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ABSTRACT

Mycorrhizal symbiosis between plant roots and mycorrhizal fungi are almost ubiquitous. These interac-
tions contribute a largely to soil autotrophic respiration (R,), influence soil heterotrophic respiration (Ry)
and respond strongly to such climatic changes as temperature and precipitation. The aim of the present
study was to explore how variation of temperature and precipitation influence R, and Ry in global forest
ecosystems that are classified by the mycorrhizal type of the dominant plants. The results show slight
variation for R, and significant change for Ry among different mycorrhizal strategy types. In forests with
predominating arbuscular mycorrhiza (AM) the R, and Ry are trifling higher than in non-AM type fo-
rests. The responses of R, and Ry to temperature and precipitation were highly variable among differ-
ent mycorrhizal strategies. For example, the changes of R, and Ry are more dependent on precipitation
than temperature in AM-forest, and temperature accounted more for their variations in forests of the
other three mycorrhizal types. As far as we know, this study was the first to evaluate the influence of
different mycorrhizal strategies on forest R, and Ry and their response to temperature and precipitation.

Key words: soil autotrophic respiration, soil heterotrophic respiration, mycorrhizal strategy, tempera-
ture, precipitation.

Forests, as the main body of the terrestri-
al ecosystem, store vast amounts of carbon
both above- and below-ground [Dixon, 1994]
and they constitute a vital sink for atmosphe-
ric CO, on a global scale [IPCC, 2001]. After
photosynthesis, soil respiration (R) accounts for
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the second largest carbon (C) flux in most eco-
systems — 60—90 % of the total ecosystem res-
piration [Longdoz et al, 2000]. Forest soil res-
piration arising from root activity and the as-
sociated mycorrhizal fungi (belowground auto-
trophic respiration, R,) and of heterotrophic
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respiration (Ry) [Hanson et al, 2000; Subke et
al., 2006] is the primary pathway by which
plant-fixed carbon dioxide (CO,) is released
back into the atmosphere [Gaumont-Guay et
al., 2009]. Because of the large annual carbon
fluxes between forest ecosystems and the at-
mosphere [Bonan, 2008], these ecosystems are
likely to influence the global carbon balance in
response to the projected climate change [Sava-
ge, 2008]. The realization that soils are a possible
source of atmospheric CO,, together with the
continuous increase in atmospheric CO, concent-
rations, has lead to enormous interest from
numerous ecologists [Gaumont-Guay et al,
2009; Bond-Lamberty, Thomson 2010; Raich
et al, 2002]. Soil respiration (R), as the most
uncertain component of many climate change
models [Jones et al, 2003], is influenced by
many factors, e. g., temperature and precipi-
tation [Reichstein et al., 2003; Luo, 2006; Shi
et al.,, 2003].

Mycorrhizal fungi play crucial roles in the
regulation of terrestrial CO, fluxes [Zhu, Mil-
ler, 2003]; these fungi are obligate symbionts
that form mutualistic relationships with plant
roots known as a mycorrhiza. In terrestrial eco-
systems, symbiotic associations between plant
roots and mycorrhizal fungi are nearly ubiqui-
tous, with 90 % of all plant species forming
mycorrhizae [Smith, Read, 2008]. Indeed, the
prevalence of these relationships has led to the
assertion that the majority of plants, strictly
speaking, do not have roots; they have mycor-
rhizae. Mycorrhizal fungi receive carbon from
their host plants in exchange for nutrient trans-
fer to the roots, which benefits plant growth.
Previous studies have demonstrated the role
of mycorrhizae in regulating root respiration
[Shi et al., 2003; Burton et al, 2002; Hughes
et al,, 2008] and soil respiration [Langley et al,
2005; Heinemeyer et al, 2007; Moyano et al,,
2008; Vargas, Allen, 2008]. Hughes et al. point-
ed out that mycorrhizal symbiosis is vital for
the accurate prediction of future rates of CO,
release from plants and soils [Hughes et al,
2008]. Further, they emphasized that the ac-
curacy of current C cycle and climate models
are very poor and restricted without mycor-
rhizal data.

