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Previous studies about the effects of experimental warming on tree species have focused primarily on
response of morphology and physiology in leaf and biomass allocation in the growing season, and a few
studies considered the importance of roots. Based on the available evidence, it is unclear whether
photosynthesis rate is enhanced by night warming in late autumn an issue that deserves further
investigation. Thus, we exposed two coniferous species, Picea asperata and Abies faxoniana, to night
warming continued throughout the year to investigate morphological and physiological responses of
roots and leaves in the autumn. The results showed that night warming caused significant increases in
net influxes of NH4

þ and NO3
� in P. asperata seedlings corresponding well with net Hþ efflux and net influx

of O2. Meanwhile, night warming had a positive effect on foliar gas exchange such as net photosynthesis
rate, apparent quantum efficiency, dark respiration rate and maximum quantum efficiency of PS II, and
nitrate reductase activity of roots. Additionally, root morphology such as total roots length, surface area,
specific root area and specific root length was also stimulated by night warming. In contrast, night
warming decreased concentrations of non-structural carbohydrate in leaves and roots of both species in
autumn. The present study demonstrates that night warming would enhance late autumn leaf photo-
synthetic rate, and increase N uptake capacity of roots.

© 2016 Elsevier Masson SAS. All rights reserved.
1. Introduction

There is an overall trend of climate warming at the global scale,
with more pronounced warming in the higher latitudinal and
altitudinal regions (IPCC, 2013). Consequently, a cascade of studies
have investigated plants responses to global warming (Lemmens
et al., 2006; Vicca et al., 2007; Danby and Hik, 2007; Leppalammi
et al., 2013; Zheng et al., 2013), such as structure, physiology and
function of leaves (Jin et al., 2011; Zheng et al., 2013), root lifespan
; Fv/Fm, maximum quantum
tructural carbohydrate; PAR,
ed rate of photosynthesis; Pn,
, specific leaf area; SRA, root
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erved.
and physiology (Bai et al., 2012; Yin et al., 2014), plant phenology
(K€orner and Basler, 2010) and carbon gain (Gimeno et al., 2012) as
well as net primary productivity (Hudson and Henry, 2009). It is
reported that globally averaged maximum and minimum temper-
atures have both increased since 1950 (IPCC, 2013), which tends to
affect carbon assimilation and consumptions in plants, because
photosynthesis in most plants occurs during the daytime and is
more sensitive to daily maximum temperature, whereas plants
respiration occurs throughout the whole day (Atkin et al., 2013),
and is therefore influenced by both daily maximum and minimum
temperature (Peng et al., 2013). To our knowledge, a great deal of
attention has been focused primarily on continuous warming or
day warming (Zhao and Liu, 2009; Zheng et al., 2013), while little is
known about the effect of night warming on trees, especially on
their root N uptake rates.

It has been widely recognized that effects of global warming on
plants varied by season, meteorologic conditions, phenology and
plant organs (Gimeno et al., 2012; Yin et al., 2013, 2014). Alteration
in plant phenology is one of the most sensitive and observable

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:yincy@cib.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actao.2016.02.002&domain=pdf
www.sciencedirect.com/science/journal/1146609X
http://www.elsevier.com/locate/actoec
http://dx.doi.org/10.1016/j.actao.2016.02.002
http://dx.doi.org/10.1016/j.actao.2016.02.002
http://dx.doi.org/10.1016/j.actao.2016.02.002


B. Tang et al. / Acta Oecologica 73 (2016) 21e3022
biological response to global warming (Bronson et al., 2009; Morin
et al., 2010; Polgar and Primack, 2011). Some field (Rollinson and
Kaye, 2012) and modeling studies (Lebourgeois et al., 2010) have
illuminated that warm temperature would expand plant growing
season due to early onset and later end (Parmentier et al., 2011;
Chung et al., 2013). Previous studies about the effect of experi-
mental warming on tree species have focused primarily on net
mineralization, net nitrification and denitrification rates, ectomy-
corrhizal colonization and root exudation in early growing season,
peak of growing season and non-growing season (Zhao and Liu,
2009; Yin et al., 2012, 2013, 2014). Global warming affects plant
growth through direct effects on photosynthesis and respiration
(Albert et al., 2011) and indirect effects on soil nitrogen availability
(Sardans et al., 2008) and soil moisture (Holsten et al., 2009). Pre-
vious study reported that an increase in autumn temperature did
not increase the photosynthetic rate but affects the consumption of
excess energy in seedlings of Jack pine (Busch et al., 2007). Based on
the available evidence, it is unclear whether photosynthesis rate is
enhanced by warming at the late autumn (Lebourgeois et al., 2010;
Gimeno et al., 2012), and it deserves further investigation.

