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Abstract

Key message Distinct differences in pioneer and fibrous

roots acclimation to climate warming.

Abstract This study was conducted to determine whether

belowground parts of plants at different planting density

differ in their responses to elevated temperature (ET). We

investigated plant growth, pioneer and fibrous roots

growth, root nonstructural carbohydrates, and root colo-

nization of Abies faxoniana seedlings grown in environ-

ment-controlled chambers with two different planting

densities. Warming has more pronounced positive effects

at low density. Although ET did not affect total root bio-

mass, fibrous roots biomass increased under ET at low

planting density while pioneer roots biomass was unaf-

fected by ET, indicating that this species may maintain the

main framework of the root system with a high capability

for water and N absorption under ET. ET increased root

nonstructural carbohydrates concentration and ectomycor-

rhiza colonization in fibrous roots. Increased root non-

structural carbohydrates in response to ET might be

associated with the increased roots ectomycorrhizal infec-

tion under ET. The present study provided experimental

evidence of distinct differences in pioneer and fibrous roots

acclimation to climate change.

Keywords Colonization � Competition � Pioneer and

fibrous roots � Root partitioning � Nonstructural

carbohydrates

Introduction

Considerable attention has been paid to assessing the

effects of climate change on aboveground plant parts in the

past decades (Körner 2000; van Wijk et al. 2004; Day et al.

2008; Way and Oren 2010; Dawes et al. 2011). However,

relatively little attention has been given to the belowground

parts (Olsrud et al. 2010), particularly under competition

conditions (Zhang et al. 2008; Hagiwara et al. 2010;

Toillon et al. 2013). On the other hand, in woody plants,

roots are normally classified into two distinct types: fibrous

and pioneer roots (Polverigiani et al. 2011; Zadworny and

Eissenstat 2011). Pioneer roots are mainly exploratory

roots whereas fibrous roots are for water and nutrient

absorption (Xia et al. 2010; Polverigiani et al. 2011; Zad-

worny and Eissenstat 2011). Despite the different functions

of these two root types, there are very limited studies that

analyze the ecophysiological responses of pioneer and

fibrous roots to climate change.

Root nonstructural carbohydrates could play the role as

root exudates that provide energy to the fungus (Lewis

et al. 1994; Kobe et al. 2010). It has been suggested that

carbon allocation to roots might result in enhanced myc-

orrhizal colonization under elevated CO2 (Staddon et al.

2002; Kobe et al. 2010; Keel et al. 2012). However, studies
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of the effects of climate change on mycorrhizae are often

short term, which do not reflect long-term trends (Staddon

et al. 2003; Clemmensen et al. 2006; Ferguson and Nowak

2011). Furthermore, less is known about the effects of

density on plant growth under climate warming.

Abies faxoniana (Rehd. et Wils.), an evergreen alpine

and subalpine endemic woody plant species, is widely

distributed in the Sichuan and Gansu provinces, Southwest

China. It plays a very important role in preventing soil

erosion, and in retaining ecological stability. Although A.

faxoniana is an important forest tree species in China, its

belowground responses to elevated temperature over longer

time remain largely unknown. Moreover, little is known

how warming influences this species at different planting

densities. In our study, we examined the effects of long-

term exposure to elevated temperature on belowground

response in terms of plant growth, pioneer and fibrous roots

growth, root nonstructural carbohydrates, and ectomycor-

rhizal infection in A. faxoniana at different planting den-

sities. The objective of this study was to investigate the

effects of warming and planting densities on belowground

responses of A. faxoniana seedlings. We expect that there

would be differences in these two types of root responses to

elevated temperature. We hypothesized that positive tem-

perature effects on plant growth would result in greater

demand for N, thus eventually resulting in increased non-

structural carbohydrates accumulation and root coloniza-

tion for N uptake and assimilation.

Materials and methods

Growth chambers and seedlings

The experiments were carried out in fumigation chambers

at the Maoxian Ecological Station (31�4100700N,

103�5305800E, and altitude 1820 m) in Southwest China.