Previous studies have shown that respira-
tory CO, release from mycorrhizae might be
greater than from non-mycorrhizal roots [Va-
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lentine, Kleinert, 2007; Nottingham et al., 2010],
and that mycorrhizae largely contribute to soil
respiration [Hogberg et al.,, 2001]. Furthermore,
Vargas et al. have also demonstrated that eco-
system CO, fluxes of different mycorrhizal strat-
egy-dominated forest types are differentially
influenced by precipitation and temperature
[Vargas et al, 2010]. Shi et al. confirmed that
forest Rs presented varied responses to chang-
es of temperature and precipitation under dif-
ferent mycorrhizal strategies [Shi et al,, 2012].

Many studies have focused on how temper-
ature and precipitation influence R, and Ry
at large, even global scales [Boone et al, 1998;
Wang et al, 2010]. These studies have focused
on the categorical classifications by forest type
(e. g., evergreen forests and deciduous forests;
conifer forests and deciduous forests) [Wang
et al, 2010; Luyssaert et al, 2007] or biome
(e. g., boreal, temperature and tropical) [Bond-
Lamberty, Thomson, 2010] but have ignored
the potential role of the belowground interac-
tions and feedbacks that may influence the R,
and Ry. Consequently, it remained unclear
whether environmental factors influence R, and
Ry differently in vegetation types dominated
by different mycorrhizal plants across large
geographical distances. The failure to examine
properly the role of colonization in determin-
ing root respiration means that the current in-
terpretations of the root and soil respiration
data might be flawed [Hughes et al., 2008].

In this study we used a recently compiled
global forest R, database [Wang et al,, 2010] to
investigate the dependency of the forest R,
and Ry on temperature and precipitation. With
the help of this data we classified the study
sites by the mycorrhizal strategy of their domi-
nant plants. We expect that classifying those
sites according to their dominant mycorrhizal
strategy will provide a new insight into how to
incorporate other belowground factors into glo-
bal climate research.

The aim of this study was to improve the
understanding of the functional role of mycor-
rhizal associations in forest R, and Ry. We hy-
pothesize that temperature and precipitation
may differentially regulate R, and Ry in dif-
ferent mycorrhizal strategy-dominated systems.
We expect that patterns may emerge across
large geographical distances in forests domi-
nated by different mycorrhizal strategies.



MATERIAL AND METHODS
Data sets

This work is based on a global forest R da-
tabase developed by Wang et al. [2010], which
included forest R, R,, Ry, mean annual tem-
perature (MAT) and mean annual precipita-
tion (MAP). Further, the dominating forest
species were matched with above parameters
according to corresponding references. The
mycorrhizal strategies of each species were
ascertained and classified according to publish-
ed literature [Smith, Read, 2008; Wang, Qiu,
2006]. When tree species were reported to as-
sociate with more than one mycorrhizal type,
they were classified as an A mycorrhizal type
+ B mycorrhizal type combination. For examp-
le, a tree was classified as an arbuscular my-
corrhiza (AM) + ectomycorrhiza (ECM) combi-
nation when it was reported to associate with
both AM and ECM mycorrhizal fungi. The my-
corrhizal strategies of 105 R, and Ry with
their corresponding MAT and MAP were used
in this study, including the following 4 mycor-
rhizal strategies: 1) AM (16), 2) AM + ECM (16),
3) ECM (63), and 4) ECM + EEM (10).

Data analysis

At the global scale, the R, are linearly cor-
related with the MAT and MAP [Raich et al,
2002; Shi et al., 2012; Wang et al., 2010]. We
also analyzed the data using linear regression
to characterize the responses of the R, and
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Ry to the MAT and MAP under different my-
corrhizal strategies with the SPSS software
package version 13.0 (SPSS, Chicago, IL). We
calculated respectively path coefficients of
MAT and MAP to R, and Ry because change
of MAT is usually correlated with MAP.