It is well known that fine roots of plants play a key role in the
acquisition of water and essential nutrients, which make a sub-
stantial contribution to biogeochemical cycling at the ecosystem
level, and soil resources available for plants are highly variable in
space and time (Pregitzer et al., 2002). Plants must respond to the
rapid changes in soil resource availability by physiological and
structural adjustments of the fine absorbing roots, such as to in-
crease the rate of nutrient uptake per unit root length (Ryel and
Caldwell, 1998). Therefore, changes in physiological activity of
roots under unstable circumstances would result in corresponding
shifts in plant growth and root lifespan (Yin et al., 2014). Although
many conifer species are adapted to cool, acidic soils, and are ex-
pected to absorb more ammonium in comparison with nitrate
(Hawkins and Robbins, 2010), nitrate reductase (NR) is generally
considered to be the rate-limiting enzyme in inorganic nitrogen (N)
assimilation (Young et al., 2007; Yu and Zhang, 2012) because ni-
trogen absorption is directly associated with the reduction rate of
nitrate to nitrite (Calatayud et al., 2008; Huang et al., 2013). Root
activity (as TTC, triphenyltetrazolium chloride, reducing capacity) is
commonly used as an important physiological parameter for eval-
uation of ion and water uptake (Huang et al., 1997; Wang et al.,
2006). To date, a great deal of attention is being paid to the root
exudation and soil nitrogen transformation under experimental
warming (Yin et al., 2012, 2013). These studies reported that
experimental warming marked increased exudation rates in Picea
asperata and Abies faxoniana. Few studies, however, have investi-
gated roots N uptake rates and their associated parameters under
global warming.

A few studies have focused on plant growth and physiological
response of P. asperata and A. faxoniana seedlings to short-term
continuous warming (Yin et al., 2008; Zhao and Liu, 2009; Hou
et al., 2011). However, long-term experiments to investigate the
effects of artificial warming are definitely needed (Wang et al.,
2011). Early developmental stages of plants are expected to be
more sensitive to environmental changes than adult stages
(Weltzin et al., 2000) and are critical life-stages of plant life cycles,
which are tightly associated with modulating forest regeneration
and species composition, as well as ecological succession (Lloret
et al., 2004). Furthermore, most conifers keep their leaves year-
around and are able to photosynthesize when temperatures are
warm, the impact of an extended autumn due to warming would
likely to be greater for conifer growth than for deciduous trees.
Therefore, we used the seedlings of P. asperata and A. faxoniana, the
dominant species of subalpine coniferous forests in the Eastern
Tibetan Plateau located at the transition zone between Qinghai-
Tibet plateau and the Sichuan basin (Wang et al., 2003), as mate-
rials and investigated the morphological and physiological re-
sponses of leaf and root in the late autumn to investigate the effects
of global warming on conifer trees. Based on the available infor-
mation, we hypothesized that: 1) night warming would enhance
late autumn leaf photosynthetic rate; 2) night warming would in-
crease N uptake capacity of roots.

2. Materials and methods

2.1. Study site and experimental design

The study was conducted in Maoxian Mountain Ecological
Research Station (31�420 N, 103�540 E, 1826 m a.s.l.), Chinese
Academy of Sciences, Sichuan province, China, with mean annual
temperature, precipitation and evaporation 9.3 �C, 825.2 mm, and
968.7 mm, respectively. In this region, the growing season gener-
ally starts in late April and ends in October (Zhu et al., 2012). The
current experiment continued the study of Yin et al. (2014), which
was designed as a randomized block experimentwith twowarming
treatments (control and night warming) and two species
(P. asperata and A. faxoniana). Each plot was 2 � 2 m in size with a
5 m distance between any two adjacent plots. Each treatment of
each species had 4 plots as replicates. The indigenous soil of all
plots was replaced, to a depth of 30 cm, by sieved topsoil from a
nearby coniferous forest. The soil classified as a mountain brown
soil series (Chinese taxonomy), and the soil properties, determined
in October 2010, were as follows: pH, 6.8; total N, 4.0 g kg�1; soil
organic C, 61 g kg�1; and bulk density, 0.91 g cm�3. The warmed
plots were heated by MSR-2420 infrared radiators (Kalglo Elec-
tronics Inc, Bethlehem, PA, USA) while the control used ‘dummy’
heaters of the same shape and size as the infrared heater suspended
1.5 m above the middle of the plots. Uniform 4-year-old P. asperata
and A. faxoniana seedlings from a local nursery were selected based
on plant height and stem base diameter at the beginning of the
experiment. The average plant height and stem basal diameter
were 15.6 ± 0.8 cm and 3.7 ± 0.7 mm for P. asperata, and
11.8 ± 0.7 cm and 3.5± 0.6mm for A. faxoniana, respectively. In each
plot, the space between seedlings was 30 � 40 cm in the beginning
and 70 � 80 cm since 2013. The experiment layout was conducted
in September 2010 and warming treatment was initiated on
October 2011, which was 13 months after the seedlings were
planted. The warmed plots were heated from local time 7:00 pm to
7:00 am (12 h day�1) year-around, and all the plots were watered
with collected precipitation nearby and weeds were removed as
frequently as needed.

