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Abstract
Aims We examine how root system demography and
morphology are affected by air warming and multiple,
simultaneous climate change drivers.
Methods Using minirhizotrons, we studied root
growth, morphology, median longevity, risk of mor-
tality and standing root pool in the upper soil horizon
of a temperate grassland ecosystem for 3 years. Grass-
land monoliths were subjected to four climate treat-
ments in a replicated additive design: control (C);
elevated temperature (T); combined T and summer
precipitation reduction (TD); combined TD and ele-
vated atmospheric CO2 (TDCO2).

Results Air warming (C vs T) and the combined
climate change treatment (C vs TDCO2) had a
positive effect on root growth rate and standing
root pool. However, root responses to climate treat-
ment varied depending on diameter size class. For
fine roots (≤ 0.1 mm), new root length and mortal-
ity increased under warming but decreased in re-
sponse to elevated CO2 (TD vs TDCO2); for coarse
roots (> 0.2 mm), length and mortality increased
under both elevated CO2 and combined climate
change drivers.
Conclusions Our data suggest that the standing roots
pool in our grassland system may increase under fu-
ture climatic conditions. Contrasted behaviour of fine
and coarse roots may correspond to differential root
activity of these extreme diameter classes in future
climate.

Keywords Root dynamics .Warming . Summer
precipitation reduction . ElevatedCO2

.Minirhizotron .

Root lifespan . Cox proportional hazards

Introduction

Increased global carbon dioxide concentration, air
temperature, and in many regions reductions in pre-
cipitation during the growing season, are some of the
most important aspects of global change predicted to
affect ecosystems in coming years (IPCC 2007). It is
well established that warming stimulates plant growth
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and transpiration and affects soil environment through
increased soil temperature and reduced soil water con-
tent (SWC) (Luo 2007). A reduction in growing sea-
son precipitation should further reduce SWC, while
elevated CO2 may increase SWC through increased
plant water-use efficiency (Niklaus et al. 1998; Wulls-
chleger et al. 2002). In temperate regions, air warming
and elevated CO2 are expected to both stimulate plant
growth, while variability in precipitation may counter-
balance aboveground growth responses via changes in
SWC and in belowground processes (Norby and Luo
2004; Pendall et al. 2004). Thus ecosystem responses
to multiple climate drivers are complex, which indi-
cates possible non-additive effects of simultaneously-
occurring factors (Shaw et al. 2002; Luo et al. 2008;
Zhou et al. 2008).

It is expected that the roots and the below-ground
compartment of grassland will be particularly affected
by climate change as, in this ecosystem, most of the C
is stored below-ground (Steinaker and Wilson 2005).
However previous single-factor climate manipulation
studies showed inconsistent patterns of root system
response to warming and elevated CO2. For example,
warming has been shown to stimulate root production
and root mortality (Fitter et al. 1998, 1999; Bai et al.
2010) and reduce root biomass (De Boeck et al. 2007).
Under elevated CO2, root production may increase
(Fitter et al. 1996, 1997; Soussana et al. 1996; Higgins
et al. 2002; Sindhøj et al. 2004; Milchunas et al.
2005a, b; LeCain et al. 2006; Anderson et al. 2010),
decrease (Pendall et al. 2011) or show no response
(Arnone et al. 2000; Dukes et al. 2005). For root
mortality, elevated CO2 is also associated with an
increase (Fitter et al. 1996, 1997; Milchunas et al.
2005a) or no change (Arnone et al. 2000; Higgins et
al. 2002). Unlike root growth and mortality, root life-
span has faced little attention in climate change studies
(Zak et al. 2000): Milchunas et al. (2005a) observed
higher lifespan under elevated CO2, but Anderson et
al. (2010) reported opposite results. Responses in root
lifespan could be mediated by root diameter responses
because of the tight link observed between these two
variables (Eissenstat and Yanai 1997; Eissenstat et al.
2000; Gill et al. 2002). To date, relatively few studies
have focused on the combined effects of warming,
precipitation reduction and elevated CO2 on the
below-ground compartment (e.g. Pendall et al. 2004;
Wan et al. 2007). Available data indicate no root mass
response to combined warming and elevated CO2

(Soussana et al. 1996; Kandeler et al. 1998; Shaw et
al. 2002), while amounts of precipitation seem to
modulate the positive effect of elevated CO2 (Milchunas
et al. 2005b) and warming (Bai et al. 2010) on root
growth. Overall, these findings reflect the complexity
of interactions, occurring between direct and indirect
effects of climate drivers on above and belowground
processes. Furthermore, methodology can substantially
vary between studies, concerning root dynamics mea-
surement (Arnone et al. 2000; Luo 2007; Milchunas
2009) and the intensity of the climate factors imposed
in experiments, e.g. range of air warming between 1 to
4 °C, and a doubling of atmospheric CO2 concentration.