RESULTS AND DISCUSSION

Analysis of variance revealed that there we-
re not significant differences in R, as it sho-
wed practically no difference among different
mycorrhizal strategy types (Fig. 1). R, in AM +
+ ECM dominated forest was highest with
497 g C m 2 yr"!, which was negligibly higher than
in other three mycorrhizal dominated forests:
AM (412gCm2yr!), ECM (390 gCm 2 yr'}),
and ECM + EEM (397 g C m™2 yr!). However,
Ry exhibited marked differences among dif-
ferent mycorrhizal dominated forests. Ry in
ECM dominated forest with 409 g C m™2 yr™!
was significantly lower than in AM and AM +
+ ECM dominated forests with 537 g C m > yr™*
and 539 g C m™2 yr !, respectively. The R, and
Ry in forests with AM domination (AM and
AM+ECM) were somewhat higher than in non-
AM type forests (ECM and ECM + EEM), al-
though significant differences were only ob-
served for Ry.

The responses of R, and Ry to change of
MAT were varied in different mycorrhizal do-
minated forests (Fig. 2). When all of the four
forest types were considered, the R, and Ry
increased significantly with increasing MAT
except for ECM + EEM dominated forest. In
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Fig. 1. Soil autotrophic (R,) and heterotrophic respiration (Ry) under different mycorrhizal strategy-domi

AM - arbuscular mycorrhizas; AM + ECM — arbuscular and ecto- mycorrhizas; ECM — ectomycorrhizas; ECM +
+ EEM — ecto- and ectendo- mycorrhiza; letters a and b above each bar mean the significant difference at the level
of 5 % among different mycorrhizal types
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Fig. 2. The responses of soil autotrophic (A) and heterotrophic (O) respiration of forests under different
mycorrhizal strategies to change of mean annual temperature. y, (broken line) and yy (solid line) mean
the regression of soil autotrophic and heterotrophic respiration, respectively.
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AM-type forest, the linear regression between
R, and MAT was not significant. However, the
Ry enhanced significantly with the increase
of MAT. The 26.93 % of Ry variation was
explained by variation of MAT. Regarding
AM+ECM forest, the responses of R, and Ry
to change of MAT were contrary to those in
AM forest. MAT influenced markedly the R,
and accounted for 55.52 % of its variation. The
effects of MAT on R, and Ry were similar in
ECM dominated forest. They increased with the
similar rising rate significantly with the hoist
of MAT. The variation of MAT explained 8.73 %
and 2741 % of R, and Ry variation, respec-
tively. As for the ECM + EEM forest, no sig-
nificant linear relationships was observed bet-
ween MAT and either R, or Ry.

As far as the responses of R, and Ry to
change of MAP were concerned among all four
mycorrhizal-type forests, the R, only respond-
ed linearly to the MAP in AM + ECM dominat-
ed forest, and it explained 47,48 % (p = 0.003)
of the variation of R, (Fig. 3). The significant
response of Ry to change of MAP was also
only observed in ECM-type forest (R*= 0.2772
p < 0.001) in all mycorrhizal-type forest.

The changes of MAT and MAP are usually
correlative during climate changes. The path
analysis was employed to calculate the direct
and indirect influence of MAT and MAP on
R, and Ry, respectively (Table 1, 2). For AM-
dominated forest, R, was more influenced by
MAP with 0.4576 direct and 0.2813 indirect path
coefficients, respectively (Table 1). In contrast,
MAT more accounted for variation of R, than
MAP in ECM-type forest. In AM + ECM and
ECM+ EEM dominated forests, the direct co-
efficients were higher than indirect ones. When
the Ry was considered in AM-type forest, the
effect of MAT was bigger (with 0.4460 direct
and 0.2742 indirect path coefficients, respec-
tively) than that of MAP (Table 2). The ten-
dency was similar for AM+ECM and ECM
+EEM forests compared to AM forests. Howev-
er, the influence of MAT on RH was similar
to that of MAP in ECM forest.

