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Empirical records of plant responses to climate warming increasingly rely on warming
experiments which supposedly provide meaningful predictions of future scenarios.
However, the accuracy of such predictions may be compromised by warming artifacts.
In our study, we integrated two approaches, the use of in situ open-top chambers
(OTCs), as well as transplants along a latitudinal gradient, to study the biological
responses of three wetland species to experimental warming over 4–5 years. Under
ongoing warming, plant photosynthesis was negatively influenced by the OTCs, coupled
with reduced species height and biomass accumulation, while unexpectedly, these
trends were not reflected in the transplant experiments. Temperature patterns artificially
altered with the use of OTCs included asymmetrical day/night warming and hot extreme
events. To understand whether the significant mismatches in results between these
two approaches could be attributed to these temperature alterations, we alleviated
temperature artifacts by using two identical chamber types differing only in their
opening sizes and making comparisons between these chambers. The negative impact
of warming associated with the use of OTCs on wetland species was reversed
when these temperature artifacts were canceled out, and consistent plant responses
to warming were observed for both approaches. We highlight here, beyond the
commonly investigated reductions in soil moisture, that unintended temperature artifacts
associated with the use of warming devices are major determinants of the negative
responses to warming for wetland plant species.

Keywords: biological response, experimental warming, open top chamber, transplant, temperature extreme

INTRODUCTION

Global warming is worsening as a consequence of the increased atmospheric concentrations of
greenhouse gases since the industrial revolution (Collins et al., 2013). Understanding the responses
of plant species to predicted global temperature rise is among the most urgent scientific challenges
for ecologists (Colesie et al., 2018). Plant survival and carbon budgets can be greatly affected
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GRAPHICAL ABSTRACT | Photographs of the two warming approaches [open-top chamber experiment (EW-I) and transplant experiment (EW-II)] used in this
work to study the biological responses of three wetland species (Schoenoplectus tabernaemontani, Zizania latifolia, and Sparganium angustifolium) to
experimental warming.

by warming, through temperature effects on photosynthesis and
biomass accumulation (King et al., 2006; Martin and Huey,
2008; Bokhorst et al., 2011b; Kingsolver et al., 2013). However,
field experiments with simulated temperature rises often show
divergent responses in plant photosynthesis and the resultant
reduced or increased biomass production in an ecological context
(León-Sánchez et al., 2016; Wertin et al., 2017; Sáez et al., 2018).
On the one hand, research has highlighted intrinsically biological
thermal traits, adaptation capacities, and phenotypic plasticity
as determinants for species-specific responses to warming (Cui
et al., 2018; Sáez et al., 2018). On the other hand, researchers
also fully recognize that natural habitats in the field often
interact in a confounding way with the warming itself. For
instance, productivity in wetter habitats is likely to be enhanced
together with increases in temperature, while in contrast, more
arid ecosystems are likely to experience declines in productivity

(Reeves et al., 2014; Liu et al., 2018), resulting in habitat-specific
responses to warming.

However, divergent responses can also be attributed to
undetected artifacts introduced by warming devices, an area
which is less explored and often overlooked. Unlike the
characteristics of naturally occurring habitats, these artifacts may
not be a true reflection of either warming scenarios or local
ecological context. For instance, a global study compared field
warming experiments with observations over natural geographic
space, and found that warming experiments underestimate
advances in the timing of flowering by 8.5-fold (Wolkovich
et al., 2012). After accounting for physiological characteristics of
the species involved as well as the complex local habitats, this
mismatch has been attributed, speculatively, to potential artifacts
introduced by manipulated experiments. Directly examining the
effects of artifacts is difficult, if not impossible, because artifacts
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themselves cannot be easily disentangled from the main factors.
To date, few studies directly test and explore warming-induced
artifacts in a field context, and scientists therefore are still
uncertain about how these artifacts will distort their observations,
or indeed whether or not the observed effects on plant species can
be attributed to the real responses of the plants to the simulated
temperature increases.

Much climate research has focused on cold and high-altitude
regions, where warming is even more rapid than in low-altitude
regions (Klein et al., 2005; Bokhorst et al., 2011b; Mulder et al.,
2017). Simulation of climate warming scenarios in cold and
high-altitude regions has been always dominated by the use
of passive warming devices (Stef et al., 2012), such as open-
top chambers (OTCs). OTCs certainly give an increment of
annual mean temperature (say, 2–4◦C), but a major concern
is that they induce temperature extremes and alter general
temperature dynamic patterns (Marion et al., 1997; Bokhorst
et al., 2011b). They have also been shown to influence other
microclimatic variables, such as soil moisture and intensity of
irradiance (Stef et al., 2012). Indeed, there is a long-standing
debate over whether or not the biological responses observed
in passive warming experiments are attributable to the mean
warming, or rather to changes in temperature extremes (Bokhorst
et al., 2011a). However, intriguingly, this argument has never
been formally tested through experimental approaches in the
field and it is therefore still uncertain whether artifacts such as
temperature extremes have only minor effects, whether they affect
the magnitude of plant responses to warming, or whether they
can affect both their direction and magnitude. We consider this
issue critical to the accurate assessment of biological responses to
warming scenarios.

Understanding the response of species to warming therefore
calls for the integration of different warming approaches within
a single study, and for the experiments to avoid artifacts by using
more sophisticated designs (Godfree et al., 2011). With these facts
in mind, we designed an experiment to examine the effects of
warming on three dominant wetland species in Yunnan Plateau
(altitude > 3000 m, located on the southeastern rim of the Qin-
Tibetan Plateau in China), and their responses to warming by
integrating two different approaches: the use of in situ OTCs,
and transplants along a latitudinal gradient (Figure 1). We
performed our warming experiments in situ to test whether
these species would utilize the higher temperatures effectively,
by measuring photosynthesis, growth, and productivity traits
for each species. To disentangle artifacts from desired increases
in temperature, we incubated species in ambient conditions
(without OTC chambers) and in two types of OTC chambers
varying in their opening sizes, in which +2◦C and +4◦C-
warming scenarios were simulated. In a separate experiment, we
transplanted plants of these species, together with their soils,
from cold to warmer climates along a latitudinal gradient, as
an alternative analogy of warming. Because our wetland species
always grow in submerged soils, warming-induced soil drying as
a major cause of negative responses to experimental warming has
been avoided. Two aspects have been examined:

(1) We developed a group of indices to evaluate temperature
means and their variability. Based on these indices, we made

a detailed comparison of dynamic temperature patterns in the
OTCs and the transplant experiments. Comparisons between
the ambient conditions (without OTCs) and a +2◦C-warming
scenario using the OTCs aim to find out what temperature
artifacts have been introduced by OTCs, and the comparisons
between the +2◦C and +4◦C-warming scenarios, both using the
OTCs, aim to determine whether temperature artifacts have been
accounted for with the use of two types of OTCs.