Root responses to climate change may be compli-
cated by interactions occurring between plant physio-
logical and morphological processes. In perennial
grassland, standing root mass is the result of growth,
mortality and decomposition processes that occur si-
multaneously and vary through season (Matthew et al.
1991; Steinaker and Wilson 2008; Garcia-Pausas et al.
2011). Moreover, root dynamics may be influenced by
variability of root morphology within a root system,
i.e. by the presence of different root classes. Although
several authors have outlined the importance of sepa-
rating fine and coarse roots (Fitter 1987; Jackson and
Caldwell 1996; Craine et al. 2002; Waisel and Eishel
2002; Bahn et al. 2006; Pierret et al. 2007; Picon-
Cochard et al. 2012), this has not been considered in
recent climate change studies. Variation in root order
is likely to affect root lifespan and main root functions
including uptake and respiration in response to climate
change (Eissenstat et al. 2000; Norby and Jackson
2000; Wan et al. 2007). Root diameter may be a useful
proxy of root order, and a more easily measurable
variable to determine how root turnover responds to
climate change.

This paper reports root length growth and mortality
(based on root disappearance, including decomposi-
tion) assessed with minirhizotron data obtained for the
upper soil horizon of an upland perennial grassland as
part of the Clermont Climate Change Experiment
(Bloor et al. 2010). In this experiment, grassland has
been exposed to four climate treatments in a replicated
additive design since 2005: control (C), elevated tem-
perature (T), combined elevated temperature and sum-
mer precipitation reduction (TD), combined elevated
temperature, summer precipitation reduction and ele-
vated atmospheric CO2 (TDCO2). The TDCO2 treat-
ment simulates projected climate conditions for the
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end of the century (ACACIA A2 scenario for 2080 in
central France, IPCC 2007). Previous results from this
study system showed a short-term stimulation of
above-ground production under air warming, associ-
ated with an advance in flowering time for the domi-
nant grass species (Bloor et al. 2010). This effect
disappeared after 2 years, and a progressive decrease
in aboveground production was observed with decline
in grass abundance at the expense of legumes (Cantarel
et al. 2012). Overall, the results obtained for the above-
ground part suggested a main effect of air warming
without marked impact of other climate drivers (precip-
itation reduction, elevated CO2). In this context, we
studied how the root system responded to the climate
treatments. We particularly evaluated how single or
combined warming, summer precipitation reduction
and elevated CO2 affect root dynamics by analysing
abiotic (soil water content, air temperature, elevated
CO2) and biotic (diameter classes) factors. In addition,
complementary methods were used to quantify effect of
treatments on median root longevity (Kaplan-Meier)
and on risk of mortality induced by co-variates (Cox).
We hypothesized that: i) root growth is stimulated by air
warming like above-ground biomass, ii) long-term
warming effects on soil water content reduction may
decrease root longevity, fine roots being more sensitive
than coarse roots, iii) seasonal dynamics of the grassland
root system masks root responses to climate change.

Materials and methods

Study site and experimental design

A full description of the Clermont Climate Change
Experiment design and study site is given in Bloor et
al. (2010). Briefly, the study system is a native upland
grassland, extensively managed, located in the French
Massif Central area (control site C, Theix, France,
45°43’N, 03°01’E, 850ma.s.l.), subjected for 15 years
to low-intensity sheep grazing without inorganic fertil-
isation (Louault et al. 2005). The grassland had relative-
ly low species diversity (11 species) and was dominated
by perennial grasses (more than 90 % of phytomass)
such asAgrostis capillaris, Elytrigia repens and Festuca
arundinacea, but also included a small number of di-
cotyledon species (Stellaria graminea, Taraxacum offi-
cinale, Vicia sativa). The soil is a Cambisol developed
on granite (C:N, 9.8; pHwater, 6.2) and the climate is

semi-continental with oceanic influences (mean annual
temperature, 8.7 °C, mean annual precipitation, 780 mm
on average of 1986-2002).

In November 2004, 80 monoliths (0.5 m x 0.5 m,
0.4 m deep) were extracted from homogeneous, multi-
species zones to avoid monoliths with a dominance of
any one species. Botanical surveys at the start of the
experiment indicated that the 0.5 x 0.5 m monoliths
contained 8±0.2 species with the same composition
on average as the field plot.

Monoliths were encased in stainless-steel boxes
with drainage holes in the bottom. After a six-month
on-site acclimatization period, the monoliths were
randomised and assigned to experimental treatments:
20 monoliths were left at the control site (850 m) while
the remainder was transferred to a lowland area 15 km
away from the control site (lowland site, Clermont-
Ferrand, France, 45°46’N, 03°08’E, 350 ma.s.l.; mean
annual temperature, 12.4 °C; mean annual precipita-
tion, 575 mm). Four monoliths were grouped together
to form a single experimental unit (1 m x 1 m). Five
experimental units (i.e. 20 monoliths) and 15 experi-
mental units (i.e. 60 monoliths) were allocated to the
control and lowland sites, respectively. Units were
placed in holes in the ground lined with a 0.5 m-deep
layer of volcanic gravel and a 0.4 m layer of subsoil
(0.4 - 0.8 m) collected from the original monolith
extraction site. The experimental units were placed
7 m apart to ensure that there was no risk of
atmospheric contamination between CO2 enriched
and ambient CO2 units.

