's model gave daily totals of 5'4 and 3'0 mm for fuUy irrigated
and non-irrigated plots respectiyely; the neutron scattering method gave estimates of 30

and 18 mm for the corresponding weekly water use. (W. Day, Legg, Jeffers and Newell)
A more delailed understanding ofplant water use requires, in addition to those variables

incorporated in Monteith's model, measurements of leaf and soil water potential. Leaf
watei potential was measured four or five times per day on the intensive treatment Plots
using i pressure chamber, and the osmotic component of leaf water potential and the leaf
relative water content were measured on detached leaves. Soil water potentials rvere

measured on the same five plots, using tensiometers of range 0 to -0'8 bar at depths of
15, 30 and 60 cm, and soil psychrometers of range 0 to -30 bar and sensitivity 0'3 pV
bar-1 at depths of rc,m, q,60 and 100 cm. The soil psycbrometers are still undergoing
trial; there are problems with installation : the sensors need to lie horizontally, and con-
tamination of the thermojunctions leads to loss of sensitivity. (W. Day, Derry and
Sayers, with Lawlor, Botany Department)

Waler ase: moDthly periods: firf, Tlre soil moisture content under the turf of the
meteorological enclosure at Rothamsted was monitored weekly, by neutron scattering at
two replicate sites, from the beginning of March when the soil was close to field capacity.
These measurements, in monthly summary and with the corresponding rainfall totals, are
displayed and used in Table 3 to calculate the actual transpiration and its relation to the
modified Penman (1948) estimate of potential transpiration, assuming 25 % reflection of
shortwave radiation. For this soil, the ratio, EtlEr, of actlual to potential transpiration
decreases linearly with actual soil moisture deficit, A; the correlation is highly significant:

EtlEr : 1'04-0'0041 (A/mm) (r2 : O'99, n : A.
The differencc, for turf, between the seasonal totals of actual and potential transpira-

tion was 235 mm. Deeper-rooted vegetation would show a smaller differenc€, but fallow
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March
April
May
June
July
August
Totals

PHYSICS DEPARTMENT

TABIJ 3

Calculation of trunspiration from tud Rothottsted, 1976
(All valuc, exccpt the ratioc, io Dm)

Measur€d Moolhly
cumulative soil incrEdrcnt of Calc-ulated

moisture soil moistur actual
Raiofall defcit deficit tra$piratioB(l) (2) (3) (l) + (3)

18 18 l8 36
22 48 30 52
22 87 39 6l
17 130 43 60
42 145 l5 57
9t7t2535

r30 l7l t7t 301

Potcdial Ratioofactual
transpi!"atioo to pote ial
(after Penmatr) t-aospiratioo

37 0-97
61 0.85
92 0.6
ll9 0.50
tu 0.6
103 0.34
536

and impermeable ground a larger one. An order-of-magnitude difference for south-east
England might therefore be 200 mm. The solar energy that would have evaporated this
200 mm of water was dissipated, in major part, in sensible heating of the soil and atmo-
sphere during June, July and August, helping to maintain the exceptionally high tempera-
tures and transpirational demands during these months. (French)

Watet ase: laborutory $tadies. The stomatal resistance to water vapour flow may be
calculated from the width, lenglh and area density of stomatal apertures. A leaf chamber
has been built that fits onto a microscope stage, the microscope being fitted with a camera
and a x 400 long-working-distance objective so that stomata can be photographed and
their dimensions and resistances calculated through various published formulae. The
microscope lamp illuminates the leaf both to permit photogaphy and to maintain
photosynthesis.

Transpiration of the leaf into the chamber affords an independent measure of this
stomatal resistance. As water vapour is transpired by the leaf into the chamber, it is
mixed, by a small fan, with dry air that is fed into the chamber at a known rate. The
mixed gas is passed to a dew point meter that measures its humidity. The temperature of
the leaf in the chamber may be controlled by a Peltier cooling block and measured by a
thermocouple. Knowing the humidity of the mixed gas, the leaf temPerature, the gas flow
rate and the leaf area, a value for the stomatal resistance may be derived that can be
compared with that obtained by photography.

