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Abstract. Progenies and clones of interspecific hybrid blueberries were evaluated for annual fraction of canopy
volume (FCYV) and for difference in fraction of canopy volume between control and stressed plants [FCYV(C) –
FCYV(S)] in a moderate water-deficit environment. The FCYV(C) – FCYV(S) data were used to determine combining
ability effects. In addition, physiological processes of attached leaves of the clones were monitored with a portable
photosynthesis apparatus. Specific combining ability (SCA) effects were significant for FCYV(C) – FCYV(S). The
clone with the lowest mean for FCYV(C) – FCYV(S) was US75, a hybrid of Vaccinium darrowi Camp x V. corymbosum
L. Clone JU64 (V. myrsinites Lamark x V. angustifolium Aiton) also had a low FCYV(C) - FCYV(S) mean, and its
two progenies (JU64 x JU11 and G362 x JU64) had low progeny means. Stomatal conductance was lowered when
blueberries were exposed to atmospheric and/or soil moisture stress that resulted in lower transpiration and photosynthesis and increased or equal water-use efficiencies (WUE). Blueberry plants adjusted to moisture stress as the
season progressed by lowering stomatal conductance and increasing WUE. In particular, stressed plants of US75 and
JU64 had equal or higher WUE values than control plants. US226 was the most drought-susceptible clone in the
study, and its stomata did not appear to be as responsive to moisture stress as the other clones. Breeding for higher
WUE in a dry environment appears possible with the germplasm used in this study.

