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SUMMARY 

Soil temperature can influence the functioning of roots in many ways. If soil moisture and nutrient availability are 
adequate, rates of root length extension and root mortality increase with increasing soil temperature, at least up 
to an optimal temperature for root growth, which seems to vary among taxa. Root growth and root mortality are 
highly seasonal in perennial plants, with a flush of growth in spring and significant mortality in the fall. At present 
we do not understand whether root growth phenology responds to the same temperature cues that are known to 
control shoot growth. We also do not understand whether the flush of root growth in the spring depends on the 
utilization of stored nonstructural carbohydrates, or if it is fueled by current photosynthate. Root respiration 
increases exponentially with temperature, but Qlo values range widely from c. 1.5 to > 3.0. Significant questions 
yet to be resolved are: whether rates of root respiration acclimate to soil temperature, and what mechanisms 
control acclimation if it occurs. Limited data suggest that fine roots depend heavily on the import of new carbon 
(C) from the canopy during the growing season. We hypothesize that root growth and root respiration are tightly 
linked to whole-canopy assimilation through complex source-sink relationships within the plant. Our 
understanding of how the whole plant responds to dynamic changes in soil temperature, moisture and nutrient 
availability is poor, even though it is well known that multiple growth-limiting resources change simultaneously 
through time during a typical growing season. We review the interactions between soil temperature and other 
growth-limiting factors to illustrate how simple generalizations about temperature and root functioning can be 
misleading. 
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INTRODUCTION 

Soil temperature can influence root growth, in- 
cluding the initiation and cessation of growth, cell 
elongation, root length and diameter extension, 
initiation of new lateral roots, and root branching 
patterns (Kasper & Bland, 1992; McMichael & 
Burke, 1998). Warmer soil temperatures often result 
in higher rates of root respiration and ion uptake if 
other factors, such as light and drought, do not limit 
the physiological activity of plants (Oertli, 1996; 
Burton et al., 1998; BassiriRad, 2000). Rates of root 
mortality also seem to increase with soil temperature 
(Forbes et al., 1997; King et al., 1999), and the flux 
of C from plant roots into the soil foodweb might 
increase if global temperatures rise as predicted 
(Houghton et al., 1996). 

Changes in soil temperature interact with changes 
in other essential resources. For example, both water 
and nutrient availability often covary with changes 
in soil temperature. Higher soil temperatures result 
in increased nitrogen (N) mineralization if soil water 
potential does not limit microbial activity (Piatek & 
Allen, 1999; Zak et al., 1999). However, drought 
conditions often occur when soil temperatures are 
relatively high (Kuhns et al., 1985; Piatek & Allen, 
1999). Interpretation of root-soil-temperature 
responses are complicated by these types of en- 
vironmental interaction. Furthermore, soil tempera- 
ture can affect photosynthesis, and as soil 
temperatures and photosynthesis increase together, 
changes in whole-plant source-sink relationships can 
occur (Lippu & Puttonen, 1991; Landhausser et al., 
1996). For example, low soil temperatures can limit 
rates of enzymically driven root processes such as 
growth, nutrient uptake, and respiration, decreasing 
the demand for C and resulting in a negative 
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Fig. 1. Soil temperature profiles in a Michigan northern hardwood forest dominated by sugar maple (a) and 
beneath individual juniper trees in an open pinyon-juniper woodland (b) at the Sevilleta long-term ecological 
research (LTER) site in New Mexico, USA. Soil temperatures for the period 28 May to 18 June 1999 were 
recorded every 30 min with HOBO H-8 dataloggers (Onset Computer Corporation, Bourne, MA, USA). 

feedback to photosynthesis through the accumu- 
lation of nonstructural carbohydrates in leaves 
(Thomas & Strain, 1991). 

The search for generalizations about how soil 
temperature regulates root functioning must be 
tempered by the realization that different popu- 
lations of plants have evolved to cope with a wide 
range of field temperature regimes. We know that 
temperature has an important role in regulating 
aboveground physiology and there are obvious 
questions that need to be addressed belowground at 
various taxonomic levels: life form, genus, species, 
and genotype. Finally, the age (ontogeny) of a plant 

can also influence responses of roots to changing soil 
temperatures. Young perennial plants invest rela- 
tively more C in tissue construction, whereas older 
plants allocate a greater proportion of their annual C 
budget to the maintenance of the root system and the 
replacement of short-lived feeder roots. We should 
be careful of generalizations derived from laboratory 
experiments that can sometimes only be conducted 
on young plants, especially in the case of long-lived 
perennials. 

The objective of this paper is to review published 
work on the responses of fine roots to changing soil 
temperatures, so as to provide a synthesis of our 
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current understanding on belowground responses to 
a warming planet, and target important hypotheses 
for future study. We examine the relationships 
between soil temperature, root growth, root mor- 
tality, root respiration and photosynthesis to il- 
lustrate what is known about responses of small- 
diameter tree roots to temperature. The way in 
which soil temperature interacts with other en- 
vironmental factors to influence root functioning is 
emphasized in an attempt to avoid simple 
generalizations that often confound our understand- 
ing of how temperature influences belowground 
processes. We also bring together published data 
with a simulation of the exhaustion of nonstructural 
carbohydrates as a way of bounding the potential 
influence of temperature on root life span in the 
absence of acclimation of respiration to changing soil 
temperatures. Our focus is on fine roots and not their 
associated mycorrhizas. Clearly, roots and mycor- 
rhizas are intimately related in terms of both form 
and function (Allen, 1992). Nevertheless, a dis- 
cussion of mycorrhizal responses to changing soil 
temperature regimes is beyond the scope of this 
paper (but see Fitter et al., 2000). We also do not 
discuss the temperature responses of large, long- 
lived, structural and/or storage roots. 

SOIL TEMPERATURE IN NATURAL 

ENVIRONMENTS 

In temperate, boreal, alpine and arctic soils, average 
temperatures at a given depth generally increase 
from spring to mid-summer and then begiin to decline. 
This seasonal pattern has been widely reported and 
varies with latitude, elevation, topographic position, 
soil properties, soil drainage, and vegetation type. 
Soils also warm to progressive depths as the growing 
season ensues (Kasper & Bland, 1992), again 
depending on soil properties and vegetation. At high 
latitudes, soils can be either too cold or permanently 
frozen close to the surface, inhibiting root activity at 
certain soil depths throughout the year. 

One important and often overlooked aspect of soil 
temperature is short-term variability. Near the 
surface, soil temperature can fluctuate widely, again 
depending on the location and characteristics of the 
vegetation and soil (Fig. 1). We have found that soil 
temperatures beneath individual juniper trees in 
New Mexico can fluctuate by > 1 0C on hourly time 
scales 1 cm beneath the soil surface; even at a depth 
of 5 cm, temperatures are highly dynamic (Fig. 1). 
The inter-spaces between plants in this open 
pinyon-juniper woodland exhibit even more re- 
markable short-term fluctuations in soil temperature 
to the point that we suspect that the surface 5 cm 
of soil in the inter-spaces are inhospitable for 
root growth. Even under a very dense canopy in a 
mesic northern Michigan sugar maple forest, soil 
temperatures near the surface, where most fine roots 

occur (Hendrick & Pregitzer, 1996), can be quite 
dynamic (Fig. 1). Temperature fluctuations are 
greatly dampened with depth, and hourly and daily 
average temperatures are similar at 10-20 cm in the 
soil in Michigan, but less so in New Mexico. In 
many plant communities, a large proportion of fine 
roots occurs near the soil surface, where variability 
in soil temperature can be high over relatively short 
periods of time. 

