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Abstract. We examined how independent and interactive
effects of CO, concentrations, water supply and wind
speed affect growth rates, biomass partitioning, water use
efficiency, diffusive conductance and stomatal density of
plants. To test the prediction that wind stress will be
ameliorated by increased CO, and/or by unrestricted
water supply we grew Sinapis alba L. plants in controlled
chambers under combinations of two levels of CO,
(350 ppmv, 700 ppmv), two water regimes and two wind
speeds (0.3 ms™!, 3.7 ms™!). We harvested at ten dif-
ferent dates over a period of 60 days. A growth analysis
was carried out to evaluate treatment effects on plant
responses. Plants grown both in increased CO, and in
low wind conditions had significantly greater stem
length, leaf area and dry weights of plant parts. Water
supply significantly affected stem diameter, root weight
and leaf area. CO, enrichment significantly increased the
rate of biomass accumulation and the relative ratio of
biomass increase to leaf area expansion. High wind speed
significantly reduced plant growth rates and the rate of
leaf area expansion was reduced more than the rate of
biomass accumulation. Regression analysis showed sig-
nificant CO, effects on the proportion of leaf and stem
dry weight to total dry weight. A marked plant-age effect
was dependent on water supply, wind speed and CO,
concentration. A reduced water supply significantly de-
creased the stomatal conductance, and water use effi-
ciency significantly increased with a limited water supply,
low wind and increased CO,. We found significant
CO, x wind effects for water diffusion resistance, adaxial
number of stomata and water use efficiencies and signifi-
cant wind x water effect for water use cfficiency. In con-
clusion, wind stress was ameliorated by growing in un-
restricted water but not by growing in increased CO,.
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There is substantial evidence that anthropogenic activi-
ties such as the combustion of fossil fuels and the clearing
of forests are increasing the atmospheric CO, concentra-
tion of the Earth (Clark 1982; Houghton et al. 1983;
Rotty and Marland 1986; Houghton 1988; Woodwell
1988). The present CO, concentration of 350 cm® m 3
is rising at the rate of 1.2 cm® m™3 per year and is
expected to have doubled by the mid- to late 2Ist century
(Conway et al. 1988; Watson et al. 1990). Even if emis-
sions of CO, could be kept at current rates atmospheric
CO, would increase to about 450 ppmv by the year 2050
and 520 ppmv by the year 2100 (Watson et al. 1990). The
predicted increase in atmospheric CO, concentration
may have direct effects on individual plants, populations,
communities and ecosystems (reviewed in Strain 1987;
Bazzaz 1990; Woodward et al. 1991) and indirect effects,
by changing climatic conditions, through an enhanced
greenhouse effect above that due to natural greenhouse
gas concentrations (Ramanathan 1988).

The positive and negative biological feedbacks in the
responses to CO, and the ways in which other environ-
mental factors interact with CO, are not well known.
Ackerly et al. (1992) concluded that plant responses to
CO, are not easily predictable since they depend on levels
of other environmental factors and on the species, em-
phasizing the importance of studying multiple factors
simultaneously. The knowledge of the responses of the
biota to these interactions will be of the greatest value in
predicting the ecological consequences of the expected
change in atmospheric CO, levels, since although there
are many uncertainties with regard to the timing, mag-
nitude and regional patterns of climate change, the biota
will be living in an environment richer in CO,, regardless
of how the climate will change.

Plant responses to elevated CO, atmospheric con-
centrations have been extensively investigated (see Strain
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and Bazzaz 1983; Bazzaz 1990; Woodward et al. 1991,
for relevant literature). Many of these investigations have
sought to examine the interactions of differents levels of
CO, and water availability (Sionit et al. 1980; Bazzaz
and Carlson 1984 ; Morison and Gifford 1984a, b; War-
rick et al. 1986; Nijs et al. 1988; Prior et al. 1991). This
literature has established that enhancement of growth
under restricted water conditions still occurs in enriched
CO, environments. Reduced stomatal conductance (by
about 40% for a CO, doubling) and to a lesser extent
reduced transpiration rates have also been reported. All
this results in an increased water use efficiency with
increased CO, concentration. Thus, in water-limited en-
vironments drought stress in plants will be ameliorated
by CO, enhancement (Sionit et al. 1980; Bazzaz and
Carlson 1984; Jones et al. 1985).

Little or no work has been designed to investigate the
interactions of CO, with wind and water. Wind is an
important climatic factor, mainly in coastal and moun-
tain areas where it can explain the observed patterns of
distribution of some species (Griggs 1938). Its complex
effect on vegetation acts both via mechanical effects and
by influencing the turbulent transfer of heat, water va-
pour and CO,. Therefore, important interactive effects
with different levels of CO, and water supply are expect-
ed. Conflicting reports on the effects of wind on trans-
piration and stomatal conductance (see Grace and Rus-
sell 1977; Kozlowski et al. 1991; Retuerto and Wood-
ward 1992) make it difficult to predict with any certainty
whether the established plant responses to CO, and
water supply will continue to occur at higher wind
speeds. Grace and Russell (1977) demonstrated that
leaves growing in high-wind conditions were increasingly
prone to water loss. Since plant water use could be
reduced by the increased water use efficiency that results
from growth at elevated CO, concentrations, we hypoth-
esized that plants growing in enriched-CO, environ-
ments would be more able to compensate for water lost
due to wind stress. If, as suggested by Kalma and Kuiper
(1966), water stress could be an important cause of re-
duced growth in wind we also expected a reduced effect
of wind on plants grown in well watered conditions. That
is, we expect that the effect of wind stress will be amelio-
rated by growing in increased-CO, environments and/or
well-watered conditions. To test these predictions and
examine whether wind speed affected growth rates, bio-
mass partitioning and some of the components of water
use efficiency (diffusive conductance and stomatal den-
sity) plants of Sinapis alba were grown in controlled
growth chambers under different combinations of two
wind speeds, two water regimes and two levels of CO,.

Material and methods

Plant material, growth conditions and experimental
design

Selected seeds of Sinapis alba L. (white mustard, from Mr. Fother-
gill’s Seeds Ltd., Newmarket, UK) of similar size and bigger than
2 mm were germinated on Petri dishes on two layers of filter paper.

