
Plant and Soil 91, 51 -60  (1986). Ms. 6292 
�9 t986 Martinus Ni/hoffPublishers, Dordreeht. Printed in the Netherlands. 

D r o u g h t  a n d  s h a d e  in terac t  to  c a u s e  f i n e - r o o t  

m o r t a l i t y  in D o u g l a s - f i r  s e e d l i n g s  

J. D. MARSHALL 
Department of  Forest Science, Oregon State University, Corvallis, OR 97331, USA 

Received 25 February 1985. Revised April 1985 

Key words Carbohydrates Drought Fine-root mortality Fine-root turnover 
Maintenance respiration Shade Starch Suberin Sugar 

Summary Both desiccation and depleted carbohydrate reserves have been suggested as causes 
of fine-root ( < 2 mm in diameter) mortality in trees. In this study, Douglas-fir [Pseudotsuga 
menziesii (Mirb.) Franco] seedlings were subjected to four combinations of shading and water- 
ing to determine whether shading increases drought-induced root mortality and, if so, whether 
this effect is due to reduced levels of carbohydrate reserves or increased susceptibility to 
desiccation. Two correlated measures of root mortality (counting root tips and weighing 
roots) showed that significantly more fine roots died only when seedlings were both shaded 
and unwatered. Concentrations of suberin, a compound synthesized by plant roots to con- 
trol desiccation, were unaffected by any combination of shading and watering; however, 
carbohydrate reserves were nearly exhausted in the shaded and unwatered treatment - the 
treatment with highest root mortality. Water stress may have increased root mortality in- 
directly by increasing root temperature and maintenance respiration and by inhibiting photo- 
synthate transport to the root system, but massive die-off in response to drought was apparent 
only when starch and sugar reserves were nearly depleted. Drought cannot be considered 
directly responsible for death of fine roots. Instead, a root 's ability to continue to respire, 
which in turn depends on the status of its starch and sugar reserves, seems to be the primary 
physiological control of fine-root mortality. 

Introduction 

Recent studies attempting to account for all biomass produced 
annually by trees have demonstrated the importance of  the smallest 
elements o f  the root system, the fine roots1'.9'. 11 . Although fine roots 
may constitute less than 1% of  the biomass of  a mature tree, they 
account for as much as two-thirds o f  annual production 9 . 

The maintenance requirements o f  fine roots are not exceptionally 
high relative to other tissues1; rather, their high photosynthate  
requirement is a result o f  frequent replacement, or turnover. Fine 
roots may be replaced 2 to 3 times per year 1~ ,2s,3~ or perhaps even 
more often a2,24 , the turnover rate varying significantly with site con- 
ditions 2s'3~ . Because fine-root turnover is metabolically so costly for 
the tree, determining the physiological controlsunderlyingdifferences in 
turnover rate would contribute greatly to our understanding o f  forest 
productivity. 

I have approached the question o f  root turnover by concentrating on 
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the causes of root death. The most frequently suggested cause is 
drought s,26,31 . Deans s observed that fine roots of Sitka spruce [Picea 
sitchensis (Bong.) Carr.] in Scotland began to die whenever soil water 
potentials fell below -0 .02MPa.  Santantonio 31 reported increasing 
rates of fine-root turnover in Douglas-fir [Pseudotsuga menziesii (Mirb.) 
Franco] stands on progressively drier sites in the Oregon Cascade Moun- 
tains. Yet fine roots have been known to survive and even grow in soil 
at water potentials well below the conventional wilting point ( - 1 .5  
MPa) 17'34. Consequently, factors other than soil water potential must 
contribute to root mortality. 

Carbohydrate depletion in roots also has been suggested as a possible 
cause of fine-root death 19,26,28 . Root starch and sugar concentrations 
have been examined in relation to root production in Sitka spruce 
forests in Scotland 7 and in Scots pine (Pinus sylvestris L.) stands in 
Sweden 6, but no clear patterns were identified. Nonetheless, carbo- 
hydrate depletion is implicated as a possible cause of root death in 
studies showing increased root mortality following defoliation 27 . 