Nutrient availability typically increases with in- 
creasing soil temperature because the mineralization 
of organically bound nutrients is directly related to 
the temperature-dependent metabolic activity of soil 
microbes (Shaver et al., 1992; Chapin et al., 1995; 
MacDonald et al., 1995; Piatek & Allen, 1999; Zak et 
al., 1999). By contrast, it is very common for the 
highest levels of soil moisture stress to be associated 
with high soil temperatures (Teskey & Hinkley, 
1981; Piatek & Allen, 1999). Midsummer droughts 
often come at a time when soil temperatures are at or 
near their seasonal peak. Responses of roots to 
changes in soil temperature obviously have the 
potential to be confounded by root responses to 
concomitant changes in soil nutrient and water 
availability. Clearly, field environments can be very 
different from the simple experimental conditions 
that are sometimes used to make predictions about 
root responses to soil temperature. 

ROOT GROWTH 

Considerable evidence suggests that the rate of 
extension in root length is positively related to soil 
temperature, all other factors being equal. Roots 
grow faster at higher temperatures in annual crop 
plants (Kasper & Bland, 1992) and perennials 
(Larson, 1970; Wilcox & Ganmore-Neumann, 1975; 
Teskey & Hinkley, 1981; Bevington & Castle, 1985; 
Kuhns et al., 1985; Lieffers & Rothwell, 1986; 
McMichael & Burke, 1998; King et al., 1999; 
Weltzin et al., 2000). Many of these observations 
have come from controlled growth-chamber and 
glasshouse studies, but field experiments and obser- 
vational studies report similar results. Agronomists 
have modeled root growth with depth by using the 
rate at which soils warm progressively with depth 
throughout the spring and summer (Kasper & Bland, 
1992). 

Controlled experiments also demonstrate optimal 
temperatures for root length extension, with growth 
rates accelerating up to an optimum temperature and 
then declining at supraoptimal temperatures 
(Barney, 1951; Merritt, 1968; McMichael & Burke, 
1998). Optimal temperatures for root growth seem to 
vary widely between different taxa, apparently 
depending partly on the inherent native temperature 
regime (Larson, 1970 ; Tryon & Chapin, 1983; 
McMichael & Burke, 1998). Nutrient uptake per 
unit root length also increases with increasing 
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temperature if plant growth is not limited by other 
factors (BassiriRad et al., 1993; BassiriRad, 2000). 
These results are certainly not surprising, given 
what we know about the relationship between 
temperature, photosynthesis and shoot growth 
(Beyschlag et al., 1993; Schwartz et al., 1997). 
However, as Fitter et al. (1998) recently discussed, 
there is sometimes little correlation between field 
temperatures and root growth. This is almost 
certainly related to inherent annual (phenological) 
patterns of growth and development, and limitations 
imposed on the plant by other growth-limiting 
resources above and below ground. 

Changes in both moisture and nutrient availability 
can also drive changes in root growth. Drought 
clearly causes a decrease in the rate of root length 
extension (Rogers, 1939; Merritt, 1968; Kaufmann, 
1977; Deans, 1979; Teskey & Hinkley, 1981; 
Bevington & Castle, 1985; Kuhns et al., 1985; 
Kramer & Boyer, 1995), and drought lowers con- 
ductance and canopy assimilation. When high soil 
temperatures are associated with conditions of 
drought, there is no de facto reason to expect root 
growth to increase as soil temperatures rise. An 
increase in soil N availability can also cause an 
increase in the rate of root length extension (Pregitzer 
et al., 1995; King et al., 1999; Pregitzer et al., 2000). 
Because N mineralization increases as soils warm 
(MacDonald et al., 1995; Piatek & Allen, 1999), it is 
important to remember that root growth might be 
responding to multiple soil factors that covary as soil 
temperatures increase. 

SEASONAL PHENOLOGY 

Although observational studies clearly document 
both new root length extension and root mortality 
throughout the growing season (Hendrick & 
Pregitzer, 1992), perennial plants exhibit a strongly 
seasonal pattern of new root production and root 
mortality, with a burst of production in spring, and 
significant mortality in the fall (Kuhns et al., 1985; 
Hendrick & Pregitzer, 1993a, 1996; Wells & 
Eissenstat, 2000). This seasonal pattern seems to 
correspond roughly to leaf duration. In temperate 
forests, the most significant period of root growth 
corresponds to canopy development in the spring 
and the most significant period of root mortality 
corresponds to canopy senescence in the fall 
(McClaugherty et al., 1982; Kurtz & Kimmins, 
1987; Hendrick & Pregitzer, 1992, 1993a, 1996). 
Root-shoot phenological observations of temperate 
trees presented by Lyr & Hoffmann (1967) suggest 
that most of the flush of fine-root growth in the 
spring might occur after canopy development. 
However, detailed root-shoot physiological and 
phenological observations are lacking and we simply 
do not understand whether root growth in the spring 
precedes, corresponds to, or postdates shoot and leaf 

expansion. In deciduous trees and shrubs, any spring 
root growth that preceded the development of 
photosynthetically functional new leaves would have 
to be fueled by the utilization of stored nonstructural 
carbohydrates. 

The breaking of dormancy and the development 
of new shoots is directly related to increasing 
temperature in most temperate and boreal plants 
(Cannell, 1997; Barnes et al., 1998). Shoot de- 
velopment can be predicted with great accuracy from 
cumulative heat sum in the spring, and natural 
populations within a species exhibit genetically 
controlled patterns of heat sum requirements in 
order for shoots to develop. By contrast, leaf 
senescence in trees seems to be strongly controlled 
by photoperiod (Morgenstern, 1996). The periodi- 
city of shoot growth and development in relation 
to temperature and day length is so well established 
for some species of trees that it is possible to predict 
how certain provenances will behave even after they 
have been relocated from their geographic point of 
origin to another location with a different temper- 
ature and photoperiodic regime (Morgenstern, 
1996). At present we do not understand whether root 
growth in the spring and root mortality in the fall are 
related to the same environmental cues that drive 
shoot development and senescence. In temperate 
deciduous trees with highly determinant patterns of 
shoot development, such as sugar maple, fine-root 
growth and mortality seem to be much more 
continuous and plastic than shoot growth and leaf 
senescence (Hendrick & Pregitzer, 1992, 1993a, 
1996). 

The strong flush of root growth in the spring 
means that considerable root production occurs 
when soils are still relatively cool. For example, 
Hendrick & Pregitzer (1996) reported that almost 
25% of sugar maple's annual root growth occurred 
before Julian date 140 (20 May), a period when soils 
are still cool. Fitter et al. (1998), studying an 
elevation gradient, reported that the initiation of root 
growth in the spring was progressively later at higher 
elevations. Presumably, root growth is initiated later 
at high elevations because the soil warms at a later 
date. It seems entirely possible that the initiation of 
root growth in the spring might be related to 
cumulative heat sum in the soil and that root growth 
is synchronized with, but lags behind, shoot growth 
(Lyr & Hoffmann, 1967). This hypothesis needs to 
be tested. If soil temperatures at a given location 
warm owing to human-induced climate change, root 
growth will probably begin earlier in the year. The 
International Tundra Experiment (Arft et al., 1999) 
and other high-elevation and high-latitude research 
(Chapin & Shaver, 1996; Price & Waser, 1998) 
clearly demonstrate that shoot growth begins earlier 
in the Northern Hemisphere as air temperatures 
increase, but comparable experimental root studies 
have never been conducted. A very interesting 
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question is whether or not all the meristems in a 
perennial plant (i.e. shoots and roots) respond to 
increasing spring temperatures in the same 
genetically controlled way. If this were true, then 
root growth would lag behind shoot growth in all 
perennial plants because soils warm later than the 
atmosphere in the spring. 