Seeds were moistened with distilled water and left to germinate at
a mean temperature of about 20° C for 48 h under natural light.
Once the cotyledons had appeared four seedlings were planted in
1268-ml (6.5 cm by 6.5 cm by 30 cm high) black PVC pipe tubes
mounted on plastic pots to allow drainage and filled with an equal
amount of 9: 1 mixture of John Innes no. 3 potting compost, which
has a high NPK content (N: 5%, P,05: 7.5%, K,0: 10%) and
petlite (Silvaperl Products Ltd.). This pot size was chosen to mini-
mise the problems of a limited rooting space and soil-resource
supply (Coleman and Bazzaz 1992). For the following 2 days the
tops of the tubes were covered with glass plate to create a humid
environment and facilitate the establishment of the seedlings. Then,
all but one of the seedlings per tube were removed, the remaining
plants being selected for uniformity of size and stage of develop-
ment. After 2 days, when Sinapis plants were on average
3.63 cm=0.11 (SE) tall and leaf area was 1.9 cm? (plant~*)-:0.08,
the treatments began.

Sinapis plants were grown in four 75 cm by 75 cm by 105 cm
high environmentally monitored glass-top chambers. A total of 240
pots were randomly assigned to four individual glass-top growth
chambers. The plants were kept far enough apart to avoid com-
petition for light. The chambers, equipped with CO, concentration
controls, were initially assigned either ambient (350 £ 20 cm3® m~3)
or enriched (700 4+ 40 cm?3 m ~3) CO, concentrations in air. The CO,
concentrations chosen represent present-day and the mid-21st cen-
tury predicted level (see Conway et al. 1988). Chambers with the
same CO, concentration in air were joined by two 12 cm diameter
PVC tubes with a small fan incorporated inside to ensure uniform
mixing of the atmosphere within the two chambers. Two chambers,
one for each CO, treatment, were equipped with large fans to
produce a turbulent flow (Grace and Wilson 1976), at a mean
velocity of 3.74 ms~! and 3.63 ms~1!, respectively, for the two
chambers. These fans were turned on for 9 h during the light period
(from 8 a.m. to 5 p.m.). This treatment will be referred to as “high
wind speed”. The mean wind speeds registered in each of the adja-
cent, low wind speed chambers were 0.31 ms~! and 0.37 ms~1.
This treatment will be referred to as the “low wind speed” treat-
ment. All speeds were measured by a temperature-compensated
heated thermistor anemometer (type AVM 501 TC, Prosser Scien-
tific Instrument LTD.) and were the average of 36 measurements
taken at 6 different positions and 6 heights within each growth
chamber.

The 60 plants in each chamber were randomly assigned to two
movable trays placed in the chambers. Plants growing on one of the
trays in each chamber were supplied with as much tap water as was
consumed. Water use was determined gravimetrically. To know the
average water consumed by these plants four pots from these trays
in each growth chamber were weighed every day and the average
water lost was supplied to all the plants in these trays. This treat-
ment will be referred to as the “well-watered” treatment. Plants
growing on the other tray in the same growth chamber received just
half of the water supplied to the plants growing in the well-watered
treatment. This treatment will be referred to as the “low water”
treatment. Because of the impossibility of replicating the growth
chambers and in order to reduce chamber and pseudoreplication
effects, the positions of the trays and the positions of the pots on
each tray were daily randomized within each chamber and every 3
or 4 days pots were rotated between the growth chambers, after
CO, levels were appropriately reprogrammed.

The experiment was conducted between 29 August and 3
November 1990 in the Botanical Garden of Cambridge (UK). The
growth chambers located in a glasshouse received natural
photoperiod (& 14 h) and light regimes. All the plants were grown
at uniform radiation levels by raising the trays containing shorter
plants so that all plants received equal PAR. Temperature and rela-
tive humidity in the chambers were monitored throughout the experi-
ment. The chambers showed closely matching environmental condi-
tions. Differences among the chambers were always less than 0.6° C
for temperatures and less than 5% for relative humidity. Mean grow-
ing conditions for the period of the experiment were the following:
day/night temperatures were 25.6° C=0.52 (SE)/15.1° C+0.38,



day/night relative humidity was 50.3% + 1.35/72.6% +0.85 and irra-
diance was 8.31 MJ m~2 day~! +0.55.

Plant performance analysis

To evaluate the effects of the treatments on plant growth responses,
a full growth analysis was carried out over 60 days during which the
plants were growing in the different treatments. The optimal growth
analysis for the functional approach (Hunt 1982) is achieved by
several harvests with few replicates, rather than the reverse. There
were ten harvest dates (0, 10, 14, 18, 25, 32, 39, 46, 53, 60 days after
the beginning of treatments) with three replicates randomly chosen
for each harvest and treatment, so that 240 plants had been harvest-
ed by the end of the experiment. The initial harvest just before
beginning the treatments (harvest day 0) was made to compute
growth rates in the first days of the treatments but it was not
considered in the statistical analyses. At each harvest, plants were
separated into roots, stems and leaves. Roots were washed and all
plant material was oven-dried at 80° C for 48 h and weighed.

At each harvest the following plant attributes were measured for
each plant: number of leaves, total leaf area of the plant, which
included cotyledons and leaves more than 3 mm in length using a
leaf-area meter (Delta-T Devices, Burwell, Cambridge, UK), stem
length and dry weights of leaves, stems and roots. These attributes
were used to estimate the instantaneous values of relative growth
rates (leaf area, RlaGR ; leaf dry weight, RIVGR ; stem dry weight,
RstGR; root dry weight, RrtGR; overall index of plant perfor-
mance, RGR) and unit leaf rate (ULR) (Hunt 1982). Biomass
allocation patterns were assessed by calculating: leaf area ratio
(LAR), root/shoot ratio (RS), specific leaf area (SLA) and leaf, stem
and root weight ratios (LWR, SWR and RWR respectively).

On day 53, adaxial and abaxial stomatal densities were mea-
sured on the third leaf of Sinapis plants on the assumption that these
leaves had developed in full irradiance and had completed expan-
sion. Stomatal densities were measured by the analysis of micro-
scopic sections of the leaves, with ten random fields selected on each
surface of peels from five plants per treatment. On days 28 and 52,
leaf temperatures and water diffusion resistances were taken at two
different times (1000 and 1600 hours) with the automatic porometer
MK3 (Delta-T Devices) on the youngest fully expanded leaf of five
plants in each treatment.

Because plant water use has been shown to change with different
levels of CO,, wind speed and water availability, we evaluated the
water use efficiency of plants (WUE). WUE was evaluated gravi-
metrically as the ratio of dry weight or leaf area gain to integrated
water loss (Morison and Gifford 1984b).