(2) We demonstrated empirically whether or not OTC-
induced temperature artifacts are major factors causing negative
responses of wetland plants to experimental warming, with the
evidence derived from our combined OTC-warming experiments
and transplant experiments along a latitudinal gradient.

MATERIALS AND METHODS

Study Species
Three wetland plants, S. tabernaemontani, Z. latifolia, and
S. angustifolium, typically found growing in the littoral area
(aquatic-terrestrial ecotone) of plateau lakes, were selected as
test species. These species are perennial herbs, commonly with
clonal propagation, and have the same life form (hygrophyte),
growth form (emergent species), and photosynthetic pathway
(C3 plants). Their aboveground shoots only survive one growing
season and recruit from belowground buds the following
spring. S. tabernaemontani and Z. latifolia have a globally wide
distribution, with an elevation < 3300 m in Yunnan province.
The third species, S. angustifolium, has a narrow distribution.
Across China, it has been reported to grow in high mountains
over 1500 m in altitude, and in Yunnan province it has been
recorded at higher altitudes (2400–3400 m).

Open-Top Chamber Experiments
The first experiment (Exp I) was performed using OTCs, and
ran from 2014 to 2017. The study field was set up near a small
lowland stream in Shangri-La Research Station (N27◦47′27.39′′,
E99◦50′23.76′′, Figure 1), which has an average altitude of
3200 m and mean annual temperature of 5.40◦C. Shangri-La
Research Station is located on Yunnan Plateau (23–27◦N, 100–
110◦E) about 12 km from Shangri-La city. In 2014, we fenced a
20 m × 20 m area to deter outside disturbance and made nine
circular plots (each 2.4 m in diameter and 80 cm deep) within it.
These plots were laid out at intervals of 3 m and connected by
embedded PVC pipes. Flooding water for all plots was obtained
from the neighboring small lowland stream and piped through
PVC pipes, and was evenly distributed into these plots. The water
in the plots was constantly maintained at a depth of 70–80 cm.

Three treatments were set up, including an ambient scenario
(CK) and two warming scenarios. Each treatment comprised
three circular plots, representing three replicates. Warming
scenarios were simulated using large-size OTCs placed upon the
plots. These OTCs were all 2.4 m both in diameter at the bottom
and in height, but they differed in the sizes of the open window
at the top: the OTCs with a top diameter of 2.0 m had a target
of 2.0◦C warmer than CK (we hereafter refer to this warming
scenario as +2◦C-warming) and the OTCs with a top diameter
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FIGURE 1 | Warming experiments used in this study. Experiment I (Exp I): field warming manipulations using open-top chambers (OTCs). Two types of OTCs were
used, differing in the sizes of the open window at the top (2.0 m and 1.4 m diameter) to achieve two warming targets of +2◦C and +4◦C, respectively. The ambient
conditions were simulated in the open air without using OTC (CK, as the control). The chambers were set up in a fenced plot (20 m × 20 m) in Shangri-La Research
Station, Northwest Yunnan Plateau. Experiment II (Exp II): field transplant experiment using a natural latitudinal gradient. Plants and their soil were transplanted
together from the origin (Napa, 3260 m in elevation) to two lower sites (Lashi, 2400 m and Dianchi, 1980 m).

of 1.4 m had a target of 4.0◦C warmer than CK (+4◦C-warming).
The smaller the open window at the top, the higher is the
temperature achieved within the OTCs. The chambers were made
of polycarbonate with a light transmittance of over 90%. For CK,
there were no OTCs covering the plots. TP-2200 temperature
loggers (Anfu Electronic Technology Company, Beijing, China),
suspended 1.0 m above the natural ground level within the plots,
one logger per treatment, were used to record air temperature and
relative humidity on an hourly basis for all treatments.

At the start of the growing season in May 2014, we dug up
clonal tillers (stems for vegetative propagation) for each species
from a neighboring riverine wetland, 150 m from the study field.
We carefully separated them one by one, and in order to obtain
individuals, we used a knife to gently remove any belowground
buds from each tiller. After measuring the original height and
basal diameter of each tiller, we transplanted it into a plastic
pot (35 cm in diameter and 50 cm in height), along with soil
taken from where they were collected. According to the WRB
soil classification system, the soil can be classified as a gleysol
(semi-hydromorphic soil with a high clay content). Its parent
material is water-sorted alluvial sediments. Three pots for each of
three species were placed in each plot, and in total we cultivated
27 pots for each species (3 pots × 3 plots × 3 treatments).
Several (2–3) extra pots per treatment were also prepared just as
backups. After the pots were placed into the plots, the flooding
depth for these tillers (from the natural water table to soil level
in each pot) was constantly maintained at approx. 20 cm. We
cultivated only one tiller within each pot at the very beginning
of experiments, in order to avoid root restrictions within pots

during our 4-year observations. To check this, we collected roots
at the end of incubation in 2017, and checked that the plants had
not become root-bound.

Field Transplants
The second experiment (Exp II) ran from 2012 to 2016 and
was performed using natural latitudinal gradients. The Yunnan
plateau is characterized by a low-relief upland landscape (relict
landscape), with elevations ranging from 5000 m in the northwest
to <1000 m in the southeast. This 3-D climatic topography
provides good opportunities for conducing field transplant
experiments along the natural latitudinal gradients. We selected
three sites on the Yunnan Plateau. The first site (N27◦49′28.90′′,
E99◦39′40.99′′) is located within the boundary of Napa, with an
elevation of 3260 m and a mean annual temperature of 6.15◦C
(hereafter this site is referred to as Napa). The second site (Lashi,
N26◦51′51.53′′, E100◦07′56.11′′) is located within the boundary
of Lashi, with an elevation of 2437 m and a mean annual
temperature of 12.5◦C. The third site (Dianchi, N25◦03′57.52′′,
E102◦45′39.94′′) is located in the Dianchi lake basin, with an
elevation of 1890 m and a mean annual temperature of 15.8◦C.
Napa is near the Shangri-La Research Station (also see Figure 1)
and both Napa and Lashi wetlands have been designated wetlands
of international importance under the Ramsar convention.