Increased drought resistance is an important trait for future
highbush blueberry cultivars. In much of the United States,
water is a limited resource and must be rationed in years of
extreme drought. A more drought-resistant blueberry would be
adapted to new areas for production and would allow growers
to produce a crop in dry years when irrigation is halted or limited. Genetic variability for drought resistance is present in Vaccinium spp. Some southern species grow in nutrient-impoverished
sands subjected to frequent drought (Davies and Albrigo, 1984;
Galletta, 1975; Lyrene and Sherman, 1980). In previous studies
(Erb et al., 1988a, 1988b), a drought screening test was developed. Accessions of some southern species (V. darrowi Camp,
V, elliotti Chapman, and V. ashei Reade) were more droughtresistant than northern accessions (V. corymbosum, V. vacillans
Torrey, and V. myrtilloides Michaux) (Erb et al., 1988b). In
addition, clones deriving half their genes from a southern species were usually drought-resistant (Erb et al., 1988b). Davies
and Albrigo (1984) suggested the above-mentioned southern
species plus V. tenellum Aiton, V. myrsinites, and V. simulatum
Small, and the northern species V. angustifolium and V. pallidum Aiton as good sources of drought resistance.
The water relations of V. ashei cultivars were first investigated in the late 1970s. Andersen et al. (1979) observed that
irrigation reduced leaf diffusive resistance by 50% and increased
transpiration by 70% over nonirrigated bushes of ‘Tifblue’,
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‘Woodard’, and ‘Bluegem’, but found no significant effect on
midday stem xylem pressure potentials for either treatment. In
addition, seasonal changes in nonirrigated bushes of V. aslei
for leaf diffusive resistance and transpiration suggested adaptation to drought conditions. Davies and Johnson (1982) concluded that rabbiteye blueberries are intermediate in drought
tolerance compared to field beans, sorghum, and apples because
they have a relatively low critical water potential for stomatal
closure, low transpiration ratios, and low changes in relative
water content per unit change in water potential. Aside from
observations on the habitat of various Vaccinium species (Davies and Albrigo, 1984; Galletta, 1975; Lyrene and Sherman,
1980), little is known about the physiological response to drought
in most Vaccinium spp.
This study was initiated to estimate drought stress effects on
interspecific blueberry clones and progenies and to determine
combining abilities for the difference in fraction of canopy volume between control and moderately drought-stressed plants.
Materials and Methods
Design of experiments. The study was conducted in 1985 with
five 5-year-old clones (JU1l, JU64, US75, US226, and G362)
(Table 1) and eight progenies growing in a Galestown fine sandy
loam, reddish-brown adult soil (0.7% to 0.1% organic matter)
at Beltsville, Md. Six progenies were from one set of Fls of a
four-parent diallel (JUll, US75, US226, and G362), and the
other two progenies were crosses of JU64 (G362 × JU64 and
JU64 × JU1l).
Abbreviations: A, net photosynthesis; CYV, canopy volume; E, transpiration;
FCYV, fraction of canopy volume; GCA, general combining ability; g1, leaf
conductance of water; LT, leaf temperature; SCA, specific combining ability;
VPD, vapor pressure deficit; WUE, water-use efficiency.
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The field was originally laid out in 1982 (Chandler et al.,
1985) in a randomized complete block design with 10 replications of each progeny (10 seedlings per replication); each replication had a plot containing two plants of each parent. Data
were taken on the clonal material and four randomly chosen
seedlings from each plot. The field was fertilized with (kg·ha -1,
28 N, 12.3 P, and 23.2 K in mid-May and 23 N as (NH 4)2SO 4
in early July.
The field was divided into a control and drought-stressed side.
Plants on both sides were drip-irrigated using an 8-mil (2 mm)
twin-wall-lateral with prepunched holes every 30 cm. Soil tension was monitored with tensiometers placed 15 cm from the
twin-wall lateral. The control side consisted of four blocks that
were irrigated when the soil tension reached 0.03 to 0.40 MPa
at a depth of 15 cm, and the stressed side was the remaining
six blocks that were irrigated when soil tension reached 0.08 to
0.09 MPa at a depth of 25 cm. After the proper tension level
was reached, plants were irrigated for 8 to 12 h to bring soil
tension to field capacity.
Plant growth The annual FCYV was estimated by measuring
the canopy volume (CYV) (height × width × breadth) of the
plants in October of each year by: (1985 CYV – 1984 CYV)/
1985 CYV. The FCYV for each stressed seedling or clone was
then subtracted from the mean FCYV of their control plants to
give the difference in FCYV between the control and stressed
plants [FCYV(C) – FCYV(S)]. The lower the value, the more
drought-resistant the entry. Data were subjected to diallel analysis using the Schaffer and Usanis (1969). computer program,
and F ratios and general combining ability (GCA) and SCA
effects were calculated according to Griffing’s method 4 and
model I analysis (Griffing, 1956).
Physiological characteristics. A LI-COR 6000 portable photosynthesis apparatus (LI-COR, Lincoln, Neb.) was used to simultaneously monitor apparent net photosynthesis (A),
transpiration (E), leaf conductance of water (g 1), leaf temperature (LT), irradiance, and chamber CO2 concentration, temperature, and relative humidity. Two fully expanded leaves in the
upper southern half of the canopy of each of five clones were
analyzed. A 0.25-liter leaf chamber with a return flow rate of
7.0 to 7.4 cm3·s-1 circulating within a closed system was used.
Six 7-sec observations were made on each leaf, and the mean
of the observations was used for analysis. WUE was calculated
as A/E. Measurements were made on attached leaves horizontal
to the soil surface on sampling dates corresponding to soil tension levels of 0.08 to 0.09 MPa at a depth of 25 cm. The
physiological data were analyzed as a split-split-split plot design. The main plots were control and stressed and the subplots
were clones (two plants per clone per field were sampled), which
were further split into four dates during the growing season (9
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and 21 June, 22 July, and 14 Aug.) and two periods of the day
(morning, between 0900 and 1100 HR, and afternoon, between
1330 and 1530 HR).
Results and Discussion
Plant growth. The differences in FCYV between the control
and stressed plants provide an estimate of drought stress. There
were no significant differences in FCYV between stressed clones,
but US75 had the lowest FCYV(C) – FCYV(S) and US226
the highest (Table 2). In the seedling populations, JU64 × JU1l
had the lowest FCYV(C) – FCYV(S) and was significantly
different from JU1l × US226 and G362 × US75 (Table 3). Some
inbreeding depression probably occurred in the progeny of JU11
× US226 because the same V. atrococcum Heller clone is present in the background of each parent. G362 × US75 is threequarters V. corymbosum, a species found predominantly in
swampy areas (Galletta, 1975). Hybrid vigor for FCYV(C) –
FCYV(S) maybe present in JU64 × JU1l, G362 × JU64, JU1l
× US75, US75 × US226, US226 × G362, and G362 × JU1l
because the mean of their progeny is lower than either clonal
mean.
Our measure of drought resistance did have a bias against
JU1l and US75, if one considers fruit load per plant and canopy
space filling. JU11 was the only clone that had a significantly
larger total fruit yield (Erb et al., 1990) and was vigorous enough
to have filled its allowed canopy space. US75 was also vigorous
enough to fill its allowed canopy space, indicating the reduced
vigor exhibited by JU1l is probably due to the fruit load difference. In a previous study (Erb et al., 1988b), JUll was the
dominant clone followed closely by JU64 and then G362 and
US75 and finally US226.
Diallel analysis indicated GCA to be nonsignificant and SCA