Statistical analyses

The distribution of the variables was examined for outliers, non-
normality and heteroscedasticity and when significant violations
were found data were log, or arcsin transformed to ensure that the
assumptions of parametric statistics were met. Satisfactory normal-
ity of residuals were examined by normal probability plots. Coch-
ran’s C, Bartlett-Box’s F (univariate homogeneity of variance test),
and Pillais and Hotellings (multivariate tests of significance) statis-
tics were computed concurrently with all analyses of variance to test
for heterogeneity of variance.

Data on stomatal density were subjected to a three-way analysis
of variance (CO,, wind speed, water supply) to look for differences
in stomatal density as function of the different treatments and their
interactions. To determine whether leaf temperature and water
diffusion resistance data differed as a function of the different
treatments (CO,, wind speed, water supply), we performed analysis
of covariance (ANCOVA) with time of the day and plant age at
which the measurements were taken as covariates. In this way, we
controlled for the time of day and age effect before performing an
analysis of variance on the treatment effects. To examine age-
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related changes and interactive effects of treatments with plant age,
data were subjected to multivariate analysis ot variance (MANO-
VA) with CO,, wind speed, water supply and plant age as attribute
variables. Analysis of covariance (ANCOVA), with plant age fitted
as covariate, was used to assess the overall effects of the differents
treatments and their interactions on plant growth, water use effi-
ciency and biomass allocation. With the use of ANCOVA the effects
of disturbing variables (plant age in this case) were removed and so
homogeneity is tested for the variable dependent means after they
are adjusted for the groups’ differences in the covariate. Thus, the
changes detected are not due to inherent ontogenetic drift. When
relevant, we used least-square means comparisons on general linear
modelling (LSM-GLM) of SAS to make individual comparisons of
the effects of the different combinations of treatment levels.

To reflect biomass partitioning, dry weight was used in com-
parisons between biomass of the different organs and total or shoot
biomass. To analyse how the dry weight of a plant part scales to
total biomass, we fitted by the technique of principal axis (Model
II regression) the equation log y = a+b log x, where x denotes
total biomass (or shoot biomass to examine the root/shoot ratio)
and y the different biomass of plant parts. The slope b, or allometric
coefficient, indicates how biomass in plant parts changes in propor-
tion to total biomass, with <1 indicating a decrease (negative
allometry), b=1 indicating independence (isometry) and b>1 in-
dicating an increase of proportional plant part biomass. SLA was
plotted as leaf area versus leaf biomass and their relationships were
also analysed by the principal axis method. For logarithmically
transformed data, when there is error in both variables measured
and it is difficult to determine which variable is dependent and
which is independent, the principal axis method is preferable for
finding the line of best fit (Sokal and Rohlf 1981; Pagel and Harvey
1988).

Results
Growth parameters

ANCOVA analysis specifically removed the effect of
plant age so that the response of all the plants harvested
during the 60 days of the experiment could be jointly
compared to look for significant effects of the treatments.
The effect of the covariate was significant for all the
dependent variables considered (P<0.013, d4f 1, 207)
which means that controlling for the plant age effect
incorporated relevant information for the analysis of the
differences between the means of the treatments.

Effects of CO2. The analysis showed considerable dif-
ferences in the number of leaves, stem length and diame-
ter and leaf area between CO, treatments (in all the
cases P<0.001, df 1, 207). Mean values over the 60 days
of the treatments (Table 1) were always greater for those
plants grown in elevated CO, concentrations than for
plants grown in ambient CO, atmospheres (on average,
stem length and leaf area were 23.7% and 18.4% greater).
On day 32, stem lengths were 60.6% and leaf area 48.1%
greater in those plants grown in increased CO, con-
centrations than in those at ambient CO, levels, but at
the end of the experiment (day 60) these differences were
reduced to 11% and 4%, respectively (Fig. 1) and the
number of leaves was greater in those plants exposed to
ambient levels of CO,. Plants grown at elevated CO,
concentrations also had significantly greater leaf, stem,
root and total dry weights (in all the cases P<0.001, df



418

o o o

R R P sigmez B223%D
: 8.0 E 30 0SS o9
-3 L2 : S 89Sk §L S =T
o 558577 2Eeag%
N .W N <W o I w fCMWbmp hrr%m
o ) ..hhws gOO.ld

O . l o o ° | o LS .r TEeET
(& I <+ (@] M < O : <+ ey B o o 9
: ° 2e8gE-E WWM%&
o -3 © L g © “ [® Sg8g¥s 2e<s2E
o o~ o — 2 —~ 2SS 5=5 8 R
ot le O o o 0 © & @ SEE ST = Q9 ndlw
«© N e © RS > S S NN [SERCIR =TI

> : > " " > 25 89s 8 S &g s
O - lo @®© ) L o «© e : 2 © mnﬂw,.na.h r%ma%
2 2 5 hd o ! : LS o
E” 0( w S E_ + t OId\ wm.w,.lmv..mlm 1mr,nnun«m
; ; : © ) o %meam S 5208
o @ 533 a3 mt.W N
— o O e o ~ g @53 CanSo
m 7A o~ . < — gaaﬂrm..m ﬁmeds
Lo o)) L e . o L9 o wA m%ﬂm.ma =T
IﬁIW © ~— / i © m tm)wnﬁs PnM%Old
! o C v e |5 C ™ 8 = = L0 AE
c o I T Y w [P s 2ig G 5A5,ES RIANASRS
pror —_ . —_— e = ST gs® e °
: IR IE a8 O
c : =] g RFERHE 2.2 N
oy ..m -3 o - 23 mW .-m « ‘m{m\mwmm M% m..mn
-0 o m © & < |2 & c2E23 =808
2 r & 2 - & a EE2LEEa i o S 2
m a — 0 “— o whn,enrn O4mn2
£ o s o ® | E e FEgiFsd T TEg
o E " e > £ 2 o | < L.m.mswmp 7%%%5
et : : w 1 o = o [}
n . 5° L = : ° -s 8 3 g8 g g ° w5523z S28%s

o ©o o - o B s 2.5 Nl
g 8 8 ¢ 8 & = w <+ ® A ° e 8 § & & - ER8FEREE —~q BB

a1ea Jeol Nun) = Y1 {9rer Yamoad 1ysem Lip 1001
QANRIY = YOI Y 9181 1moi13 1YSom AIp Wwols oANB[RY = YOISY 918 Yimoid jySiem AIp Jeo[ 0ANEY = WOATY {018l IMoIS BaIR JBa] 9ATIR[Y = YORTY ‘9el YIM0IT 0ANR[Y = U