In 2011, at each of the three sites, we built a cement pool, 3.0 m
long, 6.0 m wide, and 1.0 m deep. Each pool was segmented into
nine sub-pools (1.0 m long, 1.5 m wide, and 1.0 m deep). These
pools were under protection by local wetland administration
bureaus to avoid potential disturbance and deliberate destruction,
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and the pools have been designed to have the same orientation
toward the sunlight and similar wind speeds and exposures.
Plants of the three study species (S. tabernaemontani, Z. latifolia,
and S. angustifolium) were collected from original habitats in
Napa wetland, where the soil is also classified as a Gleysol.
For each species, we cut nine intact cubic soil blocks (1.0 m
long× 1.5 m wide× 0.5 m deep) together with the target species
with natural population density. These blocks were transplanted
into the sub-pools built in each of three sites (Napa, Lashi, and
Dianchi). A total of 27 soil blocks (3 sub-pools × 3 species × 3
sites) were transplanted for all three species. One year after
transplantation, the soil placed in pools had sunk to a depth
of 0.70–0.85 m. Each pool was filled with the water, and the
depth of water was constantly maintained at ∼25 cm (from
the water surface to soil level) by pumping the water into the
pools whenever this was necessary, especially in dry periods.
Local maintainers were responsible for monitoring the water level
and pumping the water into the pools. Irregular weeding was
also performed during our experiment to avoid the possibility
that other alien species moved into the pools or grew from
the soil seed banks. Because of this, our study can explicitly
test for climate effects without the interference of potential
indirect effects of competition. At each site, we installed a small
weather station (RainWise PortLog, United States) to record air
temperature and relative humidity on an hourly basis. Because
plant-soil ecosystems are greatly disturbed by transplantation,
we only began our measurements in 2012, the year following
the transplants.

Determination of Temperature Records
In this study, using hourly temperature records (i.e., one
temperature record per hour), we developed a group of indices
to evaluate temperature means and their variability. Mean air
temperature (Tmean) over a year was assessed using annual
mean temperature, monthly mean temperature, and hourly mean
temperature:

Annual Tmean

=
Sum(daily mean temperature over a year)

Number of days over a year
(1)

Monthly Tmean

=
Sum(daily mean temperature over each month)

Number of days over each month
(2)

Hourly Tmean

=
Sum(temperature in a certain hour over a year)

Number of days over a year
(3)

Taking annual mean temperature as an example, we first
calculated daily mean temperature (using a total of twelve hourly
temperature records per day) over the year, and subsequently
summed the 365 daily mean temperature records for the whole
year. The result was then divided by 365 to give the annual
mean temperature.

Temperature variability can be initially evaluated by using
monthly maximum temperature (Tmax), monthly minimum
temperature (Tmin), and the total range between these two
(Trange). We developed three indices to account for this:

Tmax = MAX(Daily mean temperature over each month) (4)

Tmin = MIN(Daily mean temperature over each month) (5)

Trange = Tmax − Tmin (6)

To examine whether there were asymmetrical daytime and
nighttime warming patterns, monthly daytime (Tday) and
monthly nighttime temperature (Tnight) were determined:

Tday =

Sum (daytime mean temperature on a day
basis over each month)

Number of days over each month
(7)

Tnight =

Sum(nighttime mean temperature on a day
basis over each month)

Number of days over each month
(8)

Temperature variability can also be reflected in daily temperature
fluctuations and extreme temperature records. We therefore
investigated these two aspects, and we used the hourly
temperature data to calculate diurnal temperature range (DTR)
over the year:

DTR = Daily maximum temperature

−Daily minimum temperature (9)

We grouped these DTRs into different temperature sections
(DTR1 to DTR11) which differed from each other by 5.0◦C,
and the number of days in which the DTR values fell into each
of these 11 groups was calculated. Patterns of DTR illustrated
the daily temperature fluctuations (Peng et al., 2013). We
then calculated the number of hot extreme hourly temperature
records on a monthly basis. A hot extreme hourly temperature
(Thot) is defined as an hourly temperature record in a warmed
treatment within a month that is higher than monthly maximum
temperature in the control treatment. The threshold value for a
hot extreme hourly temperature was calculated as follows:

Thot = Tmax in CK

+ (Warming− CK)monthly mean temperature (10)

Measurements of Plant Physiological
Traits
During the period of 2014–2016, at the end of growing season
(late September) each year, we measured gas exchange parameters
using a portable photosynthesis system (Li-6400XT, Li-cor, Inc.,
Lincoln, NE, United States) on attached leaves from potted plants
in the OTC warming experiment. Measurements were made
on mature, healthy, and fully sun-exposed leaves on clear days.
A red-blue LED light source attached to the system was used
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to produce steady photosynthetic photo flux density. For the
determination of instantaneous photosynthetic traits, leaves were
first illuminated under a photosynthetic photo flux density of
1200 µmol m−2 s−1 until a steady state of net CO2 fixation was
reached. Thereafter, photo flux density was kept at 1000 µmol
m−2 s−1, and the net photosynthetic rate (µmol CO2 m−2 s−1),
stomatal conductance (mol H2O m−2 s−1), intercellular CO2
concentration (µmol CO2 mol−1), as well as the transpiration
rate (µmol H2O m−2) were measured following our previously
published work (Xu et al., 2018). The open gas path system of
the Li-6400XT has a 6 cm2 clamp-on leaf cuvette. During the
measurements, the cuvette temperature was maintained at 25◦C
for both control and OTC-treated samples, the air flow in the
cuvette was 0.5 L/min, the humidity was kept at 70–75%, and
CO2 concentration was maintained at 400 µmol mol−1. For each
treatment (CK and warming), measurements were made on six
randomly selected leaves (two per plot), resulting in six replicates
(n = 6).

We also measured the response curve of the net
photosynthetic rate to photosynthetic active radiation (A-
Pn curve) by setting photo flux density to a range from
0 to 2200 µmol m−2 s−1. The response curve of the net
photosynthetic rate to intercellular CO2 concentration (A-Ci
curve) was measured by setting CO2 concentrations in a range
from 50 to 2000 µmol mol−1. The microenvironments in the
cuvettes were kept the same as described above. Three leaves
were randomly selected per treatment for this measurement
(i.e., one per plot, n = 3). Estimates of the maximum net
photosynthetic rate (µmol m−2 s−1), light saturation point
(µmol m−2 s−1), light compensation point (µmol m−2 s−1),
and apparent quantum yield (AQY, %) were made from the
A-Pn curves. Light utilization range (µmol m−2 s−1) was
calculated as light saturation point minus light compensation
point. Estimates of maximum RuBP-saturated carboxylation
capacity (Vcmax, µmol m−2 s−1), maximum capacity for electron
transport contribution to RuBP regeneration (Jmax, µmol m−2

s−1), and triose-phosphate utilization rate (µmol m−2 s−1) were
made from the A-Ci curves. These estimates followed Farquhar
(Farquhar et al., 1980) with details provided in our previous
study (Xu et al., 2018).