Four climate treatments were applied in a replicated
additive design with five replicate experimental units
per treatment: control (C, control site), elevated air
temperature (T, lowland site, called warmed site
thereafter), elevated temperature and summer pre-
cipitation reduction (TD, warmed site), elevated
temperature and summer precipitation reduction plus
elevated atmospheric CO2 (TDCO2, warmed site).
Climate manipulations were based on ACACIA A2
climate change scenario projections for the area to
the 2080 time-horizon (IPCC 2007) and corre-
sponded to a 3.5 °C temperature increase, a 20 % reduc-
tion in summer precipitation, and atmospheric CO2 level
of 600 μmol mol-1. In our study, a mean annual warm-
ing of 3.5 °C (T) was achieved by transplanting mono-
liths along an altitudinal gradient (500 m). To ensure the
same water supply (i.e. precipitation) for the C and T
treatments, rainfall was monitored at both sites and
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treatment T was irrigated weekly when necessary. For
TD and TDCO2 treatments, reduction of summer (June,
July and August) precipitation was achieved by inter-
cepting rainfall with plastic roofs at 1.2 m above exper-
imental units during rainfall events which lasted for 24–
48 h (for details see Bloor et al. 2010). The average
precipitation reduction between T and TD and TDCO2,
respectively, was 57, 78 and 56 mm in 2006, 2007 and
2008, corresponding to a 20 % rainfall reduction during
summer period. Elevated CO2 was applied using a mini-
FACE (Free Air CO2 Enrichment) system following
Miglietta et al. (2001).

Once all the experimental units were in place (on
April 27, 2005), grass monoliths were cut to a height
of 5 cm twice a year, in spring and autumn (end April
and end October), to mimic the previous extensive
management. No fertiliser was applied during the ex-
perimental period in line with previous management.

Measurements

Climate data (air temperature, °C; precipitation, mm;
atmospheric CO2 concentration, μmol mol-1; net global
radiation,Wm-2) were recorded every 30 min using two
automatic dataloggers (Campbell Scientific, UK) in-
stalled at each site. Mean air temperature difference
between the two sites was on average 3.3±0.1 °C over
the three-year study period. Differences of monthly
precipitation and cumulated potential Penman evapo-
transpiration (PET, mm month-1) were used as an index
of water balance at both sites (P – PET). For the three
year-study, cumulative P – PETwas positive (656 mm)
at the control site (C) and negative (-566 mm) at the
warmed site. Volumetric soil water content (SWC,
cm3 cm-3) was measured every 30 min, in each experi-
mental unit, with a vertically inserted 20 cm long Echo
dielectric capacity probe connected to a datalogger
(Ech2O, Decagon Devices, USA). Soil water potential
was determined from gravimetric soil water content
(SWCg) measurements at field capacity (0.03 MPa)
and at wilting point (1.5 MPa) with a dewpoint meter
(PotentiaMeter WP4, Decagon Devices, USA). The re-
lationship between SWCg obtained by weighing 5-L
pots and SWC given by the probes inserted in the pots
made it possible to convert SWC to SWCg, as: SWCg0
0.0948 Ln (SWC)+0.4021, n0108, R200.81.

Root data were obtained using a minirhizotron sys-
tem (BTC-2, Bartz Technology, CA, USA). In April
2005, 50 cm long transparent acrylic tubes were

inserted at an angle of 45° with one tube per monolith.
However, only two tubes per experimental unit were
analysed due to logistic constraints. Root images
(1.35 cm x 1.8 cm) were recorded from March 14,
2006 to January 15, 2009; images from the same
localizations were recorded once a month during the
growing period in 2006 and 2007, and twice a month
from 2008 onwards. Three successive images were
analysed from the main root zone (5-10 cm depth) of
each tube as described in Fitter et al. (1996).

Length, diameter and status (live, dead) of root
segments were manually recorded using WinRHIZO-
TronMF software (V2005a, Regent Instruments, CA).
For each date, length was modified according to
growth event. Root diameter was determined after
the first image and not modified thereafter; once
grasses form roots, their diameter remains stable be-
cause there is no secondary growth in monocots (the
majority of species in the community). Root length
was determined per unit tube area (mm cm-2). Three
diameter classes were defined: ≤ 0.1 mm, 0.1<D≤
0.2 mm and>0.2 mm, representing 22, 55 and 23 %
of total root length across treatments. Root mortality
was based on root disappearance following Johnson et
al. (2001), and included time of decomposition. Root
length growth and mortality rates were calculated as
the difference in length of live and dead roots, respec-
tively, between two successive dates divided by the
number of days (mm cm-2 day-1). Mean values by
season are shown for each year. In addition, annual
increment in new root length and root length mortality
(mm cm-2) was calculated for 2006, 2007 and 2008
and for the three-year study period (2006-2008).
Standing root length (mm cm-2) was calculated as
the difference between annual increment of new root
length and root length mortality per year and for the
three-year study period. All root variables were calcu-
lated as the average values of the two tubes present in
the same experimental unit. A total of 10,360 root
segments were drawn and an average of 2,590 root
segments per treatment was used in the analysis.