PIIO  FTIP0  T80'0 FLOVO 6900 TFO09E0 9S00 TF6¥P'0  L80°0 FOLEO 9900 FO6TO 9S00 FTEEO 6900 FTLED (1-Aep 7 wo Fw) YN
8200 F980°0 8100 FL800 6900 FTOI'0 6100 FrOI'0  920°0 FE80'0  LIOO FLLOO  0TOO FOOI'0  LTOO F¥01°0 (1-£ep) YOIUY
0200 F90I'0 9100 F880°0 #T00 FrTl'0 LI0OO F8II0  $TO0 FS800  TTOO F8900 STO'O FOILO  [200 F80I0 (;-Kep) YOISY
TT00 FI80°0  LI00 FISO0  IT00 FTOI'0  LI0O FSOI'0  0TO0 F8LOO  LIOO FLYOO 6100 F6600 8100 F9600 (v-Aep) YOAY
0200 FSL00 8100 FTLOO 8100 F¥600 SI00 FE600  LZOO F9900  $I00 F6500  SI00 Fr600  SIO0 F8800 (;-Aep) YOPTY
0200 F1600 9100 F#80°0 6100 F60I'0 SIO0 F60I'0 1700 FI0  LIO0 F690°0 LI00 FEOI'0 6100 FIOI0 (:-Aep) ¥DY
6U9ITF $TIIS  +9°LSTF 99°GEE  TTLTF 619ICT  6¥6IF STTIOL +E66F LV pLE  LELETF €6°0ST Ly'60TT 9€LSL 60°9YIF 90679 (Su) ssewolq {210 ]
98'LETT 00°€Ty  1E€06F $S69T  0'8TTF £6€01 T9PSIF I8VI8  L&6LF I€60€  L6GTF LLYOT YTTLIF 6T0V9 L6LOLF TETOY (8w) sseworq 100YS
€6°LT T ¥TT8  PSPIT LI'99  SSSH F 9L9LT IS€r F #pL6T  8961F 919 OLL F SU'9y  L6LE F LOLIT €86€ F SI'0¢] (8ur) ssewolq 100y
9605 F 0681  LEOTF 0998  6T6CIF PETES OSPL F 89€EE  8ETEF €THOL  vE€F F 8609 0506 F 9¥'L8T 65SY F ¥6TLI (3u) ssewolq wag
S6PYF T 96°€ET  69°LTF v6T8I €566 T 60°L0S 9FI8 F TII8Y  €E'8FF 60°S0T  L8GIF 6LEYI $6TS T €87TSE  ¥TE9 F LOGIE (Bur) ssewolq yea]
LTTL F TEIL 869 F 9I'TS  ILOF F 9LSET 6£PT F 657791 88FIT OU'IL €€ F €Ty  OULE F LLUSLL vE€C F 667TEL © (zwo) vore Jeo]
§TO F IgE 610 F S8C TS0 F €8y  LEO F ITY €0 F oorg 610 ¥ 19T IS0 F 8I't  ¥€0 F ICE (wo) Iawelp walg
6LT F I6SL UL F LLVL 6€v F LL6T  8TT F S8BT SPI F 9611 760 F LOOI  S€E T L¥OT 00T F 6061 (w) MFud] WAg
950 F 0€6 €60 ¥ L98 T80 F pOIL 690 T 6101  TLO F €€8 Ov0 F OLL 960 F LOOT  SLO T L96 SOABS[ "ON

poIalemM-TOM Is)em Mo poaislem-T[o M Ialem Mo paiarem-{[o 191BM MO paIsleM-TIO M I91eM MO

puim ySiy puim Mo puis Y3 puis mo]

20D pareadrd 20D wRIquY

Kiddns 1918M JO S[9A3)
JUSISIIP OM] PUE Spsads PUIM OM] ‘SUONIBIIUSOUOD ¢ 1USISPIP Om} Jopun sep (9 10j umols syueld pgpw sidpuig Jo sanque [Imois jo (FS 1 F) sonjea ugstl 20 VAODNY °T dqel,



2000

1500 =

10004

0

[=]

[+]
L

Dry weights (mg)

o L s A AR s
111 121 112 122 211221 212 222

Treatments

Fig. 2. Dry weights at day 60 of the different plant organs as a
function of CO, concentration, wind speed and water supply. Bars
(from front to back); solid, root mass; hatched, stem mass; dotted,
leaf mass. Treatments are represented by figures of three numbers :
first number indicates ambient (I) or elevated (2) CO,, second num-
ber indicates low wind speed (/) or high wind speed (2) and the third
number indicates low water () or well-watered (2) treatment

weights, respectively, but by the end of the experiment,
the differences were notably reduced to 13.7%, 32.1% and
12.3%, respectively (Fig. 2). There were no significant
CO, treatment effects on the values of unit leaf rate nor
relative growth rates (minimum P=0.159, df 1,207), al-
though mean values for these rates over the 60 days of
the treatments were always higher in plants grown ex-
posed to elevated CO, concentrations. Growth rates of
plants in their early life (by day 18) were always greater
in plants which grew in high CO, levels (Fig. 3).
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Effects of wind. High wind speed significantly reduced the
number of leaves, stem length and diameter, leaf area,
and dry weights of leaf, stem, root and total plant (max-
imum P<0.001, df 1,207). On average, cell mean values
(Table 1) for leaf area and stem length were 67% and 41%
greater, respectively, in plants grown in low wind con-
ditions than in plants grown in high wind speeds. Plant
dry weights were also reduced by increased wind speeds.
Leaf, stem and root dry weights from plants grown in low
wind speeds were, on average, 53.9%, 66.8% and 57.8%
greater, respectively, than those from plants which grew
in high wind conditions. RGR, Rl1aGR and RIvGR were
also significantly reduced by high wind speeds (maximum
P=0.047, df 1,207). Plants were less responsive to the
wind effect in their early life. On day 32, stem length, leaf
area, and dry weights of leaves, stems and roots were,
respectively, 38.1%, 67.5%, 43.4%, 59.2% and 47.1%
greater in plants which grew in low wind conditions than
in plants grown at high wind speeds. These differences
were notably increased on day 60, when stem length, leaf
area and dry weights of leaves, stems and roots were
52.4%, 71.0%, 64.3%, 72.7% and 68.2% greater, repec-
tively, in plants grown in low wind conditions than in
those grown in high wind speeds (Fig. 2).