ROOT MORTALITY 

Most of the extant root length in any perennial plant 
is dominated by short lateral roots (Weaver, 1958; 
Pregitzer et al., 1997, 2000). Presumably, main 
root axes persist for much longer than lateral roots, 
which grow and die in response to changing soil 
environmental conditions (Pregitzer et al., 1997). 
Little is known about the relationship between the 
form of the absorbing root system and its function. 
Wells & Eissenstat (2000) have recently demon- 
strated that larger-diameter 'fine roots' have longer 
life expectances than smaller-diameter 'fine roots,' 
raising the possibility that root longevity is related to 
position on the branching root system. We do not 
know how soil temperatures might impact the 
interactions between root branching and root lon- 
gevity. 

How does increasing soil temperature influence 
the rate of production and mortality of individual 
fine roots? Hendrick & Pregitzer (1993b) observed 
that fine-root longevity was shorter on sites where 
soil temperatures were higher, but until recently the 
role of temperature in regulating root life span has 
received very little experimental attention. Forbes et 
al. (1997), studying ryegrass (Lolium perenne var. 
Parcour) roots, maintained plants in pots at 14, 21 
and 27?C. They found that plants at the highest 
temperatures maintained less root length, and that 
individual roots had shorter life spans. King et al. 
(1999) found that seasonally elevated soil tempera- 
ture increased both the production and the mortality 
of fine-root length in trembling aspen (Populus 
tremuloides), with greater proportional increases in 
production resulting in greater net root length 
production (production-mortality). 

Although the experimental evidence is very lim- 
ited, the response so far has been consistent. Rates of 
fine-root length extension and fine-root mortality 
increase when soils warm. These results suggest 
that, if other factors are equal, the growth of new 
roots and the death of existing roots are accelerated 
as soils warm. Such a conclusion must be tempered 
by a deeper understanding of how soil temperature 
influences seasonal root growth phenology, rates of 
root respiration, whole-plant source-sink relation- 
ships, and the realization that there have not been 
many experiments designed to understand the 
interactions between soil temperature, soil moisture, 
soil nutrient availability, and root growth and 
mortality. 

Extremely low soil temperatures also have the 
potential to kill fine roots. In Alaska, considerable 
fine-root mortality might be associated with verv low 
soil temperatures (R. Ruess, pers. comm.). Perennial 
plants might have to rebuild absorbing root length 
lost to freezing, a C cost that could vary considerablv 
from year to year depending on snow cover and 
climate variability. The interactions between low 
soil temperatures and root growth have not been 
extensively studied in natural ecosystems (but see 
Tryon & Chapin, 1983), and there are potentially 
important questions to resolve. For example, if 
global warming causes boreal and arctic soils to have 
higher minimum temperatures, warm faster in the 
spring, or warm to a greater depth, then patterns of 
root growth and mortality, and C allocation to root 
systems, can be expected to change. Simple con- 
ceptual or empirical models of the relationships 
between changing soil temperatures and root growth 
and mortality are probably inadequate to predict 
root responses in the future. 

ROOT MORPHOLOGY AND TISSUE QUALITY 

Soil temperature also has the potential to alter the 
morphology and tissue quality of the absorbing 
roots. Kasper & Bland (1992) have reported a 
positive relationship between accumulated meristem 
temperature and the number of lateral roots in crop 
monocots. By contrast, Wilcox & Ganmore- 
Neumann (1975) have reported that high soil 
temperatures (27?C) result in fewer lateral branches 
in red pine (Pinus resinosa) than lower soil temper- 
atures (16 and 21?C). In general, there are few 
investigations of the influence of soil temperature on 
root morphology. If soil temperature alters nutrient 
availability or rates of diffusion of nutrients to roots, 
a change in root morphology might ensue. Little 
research has focused on how soil temperature alters 
root tissue qualitv (King et al., 1996), but root tissue 
quality might have a kev role in regulating how 
microbial communities respond to a changing global 
environment (Zak et al., 2000). 

ROOT RESPIRATION 

Higher temperatures generally result in increased 
rates of root respiration, and the relationship be- 
tween rates of respiration and temperature has been 
widely reported to be exponential. It is often 
assumed that Ql0 values are 2.0, that is, respiration 
rates double for every 10?C increase in temperature. 
However, there is actually a rather wide range in 
reported Q10 values for roots of tree species, with 
most values ranging from 2 to 3 (2.7 (Cox, 1975), 
1.9-2.1 (Cropper & Gholz, 1991), 1.5-3.0 (Lawrence 
& Oechel, 1983), 2.0 (Sowell & Spomer, 1986), 2.7 
(Burton et al., 1996), 2.1 (Zogg et al., 1996), 2.0 
(Ryan et al., 1996), and 2.0 (Bouma et al., 1997)). 
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Some of this variation might result from the use of 
different experimental designs by different investi- 
gators. It is known that Q10 can vary depending on 
the range of temperatures over which it is determined 
(Lawrence & Oechel, 1983; Ryan, 1991), with higher 
values of Q10 occurring when low (cold) temperature 
ranges are examined. 

One of the most significant questions yet to be 
resolved is whether rates of root respiration acclimate 
to soil temperature. Our laboratory studies of sugar 
maple suggest that fine roots of this species respond 
in a generally similar way to increases in temperature 
throughout the growing season, and little tem- 
perature acclimation occurs (Burton et al., 1996, 
1998; Zogg et al., 1996). For white spruce, Weger & 
Guy (1991) also found no evidence that root 
respiration acclimated to temperature. Similarly, no 
evidence of temperature acclimation has been found 
for root respiraton in Engelmann spruce (Picea 
engelmannii) or subalpine fir (Abies lasiocarpa; 
Sowell & Spomer, 1986). However, Bryla et al. 
(1997) found that, in citrus seedlings, root respiration 
acclimated to temperature within 4 d after the 
temperature of the root system was changed to a 
different constant temperature. Korner & Larcher 
(1988) and Fitter et al. (1998) have also reported 
evidence for the acclimation of root respiration to 
temperature. It could be that species differ in their 
ability to acclimate to temperature. It is also possible 
that near-constant temperatures are needed to cause 
acclimation, and that the natural diurnal and seasonal 
soil-temperature fluctuations that occur in temperate 
and boreal ecosystems might prevent acclimation to 
any large degree in the field. As Fig. 1 demonstrates, 
field temperatures can fluctuate significantly on 
hourly and daily time scales, especially near the soil 
surface, where roots are concentrated in many 
ecosystems. Step experiments in which temperatures 
are controlled at different constant set points do not 
accurately mimic field conditions in many instances. 
The issue of root respiration acclimating to different 
temperatures certainly deserves more attention until 
the contradictory evidence is resolved and the 
mechanisms controlling root acclimation are under- 
stood (Atkin et al., 2000). 

