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ABSTRACT

Belowground plant responses have received much

less attention in climate change experiments than

aboveground plant responses, thus hampering a

holistic understanding of climate change effects on

plants and ecosystems. In addition, responses of

plant roots to climate change have mostly been

studied in single-factor experiments. In a Danish

heathland ecosystem, we investigated both indi-

vidual and combined effects of elevated CO2,

warming and drought on fine root length, net

production and standing biomass by the use of

minirhizotrons, ingrowth cores and soil coring.

Warming increased the net root production from

ingrowth cores, but decreased fine root number

and length in minirhizotrons, whereas there were

no significant main effects of drought. Across all

treatments and soil depths, CO2 stimulated both

the total fine root length (+44%) and the number

of roots observed (+39%), with highest relative

increase in root length in the deeper soil layers. Our

results suggest that under future climate, plants

may allocate considerable resources into roots

compared to aboveground biomass. Increased car-

bon (C) allocation to roots may have a great impact

on the overall ecosystem C balance and must be

considered in modelling of future ecosystem re-

sponses to climate change. To provide models with

necessary validation data, more studies are needed

to investigate if higher C allocation to roots will

lead to long-term C storage in more recalcitrant soil

C pools or if this potential increase in soil carbon

storage may be offset by increased priming activity

and turnover rates for soil organic matter.
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INTRODUCTION

The current concentration of CO2 in the atmo-

sphere exceeds by far the natural range of the last

650,000 years, and the increase is expected to

continue and even accelerate (IPCC 2013), leading

to continuous warming of the Earth’s climate sys-

tem. Consequently, annual global temperatures

have already increased by about 1�C over the last

100 years and will be further complemented by
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increases in frequency and intensity of extreme

events like drought periods (IPCC 2013). These

environmental factors are main drivers of many

important ecosystem processes, and a critical

uncertainty in climate change research is whether

terrestrial ecosystems will act as sinks or sources of

C under future climate. Consequently, there is

need to provide data that can feed models which

assess how ecosystem C cycling and storage will be

affected by climate change.

Fine root production in terrestrial ecosystems

represents roughly 33% of global annual net pri-

mary productivity (Jackson and others 1997), and

changes in the allocation of C to roots under future

climate conditions may therefore significantly af-

fect overall soil C sink strength. Fine root produc-

tion has been shown to be stimulated by elevated

CO2 in ecosystems ranging from forests (Iversen

and others 2008; Iversen 2010; Pritchard and oth-

ers 2008; Johnson and others 2006), to grasslands

or steppe (Adair and others 2009; Anderson and

others 2010; Edwards and others 2004; Higgins and

others 2002; Milchunas and others 2005; Nelson

and others 2004), and agricultural crops (Madhu

and Hatfield 2013). However, negative or no effects

of CO2 on root production are also reported, espe-

cially from grasslands (Arnone and others 2000).

Longer-term studies with elevated CO2 have re-

ported no long-lasting effects on fine root biomass

in natural ecosystems due to environmental con-

strains (Day and others 2013; Newingham and

others 2013). For example, nitrogen (N) may be-

come increasingly limiting as C and N are seques-

tered in long-lived plant biomass and soil organic

matter (Luo and others 2004), and plants need to

compensate for this. Hence, the plant can invest in

fine root biomass and deeper rooting distribution,

to increase the exploitation of deeper N resources

(Finzi and others 2007; Jobbagy and Jackson

2000). Changes in root distribution have been ob-

served especially in forest ecosystems, where ele-

vated CO2 may lead to deeper rooting distributions

(Iversen 2010; Iversen and others 2008; Finzi and

others 2007; Johnson and others 2006; Pritchard

and others 2008). However, in short grass steppe

and desert elevated CO2 had no effect on vertical

root distribution (LeCain and others 2006; Fergu-

son and Nowak 2011).

When elevated CO2 is combined with warming,

net primary production is often stimulated (Diele-

man and others 2012). However, the increased

water use efficiency (WUE) under elevated CO2

and the increased evapotranspiration under

warming might offset each other (Naudts and

others 2013) and together have an intermediate

effect on root production (Johnson and others

2006). The direct effect of warming on plants are

more difficult to detect, as many ‘side effects’ follow

an increased temperature; for example, altered

water status (Carrillo and others 2014; Zavalloni

and others 2008), nutrient availability (Rustad and

others 2001) and a longer growing season length

(Reyes-Fox and others 2014). In a meta-analysis of

85 studies, warming alone enhanced the above-

ground biomass but did not significantly affect the

belowground biomass across different biomes (Wu

and others 2011). Warming was, however, found

to increase the root turnover (reduced root lifes-

pan) in grasslands (Gill and Jackson 2000; Fitter

and others 1999; Edwards and others 2004), and

alpine meadow (Wu and others 2014; Wang and

others 2016). Reduced root lifespan has also been

observed in response to experimental drought

(Eissenstat and others 2013), alongside a general

decrease in root biomass under drier conditions as

shown, for example, for grasslands (Naudts and

others 2013). Drought generally has direct negative

effects on overall plant photosynthesis and growth

as well (Chaves and others 2002) and, similar to

warming, drought may affect the response to ele-

vated CO2 in heathlands (Albert and others 2011b),

although not always (Selsted and others 2012).

Especially temperate grasslands have a high root

biomass (Mokany and others 2006) and hold an

order of magnitude greater fine root length com-

pared to other biomes (Jackson and others 1997).