At a given instant, the stomata on any one leaf exhibit a range of apertures: indeed,
there is dimculty in defining what constitutes the stomatal aperture. Experimentally, there
is measurement uncertainty in tle leaf and dew point temperatures. Nonetheless, pre-
liminary data indicate good agreement between the stomatal resistances derived from
dimensions and from transpiration, and additional measurements are proceeding.

@arkinson and Dominy)

Photosynthesis: IEkt rrrrdiss. A portable leaf chamber has b€en developed that allows
field measurements ofphotosynthesis over periods as short as one minute. A growing leaf
is sealed by an inflatable rubber diaphrap into the inner of two concentric, transparent
acrylic tubes. The outer tube, by absorbing infra-red lighl and the air that is blown
between the two tub€s, cool the imer tube, of 100 ml volume, that comprises the leaf
chamber; air in the chamber is stirred by a small fan to promote convective cootng of the

leaf whose temperaturc, under field conditions, does not exceed ambient by morc than
2 K. Air temp€iature and light intensity are measured within the chamber.

By a novel technique, dry air of constant carbon dioxide concentration is fed at a pre-
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cisely controlled rate into the leaf chamber. Following insertion of the leaf and a one
minute delay for equilibration, a 5 ml sample of the chamber exhaust gas is withdrawn
by syringe for determination of ir carbon dioxide concentration by an infra-red gas

analyser. Knowing the leaf area, the gas flow rate, and the difference between input and
output concentrations of carbon dioxide, the rate of photoslmthesis can be calculated.

Extensive measurements on spring barley at Little Knott in 1976 await analysis; there
is evidence that photosynthesis is reduced markedly when air temperaturcs exceed 30"C.
(Parkinson and Dominy)

In 1974 and 1975 a field canopy enclosure was used to compare the photosynthetic
rates of irrigated and unirrigated potatoes and wheat. (Rothamsted Report lor 1975,Part
l, 236). Analysis of these experiments has been completed: the data lend support to
Monteith's model of photosynthesis (Monteith, Annals of Botany (196r,29, 17-37).
From that model, the combined stomatal and mesophyll resistances to carbon dioxide
transfer were calculated, and were found to increase with crop age. However, measure-
ments showed that the stomatal resistances remained constant, and it is concluded that,
for wheat and potatoes, mesophyll resistan@s increase with age.

Between April and July 1976, over irrigated spring barley on Great Field I, the same
enclosure was used on 24 separate days to collect additional data, on carbon dioxide
uptake, transpiration, aerodynamic and stomatal resistance to water vapour flow, light
intensity, and leaf, air and soil temperatures, that would be suitable for insertion in and
evaluation of various crop growth models. Between 10.00 and 13.00 h GMT on those of
these days that were almost cloudless, the 0'zt-3'0 pm solar irradiance within the en-
closurc ranged gradually from zl00 to 450 W m-2: photosynthesis was light-saturated at
400 W m-2. During these light-saturated periods, the temperature, humidity and carbon
dioxide concentration of the enclosure air were subjected to controued variations. At
fixed humidities and carbon dioxide conccntrations, barley's photosynthetic response to
temperature was investigated, in 5 K increments, oyer the range 10 to 30'C: photosynthe-
sis was maximal at 24"C, and half-maximal at 15 and 30"C, the hiSb-temperature declioe
in photosynthesis probably being caused by stomatal closure. It is emphasised that this
rcsponse, like those found previously for potatoes aDd wheat, relates to field-grown
plants; similar findings have been reported for laboratory and glasshouse plaats.

For spring barley, measurements of photosynthesis made with controlled, reduced
concentrations of carbon dioxide in the enclosure, suggested that the compensation con-
centration ofcarbon dioide, at which photosynthetic gain and respiratory loss of carbon
dioxide are in balance, is about 150 vpm. The enclosure has also permitted measurements
of dark respiration and soil and root respiration. (kach)

Photosynthcsis: laborarory st tdies. Between germination and that stage of growth at
which leaf area index equals unity, a crop fails to intercept a portion of the available
irradiance: leal extension and the development of leaf area are therefore important pro-
cesses during this period. Furthermore, there is evidenct for some species that early
growth may be restricted if day and night temperatures differ greatly : high day temperature
leads to high photosynthate production, this synthate will not be used ifthe ensuing night
is cold, and there will be a consequent ac.umulation of photosynthate that will inhibit
further photosynthesis.