Statistical analyses

Root length dynamics (growth, mortality rates, annual
and total increment of new root length, mortality and
standing root length) were analyzed using mixed-
model repeated-measures ANOVA. All interactions
between treatment, diameter classes and season or
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year were included in the model. Treatments were
compared using orthogonal contrasts and Tukey's hon-
est significant difference (HSD) procedure. The effect
of climate change drivers was analyzed as follows:
warming effect, C vs T; summer precipitation reduc-
tion effect under warming, T vs TD; CO2 effect under
warming and summer precipitation reduction, TD vs
TDCO2; simultaneous application of warming,
summer precipitation reduction and elevated CO2

(2080 climate scenario), C vs TDCO2. When neces-
sary, variables were square-root or log-transformed to
normalize the data prior to ANOVA.

For estimation of root survival times, dates of root
birth and root death were assumed to be the mid-point
between recording dates before and after appearance
and disappearance, respectively. Roots living beyond
the last recording time were considered to be right
censored, i.e. root survival time is known only to be
at least as long as the time to the last recording. The
proportion of roots surviving as a function of age was
described by the Kaplan-Meier survival function, a
non-parametric statistical technique which allows es-
timation of median longevity (Allison 1995). Median
root lifespan was estimated for 50 % of surviving
roots. The comparison of the survival curves of groups
is based on a formal non-parametric statistical test
called the logrank test. All these statistical analyses
were carried out using Statgraphics Plus 4.1 (Statistical
Graphics Corp., Maryland, USA).

A Cox proportional hazards regression (Cox 1972;
Allison 1995; Wells and Eissenstat 2001) was used to
examine the effects of biotic and abiotic covariates on
risk of root mortality. Cox analysis on the full dataset
included the effects of all treatments (C, T, TD,
TDCO2), year of appearance (2006, 2007, 2008), sea-
son of appearance (growth season: spring+summer;
dormant season: autumn+winter), root diameter clas-
ses, air temperature and SWC measured between the
last date the roots were observed and date of disap-
pearance. The model was fitted using a maximum
likelihood method to estimate the regression parame-
ters (parameter estimate) associated with each explan-
atory variable and calculating the standard error and a
chi-square test to test the null hypothesis that each
parameter estimate is equal to zero. The sign of the
parameter estimate indicates whether the hazard of
mortality decreases (negative sign) or increases (pos-
itive sign) as the covariate value increases. A condi-
tional risk ratio (or hazard ratio) was also computed

from the parameter estimates. This ratio has several
interpretations depending on the nature of the covari-
ate. For dichotomous covariates, such as season of
appearance, which was assigned as growth season or
dormant season, the risk ratio can be interpreted as the
ratio of hazard in the dormant compared with the
growth season, controlling for all other covariates.
For quantitative covariates such as air temperature
and SWC, subtracting one from the risk ratio and
multiplying it by 100 gives the estimated percent
change in the hazard of mortality associated with a
one-unit change in the covariate, controlling for all
other covariates (Allison 1995). Cox analyses were
run using the PROC PHREG procedures of the SAS
software package (v8.1, SAS Institute Inc., Cary, NC,
USA).

Results

Soil water content

During the course of the experiment, values of soil
water content (SWC) ranged between 0.04 and
0.14 cm cm-3 in the warmed site (T, TD and TDCO2)
and between 0.08 and 0.15 cm cm-3 in the control site
(C), leading to lower (-18 %, P<0.01) values in the
warmed site (Fig. 1). However, due to large within-
treatment variation, no between-treatment differences
were found for T, TD and TDCO2 during study period.
Irrespective of treatment, SWC values were lower in
the summer period (particularly in 2006, a drier year
than 2007 and 2008) and higher in winter and most
SWC values fell within the range of soil water poten-
tial measured between field capacity and wilting point
(1.5 MPa).

Root length growth rate and cumulative new root
length

Over the three-year study, seasonal root growth rate
was higher (P<0.01) in the warmed site (T,
0.31 mm cm-2 day-1) than in the control site (C,
0.23 mm cm-2 day-1) (Fig. 2, Table 1), but the effects
were more pronounced in spring 2007 and summer
2008. Cumulative new root length ranged from 490.9
(C treatment) to 650.3 mm cm-2 (TDCO2) with signif-
icant higher (P<0.01) values in the warmed site (C vs
T, 490.9 vs 593.5 mm cm-2) and in the combined
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climate change drivers (C vs TDCO2) (Fig. 3, Table 1).
On an annual basis, a significant warming effect (C vs
T) on growth rate was observed for 2 years (2007 and
2008), whereas cumulative new root length was only
higher in 2008 (Table 1). Similarly in combined

climate change drivers (C vs TDCO2), root growth
was higher (P<0.05) in 2007 and new root length
increased in 2007 and 2008. In contrast, summer pre-
cipitation reduction (T vs TD) and elevated CO2 (TD
vs TDCO2) had no significant effect on growth rate
and on cumulative new root length (Tables 1, 2,
Figs. 2, 3).

