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Abstract

Genetic variation in respiration parameters, and the relationships between respiration and drought hardiness were

investigated in coastal Douglas-®r (Pseudotsuga menziesii var. menziesii (Mirb.) Franco). Material included 3-year-old

seedlings from 12 families grown under two treatments: control (well-watered) and drought (moderate drought the second

growing season followed by severe drought the next year). Respiratory parameters measured were metabolic heat rate (q) and

rate of CO2 production (RCO2
). Calculated parameters were the ratio of metabolic heat rate to CO2 production rate (q/RCO2

),

speci®c growth rate (RSG), and Arrhenius temperature coef®cients of metabolic heat (mq) and CO2 production (mCO2
). Growth

traits measured were third-year increments of seedling height and diameter.

Means of respiration traits were generally less in the drought treatment than in the control, with the exception of mq, which

increased under drought. Consistent increase in mq and decrease in mCO2
values in response to drought appear to suggest a

differential in¯uence of drought on the temperature dependence of ATP synthesis in catabolic reactions, and ATP breakdown

in anabolic reactions or in futile cycles of dark respiration. Metabolic heat rates measured over a wide a range of temperatures

(20 to 558C) differed signi®cantly between control and drought treatments for the most drought sensitive family, but not for

drought hardy families.

Variation among the 12 families in q (at 258C) and mCO2
were signi®cant (p<0.05) when families were grown in the control

treatment. Family means for height increments (r2�0.43 to 0.58; p<0.05) related negatively to respiration and diameter

increments related positively to respiration traits (r2�0.34 to 0.56; p<0.05). Temperature coef®cient of CO2 production rate

under control treatment was negatively associated with shoot damage (r2�0.34; p<0.05) suggesting that respiration traits may

be useful for evaluating drought hardiness in this species. # 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

During summer months drought is a major growth

limiting factor throughout the natural range of coastal

Douglas-®r (Pseudotsuga menziesii var. menziesii

(Mirb.) Franco) [1]. Drought adversely affects the

success of natural regeneration of seedlings and limits

basal area increments in mature trees [2,3]. Drought
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also is an important factor in¯uencing adaptation in

this species, with seed sources from drier sites having

shorter growing seasons, slower growth, and smaller

top to root ratios than sources from moist sites [4,5,6].

In addition, CO2 production rates in dark respiration

(assessed with an infrared gas analyzer) was found to

be higher in sources from wet sites than in sources

from dry sites and the rates declined in response to

drought stress [7,8]. In a study with open-pollinated

families from 35 seed sources of coastal Douglas-®r

grown under three drought environments, however,

populations from high elevations, but not from drier

sites, were more drought hardy [9] suggesting that

temperature adaptation may play a role in adaptation

to drought.

In recent years, measurements of dark respiration

using calorimetry have been used to investigate the

in¯uence of metabolic processes on growth and adap-

tation in plants [10±18]. During respiration in the dark,

calorimetry can be used to simultaneously measure the

rate of loss of heat from plant tissue (i.e., the metabolic

heat rate, q) and carbon dioxide production rate (RCO2
)

at de®ned temperatures. Calorimetrically determined

RCO2
in dark respiration has been hypothesized to be

an indirect measure of the rate of ATP synthesis in

catabolism [16,17,19]. Although metabolic heat is

primarily from catabolism, q is not an exclusive

measure of ATP synthesis, because a small portion

of heat is also generated by futile cycles (i.e., alter-

native pathway, phosphorylation catalyzed reactions,

and adenylate kinase reactions) in dark respiration and

anabolic reactions in biosynthesis [19,20].

Two important respiration parameters related to

plant growth and survival, speci®c growth rate

(RSG) and the ratio of metabolic heat rate to CO2

production rate (q/RCO2
) can be derived [12,15] from

the measured q and RCO2
. RSG is the rate of incorpora-

tion of carbon into new growth per mass of tissue, and

is a function of the difference between the metabolic

heat rate and CO2 production rate. The ratio is the

metabolic heat energy lost per mole of CO2 respired

during dark respiration and this ratio is inversely

related to substrate carbon conversion ef®ciency

[12,16]. When the energy loss is large (i.e., high q/

RCO2
), plant cells lose the ability to produce energy at a

rate suf®cient to maintain cellular structure or form

biomass, and plant growth rate is thus limited. A

combination of high RSG and low q/RCO2
in two

Eucalyptus subgenera was strongly associated with

high survival and large tree size [21].