Fine-root turnover might result from an interaction between drought 
and carbohydrate status. Reduced carbohydrate supply could limit 
suberization, the process whereby a layer of water-repellent material 
(suberin) is deposited within the root tissues. Suberization has been 
shown to reduce water loss from plant roots 29 and tubers 15, and 
suberization rates have been observed to increase in dry soil 17,~9, 
which may represent one of a plant's mechanisms for surviving 
droughfl 7,3s. Due to its chemical structure, however, suberin would 
be metabolically expensive for the plant to synthesize 2~ . Because 
synthesis of metabolically expensive compounds is often curtailed 
when carbohydrate status is low is, I hypothesized that shading might 
curtail suberization, increasing susceptibility of fine roots to sub- 
sequent drought, and thereby increasing fine-root turnover. To evaluate 
these hypotheses, I subjected seedlings to differing combinations of 
water and light and evaluated subsequent root mortality, degree of 
suberization, and amount of stored carbohydrate in the fine roots. 

Materials and methods 

Seedling treatments 
Two-year-old Douglas-fix seedlings grown from seed collected on the  east side of the Oregon 

Coast Range at approximately 300 m elevation were obtained from the D L Phipps state nur- 
sery at Elkton, Oregon, in February 1982. The seedlings showed low rates of mycorthizal 
infection, but some Thelephora terrestris (Ehrh.) Fr. was present. 

In March 1982, 16 seedlings planted into 2-liter cardboard milk cartons containing washed 
river sand were placed under clear plastic frames to exclude rain. Within a randomized block 
design, half the seedlings (8) were covered with shade cloth, reducing light levels by 95%; 
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this shade treatment served as the blocking variable. Seedlings were watered about every 5 
days for 5 months; then, as a drought treatment, water was withheld from half the seedlings 
(4) in both the unshaded and the shaded block. No mineral nutrients were provided during the 
course of the experiment in order to favor root growth ~". Seedlings were harvested 22 days 
after drought treatment was begun, when measurements of leaf conductance with a null-balance 
porometer 3 showed that stomata were barely opening and foliage had begun to wilt. 

Harvested seedlings were divided into roots and shoots at the point midway between the 
first branch and the first lateral root to compensate for differences in planting depth. The root 
systems were carefully washed and all fine roots (~< 2 mm in diameter) separated from coarse 
roots (> 2 mm in diameter). Fine roots were cut into segments no longer than 10 cm and laid in 
a numbered tray; root segments were then selected at random and visually inspected for signs 
of mortality. Darkened, wrinkled roots were considered dead. If there was doubt about whether 
a root was dead, it was broken and the vascular cylinder examined; discoloration of the vascular 
cylinder was assumed to indicate that the root was dead 31 . Live and dead roots in subsamples 
of at least 1000 root tips per seedling (individual root tips on a single mycorrhizal short root 
were considered separate tips) were counted and also weighed; the subsamples represented 
an average of 13.9% (SE = 1.6%) of the total fine-root weight of each seedling. The live- and 
dead-root subsamples, as well as the remaining fine roots, coarse roots, foliage, and stems 
were separated and dried in a forced-draft oven at 70~ Dried samples were weighed and 
ground to pass a 40-mesh sieve in preparation for chemical analysis. 

Chemical analysis 
Suberin concentrations were determined with the acid-detergent method of Goering and 

Van Soest s, which was developed for analyzing lignin and cutin. Because the various parts 
of the suberin polymer resemble either lignin or cutin t6 , this procedure was expected to give 
a good estimate of suberin concentration of roots. Ash concentrations of the residue were 
determined by loss on ignition s . 

Before carbohydrate analysis, samples were extracted with 100% acetone to remove chloro- 
phyll and other pigments (W.D. Loomis, Oregon State University, Corvallis, personal com- 
munication). Sugars were then extracted with hot 80% ethanol 3 to 4 times, until the extract 
was colorless; this procedure is similar to the Soxhlet extraction 2 . The ethanol extract was 
cleared first with 100 mg insoluble polyvinylpyrrolidone and then with 100t~l saturated lead 
acetate solution 3~ Sugar concentrations were determined colorimetrically by the anthrone 
reaction 1~ . Labile polysaccharides were extracted from the ethanol-extracted residue with 
35% perchloric acid I~ on an orbital shaker for 16 h. Carbohydrate concentration was measured 
colorimetrically with anthrone ~~ 

Starch-extraction check 
Because studies using starch analysis procedures similar to those used here have been criti- 

cized because carbohydrates other than starch have been extracted, an experiment was con- 
ducted to determine the amounts of starch and of carbohydrates other than starch in the 
perchlorate extracts. This section describes that experiment and explains how starch con- 
centrations were calculated from perchlorate-extractable carbohydrate concentrations. 