Air temperature (at 5 cm aboveground) and soil temperature (at
5 cm depth) were measured using DS1923G temperature/humidity
iButton data loggers and DS1921G Thermochron iButton data log-
gers (DS1921G-F5, Maxim Integrated Products; Dallas Semi-
conductor Inc., Sunnyvale, CA, USA) in each plot, respectively.
Compared to the control plots (Yin et al., 2014), the half-hourly air
temperature (at 5 cm aboveground) and soil temperature (at 5 cm
depth) within the warmed plots elevated by an average of 1.95 �C
and 3.10 �C, respectively. The soil water content was not signifi-
cantly different (P¼ 0.409) between thewarmed plots (25.4 ± 2.3%)
and the control plots (26.2 ± 1.7%). Please refer to Yin et al. (2014)
for further information about the microclimate of the experiment
site.

2.2. Gas exchange and chlorophyll fluorescence

The fully expanded leaves, which were randomly selected from
3 plants of each species in each treatment, were measured for
photosynthesis light response curve under controlled optimal
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conditions using an open-mode portable photosynthesis system
(Model LI-6400, Li-Cor, Inc., Lincoln, NE, USA). All the measure-
ments were performed from 08:00 to 11:30 each day in April, July
and late October 2014, which represent early, middle and late
growing season for the plants, respectively. Afterward, the
measured leaves were collected and their projected areas were
determined with a scanner and WinRHIZO image analysis software
(R�egent instruments, Quebec, QC, Canada). Subsequently, these
leaves were dried at 70 �C for 48 h to constant weight. Specific leaf
area (SLA) was calculated as the ratio of projected area to dry
weight.

Responses to photosynthetically active radiation (PAR) were
measured at 0, 20, 50, 80, 100, 200, 300, 400, 600, 800, 1000, 1200,
1600, 1800, and 2000 mmol m�2 s�1, with temperature of 24e26 �C
and relative humidity of 36e55% inside the leaf chamber. This curve
of photosynthesis was fitted with a non-rectangular hyperbola
according to Hirose and Werger (1987).
Pn ¼ AQE � PARþ Pmax �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðAQE � PARþ PmaxÞ2 � 4� AQE � PAR� Pmax � K

q

2K
� Rd
where Pn is net photosynthesis rate, AQE is apparent quantum ef-
ficiency, Pmax is light-saturated rate of photosynthesis, K is con-
vexity and Rd is dark respiration rate. First, from linear regression of
PAR at 0e200 mmol m�2 s�1, AQE and Rd were obtained as the slope
and y-intercept of these regressions, respectively. Then, a non-
rectangular hyperbola was fitted to the whole curve using the AQE
and Rd values to obtain Pmax (Hikosaka et al., 2004).

In late October of 2014, fully expanded and exposed current-
year leaves were randomly selected from 8 plants of each treat-
ment. The leaves have been dark-adapted for 30 min prior to the
measurement and then theywere used for chlorophyll fluorescence
measurement using a modulated fluorometer (PAM 2100, Walz,
Effeltrich, Germany) according to Yin et al. (2009). The maximum
quantum efficiency of PS II (Fv/Fm) was calculated as Fv/
Fm¼ (Fm� Fo)/Fm (Rosenqvist and Van, 2003).
2.3. Leaf chemical analysis

Fully expanded and exposed current-year leaves of plants were
randomly selected from 3 plants of each species in each treatment
in late October of 2014. The leaf samples were divided into two
portions, one of which was used for chlorophyll (Chl) determina-
tion using a spectrophotometer (Unicam UV-330, USA) (Wellburn,
1994), and the other was dried at 60 �C for 72 h. The oven-dried
samples were ground and homogenized using a SPEX 8000-D
mixer mill (SPEX, Edison, NJ, USA) for soluble sugar and starch
concentrations determination according to Chow and Landhausser
(2004). The standard curve was established by using a series of
diluted solutions of glucose. The final absorbance of total soluble
sugar and starch in samples was determined spectrophotometri-
cally at 620 nm.
2.4. Root sampling