Individuals of A. faxoniana, preselected for uniform height,

were planted into 12 boxes (100 9 100 9 50 cm) filled

with sieved surface sandy soil taken from a 30-year-old

natural A. faxoniana: forest and moved to growth chambers

and grown under a controlled environment. Half of the

boxes had a density of two individuals per box (low den-

sity) and the other half had four individuals per box (high

density). The seedlings were irrigated to keep the soil water

content at 30–35%, as logged by a computer, which was an

approximation of the optimal water content. The computer-

controlled temperature system enabled the temperature to

be adjusted automatically inside the chambers to ensure the

ambient condition, or to achieve a rise in temperature. The

treatments were started on 23 March 2011, and ended in

September 2014. The raised air temperature was within

1.5–2.5 �C for 80% (ET chambers) of the exposure time.

The mesocosms were then placed into six fumigation

chambers. Each chamber contained two mesocosms in

total. The two different temperature treatments were

assigned at random to the different chambers (three

chambers for each temperature). The experiment thus

consisted of a factorial design of two growth patterns and

two temperate levels, resulting in four treatments, repli-

cated thrice.

Growth analysis

For each treatment, plants were randomly selected and

harvested at the end of the experiment. Fibrous roots were

distinguished qualitatively from pioneer roots based on

their relative diameters (pioneer roots, range 0.7–1 mm,

fibrous roots range 0.4–0.6 mm). All roots analyzed in the

experiment were first or second order (Polverigiani et al.

2011; Zadworny and Eissenstat 2011). Biomass samples

were dried (70 �C, 48 h) to constant weight and weighed.

Scanned individual roots were then dried and weighed.

Images of individual roots were analyzed for length and

diameter using WINRHIZO software (Regent Instruments

Inc., Quebec, Canada).

Carbon, nitrogen analysis

Pioneer roots fibrous roots were analyzed for carbon

(C) and nitrogen (N). Dried samples were ground to a fine

powder and passed through a mesh (pore diameter ca.

275 lm). The C and N concentrations in each tissue were

determined by flash combustion using a Carlo-Erba EA

1108 analyzer.

Total soluble sugars and starch determination

Fine roots were heated at 70 �C for 48 h to constant

weight. The dry tissues were incubated in 80% (w/v)

ethanol at 70 �C for 30 min and centrifuged at 50009g for

10 min. Total soluble sugar and starch were estimated by

the sulfuric acid assay using 0.2% anthrone in concentrated

H2SO4 as reagent. The tubes were then placed in boiling

water for 15 min, cooled, and the absorbance read at

625 nm according to Yemm and Willis (1954). Both sol-

uble sugar and starch were calibrated using glucose as

standard.

Ectomycorrhizal infection

The ectomycorrhizal colonization was estimated by

counting the total number of ectomycorrhizal tips per

seedling and by calculating percentage of ectomycorrhizal

root tips per seedling (Dehlin et al. 2004).
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Statistical analyses

All measurements were tested by a two-way ANOVA for

the effects of temperature and planting density. Before

ANOVA, data were checked for normality and the homo-

geneity of variances, and log-transformed to correct devi-

ations from these assumptions, when needed. The analyses

were performed with the general linear ANOVA model

(GLM) procedure of SPSS 11.0 (SPSS Inc., Chicago, IL,

USA). Post hoc comparisons were tested using the Tukey’s

test at a significance level of P\ 0.05.

Results

Total biomass, root biomass, pioneer and fibrous

roots biomass

Elevated temperature (ET) increased total biomass and

shoot biomass at both planting densities, but this increase

was less pronounced at high planting density (Fig. 1a, c).

The ET treatment did not affect total root biomass

(Fig. 1b). The ET treatment decreased root/shoot ratio at

both planting densities (Fig. 1d). The ET treatments did not

affect pioneer roots biomass but increased fibrous roots

biomass at low planting density (Fig. 1e, f). Compared to

fibrous roots, pioneer roots had higher biomass across all

treatments (Fig. 1e, f).

Pioneer and fibrous root N and C/N ratio

The ET treatments did not significantly change pioneer and

fibrous roots N at both planting densities (Fig. 2a, c).