Pots of field beans were grown in two controlled temperature environments: one en-
vironment was maintained at l8'C day and night, the second at l8'C during the day and
5"C at night. Compared to the plants experiencing warm nights, plants subjected to cold
nights had shorter stems, fewer leaves and reduced leaf extension raG, their daytirne
photos)'nthetic rate per unit leaf area was halved, and their resistance to carbon dioxide
transfer was 30%higher. Plants from the cold night environment, when transferred to
2q
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tlat with warm nights, equalled, after oDly two warm nights, the continuously-warm
plants in both rate of photosynthesis and in resistance to carbon dioxide uptake. (fr""ny

AgrirltEd meteorology

Equipment, crops rd processing. In 1976, the macro-plots on Great Field I were planted
with spring barley, as were the small plots under the mobile shelter on Little Knott; the
experiments were thus mutually supporting. Of the macro-plots, one was irrigated, the
other not. Both plots were fully instrumented to measure micrometeorologicaivariables
above and within the canopy and in the soil, and the data were recorded on paper tape.
Frequently-changing variables were recorded at Gmin inGrvals, other variibles wire
logged as hourly means, and the most important data were both logged and displayed
continuously on chart recorders. Data losses .l ere insignificant. (Long)

Including these 1976 data, there are now high quality data in computer-compatible
form for kale, beans, potatoes, spring wheat and spring barley; analysiJ of all these data
re-commenced in October 1976 when a statistician/programmer joined the department.
(trgg, l,ong and Zemroch)

Irrigation and cmp grortt: Rottarcted
Spriag bailey. The macro-plot barley was sown on 5 March, germinated by 25 March

and showed visible response to irrigation by 25 May. Seasonal growth, as measured by
plant extension, continued until t6 June, and the non-irigated crop matured about sii
days before the irrigated. Ears were fully grown by 20 June, and a fCw light showers and
so-me-heavy dews caused the ears, but not the stems, to bend in the direcion of airflow,
effectively altering both the crop height and the airflow pattern within the crop. A similar
phenomenon was observed for wheat in 1957 (Penman & Long, euarterly Joumal of the
Royal Meteorological Society (19(0\, Ai, ld50).
. The micrometeorological data will be analysed rigorously to quantify the influence of
irrigation on water use, plant response, and particularly on thosi aspects of airflow and
turbulent diffusion that can only be investigated on macro-plots. For the exceptional
sl'Tmerof 1976, during which the non-irrigated plot developed a potential soil mbisture
deficit of270 gm by 25 July, some influences were easily discemed. The temperature and
humidity profiles, the leaf temperatures and the quantities and persistence ofdew differed
grcatly between the two plots. The soil heat fluxes below the iwo plots were similar, but
the 

-v-ery 
different heat capacities gave rise to large difercnces between soil temperature

profiles.
Before harvest, the numbers of barley ears per metre row were sampled for each plot,

and the results are presented with the yield data in Table 4. Inigation increases yields oi
both grain and straw, but the straw response is perhaps greater. The ratio of grain yields
is close to the ratio of ears per metre row on the respective plots: it may Ue, tnerefore,
that the plants responded to irrigation through a gr€ater survival of tillers. (Long)