Measurement of Plant Growth and
Productivity Traits
At the end of each growing season (October 25th to 30th) from
2014 to 2017, we also measured two plant growth variables
(species height and basal diameter) and one productivity variable
(above-ground biomass) for the three species. At the early growth
stage (May 5th to 20th), a total of 3–10 shoots per pot were
randomly tagged. Shoots that were standing dead, immature,
or obviously in poor health were excluded. The tagged shoots
were selected for the measurement of species height and basal
diameter at the end of growing season (n = 9, three per plot per
treatment). All shoots from each pot were then cut from the soil
surface with scissors and were shipped to the laboratory for the
measurements of above-ground biomass (n = 9, three per plot
per treatment). Since below-ground biomass can only be assessed

through destructive sampling, we took this measurement in 2017
at the end of incubation, by selecting three pots per treatment as
three replicates (n = 3). During the same year, leaf elements (total
carbon and total nitrogen) were analyzed using a Flash 2000 NC
Analyzer (Thermo Scientific, MA, United States).

For Exp-II under natural latitudinal gradients, photosynthetic
and growth traits, as well as plant biomass were also determined
for three species using the methods described above with some
differences. For instantaneous photosynthetic traits, we randomly
selected two mature and fully sun-exposed leaves per sub-pool
per site for measurements (n = 6, 2 × 3 sub-pools) for each of
the four study years (2012, 2013, 2014, and 2016 inclusive). For
the response curves, measurements were conducted only in 2012
and 2016, and one leaf per sub-pool per site was selected (n = 3).
We also measured growth traits and above-ground biomass in all
4 years. The measurements of biomass were performed within
a 0.5 m2 quadrat, two of which were placed in the center of
sub-pools (instead of using pots as in the OTC experiments).
Below-ground biomass was measured in 2016 at the end of
incubation. Six replicates per site were used for the determination
of species height, basal diameter, and above-ground biomass (2
quadrats × 3 sub-pools), and three replicates per site were used
to calculate the below-ground biomass (1 quadrat× 3 sub-pools).

Statistical Analyses
Only one temperature logger per treatment or per site was
installed in our experimental setup (n = 1), and therefore no
statistical tests were performed on the temperature data. Despite
this, the temperature loggers used in this study were frequently
checked using the portable photosynthesis system to ensure their
accuracy in data recording.

Our study investigated three species, and statistical analyses
were performed separately for each species. To assess species
traits, we used repeated-measures analysis of variance (repeated-
measures ANOVA) to evaluate the effects of experimental
warming on leaf photosynthetic traits (net photosynthetic
rate, stomatal conductance, intercellular CO2 concentration,
transpiration rate, maximum net photosynthetic rate, light
saturation point, light compensation point, light utilization
range, apparent quantum yield, Vcmax, Jmax, Vcmax/Jmax, and
triose-phosphate utilization rate), as well as growth and
productivity traits (species height, basal diameter, above-ground
biomass, below-ground biomass, and the ratio of below-
to above-ground biomass). Temperature treatment (warming
vs. control) and site (Dianchi, Lashi, and Napa) were used
as between-subject factors, and the observation year was
used as a within-subject factor in this analysis. Student’s
t-tests were then used to evaluate the effects of warming
on these variables in each specific year. Most variables were
normally distributed as judged by Shapiro–Wilk test and P–
P (probability) plot. Therefore, parametric tests (ANOVA and
Student’s t-tests) were performed in this study. For Exp I,
comparisons were performed between ambient conditions (CK)
and +2◦C-warming as well as between +2◦C and +4◦C-
warming using OTCs. For Exp II, comparisons were performed
between Napa and Lashi as well as between Lashi and Dianchi
along a latitudinal gradient. The relationships linking net
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photosynthetic rate to stomatal conductance, Vcmax, and Jmax
were examined using linear regression analyses to investigate
whether OTC warming-induced changes in net photosynthetic
rate were mainly controlled by diffusive limitations or reduced
enzymatic potentials of Rubisco. Furthermore, given the key
roles of leaf nutritional factors in influencing photosynthetic
traits, changes in leaf nitrogen and carbon concentrations
induced by warming were also examined in parallel with the
other variables.

RESULTS

Identifying Artificial Temperature
Patterns Under Warming
Around the year 2016, the annual Tmean in Dianchi was 3.64◦C
higher than that in Lashi (Table 1, also see Supplementary
Figure S1). Tmax and Tmin over this year were on average
2.42◦C and 4.15◦C higher in Dianchi than Lashi, respectively,
resulting in differences in Trange between the sites being−1.73◦C
(Supplementary Figure S2). Similarly, Trange in Lashi was also
1.70◦C lower than in Napa. However, by comparing the +2◦C-
warming scenario to CK (Table 1), we found that a different
temperature pattern could be observed in the chambers than in
the ambient experiments. As shown, an annual Tmean increase
of 2.12◦C was accompanied by imbalanced increases of Tmax
(+6.80◦C) and Tmin (+1.90◦C, Supplementary Figure S2). As
a consequence, Trange under the +2◦C-warming scenario was on
average+4.90◦C higher than under CK (Table 1).

We then calculated Tday and Tnight over the same year
(2016, Table 1). Temperature differences between Dianchi and
Lashi were generally equally contributed by increases in Tday
(+3.79◦C) and Tnight (+3.50◦C, Supplementary Figure S3).
Similarly, increases in Tday and Tnight were +5.82◦C and
+6.59◦C when Lashi was compared with Napa, respectively.
However, the increase in Tmean under the +2◦C-warming
scenario as compared with CK was the result of increases
in Tday (+3.54◦C, contributing 83.3% of the increase), with
increases in Tnight contributing much less (+0.705◦C, 16.7%,
Supplementary Figure S3).

The DTR distribution patterns were not fundamentally
different between Dianchi and Lashi, and neither did they
differ much between Lashi and Napa, with most DTRs falling
into a range of 5–25◦C (i.e., from 5◦C ≤ DTR2 < 10◦C
to 20◦C ≤ DTR5 < 25◦C, Supplementary Figure S4).
However, there was a shift to the “right side” for DTR
patterns under the +2◦C-warming scenario compared to CK
(Supplementary Figure S4), suggesting that OTC-simulated
warming preferentially changed DTRs by increasing the number
of days with higher DTR values, an indication of increased daily
temperature fluctuations toward hotter hours.

We also calculated the numbers of hot extremes (Thot) over
each season in 2016 (Table 1). A total of 10 and 15 hot
extremes were recorded when comparing Dianchi to Lashi and
comparing Lashi to Napa, respectively, while a total of 242 hot
extremes were recorded when comparing +2◦C-warming to CK
(Supplementary Figure S4).

By comparing the +4◦C- and +2◦C-warming scenarios,
we can disentangle intended temperature rises from artifacts.
There were many fewer asymmetrical maximum/minimum
temperatures and asymmetrical daytime/nighttime temperatures
between these two warming scenarios than between +2◦C-
warming and CK (Supplementary Figures S2, S3). On average,
the difference in Trange was +1.80◦C and moreover, the
differences in Tday (+2.00◦C) and Tnight (+1.50◦C) were well
balanced between the +4◦C- and +2◦C-warming scenarios
(Table 1). In addition, no obvious differences in DTR patterns
were detected between these two scenarios, and the number of
hot extremes records was reduced to 126, although this was still
many more than were found over the same timescale in the
latitudinal experiments (Supplementary Figure S4).