The novel aspect of this work is that we
used a global forest data set of R, and Ry
and explored the interannual relationships be-
tween the R, and Ry and the MAT and MAP
after classifying the forests according to their

mycorrhizal strategy. Previous studies have
compared the responses of R, and Ry to
changes of MAT and MAP or R; among dif-
ferent mycorrhizal strategies or between
mycorrhizal and non-mycorrhizal strategies and
their response to temperature or precipitation
[Langley et al., 2005; Heinemeyer et al, 2007;
Valentine, Kleinert, 2007; Hogberg et al., 2001;
Shi et al.,, 2012], but, as far as we know, this
is the first study to compare the R, , and Ry
with the MAT and MAP among global forest
ecosystems based on their different mycorrhizal
strategies. The present study uses a larger re-
search scale and is aimed at increasing our un-
derstanding of the effects of mycorrhizal strat-
egies on the components of R, on the global
scale. Therefore, we expected to gain a better
comprehension of the role of mycorrhizae in
R, for correctly interpreting the current root
and soil respiration data [Hughes et al., 2008].

Mycorrhizal respiration, as a component of
R,, contributed to R, to a different extent. Not-
tingham et al. hinted that only AM fungal myce-
lia accounted for 14 % of Rs and 26 % of R,
in a moist tropical forest [Nottingham et al,
2010]. Heinemeyer et al. showed that ECM fun-
gal hyphal contribution was 25 % of Ry and
62.5 % of R, in a 15-year-old Lodgepole pine
forest [2007]. However, our results indicated
that the R, was not significantly different
among four mycorrhizal strategy forests, and
Ry presented a significant variation in differ-
ent mycorrhizal dominated forests. The reason
for no difference in R, among different mycor-
rhizal-type forests is possibly connected with
the contribution of each mycorrhizal type to
Rs in forest ecosystems. The studies in AM and
ECM forest made by Nottingham et al. [2010]
and Heinemeyer et al. [2007], respectively, con-
firmed our deduction. Previous studies com-
pared mycorrhizal with non-mycorrhizal treat-
ments and neglected the function of different
mycorrhizal strategies [Heinemeyer et al., 2007;
Nottingham et al,, 2010]. The variations of Ry
in different mycorrhizal-dominated forests ex-
isted perhaps due to mycorrhizospheric mi-
crobes because numerous studies had shown
that there were abundant microbial communi-
ties in mycorrhizosphere [Veresoglou et al,
2012; Herman et al.,, 2012; Hogberg, Hogberg,
2002].
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Fig. 3. The responses of soil autotrophic (A) and heterotrophic (O) respiration of forests under different
mycorrhizal strategies to change of mean annual precipitation. y, (broken line) and yy (solid line) mean
the regression of soil autotrophic and heterotrophic respiration, respectively
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Table 1

Coefficients of path-analysis between mean annual temperature and precipitation and soil autotrophic
respiration of forests under different mycorrhizal strategies

Path coefficient

Mycorrhizal types Variables
Direct Indirect Total
AM MAT -0,0256 0,2813 0,2558
MAP 0,4576 —-0,0157 0,4419
AM + ECM MAT 0,5492 0,1960 0,7452
MAP 0,4498 0,2392 0,6891
ECM MAT 0,2877 0,0077 0,2954
MAP 0,0118 0,1889 0,2007
ECM+EEM MAT —0,2837 —-0,2803 —0,5640
MAP -0,3620 —-0,2197 —-0,5817