It is worth noting that limited evidence clearly 
supports the notion that root respiration slows 
(acclimates) during drought (Bryla et al., 1997; 
Burton et al., 1998). Because field soils are often 
warm and dry at the same time, the effects of soil 
temperature and drought on rates of root respiration 
could easily be confounded. It is also clear that rates 
of root respiration are directly related to tissue N 
content (Ryan, 1991; Ryan et al., 1996; Pregitzer et 
al., 1998). Because the respiration of plant roots is 
directly related to N concentration, it is possible that 
increases in root respiration at high temperatures 
might be due in part to higher rates of N 
mineralization, which would be promoted when the 

soil is warm and moist. All three factors (soil 
temperature, water and N availability) have the 
potential to change together in the field and all can 
directly influence rates of root respiration. We need 
carefully designed field experiments to clarify the 
influences of moisture availability, N availability and 
soil temperature on rates of root respiration. 

SIMULATION OF UTILIZATION OF 

NONSTRUCTURAL CARBOHYDRATES BY USING 

FIELD TEMPERATURE, MOISTURE AND ROOT 

NITROGEN CONCENTRATIONS 

How long could the fine roots of sugar maple respire 
without any new nonstructural carbohydrates 
(TNC)? Using actual field measurements of soil 
temperature, soil matric potential and root tissue N 
concentrations, we conducted a simple simulation 
exercise to explore this question. We assumed no 
acclimation to temperature; our studies of sugar 
maple up to this point suggest that little acclimation 
to temperature occurs (Burton et al., 1996, 1998; 
Zogg et al., 1996). However, we have reported 
evidence for reduced rates of fine-root respiration in 
sugar maple during drought (Burton et al., 1998). 
The purpose of the simulation was to establish 
boundary conditions for root life span based on TNC 
concentrations, and field temperature, moisture 
and root tissue N conditions. By focusing on the 
exhaustion of TNC at ambient field conditions 
during different times of the year, the potential 
importance of acclimation and/or import of new 
TNC to roots would, it was hoped, become more 
apparent. Our detailed field and laboratory studies of 
fine-root respiration in sugar maple across a range of 
field temperatures, combined with a program of 
continuous soil temperature and matric potential 
monitoring, provided the necessary set of measure- 
ments for conducting the simulation. 

We surveyed the literature to determine the range 
in concentration of TNC in the fine roots of trees. In 
general, the fine roots of trees are 4-6% TNC, 
ranging to as high as 20% TNC (Table 1). Using 
actual field temperatures and an empirical relation- 
ship that predicts fine-root respiration from soil 
temperature, soil matric potential and root tissue N 
concentration, we simulated the exhaustion of TNC 
reserves at 1 % TNC increments from 1 % to 150% 
TNC, which includes most of the range of TNC 
concentrations reported in Table 1. The approximate 
time to exhaustion of C supply assumed that there 
was no temperature acclimation over the duration of 
the simulation, that no new nonstructural carbo- 
hydrate was translocated into the fine roots, that 
10000 of the TNC in roots was available to support 
maintenance respiration of existing individual roots, 
and that TNC (sugar plus starch) is approx. 40?/o C. 
This simple hypothetical exercise was designed to 
enable us to begin to understand how long it was 
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Table 1. Percentages of total nonstructural carbohydrates (TNC) in fine roots from various sources in the USA 

TNC Root diameter 
(starches + sugars) (%) (mm) Species Locationt Reference 

- 8-14* <<1 Pinus taeda NC, OK, AK (fall-winter) Hallgren et al. (1991) 
4-6 soluble sugars < 1 Populus tremuloides Northern WI (fall) J. S. King, pers. comm. 
8-12 TNC Betula papyria 
1.6-8.5 0 0.5 Populus spp. Clones grown in MI (fall) Nguyen et al. (1990) 
8.5-15 0.05-1 Populus spp. Clones grown in MI (fall) Nguyen et al. (1990) 

-2.5-0.4:t 2 Acer saccharum VT (spring and fall) Liu & Tyree (1997) 
2-20 (most <10) Variable Picea sitchensis Scotland (May-Aug) Ford & Deans (1977) 

- 3.5-6? <2 Citrus sinensis FL (fall, winter and spring) Eissenstat & 
Duncan (1992) 

*Estimated visually from Fig. 1. 
tUS state names are given as the two-letter abbreviations. 
tEstimated visually from healthy stand values in Fig. 1. 
?Estimated visually from unpruned Fig. 1. 
Locations of samples and timing of sampling (in parentheses) from each study are included. 

Table 2. Average weekly soil temperature and estimated time (wk) before the nonstructural carbohydrate 
(TNC) content of sugar maple fine roots is exhausted if the only carbon for maintenance respiration is existinig 
TNC 

Site A Site B Site C Site D 
460 52' N, 880 53' W 450 33' N, 840 51 W 440 23' N, 850 50' W 430 40' N, 860 09' W 

Average weekly soil 
temperature (OC) Week 18 Week 32 Week 18 Week 32 Week 18 Week 32 Week 18 Week 32 
TNC (O)8.60C 17.O0C 8.70C 17.30C 10O.00C 18.30C 11.10C 18.80C 

1 <1 <1 <1 <. 1 <1 <1 <1 <1 
2 <1 <1 <1 < 1 1 <1 <1 <1 
3 <1 <1 <1 < 1 1 <1 <1 <1 
4 < 1 < 1 < I < 1 < 1 < 1 < 1 < 1 
5 1 <1 1-1.5 <1 1 <1 <1 <1 
6 1-1.5 < 1 1.5-2 1-1.5 1-1.5 < 1 1-1.5 < 1 
7 1-1.5 < 1 1.5-2 1-1.5 1-1.5 < 1 1-1.5 < 1 
8 1.5-2 < 1 1.5-2 1.5-2 1.5-2 < 1 1.5-2 < 1 
9 2 1-1.5 1.5-2 1.5-2 1.5-2 < 1 1.5-2 < 1 

1 0 2-2.5 1-1.5 2 1.5-2 1.5-2 1-1.5 1.5-2 < 1 
1 1 2.5-3 1.5-2 2-2.5 2 2 1-1.5 1.5-2 < 1 
12 2.5-3 1.5-2 2-2.5 2-2.5 2-2.5 1-1.5 2-2.5 1 
13 2.5-3 1.5-2 2-2.5 2-2.5 2-2.5 1-1.5 2-2.5 1-1.5 
14 3-3.5 1.5-2 2.5 2.5 2.5-3 1-1.5 2-2.5 1-1.5 
15 3-3.5 2-2.5 2.5-3 2.5-3 2.5-3 1.5-2 2-2.5 1-1.5 

Rates of respiration (g C g-1 wt wk-1) were estimated at the beginnings of week 18 (1 May 1998) and week 32 (7 Aug 1998) 
and used to calculate the length of time that it would take to exhaust TNC reserves (see the text for details and 
assumptions). 

possible for fine roots potentially to survive without 
the import of new C from the canopy or reserve C 
stored elsewhere in the tree. 

The root respiration simulation used daily mean 
soil temperatures (depth 15 cm) and daily mean soil 
moisture levels (depth 15 cm), which were recorded 
in four northern hardwood stands during 1998 
(Brown et al., 2000). The four stands extend along a 
500-km latitudinal gradient from northern to 
southern Michigan (see Burton et al. (1996) for a 
map of site locations and stand attributes). Yearly 
precipitation is fairly consistent among the sites; 
however, the mean annual air temperature decreases 
from the southern to the northern sites (Burton et 
al., 1996). 