TAALE 4
Hatvest data for spring ba ey on the Great Field mooo-plors, 1976

Non-irrigated Irdeat€d Iricatcdhoa-irrigatld
G.ain (t ha-1) 4.t2 19.21t 5'05 + 0.25 1.23 * o.o9
Straw{t ha{) 2.54+0.13 3.47 +017 1.37+0.10GBirvstraw l.A *O.12 1.45 + 0.10 0.88 + 0.09
Ears per metE row ll5 + l 5 133 + 1.7 l,16 +0.C2
. MeasurEd yields have been asruoed uncertaiD to +5%, in aocord with previous
expenence.
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Great Field plots adjacent to the macro-plots were used to inYestigate the response of
spring barley to irrigation combined with nitrogen and fungicidal treatments. For nitro-
gin, a comparison was made between 50 kg ha-t applied either entirely to the seed bed
or in equal portions to the seed bed and as top dressing. For fungicides, plots treated with
ethirimol seed dressing plus tridemorph foliar spray were assessed against untreated con-
trols. The four irrigation regimes werc: (i) none, (ii) 80 mm applied in three waterings in
early June, (iii) 80 mm applied in three waterings in early July, and (iv) 125 mm applied
in five waterings during June and early July. For these four regimes, the grain yields at
85 % dry matter were respectively 4'45, 5'25, 5'07 and 5'38 t ha 1. Nitrogen responses are

not yet available, but the fungicides increased mean grain yield from 4'7 to 5'4tha-1.
(French, Legg, Croft and Gordon, with Jenkyn, Plant Pathology Department)

Moize. On Great Field II, an experiment was conducted to eYaluate the response of
forage maize to 180 mm irrigation, applied in seven waterings between mid-June and late
August and in combination with the four nitrogen treatments, in kg ha-l: 50, 100, 150'

10O -.l- 50 top dressing. The yields, of total above ground dry matter, are summarised in
Table 5. There are clear responses to irrigation and to nitrogen, and a non-significant
suggestion that lack of rainfall prevented the use of the top dressing on the unirrigated
plots. (French, Legg, Croft and Gordon)

TABLE 5

Efects of irrigation and nitrogen on the yield offorage maize, 1976

Yields in t ha-r of tolal abovc gound plant matter at 85 % dry datter
Nitroeen (kc ha-rr 50 lm 150 100 + 50 top dressing Meaos (SED 0'9)
No iriieatio-n 9'4 10 0 10 3 9 6 9'9
Fufinieation ll 8 13 l 133 134 130
Means(SEDo 6) 106 lt5 1l'8 ll'5

sED within 
"o*' l3,1iillg;iHs[T'' ?:i l[:-l

Spring beans, Yields of spring b€ans at Rothamsted vary considerably from year to
year; on the Great Field irrigation experiments, yields have ranged between l'4 and 4'8

i ha-r. Various factors affect yield, and the Physics Department contributed irrigatioo
expertise to a multi-disciplinary experiment that studied also the eflects of nitrogen,
nematicide, soil and foliar insecticide, soil fungicide and foliar aphicide' A full report
appears on p. 150, but waterings of 39 mm in May, 100 mm in June and 126 mm in July
produced taller plants that werc harvested three weeks later than the unirrigated. In the

dry conditions of 1976, the irrigation yield response, from l'65 to 3'05 t ha-r at85l dry
mitter, exceeded that of any other treatment. The ratio of these yields, l'8, is similar to
that obtained in 1970. However, the maximum potential soil moisture deficit in 1976 was

290 mm, compared with 160 mm in 1970. The fact that irrigation did not give geater
proportionate yields in 1976 than in 1970 suggests that in 1976 even the irrigated plants
were stressed by the exceptionally high temperatures and transpiration rates. (Lrgg and
French, with McEwen, Field Experiments Section, and others)

Form uops. A full analysis of 12 years' irrigation experiments at Rothamsted is in
progress, and when completed will complement the similar analysis for Woburn (Rotham'
sted Report for 1972,Pan2, O. (Lege and French)

[rigation lnd crop grorth: Wobun

Potaro* (Nem4lology expeiments), The 1976 experiment involved irrigation, two
varieties of potato, two plant spacings, and a nematicide treatment. The irrigated plots
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received 100 mm in each of June, July and August, and 25 mm in Septemb€r. (kgg-as
adviser)

Analysis has been completed on soil moisture concentrations monitored by neutron
scatiering on Butt Close in l97l. These data have been correlated with distributions of
p_otato roots iofested with potato cyst-nematodes. (Brown, with Evans and Trudgill,
Nematology Department)

soit sfircture 
soil PhYfcs

Colhborution. In an inter-departmental working group, established to co-ordinate
the various Rothamsted researches into soil structure, indiyidual members are assessing,
by their own specialist techniques, samples of soils carefully selected as paired compari-
sons. The department has lent strong support to the goup in studies of crumb porosity,
gaseous diffusion within crumbs, and dispersion stability.