Effects of water. Mean values for growth parameters
were greater in plants which grew in well watered con-
ditions than in those grown in low-water conditions
except for root dry weight, relative root growth rate and
unit leaf rate (Table 1). We only detected significant
water effects on the values of stem length and diameter,
root dry weight (maximum P=0.002, df 1,207) and leaf
area (P=0.05, df 1,207). Plants grown in well-watered
conditions had, on average, 22.1% greater total plant dry
weight, 29.9% greater leaf area and 28.6% higher stem
length than plants grown at low watered conditions. On
day 32, stem length and leaf area were, respectively,

Fig. 3. Change over time in rela-
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24.6% and 16.3% greater in plants grown in well-watered
conditions than in plants grown in low-water conditions.
In contrast, total dry weights were 9% greater in plants
grown in low-water conditions. On day 60 the differences
were notably increased for stem length and leaf area
which were 34.8% and 34.7% greater, respectively, in
plants grown in well-watered conditions and reversed for
total dry weight which were 32.6% greater in plants
grown at well-watered conditions (Fig. 2).

Interactive effects. We did not detect any significant in-
teractive effect of any order on the values of the growth
parameters analysed, but some interesting joint effects

were observed. Plants in low-water conditions and high

wind had significantly reduced leaf area by 67.9% and
leaf, stem and root dry weights by 59.2%, 70.9% and
66.3%, respectively (maximum P <0.0001, for LSM com-
parisons). The reductions due to high wind were also
significant (maximum P <0.0002, for LSM comparisons)
but lower when plants grew in well watered conditions.
On average, leaf area was reduced by 65.6% and leaf,
stem and root dry weights by 47.8%, 48.9% and 64.2%,
respectively. In contrast to expectations wind stress was
not ameliorated by growing in enriched CO, environ-
ments. In plants which experienced ambient CO, con-
centrations wind stress significantly reduced leaf area by
63.5% while leaf, stem and root dry weights were reduced
by 56.0%, 47.3% and 64.1%, respectively (maximum
P<0.0014 for LSM comparisons). In plants which ex-
perienced enriched CO, atmospheres wind stress
produced more significant (maximum P<0.0001, for
LSM comparisons) and even larger reductions on leaf
area (on average, 69.0%) and leaf, stem and root dry
weights (on average, 58.7%, 57.8% and 68.2%, respective-
ly). We also observed for some variables that the effects
of wind were not totally independent from the effect of
water. Thus, irrespective of the CO, treatments, plants
in low wind speeds developed greater root dry weights
and unit leaf rates (for root dry weights P <0.0039, for
LSM comparisons) when growing in low-water con-
ditions than those which grew in well watered conditions
(on average, 11.9% greater).

Plant age significantly affected all dependent variables
considered (maximum P=0.013, df 1, 207). The response
of plants to each level of CO, depended on the age of the
plant for the number of leaves, stem length and diameter,
leaf area, total and plant parts dry weights (maximum
P=0.001, df 1, 207), but the analysis did not detect
dependence for the relative growth rates nor unit leaf
rate. The wind X plant age interaction term in the
MANOVA was statistically significant for all the growth
parameters analysed (F=4.074, P=0.045, df 1,207 for
RGR, maximum P <0,0001, df 1,207 for the other vari-
ables) except unit leaf rate. The water X plant age interac-
tion term in the analysis showed that the effect of water
was not independent of plant age for number of leaves,
stem length and diameter, leaf area and for stem and root
dry weights (maximum P=0.030, ¢f 1,207). This interac-
tion term was not significant for leaf and total plant dry
weights, relative growth rates or unit leaf rate (minimum
P=0.152, df 1,207). MANOVA did not detect any other
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higher order interaction term which significantly affected
the growth parameters considered.

Allocation and architectural parameters

ANCOVA showed that CO, effects were significant for
LAR, SLA, LWR and SWR (maximum P=0.001, df 1,
207). Cell mean values (Table 2) in the ANCOVA analy-
sis showed that plants grown in ambient CO, had greater
LAR,SLA, LWR, RWR and root/shoot ratio and smaller
SWR than plants which grew in increased CO, atmo-
spheres. This tendency in the mean values was main-
tained at the end of the experiment. LAR, SLA, LWR
and SWR were significantly affected by wind speed (mini-
mum P=0.01, 4f 1, 207) but neither RWR (F=0.183,
P=0.669, df 1, 207) nor root/shoot ratio (F=0.101,
P=0.751, df 1, 207) were affected. Cell mean values
showed that only LWR and RWR were greater in those
plants exposed to high wind speed. This tendency in the
mean values was maintained to the end of the experi-
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Fig. 4. Time course of leaf area ratio and specific leaf area
(mean + SE) of Sinapis plants grown under two different CO,
concentrations, two wind speeds and two levels of water supply.
Squares and solid line, high wind speed-low water plants; rhombs
and solid line, high wind speed-well watered plants; triangles and
dashed line, low wind speed-well watered plants; circles and dashed
line, low wind speed-low water plants
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Fig. 5. Mean proportion of biomass allocated to roots, stems and leaves as a function of plant age, CO, concentration, wind speed and water
supply. Solid area, root mass; hatched area, stem mass; dotted area, leaf mass

ment. Water supply significantly affected RS, LAR,
SLA, SWR and RWR (in all cases P<0.001, df 1, 207).
Cell means in the ANCOVA showed that LAR, SLA and
SWR were greater in plants grown in well watered con-
ditions than in plants which grew in low-water conditions
while RS, RWR and LWR were greater in plants which
grew in low-water conditions. This tendency in the mean
values was maintained to the end of the experiment (on
day 60). ANCOVA also showed that plant responses to
wind were significantly affected by the level of water
supply for LAR (F=5.576, P=0.019, df 1, 207) and for
SLA (F=10.549, P=0.001, df 1, 207) (Fig. 4). No other
interactive effect was detected by the ANCOVA analysis.