z

Means not significantly different; each value is the mean of six observations (except two for US226).
y
Mean separation within columns by Duncan’s multiple range test, P
= 0.05.
Table 3. Mean annual FCYV of blueberry interspecific hybrid progeny subjected to a water deficit [FCYV(S)] and subtracted from
control values [FCYV(C)].
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to be highly significant for FCYV(C) – FCYV(S). The lowest
estimates for SCA effects were for JU11 × US75 ( – 0.05) and
the highest were for JU1l × US226 (0.09). The genetic variability for growth in this moderate water-deficit environment can
be exploited through recurrent selection and recombination only
if large populations are examined. The four interspecific hybrids
used in this diallel represent only a fraction of the total variability present in Vacciniun and none of them are composed of
two drought-resistant species. Crosses between northern and
southern blueberry species produce drought-resistant progeny
(Erb et al., 1988b). The populations of JU64 crossed with US75
and US226 were not included in this study, so JU64 could not
be used in the diallel analysis. However, the responses of the
two JU64 populations suggest that it might be a good general
combiner for FCYV(C) – FCYV(S).
Physiological characteristics. The water deficit affected
physiological processes and confirmed previous observations on
rabbiteye blueberries (Table 4) (Andersen et al., 1979; Davies
and Johnson, 1982) in which a moderate water deficit decreased
leaf conductance. The significantly lower g1 for the stressed
plants indicates stomata closed in response to the moderate water
stress, resulting in one of the reasons for the reduced E and A.
The amount of reduction in A caused by stomatal closure and
direct damage to the photosynthetic process was not determined.
The reduced E and A resulted in a lower WE for the stressed
plants.
Comparison of physiological characteristics for different times
of the day (Table 4) indicated that E increased in the afternoon
and A decreased. However, there was no significant change in
g1. The significantly higher LT in the afternoon probably caused
E to rise. The higher afternoon LT is the effect of a higher mean
afternoon irradiance and a higher mean afternoon air temperature. The mean difference in vapor pressure deficit (VPD) between the morning (2.07 kPa) and the afternoon (3.26 kPa) was
either not large enough to produce a significant difference in
stomatal closure and/or osmotic adjustment was occurring to
keep stomata open. Leaf conductance was significantly lower
in ‘Bluecrop’ (V. corymbosun) and Fla-4B (V. darrowi) when
VPD was raised from 1 to 3 kPa and temperature was raised
from 20 to 30C (Moon et al., 1987a).
Clonal differences are presented and discussed by date. On
9 June, there was no difference between JU1l (2) plants in either
the morning or the afternoon for A, E, gl, or WUE (Fig. 1).
However, A was higher for the control plants of both G362 (1)
and US226 (3) in the morning and afternoon, and E was higher
in the afternoon for the stressed plants of US226, while it was
lower for the stressed plants of G362. Leaf conductance was
reduced in the G362 stressed plants, but there was no difference
between the US226 plants. WUE was lower for only G362
stressed plants in the afternoon, but for US226 it was lower in

