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Abstract
Tropical regions are biodiversity hotspots and are well suited to explore the potential in�uence of global
climate change on forest ecosystems. Bryophytes have essential ecological functions in tropical forest
ecosystems. Knowledge of the potential impact of global warming and possible changes in water
availability patterns on terrestrial bryophytes is limited. We transplanted eight moss species from two
elevations (900 and 500 m) to warmer and drier elevations (500 and 100 m) during a half-year
observation period on Tai Mo Shan, southern China. The simulated climate change resulted in a marked
decrease in growth and a negative effect on the health of the transplanted species. Few moss species
survived six months after transplanting to the warmer and drier lowlands, and their health status
deteriorated severely. Three moss species, Sematophyllum subhumile, Pseudotaxiphyllum
pohliaecarpum, and Brachythecium buchananii, were highly susceptible to changes in temperature and
moisture and might be used as suitable bioindicators. As the tropics are expected to become hotter and
drier, terrestrial mosses might be negatively affected or even be at risk of extinction. The cascading
negative effects on the forest ecosystem might be induced by the dying back or even disappearance of
terrestrial moss species. Thus, conservation of bryophyte communities is important to sustain and
improve the stability and resilience of tropical forest ecosystems to climate change.

Introduction
Tropical regions harbor the highest biodiversity among all terrestrial habitats, as described by the
latitudinal diversity gradient theory (Hillebrand 2004; Sahney and Benton 2008; Dowel et al. 2013). More
than 40% of bryophytes occur in the tropics (Frahm 2003), which are biodiversity hotspots and well suited
to explore the potential in�uence of global climate change on bryophytes biodiversity (Gaston 2000)
based on unexpectedly high rates of habitat degradation and biodiversity loss (Tittensor et al. 2010).

Bryophytes are critical components of tropical forest ecosystems due to their high biodiversity and
biomass (Gradstein et al. 2001; Grytnes et al. 2006; Frego 2007; Grau et al. 2007; Glime 2017) and ful�ll
essential ecological functions (Longino and Nadkani 1990; Nadkani and Longino 1990; Hölscher et al.
2004; Yanoviak et al. 2007; Jeschke et al. 2008; Zhao et al. 2009; Seitz et al. 2017). Bryophytes can re�ect
climate changes more quickly than vascular plants due to their poikilohydry, which makes them ideal
bioindicators for climate monitoring (Markert et al. 2003; Tuba et al. 2011; Ares et al. 2012; Nickel et al.
2018; Wang et al. 2019). They also have a wide geographic distribution, rendering them suitable
candidates for both latitudinal and elevational range shift studies, as they are found from the poles to the
equator (latitudinal diversity gradient) and from sea level to mountain peaks (elevational diversity
gradient) (Andrew et al. 2003; Glime 2017).

The global climate has warmed by approximately 1oC since 1880 (IPCC 2018), resulting in well-
documented shifts in species distributions with far-reaching implications for biological communities, yet
current international agreements will accept more than double this magnitude of warming compared to
pre-industrial levels by 2030 (2°C target according to the Paris Conference of Parties (COP 21)). By the
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end of this century, temperature in tropical regions is predicted to increase by about 3°C in the absence of
ambitious efforts to combat global warming. Changes in precipitation patterns that are likely linked to
increased greenhouse gas concentrations have also been observed on a global scale; these patterns are
spatially and temporally heterogeneous, and predictions of future patterns are generally uncertain and
often di�cult to coherently relate to climate change (Paeth et al. 2008).

Extinction risk related to climate change has been widely studied and scienti�cally estimated (Malcolm et
al. 2006; Maclean et al. 2011; Urban 2015), and species extinction risks for the 21st century are
considerable (Pereira et al. 2013). Climate change, mainly global warming, is driving many species
towards higher latitudes and elevations (Pecl et al. 2017). Uphill migration allows montane species to
search for suitable microclimates and microhabitats, but habitat fragmentation and range contractions
sometimes lock species into separated and eventually unsuitable habitats (Dullinger et al. 2012).

Tropical regions have been marginal localities for bryophytes principally because of their negative carbon
gain induced by high temperatures (Zotz and Bader 2009; Song et al. 2012). Bryophytes have to
equilibrate their daily carbon dioxide acquisition with nightly respiration, especially in warm and humid
seasons. Several studies have focused on the ecophysiology of tropical bryophytes (Wagner et al.
2014a), such as desiccation and temperature tolerance (Johnson and Kokila 1970; Zotz and Bader 2009;
Song et al. 2012; Bader et al. 2013; Wagner et al. 2014b), photosynthetic light response and related
functional traits (Marschall and Proctor 2004; Waite and Sack 2010) and photosynthetic light, water, and
temperature responses (Wagner et al. 2013).

However, these empirical studies on the impact of climate change on bryophytes focused mainly on non-
vascular epiphytes and even included lichens. Knowledge of the potential in�uence of global warming
and possible changes in water availability patterns on the health, growth, and survival of terrestrial
mosses is limited, especially for species inhabiting mountain peaks, as there are no higher elevations to
which these species can migrate. In this study, we transplanted eight terrestrial moss species from
highland areas to two lower elevations on Tai Mo Shan, Hong Kong, and observed their health condition,
growth, and survival rates. During the observation period, Hong Kong experienced the warmest year since
records began in 1884; the mean annual temperature was 1.2oC higher than that during the 1981–2010
period (Hong Kong Observatory 2020). The objectives of this study were (1) to explore the potential
in�uence of higher temperatures, lower relative humidity, and rainfall on the health status, growth, and
survival rates of eight bryophyte species and (2) to determine whether the selected bryophyte species are
ideal bioindicators of climate change.