In all treatments, the relative proportion of stem and
root dry weight increased with total dry weight (b> 1,
“positive allometry”, Table 3). The same was true for the
relationship between root dry weight and shoot dry
weight. In contrast, the proportion of leaf dry weight to
total dry weight declined, showing a negative allometry
(b<1). CO, significantly affected the slope of the rela-
tionship between leaf dry weight and total plant dry
weight which was significantly lower (P <0.001, df'1,106)
in plants grown in high CO, levels than in those grown
at ambient CO, concentrations. In contrast, the slope of

the equation relating stem dry weight and total plant dry
weight was significantly (P<0.05, df 1, 106) higher in
plants grown at elevated CO, than in those grown at
ambient CO, concentrations. We did not detect any
water or wind effect on the slopes of these allometric
relationships. The study of these relationships for the
plants growing in each of the eight different combina-
tions of treatments only showed statistically significant
differences in the slopes of the equations relating leaf dry
weight with total dry weight and stem dry weight with
total dry weight (Table 3). The differences detected al-
ways were between plants growing at two differents CO,
concentrations. Whichever the treatment, the proportion
of leaf area to leaf dry weight declined, showing a nega-
tive allometry (b <1). We did not detect any main effect
on the relationship between leaf area and leaf dry weight
but some significant differences were detected when we
analysed this relationship for each of the eight different
combinations of treatments.

Results of MANOVA for plant age and interactive
effects of plant age with the different factors showed that
plant age had significant effects on all dependent vari-
ables (maximum P=0.010, df'1,207) (Fig. 5). CO, x plant
age interactive effects were significant for LAR, SLA,



LWR and SWR (P<0.003, df 1, 207 in all the cases) but
not for root/shoot ratio (F=0.610, P=0.436, df'1,207) nor
for RWR (F=0.686, P=408, df 1,207). The wind x plant
age interactive effect was significant for LAR, SLA,
LWR and SWR (maximum P<0.001, df 1,207). The
water x plant age interactive effect was significant for RS,
LAR, SLA, SWR and RWR (P <0.001, in all the cases)
but did not for LWR (F=3.545, P=0.061, df 1,297).
Higher order interactive terms were not significant except
for the wind x water X plant age term for LAR (F'=3.956,
P=0.048, df 1,207) and for SLA (F=7.922, P=0.005,
df 1,207) and the CO, x water x plant age term for SWR
(F=18.230, P=0.005, df 1,207).

Leaf temperature, diffusion resistance and number of
stomata

For leaf temperature and water vapour diffusion resis-
tance both covariates, time and plant age, had a signifi-
cant effect (maximum P=0.019, df 2, 150). Analysis of
covariance showed that differences among the plants
grown in the different treatments were not statistically
significant for leaf temperatures. Diffusion resistances
were higher in those plants grown in high CO, levels, in
low wind conditions and in those plants suffering water
restrictions. Analysis of covariance detected statistically
significant water diffusion resistance differences for the
water effect (3.51 s/cm0.16 (SE) for low-water plants
and 2.32 s/cm + 0.08 for well-watered plants, P=153.754,
P<0.001, df 1, 150), for interactive CO,xwind
effect (F=11.663, P=0.001, d4f 1,150) and for the
CO, x wind x water effect (F=6.933, P=0.009, df 1, 150).

MANOVA did not detect any significant effect of
treatments on the total (adaxial+abaxial) number of
stomata or on the abaxial number of stomata. MANO-
VA detected a significant CO, x wind interactive effect
on the adaxial stomatal density (F=8.587, P=0.006, df
1,32). The adaxial stomatal density in plants grown at
low wind conditions decreased with increasing CO, con-
centrations (from 73.2 at 350 cm® m~3 CO, concentra-
tion to 57.8 at 700 cm® m ™3 CO, concentration in the air)
but this tendency was reversed in plants grown in high
wind conditions (from 64.8 at 350 em® m~® CO, con-
centration to 88.5 at 700 cm® m~* CO, concentration in
the air).

Water use efficiency

WUE values expressed as the ratio of plant-part dry
weights or leaf area gain to integrated water loss (Ta-
ble 4) were significantly affected by the age of the plant
(maximum P=0.004, df 1,63) which justified to fit it as
covariate and thus removed its effect before the analysis
of the differences between the means of the treatments.
ANCOVA for WUEs showed significant water treatment
effects (in all the cases, P<0.001, df 1,63) except for
WUE measured as the ratio of stem dry weight gain to
integrated water loss (F=3.475, P=0.067, df 1,63).
WUE was increased in low watered conditions. On av-
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erage and expressed in terms of leaf area and dry weights
of leaf, stem and root, WUE were 35.9, 48.4%, 55.4% and
24.5% greater, respectively, in plants grown in low-water
conditions than in plants which grew in well-watered
conditions.

Wind also significantly affected the efficiency in the
use of water (P<0.001, df 1,63, in all the cases) and its
effect was stronger than that of water or CO,. Leaf arca
calculated as the ratio of leaf area gain to water uptake
by the plant was 76.6% greater in the low wind speed
treatment than in the high wind speed treatment. Leaf,
stem and root dry weights were 68.9%, 77.1% and 71.9%
greater, respectively, in plants which grew in low wind
conditions than in those grown in high wind conditions.

As expected, plants which grew in enriched CO,
atmospheres showed improved water use efficiencies.
Water use efficiencies were affected significantly by CO,.
The effect of CO, was significant for leaf area, root dry
weight (P=0.010, df 1, 63, in both cases), stem length,
stem dry weight (P=0.001, df 1, 63, in both cases), leaf,
shoot and total plant dry weights (P <0.001, df 1, 63, in
all the cases), but did not affect stem diameter (F=3.167,
P=0.080, df 1, 63). On average, WUE expressed in terms
of leaf area, leaf, stem and root dry weights, were 21.5%,
30.3%, 32.8% and 46. 1% greater, respectively, in plants
grown in high CO, levels than in those grown in ambient
CO, atmospheres.