Crunb porosity, In most soils the pore system is heterogeneous; Large, more continu-
ous pores ramify freely through the bulk soil to depth, dividing it into discrete zones, the
crumbs, that have much smaller pores, usually in a more compact fabric. In field soils, the
inter-crumb pores generally conlain less water and more air per unit oftheir volume ihan
do intra-crumb pores: the former allow roots to move freeiy through the soil bulk; the
latter, although less accessible to roots, satisfy the plants' needs of water and nutrients,
but are more likely to become anaerobic; they contribute less, per unit ofair-filled volume,
to gaseous diffusion.

In each of the three paired series so far sampled, crumb porosity at most depths, but
9I"lIdilC the surface layer, is significantly greater in the commonly problemiticai soil
(Table 6). It is possible that because of these greater capacities for water, the latter soils
may be more prone to plasticity when worked, and hence more difficult to manage. An
increase of porosity with depth, as manifest by the Denchworth, Evesham, Ragdaie and
Hanslope samples, is characteristic of arable soils; a decrease, as for the Silop 

-and 
Flint

samples, occurs in soils under long leys. The porosity values of Table 6, if converted to
corresponding crumb bulk densities, range from 1.7 to 2.1. A density of2.l for the bulk
soil would, agriculturally, be totally unacceptable: it may therefore be that some crumbs
cannot be usefully explored by plant roots. (Currie & Scott)

TABLE 5
Ratge, from top to bortom of the profle, ol crumb porosities in l-2 mm sie,ted fractions

of contrusted soil paits

Series

Denchworth
Ragdale
Salop

o.t94.26
o-24{.27
0.33-O.2E

Evesham
Hanslope
FliDt

Range of porosity
0. l9-o.24
0.194.23
0-294-22

Crwfi difusion. The coefficient, D, of gaseous diffusion through granular materials
loosely packed to porosity e may be expressed:

D : Do<n

where D, is the diffusion coefficient with no impeding solids and zr, by theory, is a para-
meter representing granule shape: 1.5 for a sphere, and > 1'5 for all other shapes apploxi-
mating either prolate or oblate spheroids. Over a range of €, m remains constani for a
particular material, and by experiment, is a valid parameter for materials not composed
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of discrete particles: it may therefore be considered a 'pore complexity factor'. A! ana-

logous parimeter, m", may be defined for diffusion within an individual crumb:

Dc: Doenc'

Although individual crumbs are too small to permit direct measurement of Dc, it may

be derived, with unavoidable l0% uncertainty, as the small difference between two larger
determinations, Dr and Dy, of the diffusion coefficients for a packing of crumbs respec-

tively at oven dryness, D", and with the small pores only blocked by an inert liquid, Dr'
An existing apparatus is being extensively improYed and modemised to permit measure-

ment of Dr';nd Dz using hydrogen gas. A satisfactory calibration procedure has been

evolved, and some sources of systematic error recognised and eliminated. Further de-

velopment is in progress to minimise the effects of convection, whereafter the apparatus

will be employed in the comparison of the paired soil samples. (Currie)

Dispersion stability. The stabilities of the soils listed in Table 6 have been measured

by ulirasonic dispersion (North, .Ioarzal of Soil Science (1976),27., 451459)' For each

pair, perhaps suririsingly, the stability as measured by ultrasonic dispersion appear,ed to
te tfri r"nett" of manigiment experience. For the Hanslope site, the reversal might be

attributed to the cropping history prior to sampling; in the next section of this report

there is evidence that tne orga"icialUon conteni exerts a strong influence on the specific

stability index, and for topsails of preYious samples of Ragdale, Hanslope and Evesham,

the sta-bilities were more reconcilable when organic carbon contents were comparable.