The relationship between q (or RCO2
) and tempera-

ture (T) can be represented in an Arrhenius plot, where

the natural logarithm of q (or RCO2
) is plotted against

the reciprocal of absolute T in kiloKelvin [13,17]. At

temperatures below 308C, the plot is linear and the

slope is equal to the temperature coef®cient of meta-

bolic heat rate (mq) or temperature coef®cient of CO2

production rate (mCO2
). Plants adapted to cold climates

tend to show high mq values (i.e., large changes in q

with increasing temperature) and warm climate plants

show high mCO2
values [13,17,22]. Relative mq and

mCO2
values have been shown to be related to adapta-

tion of plants to climatic temperature [16,19].

In a recent common-garden experiment, the Paci®c

Northwest Tree Improvement Research Cooperative

(PNWTIRC) subjected seedling families of coastal

Douglas-®r to three moisture stress regimes (`Seedling

Drought Physiology Study'). The goals of this study

were to identify key physiological mechanisms asso-

ciated with short-term moisture stress responses in

seedlings, evaluate the genetics of drought hardiness,

and develop criteria for screening improved families

in breeding programs. Because summer drought

involves a combination of moisture and temperature

stress, understanding the effects of these two climatic

factors on drought should provide further insights on

mechanisms of drought stress in Douglas-®r. Calori-

metry techniques provided an opportunity to deter-

mine the in¯uence of normal or stress temperatures

independent of moisture-stress on dark respiration of

plant tissues. Thus, to investigate metabolic responses

to drought stress and potentially identify additional

screening traits for drought hardiness, the above

respiratory parameters were measured on detached

shoots of a subsample of families. The main objectives

of this study were as follows:

1. To determine the in¯uence of drought on dark

respiration.

2. To assess the extent of genetic variation in dark

respiration traits among families of coastal

Douglas-®r in a single breeding population.

3. To evaluate genetic relationships between dark

respiration traits and drought hardiness.

To our knowledge, this is the ®rst report on family

variation in calorimetrically determined respiration
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traits in coastal Douglas-®r, and on the in¯uence of

drought stress on these traits.

2. Materials and methods

2.1. Plant materials and nursery planting design

The PNWTIRC study included 39 full-sib families

of coastal Douglas-®r from southwestern British

Columbia (Vancouver Island and the coastal main-

land). Parent trees of these families come from envir-

onments with low to high levels of available summer

moisture. Therefore, the full-sib families obtained by

crossing these parents were expected to show differ-

ential growth and survival performance in response

to drought treatments in nursery beds. Germinated

seeds from these families were planted into two

custom-built raised nursery beds (20 m long�1.5 m

wide�1 m deep) ®lled with a sandy loam soil to

facilitate drainage. The beds were lined at the bottom

with landscape cloth to prevent root penetration

beyond the beds and with plastic barriers between

walled sections of the bed to prevent movement of

water between watering regimes. All seedlings were

grown the ®rst year under well-watered conditions,

with drought treatments begun the second growing

season.

The experimental design was a split plot replicated

in ®ve blocks. Main plots were two watering regimes

applied in the second and third growing seasons:

control (well-watered both years) and drought (mod-

erate drought 1 year followed by severe drought the

next year). Within each main plot, each family was

represented by eight trees in two randomly-located

four-tree row plots, with seedling spacing of

8 cm�8 cm. All main plots were surrounded by two

rows of buffer seedlings. In addition, some ®ller

seedlings were included in each main plot for predawn

xylem water potential (cp) readings to monitor the

severity of the drought treatments. At the end of the

second growing season, every other seedling in all

treatments was harvested. Thus, drought treatments in

the third year were applied to only one-half of the

original number of seedlings.

All trees were measured for relative increments

of height and diameter in the third year ((third

yearÿsecond year)�100)/second year) and visual

injury to shoots (% of foliage and branches brown

or dead) at the end of second and third growing

seasons. Drought treatments were highly effective

with considerable differences between control and

drought for cp, shoot damage, and relative growth

increment in the third year (Table 1).