The analysis also showed significant CO, X wind and
wind x water interactive effects. CO, X wind interactions
significantly affected stem length (F=5.133, P=0.027,
df 1, 63), leaf area (F=4.262, P=0.043, df 1, 63) and
leaf, stem, shoot and total plant dry weights (maximum
P=0.032, df 1,63). For plants experiencing the same
wind speeds, WUE was always greater in plants grown
at high CO, levels than in plants grown at ambient CO,
concentrations. The effect of CO, in improving WUE
was greater for plants growing at low wind speeds than
in plants at high wind speeds. In low wind conditions
WUE was increased with a doubling of CO, by 23.8% for
leaf area and by 33.6%, 48.9% and 35.0% for leaf, stem
and root dry weight, respectively. CO, sensitivities of
WUE for plants at high wind speed were 14.3% for stem
length, 10.4% for leaf area and 18.4%, 32.3% and 23.3%
for leaf, stem and root dry weights, respectively, with a
doubling of CO,. In spite of the higher WUE of plants
at elevated CO,, the reduced WUE at high wind speed
was not ameliorated by growing under CO, enrichment.
WUE expressed in terms of leaf area, leaf, stem and root
dry weights is reduced by effect of wind stress in 74.6%,
65.0%, 72.6% and 69.2%, respectively, when plants grew
at ambient CO, concentrations and in 78.3%, 71.5%,
79.4% and 73.8%, respectively, when plants grew at high
CO, levels. Wind x water interactions were significant
for stem length and diameter, leaf area and dry weight
of leaves, roots, shoots and total plant (in all the cases,
P<0.026, df 1, 63). For plants that experienced the same
wind conditions, WUE was always greater in plants
grown under low-water conditions than those grown in
well-watered conditions. In low-wind conditions WUEs
in terms of leaf area, leaf, stem and root dry weights were,
respectively, 36.3%, 50.9%, 26.4% and 59,22 % greater for
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plants grown in low-water conditions than in plants
grown under well watered conditions. At high wind
speeds WUESs, expressed in terms of leaf area, leaf, stem
and root dry weights were, respectively, 33.9%, 39.8%,
15.8% and 41.2% greater for plants grown under low-
water conditions than in plants grown in well watered
conditions. The effect of wind stress on WUE is slightly
ameliorated by growing at well watered conditions.
Thus, WUESs expressed in terms of leaf area, leaf, stem
and root dry weights were reduced by effects of high wind
speed in 77.0%, 71.1%, 78.4% and 75.3%, respectively,
when plants were grown in low-water conditions and in
76.3%, 64.5%, 75.3% and 64.1%, respectively, when
plants were grown in well-watered conditions.

Discussion
Growth parameters

Marked and positive effects of increased CO, concentra-
tions on plant growth responses reported here in the early
stages of plant growth are consistent with previous re-
sults which have shown that plants are more responsive
to CO, enrichment when young (Tolley and Strain 1985;
Garbutt et al. 1990; Ryle et al. 1992). This strong initial
enhancement of growth in response to CO, enrichment
declined in time, another response which has been com-
monly reported (Tolley and Strain 1984; Bazzaz et al.
1989; see also Cure and Acock 1986 and Bazzaz 1990).
The cause of this response has not been well established,
although in addition to limited enzyme capacity the most
common explanation is an imbalance in the supply and
demand of carbohydrates resulting in feedback inhibiton
or physical damage of the choroplasts due to starch
accumulation (Herold 1980; Ehret and Joliffe 1985; Jar-
vis 1989). A range of explanations for the decline has also
been suggested by Bazzaz (1990). In this experiment,
under natural daylight, the effects of a declining
daylength cannot be discounted. The differential growth
rates between CO, treatments, although not significant,
have a noticeable effect on long-term biomass accumula-
tion, which show, as with previous observations, that
quite small differences in RGR have appreciable effects
on final plant weight and size (Russell and Grace 1978;
Coleman and Bazzaz 1992).

Of all of the treatments, increased wind has the most
drastic effect on plant growth and plants were sturdier
and smaller, features which have been previously report-
ed (Whitehead 1962, 1963; Russell and Grace 1978,
1979; Grace and Russell 1977; Telewski and Jaffe 1986;
Braam and Davis 1990; Retuerto and Woodward 1992).
In the experiment reported here, wind speed did not alter
the dry weight gain per unit of leaf area and so the
reductions in dry weight with increased wind speed
(Table 1) were a consequence of reduced rates of leaf
expansion (Whitehead 1962). Like Russell and Grace
(1978) and Retuerto and Woodward (1992) we reject the
possibility that the small differences in leaf temperatures
associated with the changes in wind speed were enough

to account for the observed decline on leaf expansion. It
is also unlikely that the decline could have been caused
by an adverse tissue water status when water is freely

* available as in the study of Retuerto and Woodward

(1992) or in our well-watered treatment. Therefore, the
suggestion by Russell and Grace (1979) that a mechani-
cal stimulus might account for the most of the observed
reduction in the leaf expansion rate of the wind exposed
plants is possible. This is consistent with the findings of
Braam and Davis (1990) who reported that in Arabidop-
sis a variety of mechanical stimuli, including wind, regu-
lated the expression of at least five genes which could be
involved in developmental growth alterations. Drought
has also been suggested as an important cause of reduced
growth in wind (Morse and Evans 1962; Kalma and
Kuiper 1966). However, Russell and Grace (1978),
Retuerto and Woodward (1992) and our present results
suggest that wind reduces growth rates even when plants
are not affected by drought.

Although ANCOVA did not detect any significant
interactive effects on the growth parameters analysed we
observed some interesting simultaneous effects of various
treatments. The effect of high wind on growth was ame-
liorated by growth in well-watered conditions (Grace and
Russell 1982). However a doubling in the CO, concentra-
tion did not counteract the effect of high wind (Table 1)
and the CO, stimulation of growth was proportionally
greater in plants grown in the low wind speed. The joint
effects of CO, and water supply were statistically in-
dependent but the greater dry weights and leaf areas with
CO, enrichment were more pronounced in the well-
watered plants. As reported (Bazzaz and Carlson 1984)
water limitation can greatly diminish growth stimulation
by CO,.

The significant interactive effect of plant age indicates
that plant responses to environmental changes vary
throughout the distinct morphological, physiological
and developmental phases of ontogeny. This is an impor-
tant point since the examination of plant responses to
treatments at different times could lead to quite different
interpretations of experiments. Coleman and Bazzaz
(1992) have previously reported that harvest date may
significantly affect the interpretations of CO, experi-
ments and Retuerto and Woodward (1992) have made
the same observation for wind experiments. The fact that
the root system had not filled the pots allowed us to reject
the possibility that root growth, and the age effect, could
have been constrained by pot size and nutrient availabil-
ity (Coleman and Bazzaz 1992).

Allocation and structural parameters

Eamus and Jarvis (1989) have argued that changes in
allocation reflect a changed timing of development and
some evidence supports this assertion (Sionit et al. 1987;
Bazzaz et al. 1989). The analysis of the allometric rela-
tions using Model II regressions shows that under most
of the treatments all points are on one line, that is, plants
follow the same developmental track, in terms of biomass
allocation. This suggest that most of the changes ob-



served in ratios could be an artificial effect of plant size
(see Samson and Werk 1986). However, because growth
rates differ with treatments, plants may be at different
points along the same developmental track. Therefore, it
is appropriate to compare plants both in terms of stages
of development (biomass allocation) and in terms of
growth and ratios (e.g. LAR, SLA) at a particular time.