Over the course of the experiment, growth rate and
cumulative new root length showed strong seasonal and
annual effects across all climate treatments (Fig. 2,
Table 2): growth rates were higher in spring compared
to summer and autumn-plus-winter (+43% and +140%,
respectively); and in summer growth rate was higher
(+68 %) than in autumn and winter (Fig. 2).

Treatment effects on cumulative new root length
varied depending on diameter class (significant treat-
ment x class interaction, P<0.001, Table 2, Fig. 3).
For the fine roots (≤ 0.1 mm), new root length
increased from 70.1 to 135.9 mm cm-2 in response
to air warming and from 7.1 to 114.1 mm cm-2 in
response to combined climate change drivers. In
contrast elevated CO2 (TD vs TDCO2) showed an
opposite effect (-28 %, 158 vs 114.1 mm cm-2). In
the case of the coarse roots (> 0.2 mm), elevated
CO2 and combined climate change drivers (C vs
TDCO2) increased new root length (219.2 vs 145.7
and 219.2 vs 136.5 mm cm-2, respectively), whereas
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Fig. 1 Effects of climate treatment on seasonal variations in
volumetric soil water content (0-20 cm). Treatment codes are as
follows: C 0 control; T 0 elevated temperature (+3.5 °C), TD 0
elevated temperature and summer precipitation reduction (-
20 %); TDCO2 0 elevated temperature, summer precipitation

reduction and CO2 enrichment (+200 μmol mol-1). Vertical bars
correspond to standard error (n02-5). Horizontal lines corre-
spond to value of soil water potential measured at field capacity
(0.03 MPa) and at wilting point (1.5 MPa). sp 0 spring; su 0
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warming and summer precipitation reduction had no
effect (Fig. 3). The intermediate diameter class (0.1<
D≤0.2 mm) always exhibited higher root growth than
fine (x 2.5) and coarse (x 1.8) roots, fine roots having the
lowest new root length (Fig. 3).

Root length mortality based on disappearance

Over the three year-study, climate treatment had no
overall effect on cumulative root length mortality,
but varied with diameter class (significant treatment
x class interaction, P<0.001, Table 2, Fig. 3). For
fine roots (≤ 0.1 mm), root length mortality in-
creased (P<0.001) in response to warming (75 %)
and ranged from 56.8 (treatment C) to 99.2 mm cm-2

(treatment T) and also increased in response to sum-
mer precipitation reduction (T vs TD, 99.2 to
137.7 mm cm-2). In contrast, elevated CO2 had an
opposite effect (74.4 vs 137.7 mm cm-2), and com-
bined climate change driver showed no effect. For

coarse roots (> 0.2 mm), elevated CO2 (TD vs TDCO2,
62.4 vs 103 mm cm-2) and combined climate change
drivers (C vs TDCO2, 62.8 vs 103 mm cm-2) in-
creased root mortality, whereas warming and summer
precipitation reduction had no effect (Fig. 3).

Standing root length

Standing root length ranged between 201 and
305 mm cm-2 in the C and TDCO2 treatments, respective-
ly. Significant warming (C vs T, 201 vs 283.2 mm cm-2,
P<0.05) and combined climate change drivers (C vs
TDCO2, 201 vs 305.3 mm cm-2, P<0.01) effects were
observed across diameter classes, while summer precipi-
tation reduction (T vs TD) and elevated CO2 (TD vs
TDCO2) had no effect (Tables 1, 2; Fig. 3). Furthermore,
across treatments and diameter classes, standing root
length, was significantly higher in 2006 than in 2007
and 2008 (+178 and +60 %, respectively) (Table 2). Only
in 2008, elevated CO2 and combined climate change

Table 1 Effects of warming, summer precipitation reduction,
elevated CO2 and combined climate change drivers (2080 cli-
mate scenario) on root length growth rate, cumulative new root
length, mortality and standing root length measured during the
three-year study period (all years). Treatment codes are as

follows: C 0 control; T 0 elevated temperature (+3.5 °C),
TD 0 elevated temperature and summer precipitation reduc-
tion (-20 %); TDCO2 0 elevated temperature, summer pre-
cipitation reduction and CO2 enrichment (+200 μmol mol-1)