Work continues on attempts to relate physical variables to management experience'

(North and Newell)

Rehrton of struaual slub@ to soil patametert, Measurements of sp€cific stability

index, o, foi23 soils were reported in Rothamsted Report Ior 1975 , Psn I , 229' The rela-

tion of tiese inalces to soil pirameters variously proposed as agents of structural stability

has been investigated by multilinear regression. The concentrations of organic carbon,

ctuy, aoO calciui carbonate correlated significantly with the indices, those of iron and

ahiminium oxides did not- The sicnificant parameters accounted for 75 /" of the total

variance, and this proportion wai not increased by regressing transforms of the para-

.it .r. il" following iquation, retaining only the significant parameters, accounts for
76 % of the total variance:

o/Jgt : 1rt', + 4'3) + (6'0 + 0'8) (organic carbon//.).' 
(0'2S + O'O9) (clayl/) - (0'10 + 0'07) (calcium carbonatel/)'

The negative corrclations with clay content and calcium carbonate were not expect€d'

For most-British topsoils, calcium carbonate concentrations are too low to produce con-

tributiotrs of practical signifcance. Further investigation of the clay contribution, under-

taken with additional soils of clay content below the 1 6 % minimum of the initial 23, failed

to produce a positive correlation. (North)

Rate conslan s fot nil dispersioa. Ultrasonic soil dispersion may be int€rpreted asa
bimodal process involving the rupture of both loosely- ard tightly-bound clay-organic
complexes (Roriazs ted Riport for 1975, Part l, 230). Rate constants k\, kz, are ascribed

to the loose and the strong binding, respectively, so that ftr > fz; therc are assumed to
be ze clay particles per unit mass of soil, all of the same diameter, and n1 of them are

released irom aggregates during time t of ultrasonic agitation. Reaction kinetics predict

4: ln{Z - exp(-k{) - exp(-kzt)) (r)
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The agitation times employed exlrrimentally are such that f2, < l, so that

alno : llt - exp(-k]I.) + kzt) e)
Particle size_ uniformity implies that ntlno is proportional to W6 the measured weight
fraction of clay dispersed.

Experimental values for lh are well described by the equation

WI:A*BR"+CE (3)

where A, B, C and R are fitted constaots, and 4 the applied dispersive energy, equals pt,
with P dependent on the ultrasonic power inpui. ne'simltarity oiequ"tloii tzi"rA ijiallows.the determination of kr and k2 in terms of the fitted 

"dr.tanti, 
values'for whit(

were derived from measurements on the afore-mentioned 23 soil samples. The valuesottained ranged from 0'030 to 0.142 s-1 for t1 and from 0.00019;0.00i65 sr for kz,; kt
showed.a negative correlation, and &z no correlation, with soil organic 

"".Uo" "ooi.ri,confirming that higher organic contents strengthen ih" uggr"gut"'.utrix and that thestronger bonds are mediated by speciflc organii macromol&ulis.
More fundamental than &r and tz are the activation energies, /1, /2, for disaggregation

of the.loosely and tightly-bound clay-organic complexes. if..e u"iiuation ."fi;:;;;
be derived from k1 and t2 knowing I and work to this enA h in progress. lNorttr;

. Meosurenunt of clay porticle size di*ibutiott by prtotosedincnromuer. The distribu-tion of clay particle_sizes may conveniently and rapidiy be -earureJ Ly a pUotosedimento_
meter, such as the Joyce-Loebl disc centrifuge. Ho*"u.r, the normal eiperim.;;i *li-bration of such an instrument is not suitable ior clay mati.iatr, aoa u tn"o.etical calibra-tion has been derived. particles of sim ar stotes oiameieiT i." olt 

"t"a 
optically vithwhite light as they sediment in a ce-ntrifugal force field, anJiheii concentration, c, ismeasured in terms of the turbidity of the suspension, 