In this study, the responses of R, and Ry
to changes of MAT and MAP were similar in
the same mycorrhizal-type forest (Fig. 2, 3).
They increased with the hoist of MAT and
MAP in AM, AM + ECM and ECM forests, and
decreased in ECM + EEM forests. The finding
was in accord with the responses of total Rs
to changes of MAT and MAP [Shi et al.,, 2012].
R, was more dependent on MAP than MAT in
AM forests. In contrast to Ry, R, was more
sensitive to change of MAT than MAP (Fig. 2, 3;
Table 1, 2). The possible mechanism was that
AM only influenced the rate but not the tem-
perature sensitivity of soil respiration [Lang-
ley et al, 2005]. In addition, R, was more de-
pendent on photosynthesis than on tempera-
ture [Heinemeyer et al, 2007; Hugberg et al.,
2001; Bhupinderpal et al, 2003; Edwards et

al.,, 2004]. Root respiration [Luo et al, 2001,
Hartley et al, 2007] and root-associated respi-
ration of AM fungi [Heinemeyer et al, 2006]
were reported to be relatively insensitive to tem-
perature when compared with Ry. This higher
dependence on photosynthetic substrate supply
may therefore reduce the dependence of R,
on temperature [Kirschbaum, 2006]. Among AM
+ ECM and ECM forests, MAT accounted more
for variation of R, and Ry than MAP (Fig. 2,
3; Table 1, 2). There can be two reasons for
that. Firstly, ECM fungi could improve the tem-
perature sensitivity of R, [Koch et al, 2007].
Moreover, the temperature sensitivity of ECM
was different among the different ECM fungal
species [Malcolm et al,, 2008]. Secondly, the ECM
species were more sensitive to change of MAT
than AM species [Burton et al., 2002].

Table 2

Coefficients of path-analysis between mean annual temperature and precipitation and soil heterotrophic

respiration of forests under different mycorrhizal strategies

Path coefficient

Mycorrhizal types Variables
Direct Indirect Total
AM MAT 0,4460 0,0729 0,5189
MAP 0,1185 0,2742 0,3927
AM + ECM MAT 0,3632 —-0,0013 0,3620
MAP —-0,0029 0,1582 0,1553
ECM MAT 0,3182 0,2054 0,5236
MAP 0,3129 0,2089 0,5217
ECM + EEM MAT —-0,3011 0,0659 —-0,2351
MAP 0,0851 —-0,2331 —0,1480
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The mycorrhizal status was considered the
first selection level in this study. As a result,
we removed those data for which the mycor-
rhizal status of the corresponding tree species
was never reported or for which any one of
the parameters including MAT, MAP, R, and
Ry was absent. Therefore, future study needs
to cite more published data. Nevertheless, the
tendencies of R, and Ry with the MAT and
MAP should remain valid during each mycor-
rhizal-type forest because the trend of R, and
Ry in each mycorrhizal-type forest was simi-
lar to previous studies with different source
data [Shi et al.,, 2012].

CONCLUSIONS

The effects of the mycorrhizal strategy on
the ecosystem response to climate change have
triggered the interest of ecologists [Zhu, Mil-
ler, 2003; Vargas et al., 2010; Shi et al.,, 2012].
However, as far as we know, there was only
one report involving mycorrhizal associations
and Rs at large scales [Shi et al,, 2012]. Having
reviewed previously published literature, we
found no report on the response of the forest
R, and Ry to climate changes based on the
mycorrhizal strategy at the global scale, al-
though many researches have reported the con-
tribution of mycorrhizal fungi to the R under
conditions of control pot or field experiments
[Hughes et al.,, 2008; Langley et al.,, 2005; Hog-
berg et al, 2001; Veresoglou et al., 2012]. Fur-
thermore, there was no study on the effect of
different mycorrhizal types on the R, and Ry
This is the first study to evaluate the R, and
Ry and their response to the MAT and MAP
based on multiple mycorrhizal types in global
forest ecosystems. Clearly, considerable research
effort is required in the future to allow a full
quantitative investigation of the function of my-
corrhizal associations at a global ecosystem scale.

Certainly, the datasets analysed in the study
were not too big based on existing data. There-
fore, the response of R, and Ry to changes
of MAT or MAP in different mycorrhizae-domi-
nated forests needs to be carefully studied fur-
ther with the accumulation of data.
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