Fibrous root C/N ratio decreased under ET at both planting

densities while pioneer root C/N ratio was unaffected by

ET (Fig. 2b, d).

Root sugars and ectomycorrhizal colonization

The ET treatment significantly increased fibrous soluble

sugars at high planting density (Fig. 3a). By contrast, the

ET treatment had no significant effect on these parameters

in pioneer when compared with control seedlings (Fig. 3b).

Compared to fibrous roots, pioneer roots had higher roots

sugars across all treatments (Fig. 3a, b). No responses of

ectomycorrhizal colonization to ET were observed in pio-

neer roots (Fig. 4b). Ectomycorrhizal colonization in

fibrous roots was significantly increased under ET at high

planting density (Fig. 4a). Compared to fibrous roots,

Fig. 1 The effects of elevated air temperature on plant growth of A.

faxoniana seedlings under low- and high-density treatments. The

values not sharing the same letters are significantly different

(P\ 0.05) according to Tukey’s test. The values are mean ± SE,

n = 5

Fig. 2 The effects of elevated air temperature on pioneer and fibrous

roots C, N and C/N ratio of A. faxoniana seedlings under low- and

high-density treatments. The values not sharing the same letters are

significantly different (P\ 0.05) according to Tukey’s test. The

values are mean ± SE, n = 4
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pioneer roots had little root ectomycorrhizal colonization

across all treatments (Fig. 4a, b).

Discussion

We found that plant biomass responses to elevated tem-

perature (ET) depended on whether plants were grown at

low planting density or high planting density. Total bio-

mass and shoot biomass increased with increasing tem-

peratures at both planting densities. However, the increases

were less pronounced for A. faxoniana at high planting

density, indicating competitive repressive effects on the

growth (Benomar et al. 2012). Our study demonstrates that

high planting density decreased the temperature-induced

total biomass enhancement of seedlings. Nevertheless,

there were no differences in aboveground parts (shoot

biomass) when subjected to ET at low and high density,

indicating high planting density effects being stronger on

belowground parts than on aboveground parts. At the same

time, A. faxoniana increased biomass allocated to shoot

growth but decreased biomass allocated to root growth

when exposed to ET, which feeds back to faster growth.

Although warming increased fibrous roots biomass at low

planting density, warming decreased root/shoot ratio at

both planting densities, predisposing seedlings to water

deficit as less soil water can be taken up. This effect would

be more severe in warmer climate with increased

evapotranspiration.

Belowground, ET did not affect total root biomass at

either planting density. Our results are different from those

reported for coniferous species (Tingey et al. 2000). On the

other hand, it has been reported that pioneer roots are

mainly for nutrient acquisition, while fibrous roots serve a

role in water and nutrient absorption (Polverigiani et al.

2011). Meanwhile, our results showed that pioneer roots

were unaffected but fibrous roots increased under ET at

low plant density, indicating that pioneer roots showed less

growth plasticity in response to warming. This may enable

plants to maintain the main framework of the root system

with a high capability for water and N absorption (Xia et al.

2010; Polverigiani et al. 2011; Zadworny and Eissenstat

2011). In our study, we found that pioneer roots and fibrous

roots N concentrations were maintained in response to ET.

The maintenance of root N could have resulted from the

increase in soil N mineralization and availability under

warming conditions (Lukac et al. 2010) through increased

ectomycorrhizal colonization in fibrous roots. The corre-

sponding decrease in fibrous root C/N ratio under ET may

indicate that the turnover rate of fibrous roots increases

under ET (Withington et al. 2006; Terzaghi et al. 2013)

and, consequently, the fibrous roots life-span decreases. By

contrast, ET did not change C/N ratios in pioneer roots,

which means that turnover rate of pioneer roots was

unaffected by ET. The high turnover rate under ET con-

ditions probably reflects the higher physiological activity in

fibrous roots compared with pioneer roots.

In our study, pioneer roots had higher nonstructural

carbohydrate than those in fibrous roots, suggesting that the

pioneer root system has an important role in photosynthate

storage (Norby et al. 1999; Zadworny and Eissenstat 2011).