In late October of 2014, eight seedlings selected randomly from
each treatment were sampled by excavating the intact soil block of
60 cm � 60 cm � 50 cm (depth) around the seedlings to maintain
the integrity of the root system, of which five root systems were
well washed with deionized water, and they were wrapped in lab
tissue paper to remove water on the root surface, and then trans-
ported to the laboratory in iceboxes within 5 h. They were stored
at �20 �C until later processing. The remainder of the samples was
taken intact to the laboratory for ion flux determination.
2.5. Determination of root morphology and physiology

Root morphology, i.e. total root length, total surface area and
average diameter, was determined using a scanner and WinRHIZO
image analysis software (R�egent instruments, Quebec, QC, Canada)
according to the method of Nan et al. (2013). The roots were then
dried at 70 �C for 48 h to a constant weight. Specific root length
(SRL) and specific root surface area (SRA) were calculated as the
ratio of length to biomass and the ratio of surface area to biomass,
respectively. The fresh root samples were used immediately to
assess root vigor using the triphenyltetrazolium chloride (TTC)
method as described by Ruf and Brunner (2003). Root activity was
expressed as the amount of TTC deoxidized to triphenylformazan
(TF). NR (EC 1.7.99.4) activity of roots was determined according to
Corzo and Niell (1991). Five seedlings of each species randomly
selected from each treatment were destructively sampled to
determine final shoot, coarse and fine root (diameter � 2 mm)
biomass. Root/shoot mass ratio and coarse root/fine root biomass
ratio, were derived based on the measured data.
2.6. Analysis of net fluxes of NH4
þ, NO3

e, Hþ and O2 in roots

To investigate net fluxes of NH4
þ, NO3

e, Hþ and O2 at the root
surface, three white fine roots were randomly selected in the soil
depth from 1 to 7 cm and excised from the intact root system of
each plant from each treatment. The excised roots were immersed
inmeasuring solution. Net fluxes of these ions weremeasured non-
invasively using a scanning ion-selective electrode technique (SIET
system, BIOeIMeXY, Younger USA Science and Technology Corp.
MA, USA). A detailed description of the method has been presented
elsewhere (Xu et al., 2006; Li et al., 2010; He et al., 2011). The ion-
selective microelectrode with 2e4 mm aperture and the oxygen-
microelectrode were manufactured and silanized by Xuyue (Bei-
jing) Sci. & Tech. Co., Ltd., Beijing, China with a backfilling solution
and an ion-selective liquid cocktail as reported by Luo et al. (2013a,
2013b). Prior to the fluxmeasurements, the ion-selective electrodes
were calibrated by a standard solution (1mMKCl, 0.1 mMCaCl2 and
0.1 mM NH4NO3) with two extra NH4NO3 concentrations of 0.05
and 0.5 mM for NH4

þ and NO3
�, pH 5.5 and pH 6 for Hþ, and O2

concentrations of 0% and 0.21% for oxygen-microelectrode,
respectively. We only used electrodes with Nernstian slopes of
58 ± 5 mV for NH4

þ and Hþ, and -58 ± 5 mV for NO3
� per tenfold

concentration difference. The measuring solution contained
0.1 mM NH4NO3, 0.1 mM CaCl2 and 1 mM KCl. The pH of the
measuring solutionwas 5.5. All the measurements were performed
at room temperature (24e26 �C).

To monitor the positions along the root where the maximal ion
influx of NH4

þ and NO3
� occur, a preliminary experiment was
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performed according to the method of Luo et al. (2013b).The
maximal root net ion uptake of P. asperata and A. faxoniana were
detected in the region of 16.5e18 and 11e12 mm, respectively.
Therefore, net fluxes of NH4

þ and NO3
� were measured in this region

of both species. For the positions where themaximal net influxes of
NH4

þ and NO3
e take place in roots, net fluxes of Hþ and O2 were

further investigated in this region as well.
2.7. Statistical analysis

Net flux data were exported and calculated using JCal V3.2.2 (a
free MS Excel spreadsheet, youngerusa.com or xuyue.net). All the
experimental data were tested for normality before further ana-
lyses. The effect of species and warming on variables were analyzed
by two-way ANOVAs and the differences between different treat-
ments were performed by LSD-test. Statistical significance was
considered to be P < 0.05. Statistical package SPSS for Windows,
version 17.0 (SPSS Inc, Chicago, III), was used for statistical analysis.
3. Results