In grasslands, as well as heathlands, most of the net

primary production occurs belowground (Carrillo

and others 2014; Steinaker and Wilson 2005; Aerts

and Heil 1993). Still, studies of root dynamics in

temperate heathlands exposed to climate change

are generally absent. Heathlands and moors ac-

count for 7% of the European land cover (Euro-

pean Environmental Agency: http://www.eea.

europa.eu) with very different carbon balance

characteristics (Beier and others 2009). North

Western heathlands are associated with acidic soils

of low fertility, and the flora consists primarily of

evergreen dwarf shrubs and few grasses. In the UK,

more than 100 Tg C is stored in the soil of dwarf

shrub heaths (Ostle and others 2009), making this

an important ecosystem compartment in the ter-

restrial carbon balance. Despite the importance,

information about root dynamics is lacking.

To reveal the importance of interacting climate

factors on ecosystems, some experiments with

combined temperature and precipitation manipu-

lations (Wu and others 2011; Leuzinger and others

2011; Beier and others 2012) and eventually also in

combination with elevated CO2 (Naudts and others
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2013; Pilon and others 2013; Garten and others

2009; Shaw and others 2002) have been initiated.

However, the number of experiments with com-

bined climate and elevated CO2 treatments is still

very limited and especially long-term manipulation

studies of fine roots are lacking. In CLIMAITE

(CLIMAte change effects In Terrestrial Ecosystems),

the effects of elevated CO2, warming and drought

were investigated in a multifactorial experiment in

a mixed heathland/grassland ecosystem in Den-

mark (Mikkelsen and others 2008). The objective

of this study was to investigate how fine root

length, production and number responded to a

realistic future climate scenario anno 2075. Earlier

studies from the site have reported interactive ef-

fects of the climate factors on plant physiological

processes (Albert and others 2011c), belowground

processes (Andresen and others 2010a; Andresen

and others 2010b) and N cycling (Larsen and others

2011), whereas no long-term effects of above-

ground biomass were observed (Kongstad and

others 2012). Elevated CO2 did not permanently

influence the aboveground standing biomass. In-

creased biomass was observed in 1 year but was

counterbalanced by an increase in litter produc-

tion. Drought reduced the aboveground growth in

1 year, but no significant long-lasting effects on the

aboveground biomass were observed in neither the

dominant species Calluna nor Deschampsia. Warm-

ing had no effect on aboveground biomass.

We hypothesized that (1) elevated CO2 would

stimulate root growth and length, due to increased

C assimilation and hence more C being allocated

belowground, as we did not observe any effect of

the elevated CO2 on the aboveground biomass. We

also hypothesized (2) roots to exploit deeper soil

layers under elevated CO2, to increase the nutrient

uptake in this nutrient-poor environment. Further,

we expected (3) warming to increase root growth,

but only if there was no decrease in soil water

content, as drought was expected to decrease root

growth.

MATERIALS AND METHODS

Site Description

The experimental site is situated in a dry heath-

land/grassland app. 50 km NW of Copenhagen

(55�53¢N, 11�58¢E), Denmark, on a hilly nutrient-

poor acid sandy deposit. The dominant plant spe-

cies are the evergreen dwarf shrub Calluna vulgaris

(L.) Hull (c. 30% cover) and the perennial grass

Deschampsia flexuosa (L.) Trin (c. 70% cover),

hereafter referred to as Calluna and Deschampsia. All

root measurements refer to fine roots below 1 mm

in diameter of both species (except the standing

fine root biomass which includes roots below 2 mm

in diameter).

The soil consists of 71.5% sand, 20.5 % coarse

sand, 5.8% silt and 2.2% clay (Nielsen and others

2009). The soil is well-drained with a pHCaCl2 in the

topsoil of 3.3 increasing to 4.5 in the B-horizon and

an organic top layer of 2–5 cm (O-horizon).

The annual mean temperature is 8�C and the

annual mean precipitation is 613 mm (Danish

Meteorological Institute 2009). The site has rela-

tively low atmospheric N bulk deposition of

1.35 ± 0.04 g N m-2 y-1 in 2007 (Larsen and

others 2011).

Prior to the start of our experiment, the site was

extensively grazed by deer and managed by occa-

sional cutting and removal of small trees.

Experimental Design

The CLIMAITE manipulation experiment started in

October 2005. The treatments were made to match

a possible Danish climate scenario in 2075, as pre-

dicted by the Danish Meteorological Institute

(Danish Meteorological Institute 2009; http://

www.DMI.dk), with one important exception:

precipitation is forecasted to change with prolonged

summer droughts and increased winter precipita-

tion, but with no major changes in annual

amounts. The CLIMAITE experiment focused on

the prolonged drought only.

The experiment consisted of 12 octagons (7 m in

diameter) laid out pair wise in 6 blocks. Each block

comprised two octagons, one of which received

elevated CO2 (CO2) by FACE (Free Air Carbon

Enrichment) to a level of 510 ppm from dawn till

dusk, that is, 130 ppm above ambient concentra-

tion, and the other receiving ambient CO2 (A).

Within each octagon there are four plots, each with

one of the following treatments: summer drought

(D), that is, exclusion of all rain by automatic

shelters for 2–5 weeks during summer, warming

(T), that is, passive night-time warming by reflec-

tive curtains covering the plots from dusk till dawn,

a combination of drought and warming (TD), or

untreated control for reference (A). The experi-

ment was made in a full-factorial design (±elevated

CO2, ±drought, ±warming) replicated 6 times with

the individual treatments CO2, T, D, and their

combinations TD, TCO2, DCO2 and TDCO2, and

controls (A). Hence, the 8 treatment combinations

replicated 6 times resulted in a total of 48 plots.

Further details on the experimental setup are given
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in Mikkelsen and others (2008) and Larsen and

others (2011).