2.2. Plant material used for calorimetric

measurements

Seedlings of the 39 families included in the main

study were ®rst ranked for drought hardiness based on

visual shoot injury resulting from the drought treat-

ment in the second growing season (1997) when mean

damage ranged from 14 to 36%. To assess the in¯u-

ence of drought on dark respiration, 10 seedlings (5

blocks�2 seedlings/block�treatments) from the two

most drought-hardy and two least drought-hardy

families in 1997 were sampled from the control and

drought treatments during the third growing season

(1998) and subjected to calorimetric measurements of

q and RCO2
at 17 and 258C (N�80; 2 treatments�4

families�10 seedlings/family). In addition, q was

measured for these four families in the temperature

range of 20±558C in 58 increments (N�80). The wide

range of temperatures made it possible to evaluate

impacts of temperature stress on dark respiration.

Family means for drought injury in 1998 were 63

and 37% for the least drought hardy families in 1997

(315 and 323, respectively), and were 30 and 46% for

the most drought hardy families (135 and 114, respec-

tively).

Table 1

Predawn xylem water potentials (cp) in control and drought

treatments during the third growing season, and the impacts of

drought on seedling shoot damage, and relative height and diameter

increments

Treatments cp

(MPa)

Shoot damage

(%)a

Relative increment

(%)a,b

Height diameter

Control 0.64 5 74 37

Drought 2.20 49 51 12

a Means for 39 families.
b Relative height increment�(seedling height in third

yearÿseedling height in second year)/seedling height in second

year. Relative diameter increment�(diameter in third yearÿdia-

meter in second year)/diameter in second year.
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To evaluate genetic variation in dark respiration

traits and the relationships between these traits and

drought hardiness, two seedlings from the control

treatment of each block were also sampled in the

third growing season from each of 12 families sam-

pling the range of visual drought injury in 1997 (i.e.,

10 seedlings/family for calorimetric analysis at two

test temperatures, 17 and 258C; N�120). The range in

mean drought injury among these 12 families in 1998

was 29 to 68%.

One actively growing, fresh lateral shoot-apex was

collected at 8 a.m. from a primary branch in the

uppermost whorl of each seedling and placed in an

open 15 ml centrifuge tube containing cold, half-

strength Hoagland's solution and 1% sucrose. The

tubes were maintained near 58C during the period

of storage prior to calorimetric measurements. Fresh

samples were collected every day of measurement

during June 11±July 17, 1998. Sample collection order

and measurements within replicates were randomized.

Injury related respiration is negligible with this sam-

pling technique [23].

2.3. Calorimetric measurements

Measurements of metabolic heat rate (q) and CO2

production rate (RCO2
) were made using a Hart Scien-

ti®c Model 7707, multi-cell, heat-conduction, differ-

ential, scanning calorimeter operated in the isothermal

mode [11]. Sections of approximately 100 mg of

apical meristem with developing stem and needles

were placed in the 1 cm3 calorimeter ampules and

metabolic heat rates measured. Then, 40 ml of 0.4M

NaOH in 50 ml vials was placed next to the samples in

the ampules and CO2 production rate measured as an

increase in total heat rate [11]. The Arrhenius tem-

perature coef®cients of metabolic heat rate (mq) and of

CO2 production rate (mCO2
) in kK were derived fol-

lowing Criddle et al. [13]. The ratio of metabolic heat

rate to CO2 production rate (q/RCO2
) in kJ molÿ1 and

speci®c growth rate (RSG) were derived from the

original variables following Hansen et al. [12,15].

2.4. Analytical methods

To evaluate the in¯uence of drought on dark respira-

tion, differences between the control and drought

treatments (four families) were tested for each respira-

tion parameter using the TTEST procedure (Objective

1) [24]. To assess genetic variation in dark respiration

traits, measurements of the 12 families in the control

treatment were subjected to analyses of variance using

a standard General Linear Model (GLM) procedure

and the signi®cance of family mean squares tested

(Objective 2) [24]. Linear regression was used to

relate family means for height and diameter increment

(in control and drought treatments) and shoot damage

due to drought, to respiration parameters in the control

treatment (Objective 3).

3. Results and discussion

Means of respiratory traits measured at 17 and 258C
(over four families) were generally lower for shoot tips

sampled from seedlings grown in the drought than in

the control treatment (Table 2). The only exceptions

are q/RCO2
at 258C, where the difference was not

signi®cant, and mq, which is signi®cantly greater in

droughted seedlings. The ®nding that mCO2
decreased

under drought, while mq increased, relative to the

control treatment, is one of the most intriguing results

of this study. This opposite effect on the temperature

dependence of RCO2
and q seems to indicate that ATP

synthesis and ATP use reactions of the respiratory

pathway have responded differently to moisture stress.