Samples were obtained from an experiment in which seedling shoots were maintained in 
darkness, causing the seedlings to die. Three samples each were taken from shoots, coarse roots, 
and fine roots at the beginning of the experiment and three each at the end, following more 
than 2 months of darkness. Samples were dried, ground, and extracted with 80% ethanol as 
described earlier, and then connected to a percolation system that dripped 35% perchloric 
acid through them for 18 h. The extract was immediately diluted to minimize hydrolysis of 
the starch. Hexose concentration of the extract was determined by the anthronc reaction 36 . 
Starch was then precipitated out of the extract with the iodine-precipitation method of 
McCready 2~ ; the precipitate was redissolved, and hexose concentration of the solution deter- 
mined. To verify that the iodine precipitate was indeed starch, duplicate samples of the washed 
iodine precipitate were incubated with amyloglucosidase, a starch-degrading enzyme 32 . At the 
end of the incubation, the iodine precipitation procedure was repeated and hexose concentration 
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of the precipitate again determined. Starch concentrations of the samples from the beginning 
and end of the experiment were compared at each step of the analysis with simple t-tests ~3 . 

Over the course of the experiment, perchlorate-extractable carbohydrate fell sharply and 
iodine-precipitable carbohydrate decreased almost to zero. Incubation with amyloglucosidase 
hydrolyzed 93.1 -+ 1.3% of the iodine precipitate from the shoots and 97.1 -+ 0.6% from the 
roots, indicating that the vast majority of that precipitate was starch. However, concentrations 
of the carbohydrate not precipitable by iodine did not change significantly during the experi- 
ment; therefore, a constant amount, 40 mg/g dry wt, could be subtracted from the perchlorate- 
extractable carbohydrate to obtain starch concentrations. The data presented in the results 
section of this experiment are corrected for this unidentified carbohydrate. 

Statistcal analysis 
Treatment effects and interactions were determined with analysis of variance and means 

of treatment combinations statistically compared at P = 0.95 with Student-Newman-Keuls 
test 33. One seedling was excluded from the analysis of root mortality following changes in 
experimental procedures, and one tree was excluded from the starch and sugar analyses because 
the sample was lost. 

Results 

Total fine-root biomass (live and dead roots combined; ash-corrected 
dry wt) was greatest for the unshaded, watered treatment combination, 
and differences among the other three treatment combinations were 
not significant (Fig. 1). 

The analysis of variance for dead-root biomass showed no significant 
treatment effects; nonetheless, when dead-root biomass was normalized 
by dividing it by total fine-root biomass, a significant interaction 
between shading and watering was found. The analysis of variance for 
root-tip mortality revealed significant effects for both shading and 
watering but no significant interaction. Both measures of mortality, 
which correlated fairly closely with one another (Fig. 2), showed a 
significant increase in fine-root mortality only when seedlings were 
both shaded and unwatered (Fig. 3). 

When live and dead roots were combined for analysis, suberin con- 
centrations did not differ significantly among any of the treatment 
combinations. However, starch concentrations were significantly 
higher when seedlings were unshaded and watered, and sugar concen- 
trations were significantly higher when seedlings were unshaded in- 
dependent of watering (Fig. 4). When live and dead roots were analyzed 
separately, suberin concentrations were significantly higher in the 
dead (43.7 + 1.2%) than in the live (32.7 -+ 0.7%) roots, possibly be- 
cause suberin is resistant to microbial decomposition 16 and would be 
concentrated as dead roots decompose. These differences in suberin 
concentration remained significant when the analyses were corrected 
for differences in starch concentration. Plant material was insufficient 
for replicating the chemical analyses of the live and dead root subsamples; 
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however, the trends in the data resemble those revealed from the com- 
bined (live and dead) fine-root analysis presented in Figure 4. 

Discussion 

Estimating root mortality is problematical because classifying roots 
as live or dead is at present unavoidably subjective. It is not known how 
long after roots die the vascular cylinder becomes discolored. If dis- 
coloration proceeds slowly, roots that have died only recently would 
not be recognized as dead. Moreover, some roots might decay and 
fragment before mortality could be fully tallied. Either way, root 
mortality would be underestimated. In any case, if mortality was 
underestimated, it was probably underestimated to about the same 
extent in all treatments because the treatments were applied simul- 
taneously. 