The temperature patterns recorded in 2016 were similar to
those observed in other experimental years (data not shown).
Furthermore, we also compared air relative humidity here.
Neither seasonal nor annual relative humidity was obviously
altered by OTC warming (Supplementary Figure S5). In the
gradient experiments, differences in air relative humidity between
sites were also minor and no consistent patterns were identified.
For instance, in 2012 the air relative humidity was the highest in
Dianchi, while in 2016 Dianchi has the lowest values of the three
sites (Supplementary Figure S5).

Species Photosynthetic Traits
Given the huge amount of data generated in these experiments,
detailed results relevant to S. tabernaemontani are provided
here, as a representative in the study region, while those
relating to the other two species are given mainly in the
supporting materials and are mentioned in a concise way as
complementary verification. In 2014, net photosynthetic rate,
stomatal conductance, intercellular CO2 concentration, and
transpiration rate of S. tabernaemontani leaves were 9.61%
(p = 0.601), 169% (p = 0.083), 28.4% (p = 0.114), and 69.5%
(p = 0.016) higher under +2◦C than under CK, respectively
(Figure 2). However, this positive response to warming did
not persist. In 2015, negative responses were found in stomatal
conductance (lower by 36.4%, p = 0.124), intercellular CO2
concentration (by 5.75%, p = 0.367), and transpiration rate (by
25.3%, p = 0.231). In 2016, all photosynthetic traits showed
negative responses under the +2◦C scenario, especially for
net photosynthetic rate (lower by 62.7%, p = 0.021) and
transpiration rate (by 47.3%, p = 0.034). Correspondingly,
maximum net photosynthetic rate under +2◦C was lower (by
57.2%, p = 0.030) than under CK in 2016 (Figure 2). Jmax
was higher by 17.4% (p = 0.027) in 2014 and higher by
35.0% (p = 0.011) in 2015, but lower by 21.7% (p = 0.022)
in 2016 under the +2◦C scenario compared with CK.
Furthermore, traits derived from Pn-Ci curves all varied
significantly among the observed years (Figure 2, repeated-
measures ANOVA). Significant warming × year interactions
were observed for variables including net photosynthetic
rate, stomatal conductance, transpiration rate, maximum net
photosynthetic rate, Vcmax, and Jmax (Figure 2), suggesting
that the responses of these variables to warming are highly
dependent on the year of observation. To investigate whether
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TABLE 1 | Temperature patterns of two warming experiments averaged over a year.

2016 Mean Maximum/minimum Daytime/nighttime Hot extremes

Mean
temperature (◦C)

Monthly
maximum

temperature (◦C)

Monthly minimum
temperature (◦C)

Monthly
temperature
range (◦C)

Monthly daytime
temperature (◦C)

Monthly
nighttime

temperature (◦C)

Hot extreme hourly
temperature
records (n)

Along the latitudinal gradient

Napa 7.10 21.0 −4.22 25.2 9.08 5.11 –

Lashi 13.3 26.4 2.92 23.5 14.9 11.7 –

Dianchi 16.9 28.8 7.01 21.7 18.6 15.2 –

Lashi minus Napa 6.20 5.40 7.14 −1.70 5.82 6.59 15

Dianchi minus Lashi 3.60 2.40 4.15 −1.73 3.79 3.50 10

The use of OTCs

CK 9.00 31.5 −6.35 37.9 14.8 3.18 –

+2◦C scenario 11.1 38.3 −4.45 42.8 18.4 3.89 –

+4◦C scenario 12.9 41.1 −3.54 44.6 20.4 5.39 –

+2◦C minus CK 2.10 6.80 1.90 4.90 3.60 0.705 242

+4◦C minus +2◦C 1.80 2.80 0.913 1.80 2.00 1.50 126

diffusive or biochemical processes underlay the alterations
in photosynthetic rates under +2◦C warming, we plotted
net photosynthetic rate against stomatal conductance, Vcmax,
and Jmax. Net photosynthetic rate correlated significantly
with stomatal conductance but not with Vcmax or Jmax
(Supplementary Figure S6), implying OTC warming-induced
diffusive limitations may affect net photosynthetic rate to a
greater extent than do the enzymatic properties of Rubisco.

Between the +4◦C and +2◦C scenarios, no significant
differences in net photosynthetic rate, stomatal conductance,
intercellular CO2 concentration, or transpiration rate were seen
in 2014. However, in 2015, the net photosynthetic rate was lower
by 38.3% (p = 0.049) under the +4◦C scenario than +2◦C.
Transpiration rate was significantly higher by 46.7% and 71.2%
under the +4◦C scenario in 2015 and 2016 compared with
+2◦C, respectively (Figure 3). No differences in photosynthetic
traits derived from both Pn-PAR and Pn-Ci curves were detected
between the +4◦C and +2◦C scenarios in 2016, although in
2014 and 2015, the traits Vcmax and Jmax were much higher
under the +4◦C than the +2◦C scenario (Figure 3). Significant
warming × year interactions were observed for stomatal
conductance, transpiration rate, maximum net photosynthetic
rate, and Vcmax (Figure 3).

From the latitudinal gradient, higher net photosynthetic rate
and transpiration rate were observed for S. tabernaemontani
growing in Dianchi than those in Lashi in 2012 (Figure 4),
and net photosynthetic rate and transpiration rate were also
higher in Lashi than in Napa for the same year (Figure 5).
This trend persisted and S. tabernaemontani plants grown in
Dianchi still showed higher net photosynthetic rate (+11.0%,
p < 0.001), stomatal conductance (+14.9%, p < 0.001), and
intercellular CO2 concentration (+12.6%, p = 0.002) than
those grown in Lashi in 2016, after 5 years of warming
(Figure 4). Similarly, higher net photosynthetic rate (+11.0%,
p < 0.001), stomatal conductance (+11.1%, p = 0.017), and
intercellular CO2 concentration (+16.9%, p = 0.001) were also
found in Lashi in 2016 as compared with Napa (Figure 5).

More obviously, traits from Pn-PAR curves from Dianchi
also showed higher values than those from Lashi in 2016,
and maximum net photosynthetic rate was 252% higher in
Lashi than in Napa. However, except for Vcmax/Jmax (+24.6%,
p = 0.014), none of traits from the Pn-Ci curves showed
any significant differences between Dianchi and Lashi in 2016.
Likewise, apart from Jmax (+18.5%, p = 0.049), none of the
traits from Pn-Ci curves showed any significant differences
between Lashi and Napa in 2016. No significant effects of
year on the traits derived from either Pn-PAR or Pn-Ci curves
were detected. This differs from the results of the OTC
warming experiments, and suggests that photosynthetic traits
were relatively stable and similar among different years for the
latitudinal experiments.