The following empirical relationship from Burton 
et al. (1998) was used to estimate root respiration 
rates: 

Rco =(0.058N+0.622M)e0.098T Eqn 1 

(RC02 the respiration in nmol CO2 g-1 fine-root 
biomass s-1; N, the root N concentration in g kg-'; 
M, soil matric potential in Mpa; T, the soil 
temperature at 15 cm.) The relationship presented in 
Eqn 1 accurately represented root respiration across 
all four sites, and there was no apparent evidence of 
temperature acclimation (Burton et al., 1996, 1998). 

Eqn 1 was used to estimate weekly fine-root 
respiration (g C g-1 root wk-1) for sites A-D for the 
weeks of 1 May and 7 August 1998. The average root 
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N concentration used in the calculations was based 
on the measurement of roots previously collected at 
each study site (site A, 17.4 g N kg-1; site B, 18.8 g 
N kg-1; site C, 18.6 g N kg-1; site D, 17.4 g N kg-1 
(Burton et al., 1996)). 

The results from the simulation exercise are quite 
revealing. Given our assumptions, fine roots of sugar 
maple can live only a matter of weeks in August 
without new C, regardless of their TNC concen- 
tration (Table 2). Typical TNC concentrations of 
4-6% result in the consumption of all the TNC in 
fine roots in <1.5 wk in August at ambient soil 
temperature and soil matric potential (Table 2). 
Even during May, when soil temperatures are still 
relatively cool, we estimated that 4-6% TNC would 
be gone in <2 wk (Table 2). These results clearly 
demonstrate two important points. First, under- 
standing acclimation and how the process works is 
critical, because without acclimation to temperature, 
root life spans must depend on the continual import 
of new TNC, even in the short term. Second, it 
seems very likely that during the growing season, 
when there are many actively growing root and shoot 
meristems, rates of fine-root respiration and root 
longevity might be closely linked to rates of photo- 
synthesis and whole-plant source-sink relationships. 
As we discuss later, there is already limited evidence 
for this second conclusion. 

WHOLE-PLANT SOURCE-SINK RELATIONSHIPS 

How interdependent are the roots and shoots of 
perennial plants? This question is relevant to 
understanding the responses of roots to changes in 
temperature and our simulation suggests that root 
and shoot activity might be very tightly coupled 
during the growing season. It seems clear that in 
some herbaceous plants, photosynthesis and root 
respiration are directly coupled on time scales that 
range from minutes to hours (Hansen, 1977; 
Massimino et al., 1981; Ryle et al., 1985; Amthor, 
1994). After reviewing work with annual plants and 
conducting experiments with single-rooted soybean 
leaves, Farrar & Jones (2000) argue that C allocation 
to roots is controlled jointly by roots and shoots. 
However, the relationships between photosynthesis, 
C allocation to roots, and rates of root respiration are 
not well understood in trees and shrubs, which are 
much larger and longer-lived than annual plants. 
The average velocity of sugar transport in tree 
phloem tissue is only a few cm h- (Kozlowski & 
Keller, 1966), and trees and shrubs sometimes have 
large TNC reserves (Waring & Schlesinger, 1985), 
so it seems unwise simply to assume that the 
mechanisms controlling C allocation to roots are the 
same in annuals and perennials. Nevertheless, some 
data from trees also suggest a strong and dynamic 
linkage between rates of canopy assimilation and 
root respiration. 

In a study of whole-tree C allocation with special 
emphasis on the quantification of C allocation to 
roots and root respiration, Horwath et al. (1994) 
labeled a block of 3.0-m-tall hybrid poplars (Populus 
euramericana cv. Eugenei) with 14CO2 in July and in 
September. They found that the "'C specific 
radioactivity of soil respiration peaked 2 d after the 
addition of 14CO2 in both July and September. 
During July, actively growing shoots are a much 
stronger sink for photosynthate than in September, 
when, after budset, most of the C assimilated by 
these genotypes is translocated to the root system 
(Dickson & Nelson, 1982; Pregitzer et al., 1990). In 
both July and September, most 14C had respired 
from the soil within 100 h of canopy labeling, 
strongly indicating that root respiration is tightly 
coupled with canopy assimilation, regardless of 
whole-tree source-sink relationships. If this is true 
in most field situations, then root respiration and 
perhaps fine-root longevity should be linked to rates 
of canopy C assimilation. However, several key 
questions remain unresolved. 

* How tightly coupled are canopy assimilation and 
root respiration at different times of the year and 
during periods of stress that alter root and shoot 
function ? 

* How long does it take for the root system to begin 
to utilize stored nonstructural carbohydrates 
when environmental stress results in little or no 
photosynthesis, and how long can roots survive 
on stored carbohydrates? 

* Is the primary mode of coping with stress the 
down-regulation of fine-root respiration, or do 
some taxa shed roots during periods of stress? 

The Horwath et al. (1994) 14C labeling experiment 
with trees, and shading experiments with perennial 
grasses (Bilbrough & Caldwell, 1995), both suggest 
that fine-root respiration is closely linked to canopy 
assimilation. We expect that this would be especially 
true during the growing season, when there are 
hundreds to thousands of active meristems at the 
whole-tree level and sink strength is high at many- 
locations within the tree. Fitter et al. (1998) recently 
reported that root respiration along an elevational 
gradient of grasslands was most closely correlated 
with preceding radiation, also suggesting that canopy 
assimilation and root respiration might be tightly 
linked in grasslands. In general, we hypothesize that 
rates of root respiration are directly linked to rates of 
canopy assimilation in perennial plants, probably 
with time lags that are no longer than a few days. 
Any environmental factor altering rates of whole- 
canopy assimilation would eventually also influence 
root respiration, but the time scales involved are very 
poorly understood in trees. This hypothesis could 
potentially explain how variable environmental con- 
ditions regulate root respiration. If soil temperatures 
increase, and water and nutrients are sufficient, the 
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rates of both canopy assimilation (Schwartz et al., 
1997) and root respiration increase (Burton et al., 
1998). If soil temperatures are high but drought 
inhibits conductance and assimilation, rates of root 
respiration decline. This hypothesis should be 
reasonably straightforward to test. If the hypothesis 
is not true, fine-root respiration over significant 
periods of decreased photosynthesis must depend on 
stored nonstructural carbohydrates, implying that 
the root and shoot systems are decoupled in time in 
their response to changing environmental con- 
ditions, an unlikely scenario. The idea that root 
respiration rapidly adjusts to temperature in all 
situations seems overly simplistic. Factorial field 
experiments that create dynamic 'hot-wet' and 
'hot-dry' soil conditions that significantly alter rates 
of conductance and photosynthesis should prove 
useful in understanding how root respiration 
responds to temperature as multiple growth-limiting 
soil conditions change during the growing season 
(Bilbrough & Caldwell, 1995). 

It is important to note that we do not have a clear 
understanding of how tightly coupled in time canopy 
assimilation and root functioning are over the range 
of environmental conditions that perennial plants 
typically experience in the field. Gebauer & 
Ehleringer (2000) recently demonstrated that, in dry 
environments, water and N uptake in shallow roots 
need not necessarily occur simultaneously. These 
results indicate that different parts of the root system 
might be responsible for the acquisition of different 
essential resources at different times. How wide- 
spread this phenomenon might be, and how the 
acquisition of soil resources is related to root 
respiration, and to canopy physiology, are new and 
interesting areas for additional whole-plant research. 
It seems we have a rather incomplete picture of how 
the whole plant responds to dynamic changes in 
temperature, moisture, nutrients and sunlight, even 
though these essential resources often covary in the 
field through time. This conclusion seems par- 
ticularly true for large, deeply rooted perennial 
plants, which typically have significant quantities of 
stored energy and strongly seasonal patterns of root 
and shoot development. We clearly need more field 
studies of full-size plants that are more than a few 
months old. 