3.1. Growth traits responses of both species to night warming

Night warming affected root morphology significantly (Table 1),
both P. asperata and A. faxoniana exhibited higher total fine root
length, total fine root surface area, average diameter, SRL and SRA
under night warming than under control. No significant interaction
of species and night warming treatment was detected in these root
morphology parameters. As for the species difference, it was only
found in total root length, SRL and SRA, P. asperata had higher total
root length, SRL and SRA than A. faxoniana. Additionally, night
warming significantly increased root and shoot biomass in the two
coniferous species, but it only significantly enhanced the root/shoot
mass ratio (R/S) in A. faxoniana (Fig. 1A, B and C). In contrast, night
warming decreased the coarse root/fine root mass ratio (C/F) of
both species, but significant differences were only observed in
P. asperata (Fig.1D). Also, nightwarming had no significant effect on
average plant height and stem base diameter of both species (data
not shown).
3.2. Physiological parameters of roots

Night warming significantly increased root TTC reducing ca-
pacity and NR activity in both species (Fig. 2). There was no species
difference detected in TTC reducing capacity (Fig. 2A). Root NR
activity was similar between P. asperata and A. faxoniana in control
plots, but root NR activity of P. asperata was higher than that of
A. faxoniana under night warming (Fig. 2B). Compared to control
group, root soluble sugar and starch concentrations of both species
were lower in the night warming groups (Fig. 3).
Table 1
Root morphological characteristics of P. asperata and A. faxoniana under experimental w

Species Treatment Total root length
(m)

Total root surface area
(cm2)

Average diameter
(mm)

P. asperata Control 34.85 ± 0.45 b 94.14 ± 3.85 c 0.33 ± 0.03 c
Warming 37.14 ± 1.29 a 102.26 ± 1.74 a 0.45 ± 0.04 a

A. faxoniana Control 29.83 ± 0.15 d 90.94 ± 0.94 c 0.41 ± 0.01 b
Warming 32.60 ± 0.38 c 96.41 ± 1.32 b 0.46 ± 0.04 a

P-values Fs *** ns ns
Fw ** * **
Fs � w ns ns ns

Data are mean ± SE (n ¼ 3). Data within columns followed by different letters are sign
interaction (Fs � w) are indicated: *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not signific
3.3. Net fluxes of NH4
þ, NO3

e, Hþ and O2 of roots

Net fluxes of NH4
þ and NO3

e were measured along the root tips in
both species, large variation at different positions were observed,
and the maximal net influxes of NH4

þ and NO3
e occurred in the re-

gion of 16.5e18 mm in P. asperata and 11e12 mm in A. faxoniana
from the root apex (data not shown). Night-warming increased the
influxes of NH4

þ, NO3
� and O2 and the efflux of Hþ in both species

(Fig. 4). However, the effect of warming on net influxes of NH4
þ and

NO3
� in A. faxoniana was not significant (Fig. 4A and B). As for the

species effect, P. asperata had higher NH4
þ, NO3

�, O2 influxes and Hþ

efflux than A. faxoniana (Fig. 4).

3.4. Leaf physiological characteristics

Night warming significantly increased Pmax of both species in
July and October (Fig. 5). In contrast, the positive effect of night
warming on Pmax in April was observed only in P. asperata. We also
measured AQE, Rd, Fv/Fm and Chl contents in late October, and
these parameters were enhanced by night warming in both species
(Table 2, Fig. 6). It was obvious that Rd and Fv/Fm were similar in
both species under night warming and control (Table 2, Fig. 6). The
contents of foliar soluble sugar and starch in P. asperata and
A. faxoniana were significantly decreased by night warming
(Table 2).

4. Discussion

4.1. The root physiological activity, morphological traits and
biomass allocation in response to night warming

In the present study, the net influxes of NH4
þ and NO3

� were
increased by night warming in both species (Fig. 4A and B), but a
significant effect was observed only in P. asperata. Hence, the
response of root N uptake rates to experimental warming, to some
extent, may be species-specific. Moreover, when themeasurements
were made at the same temperature, roots of warmed plots had
higher N uptake than that of the control plots. Therefore, P. asperata
had acclimated to the warm temperature and the higher N uptake
was not merely a result of warmed roots. Additionally, it should be
noted that uptake rates of NH4

þ were higher than that of NO3
� in

P. asperata, which is consistent with a previous study (Hawkins
et al., 2008). However, there was no significant difference in the
uptake rates of NH4

þ and NO3
� in A. faxoniana. Hawkins and Robbins

(2010) reported that relative uptake rates of NH4
þ versus NO3

� were
strongly influenced by pH. Uptake rates of NH4

þ in Douglas-fir and
lodgepole pine changed little between pH 4 and pH 7, while uptake
rates of NO3

� increased significantly between pH 4 and pH 7. All
measurements in our study were carried out at pH 5.5 different
from the in situ soil pH of 6.8, whichwould generate positive effects
on rates of NO3

� uptake, but this effect may not be detected in NH4
þ

arming and control condition at late October of 2014.