The photosynthetic responses of S. tabernaemontani to
warming were similar to those of Z. latifolia (Supplementary
Figure S7). Photosynthetic traits of Z. latifolia leaves were all
lower under the +2◦C scenario than CK, while comparison of
the +4◦C to +2◦C warming scenarios, as well as comparison
of Dianchi to Lashi and Lashi to Napa, all showed generally
increased photosynthetic values. However, in contrast to S.
tabernaemontani and Z. latifolia, the net photosynthetic rate of
S. angustifolium was lower under +4◦C than +2◦C in 2016
(Supplementary Figure S8), and this was accompanied by lower
stomatal conductance and transpiration rate.

Species Height, Basal Diameter, and
Above-Ground Biomass
The height of S. tabernaemontani plants did not differ between
the +2◦C and CK scenarios in 2014 and 2015; however,
it decreased over time and also became significantly lower
under +2◦C than CK in 2016 and 2017 (Figure 6). In
contrast, species height was higher under the +4◦C warming
scenario than the +2◦C scenario in 2014 and 2016. Moreover,
those S. tabernaemontani plants growing in Dianchi were
taller than those in Lashi for all years except for 2013,
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FIGURE 2 | Photosynthetic traits of S. tabernaemontani leaves under CK and +2◦C warming scenario using OTCs. Significance tests for warming (W), observed
year (Y ), and the interaction term (W × Y ) under repeated-measures ANOVA are presented for each variable integrated across the different years (p-values less than
0.05 are in bold). Within each year, variables that responded significantly to warming are indicated by asterisks (***p < 0.001; **p < 0.01; *p < 0.05). Error bars
indicate standard deviations. Variable descriptions: Anet, light-saturated net photosynthesis; Gs, stomatal conductance; Ci, intercellular CO2 concentration; T r,
transpiration rate; Amax, light- and CO2-saturated net photosynthesis; LSP, light saturation point; LCP, light compensation point; LUR, light utilization range; AQY,
apparent quantum yield; Vcmax, maximum RuBP-saturated carboxylation capacity; Jmax, maximum capacity for electron transport contribution to RuBP
regeneration; Vcmax/Jmax, the ratio of Vcmax to Jmax; TPU, triose-phosphate utilization rate.

and those in Lashi were taller than those in Napa in
2014. A +2◦C warming from the OTCs also decreased
the basal diameter of S. tabernaemontani over the course
of the experiment, except for 2014 (Figure 6), while no
differences in basal diameters were detected for other treatments,
except for 2012.

Above-ground biomass of S. tabernaemontani was lower
under the+2◦C scenario than under CK in 2015, and it remained
low through 2016 and 2017 (Figure 6). In contrast, above-
ground biomass under the +4◦C scenario was much higher than
under +2◦C for all years. After transplanting, the above-ground
biomass of the S. tabernaemontani plants in Dianchi was also
much higher than that of those growing in Lashi. Similar patterns
were detected when plants were transplanted from Napa to Lashi.

The other widely distributed species, Z. latifolia showed
similar results (Supplementary Figure S9). Under the
+2◦C warming scenario, species height and above-ground
biomass both decreased, while both the +4◦C treatment
and the transplant experiments resulted in an increase in
these traits under warming (Supplementary Figure S9). For

S. angustifolium, the species with narrow distribution, the+4◦C-
warming scenario decreased species height as compared with the
+2◦C scenario in 2016 and 2017 (Supplementary Figure S10),
but no differences in above-ground biomass were found between
the +2◦C and +4◦C-warming scenarios in those years, except
for 2015. In the transplant experiments, in 2012, species height,
basal diameter, and above-ground biomass were all lower for
S. angustifolium plants growing in Dianchi than for those in
Lashi. In 2014, 4 years following transplant, S. angustifolium
even disappeared from Dianchi (Supplementary Figure S10).
When transplanted from Napa to Lashi, the above-ground
biomass of S. angustifolium remained unchanged throughout
the 5-year study.

Below-Ground Biomass
At the end of the experiments, after 4–5 years of warming,
we determined below-ground biomass. Compared to CK,
the below-ground biomass of both S. tabernaemontani and
Z. latifolia was higher under the +2◦C scenario, while that of
S. angustifolium was lower (Figure 7). Below-ground biomass

Frontiers in Ecology and Evolution | www.frontiersin.org 9 October 2020 | Volume 8 | Article 524486

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-08-524486 October 19, 2020 Time: 19:12 # 10

Wang et al. Wetland Plant Response to Warming

FIGURE 3 | Photosynthetic traits of S. tabernaemontani leaves under +2◦C and +4◦C warming scenarios using OTCs. Significance tests for warming (W), observed
year (Y ), and the interaction term (W × Y ) under repeated-measures ANOVA are presented for each variable integrated across the different years (p-values less than
0.05 are in bold). Within each year, variables that responded significantly to warming are indicated by asterisks (***p < 0.001; **p < 0.01; *p < 0.05). Error bars
indicate standard deviations. See Figure 2 for descriptions of variables.

of S. tabernaemontani and Z. latifolia was also higher under
+4◦C than under the +2◦C scenario. Furthermore, Z. latifolia
plants growing in Dianchi showed higher below-ground biomass
than those in Lashi.

A higher ratio of below- to above-ground biomass for
S. tabernaemontani and Z. latifolia was only found when
comparing the +2◦C scenario with CK (Figure 7). In addition,
Z. latifolia growing in Lashi showed lower below-ground biomass
than that growing in Napa.

Leaf Elements
At the end of experiments, leaf carbon content in S. angustifolium
was lower (p < 0.05) under the +2◦C scenario compared
to CK, and leaf nitrogen content was lower under +2◦C
than CK for all species (Supplementary Table S1). We
did not detect differences in either leaf carbon or nitrogen
content between the +2◦C and +4◦C scenarios (except for
a higher carbon content in Z. latifolia under +4◦C), or
between the three sites (except for a higher nitrogen content

in S. tabernaemontani growing in Dianchi than in Lashi,
Supplementary Table S1).