", ihrough ihe Lambert_Be€; La;
c : tklK

wlrere ,(_is the particle extinction.coefficient. Unfortunately, for particles of d < Z pm,( depends strongly on both d and ), the wavelength of the iff'timiraiing fight. e our;;i
i:,fE:il"l (forrowing lll.t I.. powder rechitogy trs6s),2;llira0l was combined
wrrn_carcuErrons trom Mie light scattering theory (Heller, W. & pangonis, W . !., Joumalof Chemical Phvsics (1957),26, 498-5M) io take account of rr,.ip."i"r 

"ri"r*t"irrti". oi
:T_ly^T, ^!f|l rquartz-balosen 

source and photodiode a.ie"iii-ura thu, tr_iiih;numencal qucutatron ol K as a function_of d for this particular instrument, a-nd subjectto tbe assumption that tbe clay particles behave as ooo_"UroiUir" .rt"r...
I he valdrty ot' this theoretical calibration has been investigatid by comparing, for agroup of kaoli_nite panicres, g5l of which had equivarent siorei aiameteis wiitrin o.z

l^,,-:t-]T", u-.9 *T T.,"1rh: particle size distributions as measured by the theoreticaily
ca.rDrated Joyce-Loebl detector and as measured_by electron microgriphy (by courtesyof Dr. Meeten, City of London pgtytnhnie. fn" A.t.iUotior. 

-"i."'qiitL 
.i.it* ii

shape, although the theoretically derived valuis tended to uoa"..rtinl"rc .lr" ty O.Oj lrrn.(North)

Tillage. Analysis of the 1975 measurements is complete, and results are being pre_
pared for.p^ublicati_on. In anticipatiou of r 977 measuremints, 

-the 
cultivator tine ba.i have

been modified.so lhat adjacent plots can_ be tined without laige discards; tu, * i pe.mii
treatment replication Work has proceeded on improving Ecf,niques foi rapid *i;y 

"isoil bulk density. (Brown and Dawes)
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soil respiretion: lrborrtory. The rates of soil respiration, Rr' Ro, at temPerature r and

at referince temperature ?o are related:

xr:'lt'' Qtr-rotllo

where the paErmeter O, the'Q-ten factor', lies between 2 and 3- The relationship has

;;;-I;.'fi;iJ ."tptiutioo, ."Lt" the di;rnal variation of soil temperature exhibits

"n-irrn", 
*itn aeoth both of phase and of amplitude, so that respiration integrated over a

;ffiil;;;--d;;.t.,"a, .i n.t instantaneouslv or over 
-a 

time period' to a single soil

lemoerature monitored at some convenient depth' Furthermore' because of the non-

iffif;;;fi;. a.p"oa.o." of Rr, the mean respiration rate aYeraged over several

;cG ;i; .i;t"idali temperature variation will exceed that predicted from the mean

temDerature value.'"-E:r-fi;;;i ilb*n developed that permits both.the.imposition' in the laboratory' of

stea& ind oscillatory temperature regimes on small soil samples and also the measure-

ment of the resulting respirations. (Currie and Scott)

Soil rcspiration: fieltl

Ton* rcspirumztefs. In 1976, as in 1975, the tanks were uncropped, permitting lurtlel

",raii,i G'" .iluo*. with time of the temperarure dependence of soil respiration Tank 8

il b..;;;;_;; and unchanged sinceinstallation, and rhe first four seasons' measure-

## til;i;eih;t the har_uf; of the more-readily decomposed organic grass residues

ilr-l.i'"""*,1r* halfJife has increased steadily during subs€quent years. Tanks _i^6
;fi i;#iln,tea *iii-t""* i. isz+, and in li76 respiration iu these tanks was 507"

ii"f,* il^"'ir,n. others. In I974, Ju;e and July soil- temperatures were signiEcantly

ili?ii. iffi tu rsis, triisi6 ;t respiration was irigher onlv in.June: in Julv' the effect

of incrcased temperature was counteracted by a decrease in the amount of substrate

suitable for respiration. (Cunie and Scott)

chmber respbomaer. A new apParatus has_ been developed, consisting of a perspex

"r;d;;;il;;;"i.'i 
so ".' of soii turface' The enclosed air is stirred bv a small fan'

iiJl.Gi..tp,i"tion proceeds, samples of air are withdrawn at one minute intervals for

io}-ril;;&;;atil, or 
"aiton 

dioxide c.ncentrations. The time-dependence of thest

l"r*ii.,i",it-p"r-i t calculation of the soil respiration rate at the time that the soil is

iiiJ,liO lfr'. .",frod of calculation avoids the need for leakage corrections. (Par-

kinson)