Specific root length (m
g�1)

Specific root surface area
(cm2 g�1)

Root moisture content
(%)

25.35 ± 2.58 b 68.44 ± 2.69 b 55.9 ± 3.2 b
29.67 ± 1.57 a 81.65 ± 2.95 a 68.2 ± 4.7 a
12.97 ± 1.29 c 39.51 ± 0.68 d 61.6 ± 5.2 b
14.83 ± 1.43 c 43.89 ± 1.73 c 73.4 ± 4.9 a
*** ** ns
** *** **
ns ns *

ificantly different. P-values of the ANOVAs of warming (Fw), species (Fs), and their
ant.
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Fig. 1. The responses of root biomass (A), shoot biomass (B), root/shoot mass ratio (C) and coarse root/fine root mass ratio (D) in P. asperata and A. faxoniana at late October of 2014
to experimental warming. Data indicate mean ± SE (n ¼ 5). Bars with different letters are significantly different. P-values of the ANOVAs of warming (W), species (S), and their
interaction (S � W) are indicated: *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant.
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uptake. Additionally, the extraction most probably cuts off a part of
the ectomycchorizal hyphae, which might be the reason that
A. faxoniana have near-equal uptake rates of NH4

þ and NO3
�.

Although the exact mechanisms behind these variations due to
night warming are not well known, possible underlying mecha-
nisms are primarily the difference in root physiological activity
(Calatayud et al., 2008), morphological traits (Wan et al., 2002) and
Fig. 2. Root TTC reducing capacity (A) and nitrate reductase activities (NR) (B) of P. aspera
conditions. Data indicate mean ± SE (n ¼ 3). Bars with different letters are significantly diffe
are indicated: *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant.
belowground C allocation (Johnson, 2006).
Our results showed that NR activity and TTC reducing capacity of

roots in both species were significantly elevated by night warming
(Fig. 2A and B), which indicates that the elevated N uptake rates is
related to the increased NR activity and TTC reducing capacity by
experimental warming because higher NO3

� uptake rates can be
related to an increases in NR activity (Calatayud et al., 2008). TTC
ta and A. faxoniana at late October of 2014 under experimental warming and control
rent. P-values of the ANOVAs of warming (W), species (S), and their interaction (S � W)



Fig. 3. Root soluble sugar (A) and starch concentration (B) of P. asperata and A. faxoniana at late October of 2014 under experimental warming and control conditions. Data indicate
mean ± SE (n ¼ 3). Bars with different letters are significantly different. P-values of the ANOVAs of warming (W), species (S), and their interaction (S � W) are indicated: *, P < 0.05;
**, P < 0.01; ***, P < 0.001; ns, not significant.

B. Tang et al. / Acta Oecologica 73 (2016) 21e3026
reducing capacity is commonly used as an important physiological
parameter for evaluation of nutrient uptake (Huang et al., 1997;
Wang et al., 2006). It has been reported that protons play a
crucial role in plant uptake of NH4

þ and NO3
� since the Hþ gradient

maintained by PM Hþ-ATPases accelerate absorption of these ions
(Miller and Cramer, 2005; Britto and Kronzucker, 2006). In the
current study, higher net Hþ efflux under experimental warming
Fig. 4. Net flux of NH4
þ (A), NO3

� (B)，Hþ (C) and O2 (D) of P. asperata and A. faxoniana fine ro
are significantly different. P-values of the ANOVAs of warming (W), species (S), and their inte
than control plot was observed in both species (Fig. 4C), which is
consistent with the uptake of NH4

þ and NO3
�. Similar results were

also reported in Douglas-fir, lodgepole pine (Hawkins et al., 2008),
soybean (Hawkins and Robbins, 2010) and Populus (Luo et al.,
2013b). In addition, higher net O2 influx (as root respiration) un-
der artificial warming was observed (Fig. 4D), which corresponds
well with the influxes of NH4

þ, NO3
� and Hþ efflux. Since root
ots at late October of 2014. Data indicate mean ± SE (n ¼ 3). Bars with different letters
raction (S � W) are indicated: *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant.



Fig. 5. The effects of experimental warming on the maximum net photosynthetic rate (Pmax) at April, July and October. Data indicate mean ± SE (n ¼ 3). P-values of the ANOVAs of
warming (W), species (S), and their interaction (S � W) are indicated: *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant.

Table 2
Leaf photosynthesis parameters, stored photosynthate (soluble sugar and starch), specific leaf area and Fv/Fm of P. asperata and A. faxoniana under experimental warming and
control conditions at late October of 2014.