DISCUSSION

Understanding the mechanisms that shape the responses of plant
species to warming under semi-natural and natural conditions
is central to the prediction of how rates of primary production
and carbon sequestration, as well as community succession, could
shift in the coming decades. Higher temperatures may impose
a physiological constraint on plant growth and reproduction
for species that cannot utilize higher temperatures effectively
(Cui et al., 2018), or may also favor those with competitive
fitness and high phenotypic plasticity (Schaum et al., 2017).
Alternatively, divergent responses of species can be explained by
their exposure to elevated temperature under persistent drought
or wet conditions (Wertin et al., 2015). However, an attempt
to understand these mechanisms should not be confounded by
artifacts introduced by the use of warming devices.
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FIGURE 4 | Photosynthetic traits of S. tabernaemontani leaves between Dianchi and Lashi using the natural latitudinal gradient. Significance tests for warming (W),
observed year (Y ), and the interaction term (W × Y ) under repeated-measures ANOVA are presented for each variable integrated across the different years (p-values
less than 0.05 are in bold). Within each year, variables that responded significantly to warming are indicated by asterisks (∗∗∗p < 0.001; ∗∗p < 0.01; ∗p < 0.05). Error
bars indicate standard deviations. Pn-PAR and Pn-Ci curves were not determined in 2013 and 2014. See Figure 2 for descriptions of variables.

Some abiotic constraints, such as soil drying, are easily to
identify. Many studies have put great emphasis on warming-
induced soil drying, and suggest that drops in soil moisture
may reverse the observed positive impacts of warming on
plants (Liu et al., 2018; Reich et al., 2018). For instance,
plant stomatal conductance and net photosynthetic rates
are strongly limited by soil water availability (León-Sánchez
et al., 2016). In dry areas, where soil moisture was low, a
+2◦C increase in temperature caused dramatic reductions
in plant photosynthesis and growth (Wertin et al., 2017).
Nevertheless, unintended artifacts pertaining to dynamic
temperature patterns as drivers of plant responses are obscure
and thus tend to be ignored (Netten et al., 2008; Stef et al.,
2012; Yang et al., 2018). Commonly, the standard relationships
describing the effects of temperature on plant biological traits
are assessed using mean temperature increments (e.g., +2◦C)
to characterize environmental conditions. However, there is
also a risk that warming treatments could change temperature
variability unexpectedly.

In this study, we first aimed to find out what temperature
artifacts have been introduced by OTCs. To address this,
we compared temperature patterns between different warming
approaches. Our results suggest three key points. First, similar
to previous reports (Marion et al., 1997; Stef et al., 2012), we
found that OTC chambers altered temperature patterns greatly
by invoking imbalanced maximum and minimum temperatures,
asymmetrical warming between daytime and nighttime, as well as
increased daily temperature fluctuations and hot extreme events.
The indices introduced in our study provided a full assessment
of the temperature records. Second, these artificial patterns did
not exist in a natural context when we compared them under
warming scenarios simulated by temperature differences along
a latitudinal gradient. As previously demonstrated, latitudinal
gradients may harbor a more stable temperature variability to
reflect long-term evolutionary changes (De Frenne et al., 2013;
Elmendorf et al., 2015; Nooten and Hughes, 2017). Third, as
highlighted in this study, temperature artifacts could be alleviated
to some extent by making comparisons between them when using
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FIGURE 5 | Photosynthetic traits of S. tabernaemontani leaves between Lashi and Napa using the natural latitudinal gradient. Significance tests for warming (W),
observed year (Y ), and the interaction term (W × Y ) under repeated-measures ANOVA are presented for each variable integrated across the different years (p-values
less than 0.05 are in bold). Within each year, variables that responded significantly to warming are indicated by asterisks (∗∗∗p < 0.001; ∗∗p < 0.01; ∗p < 0.05). Error
bars indicate standard deviations. Pn-PAR and Pn-Ci curves were not determined in 2013 and 2014. See Figure 2 for descriptions of variables.

different types of OTCs simulating different warming scenarios.
Our experimental design employed two kinds of chambers, only
differing in the sizes of the open window, in order to compare
plant responses to manipulated warming, where mean warming
effects could be separated from chamber-induced effects (such
as temperature artifacts). However, it should be noted that
our climate records were solely based on one climate logger
per treatment or per site. Temperature recorded in a specific
plot may reflect an outlier because there is the possibility that
temperature extremes can differ plot by plot even under the
same treatment. In future studies, temperature extremes could
be more convincingly characterized and compared statistically
between treatments if replicate data loggers are installed in
different plots.

Plant phenotypic traits are strongly influenced by changes
in temperature variability. Organisms inhabiting environments
with variable temperature often have higher metabolic costs than
those living in relatively stable environments (Estay et al., 2010).
As a consequence, changes in individual and population-level

processes may occur if the temperature variability is high enough
to induce stress in the organisms. Temperature extremes, as one
of the most noteworthy forms of variability, may place plants
under thermal stress, which would greatly reduce the amount
of resources/energy allocated to physiological maintenance,
growth and reproduction (Cody, 1966; Reich et al., 2018).
Based on this knowledge, we examined the responses of our
study species’ photosynthetic, growth, and productivity traits
to different warming treatments. Under a +2◦C warming
scenario, all species showed a reduction in photosynthetic
rate, species height and above-ground biomass compared
to CK, especially at the end of the warming experiments
in 2016. Based on these, we then wanted to demonstrate
empirically whether or not OTC-induced temperature artifacts
are major factors causing negative responses of wetland plants
to experimental warming. To answer this second question,
we compared these results with other warming scenarios.
In contrast to the results shown above, significant decreases
in photosynthetic traits were not observed when comparing
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FIGURE 6 | Growth and productivity variables of S. tabernaemontani over time between treatments. (A) Species height, (B) basal diameter, and (C) above-ground
biomass. For Exp I, ambient conditions (CK), 2◦C-warming (+2◦C) as well as 4◦C-warming (+4◦C) are compared using OTCs. For Exp II, Napa, Lashi, and Dianchi
are compared along a latitudinal gradient. Error bars indicate standard deviations. Significant differences between CK and +2◦C as well as Napa and Lashi are
indicated by close asterisks (∗∗∗p < 0.001; ∗∗p < 0.01; ∗p < 0.05). Significant differences between +2◦C and +4◦C as well as between Lashi and Dianchi are
indicated by open asterisks (IIIp < 0.001; IIp < 0.01; Ip < 0.05).

the +4◦C and +2◦C scenarios, and moreover, significant
increases in these traits were observed when comparing Napa,
Lashi, and Dianchi using transplant experiments along a
natural latitudinal gradient. These direct multiple comparisons
suggest that temperature artifacts may significantly distort
our observations.

In one of our previous studies (Guan et al., 2018), the
anatomical structure of the wetland species Hippuris vulgaris
incubated in OTC chambers showed significant reductions in
the size of conduits and screens for belowground plant stems
under a +2◦C warming scenario when compared with CK,
while surprisingly, neither trait showed significant differences
when comparing different types of chambers (+2◦C and +4◦C).
The changes in vascular structure may affect the nutrient and
water transmission capacity under warming; however, the fact
that warming-chambers were used may raise doubts about
these confusing results. In the present study, we also found a
higher ratio of below- to above-ground biomass for wetland
species under +2◦C compared to CK, but this was not the case
for other warming treatments. Plants in chambers are usually

under “stress” due to imposed artifacts. It seems that warming
itself may maintain the balance of above- and below-ground
biomass allocation, while strong warming-induced stresses could
promote plants to allocate carbon to below-ground accumulation
(Liu et al., 2018).