CONCLUS IONS 

Rates of root growth and mortality increase with 
temperature if other factors do not limit photo- 
synthesis and respiration. We hypothesize that in 
temperate and boreal environments, the initiation 
and rate of new root growth in the spring are directly 
related to cumulative heat sum in the soil. Global 
warming will result in earlier root growth in the 
spring, and if other factors do not limit C as- 
similation, soil warming will result in greater root 

production and mortality, and greater root C flux to 
the soil. The influence of soil temperature on root 
functioning in boreal and tundra environments 
clearly needs additional study. In these cold regions 
where the proportional allocation of C to roots and 
mycorrhizae are high and C storage is great, surface 
soil temperatures must have a key role in determining 
when roots grow, how they function and perhaps 
whether they die. Our simulations of fine-root 
respiration, and the limited literature, suggest that 
during the growing season fine roots must depend on 
the import of new C to survive for even limited 
periods. We hypothesize that rates of fine-root 
respiration in summer are tightly coupled with rates 
of conductance and photosynthesis. However, the 
way in which soil temperature, soil water, soil 
nutrients and sunlight interact to control root 
respiration, root growth and root mortality is very 
poorly understood in large, perennial plants. 

ACKNOWLEDGEMENTS 

Funding for this research was provided by the US National 
Science Foundation (NSF grants DIB 94-13407, DEB 96- 
29842 and DEB 96-15509), DOE's Program for Ecosystem 
Research (DE-FG02-93ER6166), the USDA Forest Ser- 
vice Northern Global Change Program, and US Mclntire- 
Stennis Act funds. 

REFERENCES 

Allen MF. 1992. Mycorrhizal functioning, an integrative plant- 
fungal process. New York, USA: Chapman & Hall. 

Amthor JS. 1994. Plant respiratory responses to the environment 
and their effects on the carbon balance. In: Wilkinson RE, ed. 
Plant-environment interactions. New York, USA: Marcel 
Dekker, 501-554. 

Arft AM, Walker MD, Gurevitch J, Alatalo JM, Bret-Harte 
MS, Dale M, Diemer M, Gugerli F, Henry GHR, Jones 
MH, Hollister RD, J6nsdottir IS, Laine K, Levesque E, 
Marion GM, Molau U, M0lgaard P, Nordenhall U, 
Raszhivin V, Robinson CH, Starr G, Stenstr6m A, 
Stenstrom M, Totland 0, Turner PL, Walker LJ, Webber 
PJ, Welker JM, Wookey PA. 1999. Response of tundra plants 
to experimental warming: meta-analysis of the International 
Tundra Experiment. Ecology Monographs 69: 491-511. 

Atkin OK, Edwards EJ, Loveys BR. 2000. Response of root 
respiration to changes in temperature and its relevance to global 
warming. New Phytologist 147: 141-154. 

Barnes BV, Zak DR, Denton SR, Spurr SH. 1998. Forest 
ecology, 4th edn. New York, USA: John Wiley & Sons. 

Barney CW. 1951. Effects of soil temperature and light intensity 
on root growth of loblolly pine seedlings. Plant Physiology 26: 
146-1 63. 

BassiriRad H. 2000. Kinetics of nutrient uptake by roots: 
responses to global change. New Phytologist 147: 155-169. 

BassiriRad H, Caldwell MM, Bilbrough C. 1993. Effects of soil 
temperature and nitrogen status on kinetics of 15NO3- uptake 
by roots of field-grown Agropyron desertorum (Fisch. Ex Link) 
Schult. New Phytologist 123: 485-489. 

Bevington KB, Castle WS. 1985. Annual root growth pattern of 
young citrus trees in relation to shoot growth, soil temperature, 
and soil water content. Yournal of the American Society of 
Horticultural Science 110: 840-845. 

Beyschlag W, Ryel RJ, Caldwell MM. 1993. Photosynthesis of 
vascular plants: assessing canopy photosynthesis by means of 
simulation models. Ecological studies; analysis and synthesis 100: 
409-430. 

Bilbrough CJ, Caldwell MM. 1995. The effects of shading and 
N status on root proliferation in nutrient patches by the 



114 REVIEW K. S. Pregitzer et al. 

perennial grass Agropyron desertorum in the field. Oecologia 
103: 10-16. 

Bouma TJ, Nielsen KL, Eissenstat DM, Lynch JP. 1997. 
Estimating respiration of roots in soil: interactions with soil 
C02, soil temperature and soil water content. Plant and Soil 
195: 221-232. 

Brown SE, Pregitzer KS, Reed DD, Burton AJ. 2000. 
Predicting daily mean soil temperature from mean daily air 
temperature in northern hardwood forest ecosystems. Forest 
Science 46: 1-5. 

Bryla DR, Bouma TJ, Eissenstat DM. 1997. Root respiration in 
citrus acclimates to temperature and slows during drought. 
Plant, Cell & Environment 20: 1411-1420. 

Burton AJ, Pregitzer KS, Zogg GP, Zak DR. 1996. Latitudinal 
variation in sugar maple fine root respiration. Canadian Journal 
of Forest Research 26: 1761-1768. 

Burton AJ, Pregitzer KS, Zogg GP, Zak DR. 1998. Drought 
reduces root respiration in sugar maple forests. Ecological 
Applications 8: 771-778. 

Cannell, MGR. 1997. Spring phenology of trees and frost 
avoidance. Weather 52: 46-52. 

Chapin FS III, Shaver GR. 1996. Phenological and growth 
responses of arctic plants to a field experiment simulating 
climate change. Ecology 77: 822-840. 

Chapin FS III, Shaver GR, Gibbin AE, Nadelhoffer KJ, 
Laundre JA. 1995. Responses of arctic tundra to experimental 
and observed changes in climate. Ecology 76: 694-711. 

Cox TL. 1975. Seasonal respiration rates of yellow-poplar roots 
by diameter classes. Forest Science 21: 185-188. 

Cropper WP Jr, Gholz HL. 1991. In situ needle and fine root 
respiration in mature slash pine (Pinus elliottii) trees. Canadian 
Journal of Forest Research 21: 1589-1595. 

Deans JD. 1979. Fluctuations of the soil environment and fine 
root growth in a young sitka spruce plantation. Plant and Soil 
52: 195-208. 

Dickson RE, Nelson EA. 1982. Fixation and distribution of "'C 
in Populus deltoides during dormancy. Physiologia Plantarum 
54: 393-401. 

Eissenstat DM, Duncan LW. 1992. Root growth and carbo- 
hydrate responses in bearing citrus trees following partial 
canopy removal. Tree Physiology 10: 245-257. 

Farrar JF, Jones, DL. 2000. The control of carbon acquisition by 
roots. New Phytologist 147: 43-53. 

Fitter AH, Graves JD, Self GK, Brown TK, Bogie DS, Taylor 
K. 1998. Root production, turnover and respiration under two 
grassland types along an altitudinal gradient: influence of 
temperature and solar radiation. Oecologia 114: 20-30. 