Year Warming Summer precipitation reduction Elevated CO2 2080 climate scenario

C vs T T vs TD TD vs TDCO2 C vs TDCO2

F P F P F P F P

Root growth rate (mm cm-2 day-1) 2006 0.69 NS 0.01 NS 0.19 NS 1.43 NS

2007 3.85 * 0.15 NS 0.09 NS 4.05 *

2008 7.39 ** 0.13 NS 0.75 NS 3.11 NS

All years 10.05 ** 0.05 NS 0.15 NS 7.19 **

New root length (mm cm-2) 2006 0.07 NS 0.47 NS 0 NS 0.37 NS

2007 3.41 NS 0.01 NS 2.4 NS 10.2 *

2008 5.35 * 0.33 NS 1.02 NS 7.22 *

All years 5.25 * 0.02 NS 0.98 NS 7.45 *

Mortality root length (mm cm-2) 2006 0.51 NS 0.62 NS 0.49 NS 0.86 NS

2007 0.12 NS 0.36 NS 0.85 NS 0.46 NS

2008 0.03 NS 2.69 NS 0.13 NS 0.5 NS

All years 0.13 NS 0.33 NS 0 NS 0.79 NS

Standing root length (mm cm-2) 2006 0.07 NS 0.07 NS 0.6 NS 0.03 NS

2007 0.87 NS 0.41 NS 0.01 NS 4.34 NS

2008 4.71 NS 3.18 NS 5.72 * 8.09 *

All years 6.31 * 1.01 NS 3.9 NS 19.4 **

F is F-ratio, NS: P>0.05; *: P≤0.05; **: P≤0.01
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drivers significantly increased (P<0.05) standing root
length (Table 1).

Median root longevity based on root disappearance

Treatments and diameter classes significantly affected
the median root longevity (MRL) given by Kaplan-
Meier analysis (Table 3). MRL of all root types

reached about 404 days in C and TDCO2 treatments,
which showed significant higher values than T and TD
treatments, 369 and 355 days, respectively. This trend
was also observed for the fine roots, but with lower
MRL: average values of 343 days for C and TDCO2,
and 285 days for T and TD treatments. In the case of
coarse roots (> 0.2 mm), the effects of air warming on
MRL was also observed in T and TD, but the future
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climate treatment showed the lowest MRL (421 days).
Furthermore, median root longevity was positively
related with root diameter classes for three treatments
(C, T, TD), while for the TDCO2 treatment MRL did
not differ between root diameters (Table 3).

Risk of root mortality based on root disappearance

Across all root cohorts, treatment, year of appearance,
diameter classes and SWC were significantly related
to the risk of root mortality (Table 4). The sign of the
parameter estimate indicates whether the hazard of
mortality decreases (negative sign) or increases (pos-
itive sign) as the covariate value increases. Risk of
mortality was significantly (P<0.0001) lower in dry
year (2006) than in wet years (2007, 2008) and for
coarse roots compared with fine roots. In addition,
effect of treatments and of SWC was marginally sig-
nificant (P<0.05): the risk of mortality decreased in

TDCO2 in comparison with C treatment and in case of
high SWC values. However, season of appearance and
air temperature had no effect on risk of root mortality.

Discussion

Grassland root responses to air warming and combined
climate change drivers

A better understanding on ecosystem responses to
multiple climate change drivers are needed to antici-
pate future ecosystem functioning and provision of
ecosystem services. Given that roots represent the
plant interface with the soil, it is crucial to gain deeper
insight into root responses to climate change. Here we
report root dynamics of a grassland ecosystem sub-
jected to combined effects of air warming, reduction
of summer precipitation and elevated atmospheric

Table 2 Effects of climate treatment, root diameter classes and year on cumulative new root length, root length mortality and standing
root length (mm cm-2) measured during the three-year study period

Source d.f. F New root length F Mortality root length F Standing root length

Treatment 3 5.3 *** 1.2 NS 3.0 *

Diameter classes 2 123.9 *** 43.2 *** 54.4 ***

Year 2 7.0 ** 31.5 *** 30.5 ***

Treatment x Classes 6 3.0 *** 4.3 *** 0.7 NS

Treatment x Year 6 0.7 NS 0.9 NS 1.7 NS

Classes x Year 4 19.5 *** 9.8 *** 11.7 ***

Treatment x Classes x Year 12 0.5 NS 0.6 NS 1.0 NS

Significances of treatment, diameter classes, year and their interactions are indicated for the different variables; NS: P>0.05; *: P≤0.05;
***: P≤0.001. d.f.: degree of freedom, F: F-ratio

Table 3 Median root longevity (days)±standard error (n05)
calculated from Kaplan-Meier analysis (50 % of surviving roots)
and for three diameter classes (≤ 0.1 mm, 0.1<D≤0.2 mm, >
0.2 mm) and for all roots under different climate change
treatments and for the three-year study period. Treatment

codes are as follows: C 0 control; T 0 elevated temperature
(+3.5 °C), TD 0 elevated temperature and summer precip-
itation reduction (-20 %); TDCO20elevated temperature,
summer precipitation reduction and CO2 enrichment
(+200 μmol mol-1)