Seedlings varied enough in size that differences in dead-root biomass 
among the treatment combinations could not be demonstrated (Fig. 1). 
Only when the root mortality data were normalized was a significant 
interaction between shading and watering found. Total fine-root bio- 
mass varied significantly among certain treatment combinations; 
however, the patterns bore no relationship to those of fine-root mor- 
tality regardless of how mortality was measured (Fig. 3). 

The hypothesis that drought is the direct cause of root mortality 
was rejected because root mortality did not significantly increase 
when unshaded seedlings were not watered. Nonetheless, drought must 
at least be indirectly related to root mortality - both drought and 
shading were required to increase it. But this increased mortality 
apparently was not caused by different susceptibilities to water loss 
because suberin concentrations did not differ among the treatment 
combinations. 

The indirect effects of drought were probably related to inability 
of the fine roots to meet maintenance requirements. Previous experi- 
ments have shown that starch is deposited primarily in new roots, 
with older roots gradually depleting their starch reserves in maintenance 
respiration (Marshall and Waring, unpub.). Although continued root 
growth might provide additional starch reserves to the fine roots, 
drought would cause stomatal closure, halting photosynthesis, root 
growth, and starch deposition, forcing the roots to depend solely 
upon their reserves to meet their maintenance requirements. Given 
that these reserves are not distributed evenly throughout the root 
system, a large percentage of roots would be expected to die during 
a prolonged drought. 

In this study, starch and sugar concentrations were extremely low 
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in the shaded treatment cominations. Reserves of the shaded, un- 
watered seedlings (11 mg/g dry wt, Fig. 4) - those for which root 
mortality was greatest - would have been sufficient to meet main- 
tenance requirements at 20~ (1.5 mg starch per day) for only about 1 
week (Marshall and Waring, unpub.). In contrast, starch and sugar 
concentrations were much higher in the unshaded seedlings. The 
watered, unshaded seedlings had a 6-week supply of carbohydrate 
reserves in their fine roots and the unwatered, unshaded seedlings 
a 4-week supply at the end of the experiment. 

The drought treatment also raised soil temperatures: midday soil 
temperatures averaged 7~ higher in the unwatered than in the watered 
containers near the end of the experiment. Such a rise in temperature 
would increase maintenance respiration 60%, further shortening the 
time for which a seedling could meet its maintenance requirements 
from its reserves. 

If root mortality is strongly tied to level of carbohydrate reserves, 
roots might be expected to die even when soil moisture levels are 
high s if their supply of stored photosynthate is exhausted. Conver- 
sely, they might be able to survive periods of extreme drought 17'34 
if they are sufficiently supplied with stored carbohydrate. Desiccation 
is apparently not an important cause of root mortality, perhaps be- 
cause water losses from moist roots to drier soil are quite limited 22 . 
Electron micrographs of suberized barley (Hordeum vulgare L.) roots 
show that the endodermis contains many plasmodesmata, valve-like 
pores which allow water to flow inward along a water potential gra- 
dient but which close whenever that gradient favors water flow out- 
ward into the soil 4 . Douglas-fir roots have probably evolved similar 
mechanisms to impede root desiccation, including suberization. 

Hermann 13 has discussed reduced survival of planted seedlings 
after root systems have been exposed to dry air. It must be remem- 
bered, however, that even at a soil water potential of  - 5 . 0  MPa ( - 5 0  
bars), equilibrium relative humidity exceeds 96% 23 . Therefore, because 
evaporative demand is much lower in the soil than in the atmosphere, 
the results of studies in which roots have been exposed to air cannot be 
assumed to apply when root moisture level is varied within the soil. 

I conclude that drought is not directly responsible for death of 
fine roots, but instead contributes to root mortality indirectly by 
inhibiting reserve deposition and allowing soil temperatures to rise. 
Massive die-off of roots in response to drought was apparent only when 
starch and sugar reserves were nearly depleted. The physiological 
control of fine-root mortality appears to be mainly related to a root's 
ability to continue to respire, which in turn depends upon its starch 



CAUSES OF FINE-ROOT MORTALITY 59 

and sugar reserves. This insight augments our understanding of the 
factors controlling carbohydrate allocation and should eventually in- 
crease our ability to predict the effects upon tree growth of altering 
the environment. 
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