The temperature elevation in all warming plots

compared to all non-warming plots for the period

July 2007–July 2010 during night-time in 20 cm

height was 1.3 and 0.6�C during summer (April–

August) and winter months (September–March),

respectively. In 5-cm soil depth, the corresponding

temperature increases were 0.7 and 0.3�C during

summer and winter, respectively. Across all times,

that is, daytime and night-time, the temperature

increases in 5-cm soil depth were 0.4 and 0.2�C
during summer and winter, respectively.

The drought periods, during the root scanning

measurements, were in 2009 from 18 May to 25

May and again 25 June to 13 July, excluding a total

of 38 mm of rain. In 2010, the drought was from 4

May to 3 June excluding 74 mm of rain. The

drought treatment was intended to be active until

soil water content got below 5 vol% water content

in the top 20 cm of the soil. Figure 1 shows the

climatic data at the site and effects of treatments on

soil temperature and soil water content from July

2007 to July 2010. See Figure 2 for an overview of

the experiment and sampling time.

Standing Fine Root Biomass

Roots were sampled under mixed Calluna and

Deschampsia vegetation in beginning of July 2007,

in each experimental plot giving a total of 48

samples. Soil was sampled down to 70-cm soil

depth with a soil auger of 6.5 cm in diameter and

divided into horizons: organic horizon (O-horizon

app. 2–5 cm thick), 0–5, 5–10, 10–30 and 30–70 cm

depth. Fine roots (<2 mm) were separated from

Figure 1. A–D Average precipitation (mm) and air temperature (�C) at the experimental site (A). B The mean temper-

ature difference (Delta T) in 5-cm soil depth for the warming minus non-warmed treatments (T, red line), drought minus

non-drought treatments (D, green), and TDCO2 minus the control treatment (TDCO2, black). Delta Soil Water Content

(SWC) in 0–20-cm soil depth (C) and 0–60-cm soil depth (D) showing the difference in SWC between warmed plots and

non-warmed treatments (T, red), elevated CO2 minus non-CO2 treatments (CO2, black), drought minus non-drought

treatments (D, dotted) and the difference between the control treatment and TDCO2 (TDCO2, green). Note different Y-axis

in SWC. Depicted in C and D are the experimental drought periods (the black vertical lines) (Color figure online).
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the soil in the laboratory by use of sieves (2 mm

mesh size) and hand picking of fine roots with

forceps and then washed carefully. The fine roots

were dried in the oven at approximately 60�C and

weighed to get the dry weight (DW).

Root Production from Ingrowth Cores

Net root production was estimated by ingrowth

cores covering about 8 cm depth from the surface.

In each experimental plot, one soil core was sam-

pled in patches of Calluna and Deschampsia,

respectively. The soil was sorted to remove roots

and was put into mesh bags with a diameter of 5 cm

and a mesh size of 1 mm, to capture the fine root

production. The soil was placed in the same original

order of depth, divided into O-horizon and 0–5 cm

depth, separated from each other by a small cloth

inside the bag. The 96 ingrowth cores were in-

stalled in the soil in January 2009 and retrieved in

June 2010, and the time span corresponds to the

study period of the minirhizotrons (see below).

Shorter ingrowth core studies from the site are re-

ported in Arndal and others (2013).

The fine roots were not separated into species,

as the majority of the roots belonged to the species

under which the ingrowth cores were placed.

However, there was some growth of grass roots in

the Calluna samples, while no ingrowth of Calluna

roots was seen in Deschampsia samples. The fine

roots were dried in the oven at approximately

60�C and weighed to get the biomass dry weight

(DW).

Root Length, Number and Seasonal Root
Production from Minirhizotrons

Root length and growth were determined from

image analysis of roots by 48 minirhizotrons (one

per plot) installed under mixed vegetation of

Calluna and Deschampsia. The minirhizotron tubes

(high-grade acrylic, 6.35 cm inner diameter, 1 m

long) were installed in an angle of 45 degrees in

pre-cored holes. The aboveground tube parts were

blackened with tape to prevent light from enter-

ing the tubes, and the tubes were insulated and

sealed between imaging periods to exclude mois-

ture and debris.

The image collection started in the summer of

2008, 1 year after installation, to allow time for

roots to establish around the tubes prior to start of

the measurements. The total standing root length

increased in all treatments during the two study

years, especially during the first year. The data

suggest that the roots around the minirhizotrons

had likely not reached equilibrium during the first

12 months of measurements. This corresponds to

Milchunas and others (2005) and Anderson and

others (2010), who reported equilibrium times of

up to 5 years. During the second year of the study,

the standing root length stabilized and we therefore

assume that the last year of measurement is the

most representative in terms of treatment effects.

Minirhizotron scans of 345� were taken to a

vertical depth of about 50 cm, and the root imaging

was done by using a CI-600 root scanner (CID,

Camas, Wash., USA), with colour pictures taken at

300 ppi. Images were collected every 2 weeks

during summer and every month during winter

from August 2008 to August 2009, and with

slightly larger intervals during the following 12

months ending in July 2010 (4 and 5 years after

start of treatments).

Due to poor contact between the tubes and the

soil/litter in the organic horizon and 0–5 cm soil

layer, information from the first subsample was

discarded, and only images from 8 cm below the

soil surface were analysed. As the minirhizotrons

did not adequately sample the O-horizon and the

Figure 2. The upper timeline shows the start of the project in October 2005 and the different root-samplings at the site up

until July 2010. The lower timeline shows the installation of the minirhizotrons and the 27 scannings starting in July 2008

and ending in July 2010.
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upper 5 cm soil layer due to poor visibility, the

upper 8 cm were therefore studied using data from

ingrowth cores. We acknowledge that ingrowth

cores represent a very different method, but it in-

forms about the relative differences in net root

production between the treatments in the upper

soil layers.