The increased nonstructural carbohydrate could also be

mobilized to support mycorrhizae (Kobe et al. 2010). In

our study, increased ectomycorrhizal colonization in

fibrous roots under ET at high planting density is consistent

with this mechanism. The increased requirements for

Fig. 3 The effects of elevated air temperature on pioneer and fibrous

roots starch and soluble sugars of A. faxoniana seedlings at low- and

high-density treatments. The values not sharing the same letters are

significantly different (P\ 0.05) according to Tukey’s test. The

values are mean ± SE, n = 4

Fig. 4 The effects of elevated air temperature on pioneer and fibrous

roots ectomycorrhiza colonization of A. faxoniana seedlings at low-

and high-density treatments. The values not sharing the same letters

are significantly different (P\ 0.05) according to Tukey’s test. The

values are mean ± SE, n = 4
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nutrients at high planting density may stimulate below-

ground C partitioning towards ectomycorrhizal growth, to

compensate for the leaf N requirements for growth in A.

faxoniana under ET. Moreover, we found that ectomyc-

orrhizal colonization is less in pioneer roots than in fibrous

roots as previously proposed (Polverigiani et al. 2011).

Root traits may change with age (Wells and Eissenstat

2003; Zadworny and Eissenstat 2011). This suggests that

studies in contrasting fibrous with pioneer roots can be

influenced by root age. We assumed that similarity age

among fibrous and pioneer roots as fibrous and pioneer

roots samples evaluated arose only from first or second

order. In our study, the effects of soil depth on roots have

not been quantified. However, all roots analyzed in the

experiment were first or second order to minimize the

influence due to root position within the experiment boxes.

Further, whole root systems in our study were exposed to

spatially uniform soil root temperature. We found that

fibrous roots responded more strongly than pioneer roots as

indicated by more enhancements in biomass. This may

enable plants under elevated temperature conditions to

have high capability for exploration nutrient resources.

Moreover, visual inspections of all root systems at harvest

time showed that the plants enhanced lateral root formation

under warming conditions, which is especially important

for phosphate acquisition (Zhu et al. 2006). It has been

reported that soil temperature affects phytohormone pro-

duction (Veselova et al. 2005), which in turn affects plants

growth (Koevoets et al. 2016). Further research on this

topic is required to provide more insight into how changes

in hormone metabolism are involved in the different

growth plasticity between pioneer roots and fibrous roots in

response to warming.

In conclusion, the long-term exposure of A. faxoniana

seedlings to warming experiment showed that the total

plant biomass was increased under ET, and this increase

was less pronounced at high planting density, demonstrat-

ing that plant–plant competition may mitigate the effects of

climate warming. Belowground, ET did not affect total root

biomass, regardless of planting density. Fibrous roots

biomass was increased by ET at low planting density, while

pioneer root biomass was unaffected by ET under both

planting densities. ET also resulted in significantly higher

nonstructural carbohydrate in fibrous roots. Increased

fibrous roots nonstructural carbohydrate in response to ET

might be associated with the increased fibrous roots ecto-

mycorrhizal infection under ET. The present study pro-

vided experimental evidence of distinct differences in

pioneer and fibrous roots acclimation to climate warming.

Author contribution statement YL contributed to all

the experimental process, conducting the experiment,

dealing with the data and writing the paper. YZ, SL and SP

mainly contributed to the experimental process. BD

supervised the research work and revised the manuscript.

Acknowledgements This work was supported by the National Nat-

ural Science Foundation of China (Nos. 31270649, 3137070605).

Compliance with ethical standards

Conflict of interest All authors have read and approved the final

manuscript and have no conflicts of interest with regard to this

research or its funding.