Species Treatments Chl (aþb) concentration
(mg g�1)

Specific leaf area
(cm2 g�1)

Soluble sugars concentration
(mg (g DW)�1)

Starch concentration
(mg (g DW)�1)

Fv/Fm

P. asperata Control 1.41 ± 0.06 c 44.07 ± 0.61 b 80.99 ± 1.05 a 18.41 ± 0.75 a 0.64 ± 0.06 b
Warming 1.63 ± 0.05 a 58.15 ± 4.02 a 74.70 ± 0.42 b 16.02 ± 0.12 c 0.80 ± 0.03 a

A. faxoniana Control 1.08 ± 0.04 d 44.90 ± 1.95 b 64.49 ± 0.61 c 17.24 ± 0.33 b 0.67 ± 0.02 b
Warming 1.46 ± 0.03 b 45.24 ± 1.54 b 52.96 ± 0.83 d 14.94 ± 0.11 d 0.78 ± 0.02 a

P-values Fs ** * *** * ns
Fw *** * *** ** **
Fs � w ns * *** ns ns

Data are mean ± SE (n ¼ 3). Data within columns followed by different letters are significantly different. P-values of the ANOVAs of warming (Fw), species (Fs), and their
interaction (Fs � w) are indicated: *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant.

B. Tang et al. / Acta Oecologica 73 (2016) 21e30 27
respiration produces energy for nutrient uptake, an increase in
respiration rate is correlated with a raise of the uptake rates (Baldi
et al., 2010). Furthermore, our previous study (Yin et al., 2013) has
reported that experimental warming increased ectomycorrhizal
colonization in both species. Hence, we suggested that ectomy-
corrhizal colonization may become one of the driving forces
contributing to the elevated root N uptake rates.

In addition to altered root physiological activity, higher root N
uptake rates of both species under experimental warming might be
associated with warming-induced changes in root morphological
Fig. 6. Apparent quantum efficiency (AQE) (A), and dark respiration rate (Rd) (B) of P. asper
conditions. Data indicate mean ± SE (n ¼ 3). Bars with different letters are significantly diffe
are indicated: *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant.
traits and belowground C allocation. The roots of plants are very
sensitive to variations in soil condition, and plants accommodate
this change by regulating root morphological characteristics (Nibau
et al., 2008; Wang et al., 2009). Our results showed that night
warming had positive effects on morphological traits such as total
roots length, surface area, specific root area and specific root length
of both species (Table 1), which is consistent with previous studies
(Luo et al., 2001; Wan et al., 2002). Furthermore, night warming
resulted in higher tissue water content of root samples (the dif-
ferences of fresh- and dry-weight/dry weight) than that of control
ata and A. faxoniana at late October of 2014 under experimental warming and control
rent. P-values of the ANOVAs of warming (W), species (S), and their interaction (S � W)
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plots in both species (Table 1). Therefore, although night-warming
increased average diameter, dry weight per unit length in the
warmed plots was still lower than that of the control plots. In
addition, root samples used for the determination of root
morphology were fresh samples, while root biomasses used for the
calculation of specific root length and specific root area were dry
weights. Therefore, night warming still increased the specific root
length and specific root area when the average root diameter was
greater. Also, artificial warming significantly increased the root/
shoot mass ratio (R/S) in A. faxoniana seedlings and decreased the
coarse root/fine root mass ratio (C/F) of the P. asperata seedlings,
resulting in an elevated C partitioning to the belowground biomass
and to the fine roots in response to night warming (Fig. 1). The
ratios of C/F and R/S for the A. faxoniana, however, were not affected
by artificial warming. Hence, the effects of night warming on the C
allocation of plants may be largely species-specific. All in all, trees
are likely to increase their belowground C allocation and fine root
production to better exploit adequate nutrient resources in the
rhizosphere for growth under experimental warming, which is in
line with previous studies (Johnson, 2006; Bai et al., 2010). Overall,
the root N uptake rates of roots acclimated by experimental
warming were mainly correlated with the changes of morpholog-
ical traits, elevated physiological activity and increased below-
ground C allocation and fine root production.

4.2. Night warming effect on photosynthesis in late growing season

Temperature is a key factor that regulates the photosynthetic
processes of plants (Yordanov et al., 2000). In the present study,
experimental warming significantly enhanced Pmax in April, July
and October, which represent early, middle and late growing sea-
son for the plants, respectively (Fig. 5). The results indicated that
photosynthesis of both coniferous species could be accelerated by
night warming across all growing season, which is in agreement
with previous studies (Turnbull et al., 2004; Niu et al., 2008). We
also measured AQE, Rd, Fv/Fm and Chl contents in late October.
These parameters were enhanced by the experimental warming in
both species, which indicated that night warming could accelerate
photosynthesis by increasing Chl concentration and AQE (Awada
et al., 2003).