Due to the large number of roots, we analysed 14

subsamples (called windows in the analysis soft-

ware) down the soil profile, which were divided

into three depth increments (8–15, 15–25 and 25–

50 cm vertical depth) and analysed for treatment

effects. All subsamples were cut out from the same

location in all images, on the side of the tube, as the

roots were distributed unevenly around the tube.

This is in accordance with Iversen and others

(2012), who reported that the tube sides may be

the most representative of total tube colonization.

The images were later analysed with the free, open-

source software program Rootfly (Rootfly Version

1.8.35 Copyright � 2008 Clemson University). The

14 subsamples analysed had an image area of 78

cm2, which is approximately 10% of the tube area

that had been scanned.

At each sampling date, we determined the total

standing root length per tube by summing all root

lengths (mm) present in a window during a sam-

pling date. Growth was defined as new root length

that appeared as the result of either the growth of a

pre-existing root or the growth of a new root that

appeared in a window between sampling dates. The

output from Rootfly also provides root length and

diameter for each individual root observed during

the study, within the image area.

It was not possible to accurately estimate the

timing of root death due to lack of changes in root

colour or appearance, and we thus only looked at

relative differences of root turnover across treat-

ments. Root turnover was estimated as root turn-

over index: cumulative length growth over periods

of 1 year divided by total root length averaged

across periods for that year (Milchunas and others

2005). We only looked at turnover from the last

year of measurement, that is, from July 2009 to

July 2010.

In total, 17,860 images were digitized and 13,476

individual roots were followed and used for anal-

ysis of the treatment effects throughout 2 years,

that is, 27 sampling dates. Only fine roots below 1

mm were observed in the images during the study

period (data not shown).

As we were unable to distinguish among roots of

the two dominant species, Calluna and Deschampsia,

we considered the root system of the entire plant

community as a whole.

STATISTICAL METHODS

For the statistical analyses, we used full-factorial

analysis of variance including fixed effects of all the

two-level main factors drought (D), warming (T),

elevated CO2 (CO2) and their interactions (T 9 D,

T 9 CO2, D 9 CO2, T 9 D 9 CO2). This means,

for instance, that with a significant CO2 main ef-

fect, all treatments with CO2 (CO2, TCO2, DCO2,

TDCO2) are overall different from all treatments

with ambient CO2 (A, T, D, TD).

Fixed Effects

For root biomass, root net production from in-

growth cores, and root length and root number

measured at the last session in July 2010 (session

27), interactions between treatment factors and

sampling depth were included in the model, be-

cause treatments may vary with soil depth. Simi-

larly, the root production pattern over the 2009

season was analysed by including an interaction

term with sampling time in the model. The root

production pattern over the 2009 season was

modelled as a linear growth (judged reasonable

from plots) with a slope parameter depending on

the combination of treatment factors and possibly

depth.

For all outcomes where the main analysis was

stratified by depth, we also present results obtained

after summarizing data across all sampling depth in

order to be able to discuss the overall effect of the

treatment. Residual plots were visually inspected to

check that models assumptions were met. Data on

root production pattern were transformed by

square root prior to statistical analysis to obtain

homogeneity of variances.

Random Effects

Random effects were included in the models to

account for dependence structures related to the

hierarchical structure of the experimental design

with sample units organized in plots, within octa-

gons within blocks. For all analyses that were not

stratified on depth (or time), we included only a

random effect of octagon as inclusion of a block

effect did not improve the model fit. For analysis

stratified on depth (or time), we included only a

random effect of sampling unit (plot). The only

exception was the analysis of root net production

from ingrowth cores, where inclusion of nested

random effect of octagon and plot improved the

model fit.

The spatial dependence between observations

within the same sampling unit (plot) was modelled

20 M. F. Arndal and others



by an unrestricted covariance allowing for arbitrary

correlation and a different variance at each depth.

For the analysis of repeated measures over time for

root length (and root production), a spatial expo-

nential (and Gaussian) correlation structure over

time turned out to be reasonable. To account for

heterogeneity of variance, the variance was mod-

elled as a power function of sampling time. When

considering repeated measures of root length, over

time allowing for correlations between samples at

different depths did not appear to improve the fit of

the model. The choice of the random part of the

Table 1. P Values for Differences of Least Squares Means (LSmeans) for Main Effects and Pairwise Inter-
actions Averaged Over Combinations of the Three Climate Modification Factors

sample (soil depth) T (main effect) D (main effect) CO2 (main effect) T (T x CO2) CO2 (T x CO2) TCO2 (T x CO2) interac�on (T x CO2) D (D x CO2) CO2 (D x CO2) DCO2 (D x CO2) interac�on (D x CO2) T (T x D) D (T x D) TD (T x D) interac�on (T x D)
Ingrowth cores, g/m2
Ingrowth(total) >0.0001  >0.0001 0.0071 0.0031 >0.0001 0.0015 0.0029 0.0009 0.0067
Ingrowth(0-5) >0.0001  >0.0001 0.0327 0.0007 >0.0001 >0.0001 >0.0001 0.0256 0.0027
Ingrowth(Ohor) 0.0116 0.0475  0.0137 0.0032
Soil coring, g/m2
Root biomass(total) 0.0933 ↓ 0.0169↓ 0.0888      0.0978↓