References

Benomar L, DesRochers A, Larocque G (2012) The effects of spacing

on growth, morphology and biomass production and allocation

in two hybrid poplar clones growing in the boreal region of

Canada. Trees Struct Funct 26:939–949

Clemmensen KE, Michelsen A, Jonasson S, Shaver GR (2006)

Mycorrhizas and global Increased ectomycorrhizal fungal abun-

dance after long-term fertilization and warming of two arctic

tundra ecosystems. New Phytol 171:391–404

Dawes MA, Hättenschwiler S, Bebi P, Hagedorn F, Handa IT, Körner

C, Rixen C (2011) Species-specific tree growth responses to nine

years of CO2 enrichment at the alpine treeline. J Ecol

99:383–394

Day TA, Christopher T, Ruhland CT, Sheng FU, Xiong S (2008)

Warming increases aboveground plant biomass and C stocks

invascular-plant-dominated Antarctic tundra. Global Change

Biol 14:1827–1843

Dehlin H, Nilsson MC, Wardle DA, Shevtsova A (2004) Effects of

shading and humus fertility on growth, competition, and

ectomycorrhizal colonization of boreal forest tree seedlings.

Can J Forest Res 34:2573–2586

Ferguson SD, Nowak RS (2011) Transitory effects of elevated

atmospheric CO2 on fine root dynamics in an arid ecosystem do

not increase long-term soil carbon input from fine root litter.

New Phytol 190:953–967

Hagiwara Y, Kachi N, Suzuki JI (2010) Effects of temporal

heterogeneity of water supply on the growth of Perilla frutescens

depend on plant density. Ann Bot 106:173–181

Keel SG, Campbell CD, Hogberg MN, Richter A, Wild B, Zhou X,

Hurry V, Linder S, Nasholm T, Hogberg P (2012) Allocation of

carbon to fine root compounds and their residence times in a

boreal forest depend on root size class and season. New Phytol

194:972–981

Kobe RK, Iyer M, Walters MB (2010) Optimal partitioning theory

revisited: nonstructural carbohydrates dominate root mass

responses to nitrogen. Ecol 91:166–179

Koevoets IT, Venema JH, Elzenga JTM, Testerink C (2016) Roots

withstanding their environment: exploiting root system archi-

tecture responses to abiotic stress to improve crop tolerance.

Front Plant Sci 7:1335

Körner Ch (2000) Biosphere responses to CO2 enrichment. Ecol Appl

10:1590–1619

Lewis JD, Thomas RB, Strain BR (1994) Effect of elevated CO2 on

mycorrhizal colonization of loblolly pine (Pinus taeda L.)

seedlings. Plant Soil 165:81–88

Lukac M, Calfapietra C, Lagomarsino A, Loreto F (2010) Global

climate change and tree nutrition: effects of elevated CO2 and

temperature. Tree Physiol 30:1209–1220

Norby RJ, Wullschleger SD, Gunderson CA, Johnson DW, Ceule-

mans R (1999) Tree responses to rising CO2 in field experiments:

implications for the future forest. Plant Cell Environ 22:683–714

Acta Physiol Plant (2017) 39:88 Page 5 of 6 88

123



Olsrud M, Carlsson BA, Svensson BM, Michelsen A, Melillo JM

(2010) Responses of fungal root colonization, plant cover and

leaf nutrients to long-term exposure to elevated atmospheric CO2

and warming in a subarctic birch forest understory. Glob Change

Biol 16:1820–1829

Polverigiani S, McCormack ML, Mueller CW, Eissenstat DM (2011)

Growth and physiology of olive pioneer and fibrous roots

exposed to soil moisture deficits. Tree Physiol 31:1228–1237

Staddon PL, Heinemeyer A, Fitter AH (2002) Mycorrhizas and global

environmental change: research at different scales. Plant Soil

244:253–261

Staddon PL, Thompson K, Jakobsen I, Grime JP, Askew AP, Fitter

AH (2003) Mycorrhizal fungal abundance is affected by long-

term climatic manipulations in the field. Global Change Biol

9:186–194

Terzaghi M, Montagnoli A, Di Iorio A, Scippa GS, Chiatante D

(2013) Fine-root carbon and nitrogen concentration of European

beech (Fagus sylvatica L.) in Italy Prealps: possible implications

of coppice conversion to high forest. Front Plant Sci 4:1–8

Tingey DT, Phillips DL, Johnson MG (2000) Elevated CO2 and

conifer roots: effects on growth, life span and turnover. New

Phytol 147:87–103
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