We also noticed divergent responses to warming among
the three studied species. Unlike S. tabernaemontani and
Z. latifolia, when artifacts have been controlled, S. angustifolium
still showed negative or non-significant responses to warming
with respect to its photosynthesis, growth, and productivity
attributes. In particular, a decrease in the net photosynthetic rate
of S. angustifolium leaves was accompanied with reduced species
height and unchanged biomass accumulation. This species even
disappeared 2–3 years following transplant into Dianchi. This
is of concern because if wetland species are unable to adapt
to climate changes (e.g., because they are weak competitors
for light), the remaining community may be more susceptible
to the establishment of invasive alien plants, which can affect
ecosystem services and cause further species extinctions in the
long-term (Manea et al., 2016). Should the global warming
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FIGURE 7 | (A) Below-ground biomass and (B) the ratio of below- to above-ground biomass of the three species (S. tabernaemontani, Z. latifolia, and
S. angustifolium) determined at the end of the warming experiments. Error bars indicate standard deviations. Significant differences between Treatments are
indicated by asterisks (∗∗∗p < 0.001; ∗∗p < 0.01; ∗p < 0.05; #p < 0.1). Note that S. angustifolium disappeared in Dianchi at the end of the experiment, and
comparisons between Lashi and Dianchi were not determined.

trajectory follow the worse scenarios (e.g., >+4◦C increment
in temperature), these climatic changes would place certain
species in great danger. Our observations of wetland species
were consistent with previous reports from alpine grasslands
(Cui et al., 2018), showing that wetland species with resource-
conservative adaptations to cold climates in high-altitude regions
cannot utilize higher temperatures effectively and thus face
challenges and survival risks.

The dependency of realistic experimental outcomes on the
quality of the manipulation suggests that warming experiments
could be greatly improved by using more sophisticated designs.
For instance, an improved hexagon OTC system has been
reported (Godfree et al., 2011), which is capable of producing
a stable daytime and nighttime warming scenario. Alternatively,
active warming devices can also be used to make a more precise
control on manipulated temperature (Klein et al., 2005; Netten
et al., 2008). A recent study using active warming chambers,
with temperatures being precisely controlled, suggests a generally
positive response of leaf photosynthesis of two wetland species
(S. tabernaemontani and Typha orientalis) to warming (Xu et al.,
2018), and although this study was only performed over a single
year of warming, it provides further evidence that temperature
artifacts introduced by passive warming devices are important
drivers of observed negative effects under warming.

Field transplant experiments allow us to mechanistically
examine warming effect without artificial interference. The
power of using latitudinal gradients as natural laboratories to
infer species’ responses to temperature has been fully assessed

(De Frenne et al., 2013). Our analyses of the temperature
patterns along the gradient revealed a slightly greater nighttime
warming than daytime warming, as well as the reduced monthly
temperature range (Table 1), which were consistent with current
climate warming models (e.g., preferentially enhanced night
warming), implying the potential advantages of transplantation
in warming experiments. However, one major concern is that
this manipulation may also involve co-variations of multiple
climatic drivers that existed intrinsically in natural systems along
an elevation or latitudinal gradient (De Frenne et al., 2013).
Although these co-variations cannot be ruled out, many studies
recommend the tracking of these climatic factors over multiple
years, to find out whether biological traits exhibit consistent
responsive patterns to them (De Frenne et al., 2013; Nooten
and Hughes, 2017; Liu et al., 2018). We examined this and
showed that over a 5-year period of warming, air humidity
and other climatic factors (such as rainfall, data not shown)
did not vary systematically with latitude. Indeed, certain years
showed an increase in air humidity and rainfall, and for others
a decrease was observed. However, increments in temperature
were persistent between these three sites over the course of
experiments during 2012–2016, suggesting our selected sites are
predominantly characterized by a distinct temperature gradient.
Long-term warming experiments permit us to identify those
climatic factors that show systematic variations over several years,
providing insights into the dominant drivers of plant response
to climate change (De Frenne et al., 2013; Liu et al., 2018). As
evidence for this, our previous latitudinal observations showed
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that S. tabernaemontani originally growing in Dianchi (the low
altitude site) had significantly longer leaves, taller stems and
photosynthetic rates than those plants originally growing in Napa
(the high altitude site), mostly due to temperature differences
(Feng et al., 2019).

One of the limitations of this study is that we did not
systematically examine the light conditions. Various aspects of
light (photoperiod, light quality, and quantity) are likely to be
important limiting resources for plant physiology and growth
along the latitudinal gradients. The seasonality of photoperiods
often increases with latitude, and the amount of solar ultraviolet
radiation decreases toward lower elevations (De Frenne et al.,
2013). There have also been reports showing that light quality,
expressed as far-red to red ratios, may be enhanced at higher
latitudes (Hay, 1990). Therefore, there may be variations in
multiple light conditions among our three studied sites, and
Napa is likely to have a longer photoperiod in summer and
higher solar ultraviolet radiation than the Lashi and Dianchi
sites. Although the plants growing at Napa were not obviously
limited by light resources, their growth and photosynthesis
were limited by cold temperature more than those at the
other sites. The amount of light may not be a confounding
factor, since it showed an opposite trend to temperature from
Napa to Dianchi. However, given their biological relevance,
light conditions do need to be considered in further transplant
experiments. The incorporation of chamber controls (e.g.,+2◦C-
warming scenario) into our experiments and comparison with a
+4◦C-warming scenario provides new perspectives in the field
of passive warming experiments with regards to how rising
temperatures can affect plant traits independently of chamber
effects. However, warming from ambient temperature to +2◦C,
and from +2◦C to +4◦C would still be different changes for
plants; therefore comparisons made between these scenarios
should be treated with caution.

CONCLUSION

Long-standing discrepancies between small-scale chamber-based
manipulations and large-scale transplant experiments have been
reconciled to a great extent by considering the side effects of
the chambers, with particular attention being paid to chamber-
induced temperature artifacts. Asymmetrical warming between
daytime and nighttime, increased daily temperature fluctuations,
and hot extreme events are key temperature biases introduced
by our use of OTCs. For the first time, we provided direct
evidence that temperature artifacts are a main cause of the
negative plant responses to artificial warming observed in
wetlands. If this is true, it may be that certain biotic changes
previously reported from experiments using passive warming
chambers are partially due to undesirable temperature artifacts,
confounding the interpretation of the data. Generally, robust
outcomes obtained from one study should be further verified
by other approaches, rather than weakened or conflicted by
them. Here, along with alleviated temperature artifacts, the
consistent plant responses to warming have been achieved for
both approaches.
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