)rohO(ssamoibtooR   0.0963   0.0441 0.0063↓
Root biomass(0-5) 0.0461↓ 0.0141↓      0.0902↓  0.0672↓
Root biomass(5-10)    0.083↓ 0.0575     
Root biomass(10-30)      0.0962
Root biomass(30-70)   0.0485  0.0672   0.098 0.0943  
Minirhizotrons
root number July 2010(total)   0.039  0.0466 0.0986  
root no. July 2010 (8-15cm) 0.0104↓  0.0333↓ 0.0287↓   0.0511↓
root no. July 2010 (15-25 cm)   0.0571 0.0264
root no. July 2010 (25-50cm)   0.0155  0.0803 0.023 0.0328 0.0442
root length July 2010(total)   0.0055   0.0344
root length July 2010(8-15cm) 0.0081↓  0.0104↓  0.0687↓ 0.0711 0.0119↓ 0.0499↓
root length July 2010(15-25cm)   0.007  0.0481
root length July 2010(25-50cm)   0.0074 0.0328 0.0199 0.0363 0.0324
root length 2009(total)   0.0007 0.0111 0.0452  0.0004 0.0279
root length 2009 (8-15 cm)  0.0052   0.0022 0.0372
root length 2009(15-25 cm)  0.0591 0.0366  0.0637  0.0044 0.0064
root length 2009(25-50cm)   0.0007 0.0186 0.0202 0.0244 0.0881      

Higher-order interactions between all three factors were not worth mentioning (all P>0.10) and are omitted.
Tests for main effects (light grey columns) are based on the difference between averages from the full-factorial design over all plots with and without applying the relevant
treatment. Main effects may be misleading and should not be considered in the presence of strong interactions. A significant interaction (dark grey columns) indicates that the
combined effect of applying both treatment factors are different from the result obtained by adding the marginal effect of solely applying each individual factor. Remaining
(white) columns indicate the effect of applying combinations of two treatment factors (averaged over the third factor) and may be of interest regardless of whether a significant
interaction is present. Consider for example the first row displaying the results regarding net root production from ingrowth cores aggregated over the upper soil layers: there are
no significant (pairwise) interactions but both warming and elevated CO2 lead to significantly increased root production. This is consistent with the next three white columns
indicating that plots exposed to one or both climate modifications shows an increased root production (averaged over plots exposed or non-exposed to drought). Arrows pointing
downwards indicate a negative effect (fl) of the treatment contrast. Significant treatment effects are marked in bold (P < 0.05).

Figure 3. A Total fine root biomass (g m-2 ±1 SE of the total, N = 6) from 2007, divided into different depth classes. The

treatments are elevated CO2 (CO2), warming (T) and drought (D), and their interactions (T 9 D, T 9 CO2, D 9 CO2,

T 9 D 9 CO2). B Visualization of the root biomass distribution in the control treatment (A).
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models was mainly based on the Akaike informa-

tion criterion (AIC), and if relevant confirmed by

inspection of semi-variograms for different corre-

lation structures.

Presentation and Interpretation of Results

Specifically for the analysis of root net production

from ingrowth cores, we did a likelihood ratio test

to confirm that there were no differences between

species (Calluna and Deschampsia). Consequently,

results are presented for the data obtained by

pooling the dry weight of roots for the two species.

The effects of the climate manipulations were

quantified as differences of least squares means. For

an easy overview, the direction and the P value for

relevant contrasts are presented in Table 1. We

have excluded the effect of the interaction between

all three factors (D 9 T 9 CO2) as this was not

statistically significant for any outcome considered.

Instead the table contains interactions between

pairs of treatment factors and main effects. Further,

for each pairwise interaction we present contrast to

the reference level (ambient) aggregated over the

two levels of the third factor. For further explana-

tion, we refer to the legend of Table 1.

For interpretation of the results in Table 1, we

emphasize that differences of lsmeans for main ef-

fects should only be considered in case of non-sig-

nificant interaction terms.

The statistical analyses were carried out using R

[ref: R: A Language and Environment for Statistical

Computing] (R Development Core Team 2011) and

SAS 9.4 (SAS Institute Inc 2003). Data are pre-

sented as means ± 1 SE and N = 6.

RESULTS

Root Standing Biomass and Root
Production: Insight from Soil Coring

The fine root biomass (<2 mm) sampled in July

2007 after 2 years of treatment was highest in the

0–5 cm depth in all treatments and decreased down

the profile (Figure 3A, B). Across treatments, the

fine root biomass was distributed with 17 % in 0-

horizon, 36 % in 0–5 cm, 19% in 5–10 cm, 17% in

10–30 and 11% in 30–70 cm. The total fine root

biomass from the O-horizon to 70 cm depth did not

show any treatment effects. In the organic horizon,

there was a negative interaction of warming and

drought (P = 0.0063), where the combination of

the two cancelled out increased fine root biomass.

Warming decreased the fine root biomass in 0–5-

cm soil depth (P = 0.0461). In the deepest soil layer

(30–70 cm), elevated CO2 increased the root bio-

mass by 57 % (P = 0.0485).

The ingrowth cores, in situ from 3.5 to 5 years of

treatment, were collected shortly after the drought

treatment ended in June 2010, after 5 years of

climate manipulations. Both warming and elevated

CO2 alone increased the net fine root production

across depths (P < 0.0001, see Figure 4), and the

effects were additive, that is, there was no signifi-

cant interaction between the two treatments.

When looking at the separate soil depths, warming

increased the production in O-horizon and in 0–5

cm (P = 0.0116 and P < 0.0001), whereas elevated

CO2 increased the net root production significantly

in 0–5 cm (P < 0.0001).