Fitter AH, Heinemeyer A, Staddon PL. 2000. The impact of 
elevated CO2 and global climate change on arbuscular mycor- 
rhizas: a mycocentric approach. New Phytologist 147: 179-187. 

Forbes PJ, Black KE, Hooker JE. 1997. Temperature-induced 
alteration to root longevity in Lolium perenne. Plant and Soil 
190: 87-90. 

Ford ED, Deans JD. 1977. Growth of a sitka spruce plantation: 
spatial distribution and seasonal fluctuations of lengths, weights 
and carbohydrate concentrations of fine roots. Plant and Soil 
47: 463-485. 

Gebauer RLE, Ehieringer JR. 2000. Water and nitrogen uptake 
patterns following moisture pulses in a cold desert community. 
Ecology 81: 1715-1724. 

Hallgren SW, Tauer CG, Lock JE. 1991. Fine root carbohydrate 
dynamics of loblolly pine seedlings grown under contrasting 
levels of soil moisture. Forest Science 37: 766-780. 

Hansen GK. 1977. Adaption to photosynthesis and diurnal 
oscillation of root respiration rates for Lolimn multiflorum. 
Plysiologia Plantarum 39: 275-279. 

Hendrick RL, Pregitzer KS. 1992. The demography of fine 
roots in a northern hardwood forest. Ecology 73: 1094-1104. 

Hendrick RL, Pregitzer KS. 1993a. The dynamics of fine root 
length, biomass, and nitrogen content in two northern hard- 
wood ecosystems. Canadian Journal of Forest Research 23: 
2507-2520. 

Hendrick RL, Pregitzer KS. 1993b. Patterns of fine root 
mortality in two sugar maple forests. Nature 361: 59-61. 

Hendrick RL, Pregitzer KS. 1996. Temporal and depth-related 
patterns of fine-root dynamics in northern hardwood forests. 
Journal of Ecology 84: 167-176. 

Horwath WR, Pregitzer KS, Paul EA. 1994. "'C allocation 
in tree-soil systems. Tree Physiology 14: 1163-1176. 

Houghton JT, Meira Filho LG, Callander BA, Harris N, 
Kattenberg A, Maskell K. 1996. Technical summary. In: 
Houghton T, Meira Filho LG, Callander BA, Harris N, 
Kattenberg A, Maskell K, eds. Climate change 1995: the science 
of climate change. (Contribution of Working Group 1 to the 
Second Assessment Report of the Intergovernmental Panel on 
Climate Change.) Cambridge, UK: Cambridge University 
Press, 13-49. 

Kasper TC, Bland WL. 1992. Soil temperature and root growth. 
Soil Science 154: 290-299. 

Kaufmann MR. 1977. Soil temperature and drought effects on 
growth of Monterey pine. Forest Science 23: 317-325. 

King JS, Pregitzer KS, Zak DR. 1999. Clonal variation in above- 
and belowground growth responses of Populus tremuloides 
Michaux: Influence of soil warming and nutrient availability. 
Plant and Soil 217: 119-130. 

King JS, Thomas RB, Strain BR. 1996. Growth and carbon 
accumulation in root systems of Pinus taeda and Pinus ponderosa 
seedlings as affected by varying CO2 temperature and nitrogen. 
Tree Physiology 16: 635-642. 

Korner C, Larcher W. 1988. Plant life in cold climates. Symposia 
of the Society of Experimental Biology 42: 25-58. 

Kozlowski TT, Keller T. 1966. Food relations of woody plants. 
Botanical Review 32: 293-382. 

Kramer PJ, Boyer JS. 1995. Water relations of plants and soils. 
San Diego, CA, USA: Academic Press. 

Kuhns MR, Garrett HE, Teskey RO, Hinckley TM. 1985. 
Root growth of black walnut trees related to soil temperature, 
soil water potential, and leaf water potential. Forest Science 31: 
617-629. 

Kurtz WA, Kimmins JP. 1987. Analysis of error in methods 
used to determine fine root production in forest ecosystems: a 
simulation approach. Canadian Journal of Forest Research 17: 
909-912. 

Landhausser SM, Wein RW, Lange P. 1996. Gas exchange and 
growth of three arctic tree-line tree species under different soil 
temperature and drought preconditioning regimes. Canadian 
Yournal of Botany 74: 686-693. 

Larson MM. 1970. Root regeneration and early growth of red oak 
seedlings: influence of soil temperature. Forest Science 16: 
442-446. 

Lawrence WT, Oechel WC. 1983. Effects of soil temperature on 
the carbon exchange of taiga seedlings. I. Root respiration. 
Canadian Journal of Forest Research 13: 840-849. 

Lieffers VJ, Rothwell RL. 1986. Effects of depth of water table 
and substrate temperature on root and top growth of Picea 
mariana and Larix laricina seedlings. Canadian Yournal of 
Forest Research 16: 1201-1206. 

Lippu J, Puttonen P. 1991. Soil temperature limitations on gas 
exchange in 1-year-old Pinus sylvestris (L.) seedlings. 
Scandinavian Journal of Forest Research 6: 73-78. 

Liu X, Tyree MT. 1997. Root carbohydrate reserves, mineral 
nutrient concentrations and biomass in a healthy and a declining 
sugar maple (Acer saccharum) stand. Tree Physiology 17: 
179-185. 

Lyr H, Hoffmann G. 1967. Growth rates and growth periodicity 
of tree roots. International Review of Forest Research 2: 181-236. 

MacDonald NW, Zak DR, Pregitzer KS. 1995. Temperature 
effects on kinetics of microbial respiration and net nitrogen and 
sulfur mineralization. Soil Science Society of America Yournal 
59: 233-240. 

Massimino D, Andre M, Richard C, Daguenet A, 
Massimino J, Vivoli J. 1981. The effect of a day at low 
irradiance on a maize crop. I. Root respiration and uptake of N, 
P, and K. Physiologia Plantarumna 5 1: 1 50-1 5 5. 

McClaugherty CA, Aber JD, Melillo JM. 1982. The role of fine 
roots in the organic matter and nitrogen budgets of two forested 
ecosystems. Ecology 63: 1481-1490. 

McMichael BL, Burke JJ. 1998. Soil temperature and root 
growth. HortScience 33: 947-951. 

Merritt C. 1968. Effect of environment and heredity on the root- 
growth pattern of red pine. Ecology 49: 34-40. 

Morgenstern EK. 1996. Geographic variation in forest trees. 
Vancouver, BC, Canada: University of British Columbia Press. 

Nguyen PV, Dickmann DI, Pregitzer KS, Hendrick RL. 
1990. Late-season changes in allocation of starch and sugar to 



REVIEW Responses of fine roots to temperature 115 

shoots, coarse roots, and fine roots in two hybrid poplar clones. 
Tree Physiology 7: 95-105. 

Oertli JJ. 1996. Transport of water in the rhizosphere and in 
roots. In: Waisel Y, Eshel A, Kafkafi U, eds. Plant roots, the 
hidden half. New York, USA: Marcel Dekker, 607-633. 

Piatek KB, Allen HL. 1999. Nitrogen mineralization in a pine 
plantation fifteen years after harvesting and site preparation. 
Soil Science Society of America Journal 63: 990-998. 

Pregitzer KS, Dickmann DI, Hendrick R, Nguyen PV. 1990. 
Whole-tree carbon and nitrogen partitioning in young hybrid 
poplars. Tree Ph?ysiology 7: 79-93. 