Photosynthesis and respiration are interconnected: respiration
relying on photosynthesis for substrate, and photosynthesis de-
pends on respiration for a range of compounds, such as carbon
skeletons for protein synthesis and ATP for sucrose synthesis (Xu
et al., 2012b). As a result, a positive effect of experimental warm-
ing on Rd has also been found in the current study (Fig. 6B). In
addition, photosynthesis that occurs during the daytime and thus is
more sensitive to daily maximum temperature, whereas plant
respiration occurs throughout the whole day (Atkin et al., 2013),
and is therefore influenced by both daily maximum and minimum
temperature (Peng et al., 2013). Leaf carbohydrates synthesized
during the daytime tend to be consumed more quickly under
warmer nights because of elevated leaf respiration (Griffin et al.,
2002), which may induce a rebound effect of compensatory stim-
ulated photosynthesis during the following day (Wan et al., 2009).
This mechanism could partly explain the positive effect of night
warming on both Pmax and Rd in the present study.

Additionally, Fv/Fm was obviously stimulated by warming
manipulation in both species (Table 2), which indicated that arti-
ficial warming enhanced the quantum efficiency of PS II for the two
species. This finding is in line with previous studies (Wang et al.,
2003; Yin et al., 2008). Besides, night warming had positive effect
on SLA of both species in the current study (Table 2). Pyl et al. (2012)
reported that lower temperature could increase leaf thickness, and
therefore decrease SLA. In the current study, the air temperature (at
5 cm aboveground) and soil temperature (at 5 cm depth) within the
warmed plots increased by an average of 1.95 �C and 3.10 �C,
respectively, compared to the control plots. Hence, one possible
explanation for the differences in SLA may be the temperature
variations between warmed and control plots. Furthermore, SLA is
considered to be one of the most important factor driving variation
in plants relative growth rate as well as the photosynthetic ability
(Yin et al., 2008). The result suggested that these seedlings had a
greater ability to capture light more effectively, which is consistent
with one previous study (Loveys et al., 2002).

4.3. The associations between aboveground and belowground NSC
and gas exchange

Non-structural carbohydrate (NSC) is the sum of free sugars,
such as sucrose, glucose, fructose, and starch (Shi et al., 2006). In
the present study, the NSC of leaves and roots in both species were
decreased by experimental warming (Table 2, Fig. 3). Meanwhile,
positive effect of warming on Rd of leaves (Fig. 6B) and O2 influxes
of root were observed (Fig. 4D). Hence, one possible explanation for
the decrease of NSC concentrations is the enhancements of leaf and
root respiration which could result in increased consumption of
NSC. Similar results have also been reported in Scots pine (Zha et al.,
2001), Douglas-fir (Tingey et al., 2003), Arabidopsis thaliana (Jin
et al., 2011), A. faxoniana (Wang et al., 2011) and Eucalyptus side-
roxylon (Smith et al., 2012). Besides, in order to absorb water and
nutrient effectively, concentration of NSC generally decreases in
plants grown under warm circumstances due to the accelerated
root respiration. For instance, it was reported that an increase in ion
uptake efficiency will doubtlessly lead to additional energy cost
(L~ohmus et al., 1989). Although photosynthesis in both coniferous
species was accelerated by artificial warming, the concentration of
NSC was decreased in the current study supposedly as a result of
the evaluated Rd of leaves and O2 influx (as root respiration) (Griffin
et al., 2002), which could, in turn, enhance the photosynthesis
(Wan et al., 2009). In contrast, several studies found that warming
may increase (Djanaguiraman et al., 2011) or have little effect on
the concentration of NSC in plant leaves (Xu et al., 2012a). Hence,
we suggested that the effects of artificial warming on the concen-
tration of NSC are species-specific and/or dependent on the onto-
genetic stage of the trees, thewarmingmethod used in experiment,
and the degree of warming.

5. Conclusions

Taken together, night warming has positive effect on root and
leaf physiological activity of P. asperata and A. faxoniana in the late
growing season. Total root length, total root surface area, average
diameter, SRL and SRAwere increased by warming. Night-warming
also caused significant increase in root TTC reducing capacity, NR
activity, net influxes of NH4

þ and NO3
�, net Hþ efflux and net influx of

O2 of roots. In addition, warming enhanced foliar gas exchange such
as Pn, AQE, Rd and Fv/Fm. In contrast, warming decreased NSC
concentrations in leaves and roots of both species. Therefore, we
conclude that: 1) night warming would enhance late autumn leaf
photosynthetic rate, and 2) warming would increase nutrient up-
take capacity of roots.
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