Although these results on only four families are pre-

liminary, we propose the following two hypotheses to

stimulate further investigations of respiratory physiol-

ogy under moisture stress:

1. Drought decreases the temperature dependence of

CO2 production in dark respiration possibly due to

lack of substrate availability, altered substrate (i.e.,

from carbohydrates to lipids under drought), or

lack of suf®cient O2.

2. Drought increases the temperature dependence of

q due to increased activity of futile cycles or

biosynthesis, but does not increase the average

rate of catabolic reactions.

It is important to recognize that q, and thus mq, has at

least three distinct components: (1) mq (catabolic), (2) mq

(futile cycles), and (3) mq (biosynthesis). Calorimetry alone

cannot separate these components, or determine the

oxidation state of the respiration substrate, thus addi-

tional studies are required to verify our results, and

subsequent hypotheses.
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In the absence of a suf®cient rate of energy gen-

eration to drive anabolism, trees cannot grow or

incorporate carbon into structural biomass as indi-

cated by a reduction in RSG values (at 258C) for all

families grown under drought relative to the control. A

similar relationship between growth and RSG has been

reported in many other plant species [17±19,21,23]. In

addition, when q was measured under control and

drought treatments over a wider temperature range

(20±558C), the treatment difference was greatest in

family 315, which was also the family most sensitive

to drought damage (Fig. 1).

Individuals from the wider sample of 12 families

grown in the control treatment differed markedly in

respiration traits when tested at 17 and 258C, with a

coef®cient of variation (CV) never less than 35%

(Table 3). CVs and ranges in family means were also

large, with family differences signi®cant (p<0.05) for

q at 258C and mCO2
. Thus, considerable genetic varia-

tion in respiration traits is apparent. Previous studies in

other plant species have also reported high genetic

variation in respiration parameters [18,21±23].

Family means for relative height increment in the

control treatment were uncorrelated (r�0.14) with

height increments in the drought treatment, while

diameter increments in the control and drought treat-

ments were signi®cantly correlated (r�0.53; p<0.01).

These results suggest that growth response to drought

is not consistently associated with inherent growth rate

under well-watered conditions. Relative height incre-

ments of families in the drought treatment, however,

were negatively associated with both q at 258C
(r2�58; p<0.01) and mCO2

(r2�0.43; p<0.05) in the

control treatment (Fig. 2). Diameter increments under

drought, on the other hand, were positively and sig-

ni®cantly associated with mCO2
(r2�0.56; p<0.01), but

not with q (r2�0.01) in the control. The opposite

slopes of the relationships of height and diameter with

Table 2

Estimated family means for respiration parameters measured at 17 and 258C in four coastal Douglas-®r families grown under control and

drought treatmentsa

T (8C) Respiration traitsb Treatments Family Meanc

135 114 315 323

17 q Control 1.80 1.84 2.10 1.78 1.88**

Drought 1.17 1.31 1.53 1.17 1.29

RCO2
Control 4.27 5.59 4.80 4.52 4.79ns

Drought 4.45 3.24 5.10 3.99 4.17

q/RCO2
Control 430 351 503 455 435*

Drought 281 416 341 335 343

RSG Control 28 42.7 34.1 31.1 34.0ns

Drought 37 21.9 40.5 32.1 32.8

25 q Control 3.71 3.55 3.70 4.20 3.79**

Drought 3.08 3.24 2.86 3.04 3.06

RCO2
Control 11.1 9.83 10.3 10.8 10.49**

Drought 8.1 9.43 6.96 7.88 8.12

q/RCO2
Control 392 384 382 426 396ns

Drought 403 387 419 405 403

RSG Control 83.7 71.4 74.9 74.7 76.2*

Drought 56.8 70.4 46.7 55.1 57.5

17 & 25 mq Control 8.42 7.21 7.70 9.33 8.17*

Drought 10.7 9.85 8.04 10.4 9.86

mCO2
Control 9.75 6.96 8.77 12.5 9.41ns

Drought 7.19 11.0 5.76 7.85 8.16

a Family means for percent shoot damage due to third year drought were: 135 (30%), 114 (46%), 315 (63%), and 323 (37%)
b See text for description of these traits. Units of measurement are: q in mW mg-1 dry wt; RCO2

in pmol sÿ1 mgÿ1 dry wt; q/RCO2
in

kJ molÿ1; RSG in pmol sÿ1 mgÿ1 dry wt; mq in kK ; mCO2
in kK.