Pregitzer KS, Kubiske ME, Yu CK, Hendrick RL. 1997. 
Relationships among root branch order, carbon, and nitrogen in 
four temperate species. Oecologia 111: 302-308. 

Pregitzer KS, Laskowski MJ, Burton AJ, Lessard VC, Zak 
DR. 1998. Variation in sugar maple root respiration with root 
diameter and soil depth. Tree Physiology 18: 665-670. 

Pregitzer KS, Zak DR, Curtis PS, Kubiske ME, Teeri JA, 
Vogel CS. 1995. Atmospheric C02, soil nitrogen and turnover 
of fine roots. New Phytologist 129: 579-585. 

Pregitzer KS, Zak DR, Maziasz J, DeForest J, Curtis PS, 
LussenhopJ. 2000. Interactive effects of atmospheric C02, and 
soil N availability on fine roots of Populus tremuloides. Ecological 
Applications 10: 18-33. 

Price MV, Waser NW. 1998. Effects of experimental warming 
on plant reproductive phenology in a subalpine meadow. 
Ecology 79: 1261-1271. 

Rogers WS. 1939. Root studies. VII. Apple root growth in 
relation to rootstock, soil, seasonal, and climatic factors. Journal 
of Pomology 17: 99-130. 

Ryan MG. 1991. Effects of climate change on plant respiration. 
Ecological Applications 1: 157-167. 

Ryan MG, Hubbard RM, Pongracic S, Raison RJ, 
McMurtrie RE. 1996. Foliage, fine-root, woody tissue and 
stand respiration in Pinus radiata in relation to nitrogen status. 
Tree Physiology 16: 333-343. 

Ryle GJP, Powell CE, Gordon AJ. 1985. Short-term changes in 
CO2 evolution associated with nitrogenase activity in white 
clover in response to defoliation and photosynthesis. J7ournal of 
Experimental Botany 36: 634-643. 

Schwartz PA, Fahey TJ, Dawson TE. 1997. Seasonal air and 
soil temperature effects on photosynthesis in red spruce (Picea 
rubens) saplings. Tree Physiology 17: 187-194. 

Shaver GR, Billings WD, Chapin FS, Giblin AE, Nadelhoffer 
KJ, Oechel WC, Rastatter EB. 1992. Global change and the 
carbon balance of arctic ecosystems. BioScience 61: 415-435. 

Sowell JB, Spomer GG. 1986. Ecotypic variation in root 
respiration rate among elevational populations of Abies lasio- 
carpa and Picea engelmannii. Oecologia 68: 375-379. 

Teskey RO, Hinkley TM. 1981. Influence of temperature and 
water potential on root growth of white oak. Physiologia 
Plantarum 52: 363-369. 

Thomas RB, Strain BR. 1991. Root restriction as a factor in 
photosynthetic acclimation of cotton seedlings grown in 
elevated carbon dioxide. Plant Physiology 96: 627-634. 

Tryon PR, Chapin FS. 1983. Temperature control over root 
growth and root biomass in taiga forest trees. Canadian Journal 
of Forest Research 13: 827-83 3. 

Waring RH, Schlesinger WH. 1985. Forest ecosystems, concepts 
and management. Orlando, FL, USA: Academic Press. 

Weaver JE. 1958. Summary and interpretation of underground 
development in natural grassland communities. Ecological 
Monographs 28: 55-78. 

Weger HG, Guy RD. 1991. Cytochrome and alternative pathway 
respiration in white spruce (Picea glauca) roots. Effects of 
growth and measurement temperature. Physiologia Plantarum 
83: 675-681. 

Wells CE, Eissenstat DM. 2000. Defining the fine root: marked 
differences in survivorship among apple roots of different 
diameters. Ecology. (In press.) 

Weltzin JF, Pastor J, Harth C, Bridgham SD, Updegraff K, 
Chapin CT. 2000. Response of bog and fen plant communities 
to warming and water table manipulations. Ecology. (In press.) 

Wilcox HE, Ganmore-Neumann R. 1975. Effects of tem- 
perature on root morphology and ectendomycorrhizal de- 
velopment in Pinus resinosa Ait. Canadian Journal of Forest 
Research 5: 171-175. 

Zak DR, Holmes WE, MacDonald NW, Pregitzer KS. 1999. 
Soil temperature, matric potential, and the kinetics of microbial 
respiration and nitrogen mineralization. Soil Scienzce Society of 
America Journal 63: 575-584. 

Zak DR, Pregitzer KS, King JS, Holmes WE. 2000. Elevated 
atmospheric C02, fine roots and the response of soil micro- 
organisms: a review and hypothesis. New Phytologist 147: 
201-222. 

Zogg GP, Zak DR, Burton AJ, Pregitzer KS. 1996. Fine root 
respiration in northern hardwood forests in relation to tem- 
perature and nitrogen availability. Tree Physiology 16: 719-725. 


	Article Contents
	p. [105]
	p. 106
	p. 107
	p. 108
	p. 109
	p. 110
	p. 111
	p. 112
	p. 113
	p. 114
	p. 115

	Issue Table of Contents
	New Phytologist, Vol. 147, No. 1, Special Issue: Root Dynamics and Global Change: An Ecosystem Perspective (Jul., 2000), pp. 1-232
	Front Matter [pp. ]
	Editorial [pp. 1-2]
	Research Review: Root Dynamics and Global Change: Seeking an Ecosystem Perspective [pp. 3-12]
	Global Patterns of Root Turnover for Terrestrial Ecosystems [pp. 13-31]
	Research View: Building Roots in a Changing Environment: Implications for Root Longevity [pp. 33-42]
	Research Review: The Control of Carbon Acquisition by Roots [pp. 43-53]
	Research Review: Spatial and Temporal Deployment of Crop Roots in CO<sub>2</sub>-Enriched Environments [pp. 55-71]
	Dynamics of Root Systems in Native Grasslands: Effects of Elevated Atmospheric CO<sub>2</sub> [pp. 73-86]
	Research Review: Elevated CO<sub>2</sub> and Conifer Roots: Effects on Growth, Life Span and Turnover [pp. 87-103]
	Research Review: Responses of Tree Fine Roots to Temperature [pp. 105-115]
	Effects of Altered Water Regimes on Forest Root Systems [pp. 117-129]
	Research Review: The Potential Effects of Nitrogen Deposition on Fine-Root Production in Forest Ecosystems [pp. 131-139]
	Research Review: Response of Root Respiration to Changes in Temperature and Its Relevance to Global Warming [pp. 141-154]
	Research Review: Kinetics of Nutrient Uptake by Roots: Responses to Global Change [pp. 155-169]
	Assessing Root Death and Root System Dynamics in a Study of Grape Canopy Pruning [pp. 171-178]
	Research Review: The Impact of Elevated CO<sub>2</sub> and Global Climate Change on Arbuscular Mycorrhizas: A Mycocentric Approach [pp. 179-187]
	Research Review: Mycorrhizal Fungi have a Potential Role in Soil Carbon Storage under Elevated CO<sub>2</sub> and Nitrogen Deposition [pp. 189-200]
	Research Review: Elevated Atmospheric CO<sub>2</sub>, Fine Roots and the Response of Soil Microorganisms: A Review and Hypothesis [pp. 201-222]
	Research Review: The Representation of Root Processes in Models Addressing the Responses of Vegetation to Global Change [pp. 223-232]
	Back Matter [pp. ]