Our results showed non-significant slightly higher
root to shoot ratios and RWR in plants which grew at
ambient CO, than in those grown in increased CO,
levels. These results and the changes in root: shoot ratios
and RWR from one harvest to another support the
suggestion of no effect of atmospheric CO, on root/shoot
allocation, even when water is limiting. No significant
differences in root to shoot ratios were found for plants
grown at different wind speeds, which is consistent with
results from Retuerto and Woodward (1992) but con-
trary to many other results reported in the literature
(Whitehead 1962; Whitehead and Luti 1962 ; Russell and
Grace 1978, Grace and Russell 1982). Root:shoot ratios
and RWR were, as expected, significantly higher in
plants grown in low watered plants. Aronson et al. (1992)
have reported that water stress leads to increased alloca-
tion of biomass to root growth in plants of desert and
Mediterranean populations and Vartinian (1971) has
found that during drought, the growth of S. alba taproot
is accelerated. The fact that a larger proportion of assimi-
lates was deployed to root production is particularly
significant in maintaining an adequate water balance.

LAR was significantly higher at ambient CO, than at
elevated CO, concentrations, as previously reported
(Garbutt et al. 1990; Ryle et al. 1992). LAR also was
significantly higher in plants grown in low wind speed
than in plants grown in higher wind speed. Similar ob-
servations have been reported by Whitehead (1962), Re-
tuerto and Woodward (1992) and Russell and Grace
(1978) who suggested that most of the variation on LAR
could be due to large reductions in SLA. LAR increased
with water supply.

The reduced SLA under elevated CO, has been
previously reported (DeLucia et al. 1985; Garbutt et al.
19906; Ryle et al. 1992, but see papers cited in Woodward
et al. 1991). It has been suggested that plants with high
SLA would be more wind-sensitive that plants with lower
SLA (Woodward 1983) and that the reduction of SLA
may be due to an increase in the bulk density of the leaf
rather than an increased thickness (Grace and Russell
1982). The significantly higher SLA found in the well-
watered plants is consistent with the suggestion of Wood-
ward (1983) that high SLA plants would be more
drought sensitive that plants with lower SLA. Grace and
Russell (1977) and Pugnaire and Chapin (1992) have also
found that water stress reduces SLA. The wind x water
term in the ANCOVA showed that the positive effect of
water supply on leaf area per unit of dry weight was
significant at low wind but did not at high wind speeds,
where plants did not increase their leaf areas with in-
creasing water supply. If, as suggested above, most of the
variation on LAR could be due to large reduction in SLA
then the interactive wind x water effect detected on LAR
could also be due to large reduction on SLA.
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Leaf temperature, water use efficiency and stomatal
density

ANCOVA did not detect any significant effect on leaf
temperatures although, at least under low wind-speed
conditions, higher leaf temperatures at increased levels of
CO, has been suggested as result of lower transpiration
rates (Surano et al. 1986; Idso et al. 1987). The uniform
aerodynamic mixing within the chambers reduced the
likelihood of significant differences in leaf temperatures
among the treatments.

The experiment demonstrated improved water use
efficiency for Sinapis grown at elevated CO, as a result
of increased photosynthetic rates (Table 4). The mechan-
ism by which CO, interacts with the process of stomatal
opening is unclear but some possible mechanisms have
been suggested (see Woodward et al. 1991). The com-
monly reported increased conductance and transpiration
in plants grown in high wind speeds (Grace and Russell
1977, 1982; Russell and Grace 1978; Leite and Alvim
1978) is consistent with lower water diffusion resistances
we observed in plants grown in high wind, although we
did not find significant differences. It has also been re-
ported that the cooling effect of wind on leaves can
decrease the vapour pressure gradient and transpiration
(Sena Gomes and Kozlowski 1989), a feature which is
supported by results reported in other studies (White-
head and Luti 1962; Dixon and Grace 1984). We also
found lower water diffusion resistances in plants grown
at low levels of water availability, a feature which is
consistent with the reported high sensitivity of conduc-
tance to water vapour during drought (Grace and Russell
1977; Ticha 1982, cited by Woodward 1987). Chaves
(1991) stated that this response is a quicker and more
flexible process than alternatives such as changes in life
cycle or in allocation patterns.

A number of studies have shown that stomatal density
increases markedly as the CO, partial pressure is reduced
below the current level but that stomatal density does not
respond to CO, levels exceeding the current level (Wood-
ward 1987; Woodward and Bazzaz 1988 ; Pefiuelas and
Matamala 1990). Insensitivity of the stomata to in-
creased CO, has also been reported by Madsen (1973),
and Thomas and Harvey (1983). Woodward (1988) has
suggested that stomatal density may either increase or
remain constant as the partial pressure of CO, is raised
above 35 Pa for mature trees and shrubs. In contrast,
Oberbauer et al. 1985 observed a reduction in stomatal
density at levels of CO, higher than ambient. We ob-
served this same effect in plants grown at low wind speeds
but this tendency was reversed when plants grew at high
wind speeds. That is, the effect of CO, on stomatal
density is not independent of the wind speed conditions
affecting the plants. Our findings that high wind speed
exerts a positive but non-significant effect on the adaxial
stomatal density is in agreement with results from White-
head and Luti (1962) and Grace and Russell (1977) who
have reported that the number of stomata per unit area
rose with increased wind speed and with the correspond-
ing failure of the leaf to expand. We did not detect a
significant effect of water supply on the number of stoma-
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ta which is somewhat in contrast to the more frequent
and smaller stomata per unit area reported by Grace and
Russell (1977). However, Woodward (1987) has noted
that in many cases where drought seems to influence
stomatal density, it does so by affecting the expansion of
leaf area, causing the stomata to be packed more densely.
Thus, when the effects of epidermal cell size are taken
into account the drought effect may disappear.

We detected significant wind X water and CO, X wind
effects on WUE. As hypothesized, the WUE of plants
grown at high wind was ameliorated by growing in well
watered conditions, although the small effect of water
supply in improving the performance of plants grown
under high wind confirms that drought is not the main
cause of reduced growth in high wind and that mechani-
cal stimulation could be the important cause. Although
increased CO, improved WUE of plants grown both in
low and in high wind, the beneficial effect of elevated
CO, on WUE was proportionally greater in plants
grown in low wind. This result is in contrast to expecta-
tions that wind stress will be ameliorated more in plants
grown in enriched CO,, than in plants grown in ambient
CO,, again suggesting that water stress was not the main
cause of reduced growth in high wind.
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