c Signi®cance of difference between control and drought treatment means: ns�not signi®cant; *�p<0.05; **�p<0.01.
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Fig. 1. Change in family means of metabolic heat rate with increasing temperature for four families grown under control and drought

treatments. Mean percent damage to shoots from the drought treatment is given for each family in parentheses. Error bars are the standard

errors of family means at each measurement temperature.

Table 3

Estimated overall and family means, ranges, and coef®cients of variation for respiration traits measured at 17 and 258C in 12 coastal Douglas-

®r families grown under the control (well-watered) treatment

T (8C) Respiration Traitsa Overallb Familyc

Mean Range CVd Range CVd

17 q 1.84 0.56±4.26 39 1.42±2.14 11

RCO2
5.06 1.80±10.10 39 4.27±6.49 13

q/RCO2
413 83±967 48 314±506 16

RSG 36.4 2.05±93.0 60 20.6±53.9 24

25 q 3.96 1.17±8.11 35 3.39±5.05 14**

RCO2
11.1 1.96±30.7 39 9.53±15.3 16

q/RCO2
392 101±868 38 311±452 9

RSG 80 14.1±224 51 61.8±107 16

17 & 25 mq 9.36 0.22±21.2 47 7.22±12.3 16

mCO2
9.48 0.07±23.1 49 4.79±12.9 25**

a See text for descriptions of traits. For measurement units refer to Table 1.
b Based on all 119 seedlings (12 families�2 seedlings/family�5 blocks) from the control treatment.
c Based on average values for each of 12 families from the control treatment.
d Coef®cient of variation in individual seedlings and among 12 family means. Signi®cance of difference among family means: **�p<0.01.
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q or mCO2
may be related to the timing of the calori-

metry measurements (i.e., June 11±July 6, 1998),

which were conducted after much of the third-year

height growth was completed, but before much of the

diameter growth occurred.

Third-year shoot damage was moderately and nega-

tively associated with mCO2
(r2�0.34; p<0.05), but not

with q (r2�0.04) measurements made earlier in the

growing season (Fig. 3), suggesting that families with

the highest mCO2
are the least susceptible to damage

from summer drought. The least damaged families

also added the most diameter increments under

drought (compare Fig. 3 with Fig. 2). This relationship

is consistent with the observed reduction in mCO2

Fig. 2. Linear regressions of family means (12 families) for third year relative height (solid line) and diameter (dotted line) increments in

the drought treatment plotted over q and mCO2
in the control treatment. See footnote in Table 1 for de®nitions of height and diameter

increments.
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values for three of four families measured under the

drought treatment (Table 2). These results suggest that

the response of families to severe drought at the

seedling stage may be predictable on the basis of

simple calorimetric measurements made on seedlings

grown in well-watered conditions. The effects of the

moderate temperature stress applied during the calori-

metric measurement appear to simulate the effects of

moisture stress applied in the nursery beds. Obviously,

further testing with larger samples of Douglas-®r

families is required. In particular, it would be inter-

esting to compare calorimetric parameters of

droughted and control seedlings at different times

during the course of the growing season as the impact

of moisture stress intensi®es.

4. Conclusions

This study measured genetic variation in respiration

parameters and explored the possibility of using

calorimetry to predict drought hardiness in coastal

Douglas-®r families. The following conclusions were

reached:

1. On average, q, RCO2
, and RSG values were reduced

under moisture stress. mq values, however, in-

creased and mCO2
decreased in response to drought.

2. Family means of q in the most drought sensitive

family were signi®cantly higher in the control

than in drought treatment across the temperature

range of 20 to 508C.

Fig. 3. Family means for third year shoot damage in the drought treatment plotted over q and mCO2
in the control treatment.
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3. All respiration traits showed a high degree of

genetic variation among families.

4. Respiration traits determined under mild tempera-

ture stress on seedlings grown in the well-watered

treatment may be useful for predicting seedling

drought hardiness.
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