Response to irrigation of root r€sPiration of spring barley' Measurements made at Little

l66tt in rszs ,t;gg.sted that rooi;spiration'of b'-arley was stimulated by additions of soil

;;; ii!;;i;;fr Report lor tcis,'Pat' l, 231)' ln conjunction with the 1976 drousht

ffi; il ffi;iaou ia".irtu"o in earlier'sections of this reporr), and using rhe same

iiiiirir*'I. ril;ii,;61.t of soil air, from depths between l0 and 50cm under

."t""t i otot of.pring barley, were withdrawn daily ihroughout the growing season and

;ff;;'i;;;;;;io^iJ". d.pat"te tamples werc withdrawn weeklv for determination

of oxygen concentration.* 
#"il;i;;;; concentrations were usually, but not invariably' foxnd at 

-greatest
d;h:ih;;;i;rm concentration, 17'5/"bv volume' was in tbe fullv irrigated plot at

i0';f,li,h ;1-une. In tne diier plois,'at a particular depth, oxygen and carbon

dioxide concentrations were negatively correlated'-.i" tt"lriii*ii"ted plots, thi carbon dioxide concenrration at all sampled depths rose

steuaity f.o- -ii-Ma11 one month after germination, to a maximum in mid-June' when

246

https://creativecommons.org/licenses/by/4.0/


This work is licensed under a Creative Commons Attribution 4.0 International License.

https://doi.org/10.23637/ERADOC-1-133 pp 14

PHYSICS DEPARTMENT

stem extension had ceased, and remained near this high level until harvest, except thatfrom early June, each application of water caused an'increase in carbon dioxide con-
centration. A similar, but much more pronounced, respiratory response to irrigation was
obseryed for 

-th€ drier plots. In contrist, irrigations immeaiatety'after sowinf and after
harvest had little efect on carbon dioxide coicentrations. This c'ontrast suggests that the
lar€e respiratory responses to irrigatioo are mediated by the barley ioots, and are not due
erther to a.redlction by the irrigation water of the air_filled porcspace or to an increase
In the resp-iration of soil micro-organisms. This suggestion is supported by the calculated
values ol lluxes, as well as of concentrations, of carbon dioxidtin 1975. ihe monitoring
of soil carbon dioxide under fierd crops may therefore give a useful indication ofroot aniplant activity that can be used to support iirigation minag.."ni. ip.rt"hura aoo icorj

Stafr rnl visiting worLers

l ,I:9dfid t":r..d the department in July, having previously been Reader in Applied
Physrcs at the-University of Strathclyde, and in October p. J. Zemroch came from the
Department of Statistics, University of Leeds, to join both the Statistics and ff,y.i", O._partments. M. Derry left in September to take up social work. J. Connell, p. bominy,
S. Newell and-M-. Sayers all spent several monthjin the departmeni as sandwich course
students, and S. Jackson a few weeks as a vacation worker. Dr. G. Buchan ofthe Macau_
lay Institute for Soil Research was a voluntary worker in the soils section Ourlng part-ot
August, and Mr. W. de C. Jeffers (Caribbean Meteorological Institute), Mr. J. p.-fbnseka
( tea Research Institute, Sri Lanka) and Mr. M. A. Khan (Central Cotton Research
Institute, Multan, Pakistan) were each attached to the OepartmJ Ou.ing .orn" pal of
the year.

During 1976 the decision was taken that staff members of the ARC Unit of Soil
Physics in Cambridge would be transfered into the physics Department in Autumn 1977.
Plans have been prepared for the modification of part ofth" Ol"J.n nrnOiog to suit theparticular requirements of their equipment.
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