Root Production: Insight from
Minirhizotrons

Similar to the production data from ingrowth cores,

the minirhizotron fine root production data mea-

sured 27 times showed increased production under

elevated CO2 (Figure 5), whereas in contrast no

responses to warming were observed. There were,

however, tendencies (0.05 < P < 0.1) for drought

effects in the period from April to July 2009 (in

measurements 13–14, 15–16, 17–18 and 18–19).

The fine root production across all treatments fol-

lowed a seasonal pattern in 2009 with peaks during

the summer time. Elevated CO2 significantly in-

creased the fine root production from May to Au-

gust 2009 (in the intervals between measurement

15–16: P = 0.0108, 16–17: P = 0.0035, 18–19:

Figure 4. Mean net fine root production (g m-2 ±1 SE

of the total; N = 6). The root production was measured in

ingrowth bags covering 1.5 year (July 2008–January

2010) and is divided into an organic horizon (3–4 cm

thick) and 0–5-cm soil depth. The total production was

increased under elevated CO2 (P < 0.0001) and in

warming (P < 0.0001).

22 M. F. Arndal and others



P = 0.0194, 19–20: P = 0.0059). No treatment ef-

fects on the fine root production were observed in

2010 (January to June 2010, data not shown).

Root Length, Number of Roots and
Relative Turnover: Insights from
Minirhizotrons

The total standing root length increased in all

treatments during the two study years, especially

during the first year (Figure 6), and we therefore

assume that the last year of measurement is the

most representative in terms of treatment effects.

During the full year of 2009 (that is, across 12

measurement campaigns), the main treatment ef-

fect on root length was driven by elevated CO2,

which increased the total root length and root

length in soil depths 15–25 (+47 %) and 25–50 cm

(103%) (Table 1). There was also a significant

interaction between drought and elevated CO2,

mainly driven by a higher root length in the

treatment DCO2 in 8–15- and 15–25-cm soil depth,

and total.

At the last measurement in July 2010 (mea-

surement 27), after 5 years of treatment, elevated

CO2 had increased the root length throughout the

whole soil profile (+44%, P = 0.0055, Figure 7A,

B). The stimulation of root length by elevated CO2

was observed in 15–25 cm (+57%, P = 0.007) and

25–50 cm (+ 102%, P = 0.0074) (Table 1). In the

upper soil layer in 8–15-cm soil depth, warming

significantly reduced the root length compared to

the non-warmed treatments (P = 0.0081, Fig-

ure 8A, B).

Elevated CO2 increased the total number of roots

(P = 0.039) in all depths combined at the end of the

study by 39 % (Table 1). When looking at the three

depths increments, there was a decrease in the

number of roots in the upper most soil layer (8–15

cm, P = 0.0104) in response to warming. Elevated

CO2, however, increased the number of roots in

15–25-cm soil depth (P = 0.0571) and in 25–50 cm

(P = 0.0155).

Table 2 shows the number of roots for the second

year of observation across the whole soil profile.

The majority of the roots were below 0.40 mm in

Figure 6. Total standing fine root length (mm/tube im-

age area) of fine roots <1 mm from July 2008 through

July 2010 quantified with minirhizotrons in 8–50 cm

depth (the organic horizon and the upper 0–5 cm soil was

excluded). The analysed tube image area = 78 cm2,

which corresponds to c. 10% of the total tube area.

Figure 5. Average fine root length production (mm cm-2 day-1, N = 6) in 8–50-cm soil depth and standard errors (±1

SE) are shown for non-CO2 plots (A) and elevated CO2 plots (B), measured as mm growth of root length per day divided

by the area of the image. Though measures of production were associated with a large sampling error, significantly larger

increments were observed for CO2 enriched plots at various sampling points throughout the summer of 2009, marked

with *.
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diameter (not shown). However, due to low image

quality and pixel size, the very fine roots (<0.2

mm) may be underestimated or missed, especially

the very fine Calluna roots (Valenzuela-Estrada and

others 2008). Over the entire soil profile, the root

diameter was similar in all treatments across the 2

years (mean = 0.34, median = 0.32 max = 1.07

and min = 0.16). In 25–50 cm depth layer, warm-

ing increased the root diameter (P = 0.045) during

the last year of the study (Table 2). Warming also

caused increased root length of individual roots

(P = 0.025), although this effect was reduced in

combination with elevated CO2 (T 9 CO2,

P = 0.007). However, due to the above mentioned

biases, we only look at relative differences of root

diameter and root length across treatments. The

relative root turnover calculated across the whole

soil profile was 30 % higher in warmed plots dur-

Figure 8. A Displays the average root length (mm per analysed tube area) in different parts of the soil in ambient

temperature (8–15-, 15–25- and 25–50-cm soil depth). B The average root length in warming (8–15-, 15–25- and 25–50-

cm soil depth). The total shaded area shows the growth of the average root length for the whole soil profile (8–50-cm soil

depth). Different shading patterns partition the total root length into the contribution from each soil layer. The height of each

shaded area reflects the average root length from that particular soil depth. Root length in 8–15 cm depth was significantly

decreased (P = 0.0081) in plots with warming at the end of the study period.

Figure 7. A displays the average root length (mm per analysed tube area) in different parts of the soil in ambient CO2 (8–

15-, 15–25- and 25–50-cm soil depth). B The average fine root length under elevated CO2 (8–15-, 15–25- and 25–50-cm

soil depth). The total shaded area shows the growth of the average root length for the whole soil profile (8–50-cm soil

depth). Different shading patterns partition the total root length into the contribution from each soil layer. The height of each

shaded area reflects the average root length from that particular soil depth. At the end of the study significantly longer root

lengths in elevated CO2 plots were observed for the whole soil profile (P = 0.00055) and in the deep soil layers (P = 0.007/

0.0074 for medium/lower layer).
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ing the last year of the study, that is, from July

2009 to July 2010 (T: turnover = 0.08 y-1,

P = 0.050, Table 2).