Diameter classes C T TD TDCO2 ANOVA

≤ 0.1 mm 324±18 Ca 287±14 Bb 283±12 Bb 362±41 Aa **

0.1<D≤0.2 mm 407±20 Ba 398±17 Ba 414±25 Ba 408±26 Aa NS

> 0.2 mm 608±79 Aa 533±127 Ab 561±120 Ab 421±36 Ac *

All roots 403±16 a 369±14 b 355±13 b 404±18 a **

For each class, all roots and each treatment, different letters correspond to statistical differences (NS: P>0.05; *: P≤0.05; **: P≤0.01.).
Uppercase and lowercase letters correspond to comparison of diameter class per treatment and comparison of treatments per diameter
class, respectively
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CO2 over 3 years. Our results show that root growth
rate, measured in the most active root zone (5-10 cm),
was sensitive to warming (C vs T) and to simultaneous
application of warming, precipitation reduction and
elevated CO2 (C vs TDCO2), leading to higher net
root length production and consequently higher stand-
ing root length. This is in agreement with other studies
showing that root growth is stimulated by warming
(Fitter et al. 1998, 1999; Pregitzer et al. 2000; Wan et
al. 2007; Bai et al. 2010). Notably, root growth mir-
rored the increase of springtime aboveground produc-
tion (see Bloor et al. 2010), indicating that above and
below-ground production increase simultaneously
under warming, confirming our first hypothesis.
In our experiment, air warming also extended the
growing season to early spring and late autumn
which explains the higher root growth in the
warmed treatments in these periods. However
2 years after the onset of treatment the positive
effect of air warming on the above-ground com-
partment was not sustained (Cantarel et al. 2012).
This decline is possibly linked to acclimation of
photosynthesis (Chapin et al. 1995; Shaw et al.
2002), induced by negative water balance index
(P - PET) and lower SWC (Fig. 1). Thus mainte-
nance of root growth stimulation induced by air
warming may correspond to a shift of C allocation
to roots at the expense of the above-ground com-
partment, in warmer and drier soil conditions.

Contrary to expectations, precipitation reduction had
no effect on root growth and mortality, presumably due
to relatively important soil moisture values, which indi-
cated that no marked edaphic drought occurred during

the study period (Fig. 1). Reduced soil moisture and
subsequent limitation of nutrients under combined ele-
vated CO2 and warming may explain the lack of re-
sponse under elevated CO2 (Shaw et al. 2002; Luo et al.
2004, but see Hovenden et al. 2008). Positive effects of
elevated CO2 may be reduced when combined with air
warming and reduction of summer precipitation. Warm-
ing was, thus, the main climate factor shaping root
system response of our upland perennial grassland.

Linking morphology, median root longevity
and covariates associated with risk of root mortality
based on disappearance

Root longevity is one of the most important variables for
understanding belowground C cycling in ecosystems, as
it determines how quickly C allocated to roots is trans-
ferred to microbial and soil C pools (Gill and Jackson
2000; Norby and Luo 2004). However, multiple effects
of climate change on plants and their soil environment
makes simple prediction of root longevity a difficult task
(Eissenstat et al. 2000). This is further compounded by
the numerous determinants of root longevity or root
mortality (Eissenstat and Yanai 1997; Gill et al. 2002).

Consequently, identifying determinants of root
mortality and root longevity and predicting source/
sink ecosystem activity under future climate scenarios
remains a complex challenge. One of the most cited
determinants of root longevity is diameter, with coarse
roots demonstrating higher longevity than fine roots
(Eissenstat and Yanai 1997; Gill et al. 2002). Our data
confirmed these previous studies for three of the four
treatments (C, T, TD) (Tables 3, 4). This may be

Table 4 Proportional hazards regression performed on pooled root lifespan data collected from 2006 to 2008. The parameter estimate
and chi-square statistic for each model covariate is shown, for the effects of all treatments