both the morning and afternoon. JU1l and G362 responded to
water stress by closure of stomata, which conserved moisture
and maintained WUE. This result indicates that G362 (V. corymbosum) and JUll (V. ashei × V. atrococcum) possess mechanisms to resist moderate water-deficit environments. In plant
growth, G362 was as drought-resistant as JU11, but in a severe
moisture-stress environment (Erb et al., 1988b), JU11 was more
drought-resistant. Thus, G362 and JU1l may possess similar
mechanisms for resisting a moderate water deficit, but G362
lacks the mechanisms needed to resist severe water stress. The
stressed plants of US226 had a higher E in the morning and the
afternoon and a much lower A, which resulted in a lower WE.
US226 had the same g1 in both environments. Evidently, its
stomates remained open. The stomata of US226 did not appear
to be as responsive to moisture stress as the other clones.
On 21 June, the control plant means for A were higher than
the stressed plant means for G362 and JU11- in the morning and
for E in both the morning and the afternoon (Fig. 2). Leaf
conductance was higher in the morning and afternoon for G362
control plants and higher for the control plants of JU11 and
US226 only in the afternoon. The stressed plants of US226 in
the morning were higher in gl than the stressed plants of G362
and JU11. There were no differences in WUE between plants
in the morning or afternoon. The lower g l in the stressed plants
was the reason for the equal WUE in the control plants. The
stomata of US226 responded more on 21 June than on 9 June.
However, the reduced stomatal response in US226 may have
been one of the reasons for its poor performance in a moderate
drought stress. It had the highest FCYV(C) – FCYV(S) compared to the other clones (Table 1).
On 22 July (Fig. 3) and 14 Aug. (Fig. 4), US226 had to be
dropped from the study due to a lack of sample leaves left on
the plants. However, measurements were obtained on JU64 (4)
and US75 (5) in addition to G362 and JU11. JU1l and G362
followed a similar pattern on 22 July and 14 Aug. as on 9 and
21 June. Leaf conductance was lower for the stressed plants,
but WUE was similar for the control plants. However, the control plants were higher in A and E.
The response of G362 and JU1l suggests that blueberries can
adjust to high temperature and drought stress during the growing
season. The mean WUE values for G362 and JUll control
plants were 1.04 and 0.62 on 9 June (Fig. 1) (air temperature
29.4C) and 1.03 and 0.92 on 14 Aug. (Fig. 4) (air temperature
39.6C), respectively; in the afternoon, WUE values of stressed
plants of G362 and JU11 were 0.53 and 0.46 on 9 June and
0.74 and 0.71 on 14 Aug., respectively. Stomata adjustment
occurs in apples (Lakso, 1979), peaches (Xiloyannis et al., 1980),
and rabbiteye blueberries (Andersen et al., 1979). Stomata were
less sensitive to water stress near the end of the season.
US75 was not affected as greatly by moderate water stress as

Table 4. Instantaneous gas exchange moisture and time means for blueberry clones monitored on four dates in
1985 for E, LT, g1, A, and WUE.

z

Mean separation within columns by F test, P = 0.05,
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Fig. 1. Instantaneous gas exchange moisture (C = control and S =
stressed) and time (morning and afternoon) means for blueberry clones
(1 = G362, 2 = JUll, and 3 = US226) monitored on 6 June 1985
for (A) apparent photosynthesis, (B) transpiration, (C) leaf conductance, and (D) water-use efficiency. Leaf temperatures ranged
from 30.4 to 33.6C in the morning and from 33.4 to 38.2C in the
afternoon. Bars represent S E.

Fig. 3. Instantaneous gas exchange moisture (C = control and S =
stressed) and time (morning and afternoon) means for blueberry clones
(1 = G362, 2 = JU1l, 4 = JU64, and 5 = US75) monitored on
22 July 1985 for (A) apparent photosynthesis, (B) transpiration, (C)
leaf conductance, and (D) water-use efficiency. Leaf temperatures
ranged from 30.0 to 33.4C in the morning and from 31.5 to 32.9C
in the afternoon. Bars represent SE.

Fig. 2. Instantaneous gas exchange moisture (C = control and S =
stressed) and time (morning and afternoon) means for blueberry clones
(1 = G362, 2 = JUll, and 3 = US226) monitored on 21 June
1985 for (A) apparent photosynthesis, (B) transpiration, (C) leaf
conductance, and (D) water-use efficiency. Leaf temperatures ranged
from 28.4 to 31.9C in the morning and from 28.0 to 31.0C in the
afternoon. Bars represent SE.

Fig. 4. Instantaneous gas exchange moisture (C = control and S =
stressed) and time (morning and afternoon) means for blueberry clones
(1 = G362, 2 = JU1l, 4 = JU64, and 5 = US75) monitored on
14 Aug. 1985 for (A) apparent photosynthesis, (B) transpiration, (C)
leaf conductance, and (D) water-use efficiency. Leaf temperatures
ranged from 35.3 to 38.9C in the morning and from 40.4 to 43.9C
in the afternoon. Bars represent SE.