DISCUSSION

We found that the responses on fine root length,

number and production were mainly driven by

elevated CO2, with smaller effects of warming and

drought. There have not been observed any long-

lasting effects on the aboveground biomass in nei-

ther Calluna nor Deschampsia, in any of the treat-

ments. Several different types of root research

methods overall gave similar responses to the cli-

mate treatments.

CO2 Response of Fine Roots

Total root biomass pool measured by soil coring and

total standing root length measured by minirhi-

zotrons were strongly stimulated by elevated CO2,

which is contrasting to the moderate effects of

elevated CO2 on aboveground plant biomass,

where only reproductive structures showed a sig-

nificant increase (Kongstad and others 2012). This

suggests that the extra carbon assimilated by pho-

tosynthesis (Albert and others 2011a; Albert and

others 2011b) was allocated primarily belowground

in response to elevated CO2 in this heathland

ecosystem. A similar allocation response was

found, for example, by Norby and others (2004) in

a sweet gum forest.

Elevated CO2 increased both the number and

length of roots by the end of our study, and the

greater standing root lengths were related to

greater number of roots under elevated CO2 rather

than longer individual roots, as also reported by

Milchunas and others (2005). The increase in root

length by 44 % measured in minirhizotrons cor-

responds to other studies in grasslands of +37%

increase (Volder and others 2007; LeCain and

others 2006), in steppe +52 % (Milchunas and

others 2005), and forest +23% (Pritchard and

others 2008).

Although the review from Iversen (2010) mainly

focused on forested ecosystems, where deeper

rooting is a common response to elevated CO2,

they also stated that rooting depth tends to be

shallower in grasslands under elevated CO2. How-

ever, we do see a change in rooting depth similar to

forests and suggest that this change is also taking

place in, mainly nutrient limited, grasslands. Ar-

none and others (2000) reviewed several grassland

studies and showed divergent effects of elevatedT
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CO2, but most of the studies only focused on

shallow depth or was only short term.

Elevated CO2 increased the total standing root

length, especially deeper in the soil profile. Root

length is often a better indicator of plant nutrient

status, and better reflects root activity, than root

biomass (Wilson 2014). Hence, the main reason for

deeper root distribution and increased root length

was probably increased resource demands and in-

creased C allocation to roots. Increased net root

production at the site did result in lower N con-

centrations in roots (Arndal and others 2014), and

higher C:N ratio in leaves (Albert and others

2011b), but the total root nitrogen pool was in-

creased under elevated CO2 (Arndal and others

2013). Hence, there were no strong signs of nitro-

gen limitation after 5 years of climate treatments,

which could be explained by the deeper root dis-

tribution.

Belowground C allocation through roots may

also stimulate microbial community and enhance

the rates of soil organic matter decomposition in

the rhizosphere (Kuzyakov and others 2007), a

process referred to as the ‘priming effect’. This was

seen in a grassland study, where labile soil C in-

creased under elevated CO2 and set off the loss of

older mineral-associated organic matter (Gill and

others 2002). Carbon flux measurements at our site

showed increased C efflux under elevated CO2

(Selsted and others 2012). If an ecosystem should

act as a C sink in the long run, the extra seques-

tered C needs to be incorporated in a carbon pool

with slow turnover, such as soil organic matter

(SOM) or wood (Adair and others 2009). If priming

occurs, this could result in old soil organic matter

being lost from the ecosystem while young organic

matter is being build up. However, it has to be

noted that the root and gas flux measurements are

not simultaneous and gas fluxes were representing

an early response after 2 years of treatment.

Several studies suggest that root litter is an

important source of carbon to the soil (Crow and

others 2009; Kramer and others 2010; Tefs and

Gleixner 2012, Chen and others 2016). Whether a

higher fraction of the extra root mass will enter the

recalcitrant pool of soil organic matter or whether

root stimulated changes in turnover rates of soil

organic matter will counterbalance the input,

might have great implications for the C balance.

Longer-term studies are needed to resolve these

questions and see if the changes in root distribution

are persistent. As the aboveground plant commu-

nity at CLIMAITE did not show any significant re-

sponses, and were relatively resistant to the climate

change on a short time scale, it is suggested that the

increased carbon assimilation was allocated

belowground and resulted in the observed changes

in root length and production.

Temperature Response

From the ingrowth cores, we observed that the net

root production increased in response to warming

in the top 8 cm of the soil. We hypothesized that

warming would increase root biomass and length,

but the opposite effect was seen in the minirhi-

zotrons in the upper part of the soil (8–15 cm)

where warming reduced the root length. The ele-

vated temperature induced an earlier onset of

growing season at the site (Albert and others

2011a), hence increased the water consumption

and reduced the water availability, net photosyn-

thesis and growth (Albert and others 2011a). This

could potentially reduce the absolute amount of C

allocated belowground and result in lower root

length in the warming treatment, as we observed

in the minirhizotrons in 8–15 cm. Increased min-

eralization rates at our experimental site have been

observed in response to warming alone (Andresen

and others 2010a), as well as increased rates of

denitrification and potential nitrification but with

no changes in belowground pools of N (Larsen and

others 2011). Still, the generally higher N turnover

in response to warming may explain the lower

total root lengths we observed in the warming

treatment in the upper soil layers studied by

minirhizotrons. As the soil nutrient availability

increases, the demand for C allocation to roots

decreases. In different tree species and in an alpine

meadow, warming and associated increased min-

eralization resulted in decreased fine root biomass

(Bai and others 2010) and increased fine root

turnover (Wan and others 2004; Wu and others

2014; Zhou and others 2011).