Variable d.f. Parameter estimate Standard error χ2 value P-value Hazard ratio

All treatments 1 -0.040 0.019 4.35 0.037 0.960

Year of appearance 1 0.857 0.033 676.41 <.0001 2.356

Season of appearance 1 0.038 0.039 0.92 0.336 1.039

Diameter classes 1 -0.313 0.029 112.80 <.0001 0.731

Air temperature 1 0.005 0.003 2.71 0.099 1.005

Volumetric soil water content 1 -0.016 0.007 6.16 0.013 0.984

Significant P-values are shown in bold (P<0.05). Parameter estimates (β) can be interpreted as follows: for quantitative covariates such
as air temperature or volumetric soil water content, a one-unit change in the covariate is associated with a 100[exp(β)−1] percent
change in the hazard of mortality, controlling for other covariates. For dichotomous categorical covariates (e.g. coded 0 and 1, season of
appearance), the hazard ratio can be interpreted as the estimated hazard for roots with a value of 1 vs the estimated hazard for roots with
a value of 0 (Allison 1995)
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because thicker roots function as conduits and
initiate new laterals, and are thus probably prefer-
entially retained by the plant (Wells and Eissenstat
2001). They are also more suberized with more
lignified cell walls in cortex or stele than fine
roots, increasing their defence against herbivores
or pathogens. Overall this contributes to increase
their longevity. However the decrease in longevity
of coarse roots and increase of fine root longevity
observed under elevated CO2 were unexpected.
This is a novel finding that raises questions on
the contrasted functioning under elevated CO2 of
these extreme root classes that together represent
about 45 % of total root length. The faster turn-
over of the coarse roots can be due to higher
foraging activity in depleted resource patches and
to replacing them with more active roots in new
soil sites. This would explain the higher rhizo-
sphere activity for coarse roots grown under ele-
vated CO2, as suggested in earlier study (Hungate
et al. 1997). Milchunas et al. (2005a) also sug-
gested that the higher diameter of roots grown
under elevated CO2 may be related to their water
status. If these roots have higher water content, i.e.
low dry matter content, we would also expect
lower root tissue density and consequently lower
root lifespan (Ryser 1998). In contrast, combined
effects of warming and elevated CO2 may have
induced higher carbohydrate and nitrogen contents
in the tissues of fine roots, which in turn may
increase their lifespan (see Farrar and Williams
1991).

Air warming (C vs T treatment) significantly re-
duced root longevity, irrespective of diameter class,
thus confirming previous results obtained in grass-
lands (Forbes et al. 1997; Fitter et al. 1998, 1999).
Nevertheless, fine roots were more prone to mortality
in warmed treatments than other diameter class roots,
which confirm our hypothesis on the lifespan sensitiv-
ity of fine roots. The sensitivity could be explained by
indirect effects of reduced soil water content due to
higher plant evapotranspiration demand and lower water
balance index. Indeed, our study revealed effects of soil
water content on the risk of root mortality, depending on
year, diameter class, and treatment (Table 4). These
results suggest the importance of soil moisture in shap-
ing the risk of root mortality in warmer seasons and drier
years for upland grasslands, with fine roots being
particularly sensitive. Root sensitivity to both average

climate (comparison of C with T, TD and TDCO2)
and climatic variability (between-year and between-
season differences) showed a strong difference
depending on root diameter class, indicating that
not all the grassland root system is similarly affected
by climate change components. This may have con-
sequences on plant and soil relationships, especially
root and microbe activities that are critical for the
decomposition of soil organic matter and its miner-
alization in future climates (Zak et al. 2000).

Seasonal dynamics of perennial grassland root system

Our study confirms the importance of seasonality
in grassland ecosystem root dynamics (Matthew et
al. 1991; Fitter et al. 1998; Steinaker and Wilson
2008; Garcia-Pausas et al. 2011). Global radiation
and air temperature are the main abiotic determi-
nants of root growth in perennial grasslands not
limited by water inputs (Edwards et al. 2004),
because of the rapid transfer of photosynthates to roots
in grassland ecosystem (Kuzyakov and Gavrichkova
2010). This is confirmed by the fact that the year
2006, for which we measured higher standing root
length, was warmer (+0.7 °C) and more sunny
(+10 %) particularly during the growing season com-
pared with 2007 and 2008. However disentangling
the respective role of radiation flux and of tempera-
ture is difficult due to their tight relationship. In
addition, our results may reflect plant ontogeny pat-
terns (i.e. species-specific differences in phenology,
Pontes et al. 2007), as it is likely that not all species
responded at the same time and at the same rate to
the climate treatments applied here. While species
number was unaffected by the treatments, abundance
of grasses declined from 98 % to 89 % in favour of
legumes in the warmed site in comparison with the
control site (Cantarel et al. 2012). These changes are
expected to affect ecosystem functioning both at
above and below-ground levels, but due to the im-
possibility to recognise species or functional group
from minirhizotron images, it was not possible to
assess directly its effect on root dynamics. Finally,
this data set shows that grassland root system re-
sponse to multiple climate change drivers is mainly
driven by intra and inter-annual climate variability,
which may in turn control the dynamic of plant
functional diversity activity and confirms the third
hypothesis.
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Conclusions

Here, we report changes in root dynamics, longevity
and morphology of grassland monoliths submitted to
air warming and simultaneous application of warming,
summer precipitation reduction and elevated CO2 over
3 years. Our results suggest that under warmer cli-
mates and the future IPCC A2 scenario, upland grass-
land ecosystems may increase their total root system
length but lose a proportion of their fine roots growing
in the upper soil layer. This underlines the importance
of studying root diameter class responses in climate
change experiments. Our finding also show that cli-
mate variability, both at inter- and intra-annual scales,
mediates grassland root responses under both current
and future climate scenarios, and may mask clear
patterns of response to climate drivers. Future studies
should examine whether climate-induced impacts of
root dynamics may increase soil C storage in the long
term and for deeper soil layers.
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