US226, and both the JU64 progenies were efficient at producing
new growth under stress. In the afternoon on 22 July (Fig. 3),
WUE for stressed plants of US75 and JU64 was higher than for
their comparative control plants, apparently as a result of a lack
of difference in A between stress and control plants, but a drop
in E. The stressed plants of JU64 also had a lower gl. On 14
Aug. (Fig. 4), the control plants of US75 were higher than the
stressed plants in both the morning and afternoon for all the
characteristics except WE. The control plants of JU64 were
only higher for g 1 in the morning. There were no significant
differences among the clones or plants for WUE on 14 Aug.,
but US75 stressed in the afternoon was 0.31 higher than US75
control, and JU64 stressed was 0.07 higher in the afternoon.
WUE is thought to increase at lower leaf conductance (Jones,

1983). The higher WUE of drought-stressed US75 and JU64
plants also is characteristic of drought-stressed cassava (El-Sharkaway and Cock, 1984; E1-Sharkaway et al., 1984), apple (Davies and Lakso, 1979; Schneider and Childers, 1941), and orange
(Kriedemann, 1971). WUE increased in blueberries when VPD
was raised from 1 to 3 kPa in ‘Bluecrop’, ‘Jersey’ (V. corymboswn), and Fla-4B (Moon et al., 1987a). The decrease in E
can be partly explained by the decrease in leaf conductance.
The lower gl also inhibits A, but to what extent was not determined. The higher WUE characteristic of stressed US75 and JU64
might explain the lower FCYV(C) – FCYV(S) (see Table 1).
On 14 Aug., the highest mean LT (39.6C) occurred, and
US75 control plants had a high A in the morning; the control
plants of JU1l had a similar rate of A. In laboratory experiments

-
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with greenhouse-grown plants, US75 and one of its parents (Fla4B) were found to have a CO 2 assimilation temperature optimum of 30C (Moon et al., 1987b). The other parent of US75
(’Bluecrop’) had a CO 2 assimilation temperature optimum of
20C. This high temperature optimum for photosynthesis is a
characteristic that probably can be found in other southern Vaccinium spp.; one parent of JU1l is a rabbiteye blueberry (V.
ashei). Moon et al. (1987b) concluded that high-temperature
CO 2 assimilation was a heritable trait in Vaccinium.
These results suggest that blueberry plants lower gl and,
therefore, conserve water when exposed to atmospheric and/or
soil moisture stress, resulting in lower E and A. Blueberries
adjusted to these stresses as the season progressed. The effect
that reduced E and A had on WUE was clone-, environment-,
and phenology-dependent. Lowering stomatal conductance to
restrict E and A in US75 and JU64 either increased or maintained WUE. This change appears to be an important mechanism for tolerating water deficits in blueberries. Breeding for
higher WUE in a dry environment appears possible with the
germplasm used in this study because both US75 and JU64 seem
to express this characteristic in different degrees.
In this study, plants were exposed to a moderate water deficit
(soil tension levels of 0.08 to 0.09 MPa at a depth of 25 cm),
and in our drought screening study (Erb et al., 1988b), plants
were exposed to severe drought stress (soil tension level of 0.8
MPa). Results in this study differed from those of our drought
screening study for some clones. US75 was an intermediate
clone in the severe drought-stress environment of our earlier
study, but it was the most vigorous clone in-this moderate droughtstress environment. US226 was drought-susceptible in both environments, and G362 was intermediate in both environments.
JU64 gained interest because it was drought-resistant in both
environments and progeny of JU64 crosses were also droughtresistant in both environments. To transfer drought-resistant
characters from JU64, blueberry progeny will need to be screened
in at least two environments. Drought resistance in one environment cannot be used to predict drought resistance under all
circumstances. The ability ‘to increase or maintain WUE may
be the key mechanism that allowed US75 and JU64 to tolerate
a moderate water-stress environment. However, in a more severe water-deficit situation, it appears that other mechanisms
might be more important because US75 is not resistant in these
situations (Erb et al., 1988b).
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