Warming had a positive effect on the fine root

diameter and fine root length of individual roots in

the deeper part of the soil (Table 2). This could be

due to an increasing dominance of Calluna roots

relatively to Deschampsia roots, as the latter has no

secondary growth once they have been formed and

therefore will not increase in diameter. It could also

be due to a change in the relative proportions of

first- and second-order roots compared to third-

and fourth-order roots (that is, the morphometric

system, see Fitter 1982), using root diameter as a

proxy for root order (Pilon and others 2013). This

would suggest an increase in longer-living roots

that act more as conduits. However, as we only

looked at small subsamples of the root system, we

cannot verify if a shift in root orders took place.
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A strategy for roots to cope with low soil mois-

ture is to explore deeper parts of the soil profile

(Reid and Renquist 1997), and as the warming

treatment decreases the soil water content

throughout the whole year (Figure 1C), this may

result in drought stress in the upper soil layer. This

is contrary to the drought treatment which de-

creases the SWC only when the drought treatment

is active.

Drought Response

The effects of drought manipulations are often very

complex and depend on the severity of the

drought, and hence plants subjected to moderate

drought are often similar in size to control plants

(Poorter and others 2012). In our study, the

drought treatment did not come out as a significant

main effect, probably as the drought was not severe

enough. However, the combination of drought and

elevated CO2 did increase both the fine root length

and production. This suggests that in this dry

heathland, elevated CO2 alleviated the drought

effect due to enhanced water use efficiency, as also

hypothesized. In contrast, the root biomass in the

O-horizon from July 2007 decreased when drought

and warming were combined. In fact, the lowest

soil water content in the summer of 2007 was ob-

served in this treatment combination (data not

shown). This is likely because warming stimulated

evapotranspiration and therefore decrease the soil

water content even further.

Relative Turnover

Nineteen per cent of all observed roots disappeared

at our site during the 2 years of study; hence, a

longer study period is probably needed to get a solid

estimate of root longevity, as also experienced by

Milchunas (2009).

The estimated root turnover rate of 0.04–0.08

across treatments suggests that less than 10% of the

root biomass is renewed every year. Mommer and

others (2015) also found root life spans greater

than 3 years in grassland communities, and root

length losses were 1–26% per year in all growing

seasons. Root life spans are longer in species from

low fertility habitats than in species form fertile

habitats (Van Der Krift and Berendse 2002). It

could be argued that our turnover rate should be

divided by 2 and hence be twice as high, as only

few roots are being produced during winter in the

dormant period, as suggested by (Eissenstat and

others 2013), (Turnover = 1/lifespan). As the

turnover is not measured from direct measure-

ments of lifespan, the calculation is biased by the

lack of disappearance of dead roots and absence of

the finest, ephemeral roots due to the image

quality. The root longevity includes decomposition

time (Pilon and others 2013; Johnson and others

2001), which overestimate the root longevity by

the time it takes to decompose a root (Ahrens and

others 2014). However, we discuss the turnover

results in regard to the relative treatment effects

and as such it can provide valuable information on

the responses of root dynamics to climate manip-

ulations.

Consistent with Gill and Jackson (2000), who

reported exponential increases in root turnover

with mean annual temperature for grassland fine

roots at a global scale, we also found that warming

increased the root turnover. Temperature has a

strong role in determining root turnover, through

its controls on root respiration and nitrogen min-

eralization, and further the onset of growing season

is often dependent on soil temperature in spring

(Gill and Jackson 2000). The growth potential

(Growing Degree Days, GDD) increased signifi-

cantly in the early spring with a 33% higher

accumulated GDD during the period from 1 April to

15 May 2006 in warming treatment (Mikkelsen

and others 2008). The longer growing season and

hence increased maintenance respiration in war-

mer soils might explain some of the observed

higher turnover in warming.

CONCLUSIONS

The results from our climate experiment including

individual and combined treatments of the most

relevant climate change factors, that is, elevated

CO2, warming and changes in precipitation pat-

terns confirmed our hypothesis that the additional

carbon capture in the plants caused by elevated

CO2 was primarily allocated belowground to in-

creased fine root growth. In the future, strong in-

creases of atmospheric CO2 will lead to increased

total standing fine root length, especially in deeper

soil layers, irrespective of warming and drought.

This change in carbon allocation to fine roots may

have great impact on the overall ecosystem carbon

balance, and must therefore be considered in

modelling of future ecosystem responses to climate

change.

As no treatment effects have been observed in

aboveground plant biomass at the site, although we

observed increased allocation belowground, the

ecosystem may be in a transition period, where the

greater exploitation of deeper soil layers is primar-

ily a response to limited nutrients and water. The

increased ability to take up nutrients caused by the
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higher fine root exploration of especially deeper

soil layers may over longer time scales, than cap-

tured in our study, results in larger nutrient allo-

cation to the aboveground biomass and therefore

potentially to changes in species composition at a

later stage. This highlights the need for long-term

experiments in ecology.

There were several interactive effects of elevated

CO2 and ecosystem warming and drought on fine

roots, potentially mediated by changes in soil water

content. Nutrient availability may play a role, but

this requires further study. In addition, the effect of

elevated CO2 on fine root biomass, activity and

turnover may alter below ground C storage, and its

interactions with the rhizosphere processes and soil

C decomposition rates.
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