Materials And Methods

Study area
Hong Kong is situated in the eastern Pearl River Delta of the South China Sea, 22°9′ – 22°33′ N, 113°50′ –
114° 26′ E, with a territory of 1104 km2. It lies 130 km south of the Tropic of Cancer and features a humid



Page 4/23

subtropical climate with distinct hot humid and cool dry seasons. Despite its small area, there are distinct
horizontal and vertical climatic gradients in Hong Kong. The primary evergreen or semi-evergreen
monsoon forests that used to cover Hong Kong were cleared 400 years ago, except for some tiny,
undisturbed patches in elevated, remote, and steep regions (Corlett 1997; Zhuang and Corlett 1997).

Hong Kong is one of the most densely populated places in the world, with less than 25% of the total land
area being urbanized. Generally hilly to mountainous terrain with steep slopes occupies approximately
75% of the total land area. Undeveloped land has very few �at areas and consists mostly of secondary
forests, grassland, shrubland or farmland (Ashworth et al. 1993; Corlett 2000; Owen and Shaw 2007;
Planning Department 2017). About 40% of the undeveloped land area is country parks and nature
reserves (Morton and Harper 1995). Despite the small total extent of Hong Kong and massive human
disturbance, diverse �ora and fauna still survive (Corlett 2000; Dudgeon and Corlett 1994). A diverse
ecosystem exists in this region, with more than 3,000 species of vascular plants, of which 300 are
endemic to Hong Kong (Hu 2003; Agriculture, Fisheries and Conservation Department 2020). The known
bryophyte �ora of Hong Kong consists of 372 species from 70 families and 159 genera, of which 238 are
mosses and 134 are liverworts and hornworts (Zhang 2003).

Tai Mo Shan is the highest peak in Hong Kong, with an elevation of 957 m. It has an area of 1,440
hectares and is situated in the Tai Mo Shan Country Park in the center of the New Territories, Hong Kong.
Due to the height of the mountain, Tai Mo Shan is claimed to be Hong Kong's most misty area, as it is
often covered in clouds. It is not uncommon for temperatures to drop below the freezing point during
winter (Hong Kong Observatory 2017). Trees planted here are mostly non-native such as Pinus
massoniana, Acacia confusa, Lophostemon confertus, and Melaleuca quinquenervia. The area has
become one of the major forest plantations in Hong Kong. Vegetation types include lowland evergreen
broad-leaved forest to grassland with montane forest patches near the peak. Forests are limited to a
maximum altitude of 550 m, while the upper slopes are dominated by shrubs and grasses.

Experiment design and measurement
Eight terrestrial moss species from two elevations (six species from 900 m, two species from 500 m)
were selected from the northern part of Tai Mo Shan (Table 1). All eight species were common at the
original elevation, and a few or no species were found at the three other altitudes. In April 2019, fresh and
healthy samples of the moss species were collected and air-dried for 24 h to a constant weight in the
laboratory, and litter and non-target species were removed from each sample. A total of 198 bags were
used for the treatments (3 elevations × 6 species × 3 replicates × 3 observation times + 2 elevations × 2
species × 3 replicates × 3 observation times). Samples (1.0 ± 0.01 g for each treatment) were prepared
and placed in 5 cm × 5 cm stretchy plastic bags.
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Table 1
Terrestrial moss species from 2 elevations for being used in the transplanting experiment (listed in

descending order of their relative �eld abundance)
Location Altitude (m

asl)
Species Family Life

form

Summit 900 Hypnum plumaeforme Hypnaceae Weft

Brachythecium buchananii Brachytheciaceae Mat

Thuidium glaucinoides Thuidiaceae Mat

Anomobryum julaceum Bryaceae Cushion

Pterobryopsis crassicaulis Pterobryaceae Mat

Pseudosymblepharis angustata Pottiaceae Cushion

Waterfall
path

500 Sematophyllum subhumile Sematophyllaceae Mat

Pseudotaxiphyllum
pohliaecarpum

Hypnaceae Mat

On the �rst day of May 2019, samples were transplanted to the various elevations, and the original
elevation served as the control (six species from 900 m to 500 m and 100 m, two species from 500 m to
100 m). Before the samples were randomly planted or placed in each plot, the litter layer and other
bryophytes were removed to make sure that each sample was in direct contact with the mineral soil. The
plots at each site were fenced by a plastic board to make sure the samples were not washed away by
moving water caused by heavy rain. After placement, the samples were moistened to their normal state.

Twenty-four sacri�cial samples were placed in a 60ºC oven for 24 h and reweighed. The health status,
survival rate, and growth of all study species both in situ and after transplanting were monitored.
Samples were collected for analysis after two, four, and six months. In total, 66 treatments were collected
into plastic bags and transported to the laboratory at each observation time. The health status of all
samples at each elevation was assessed at the study sites. In the laboratory, treatments were air-dried for
24 h to a constant weight, and litter and non-target species were removed for biomass measurements.
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Table 2
Criteria for assessing the overall health status of each

sample
Thallus color Score

Completely brown or dead looking  90% 0

Yellowish or mostly brown patches 70% 1

More than half brown or dying back  50% 2

Most healthy and active green  30% 3

Very healthy and active green  10% 4

Completely healthy and active green  10% 5

We modi�ed the method developed by Rosso et al. (2001) to assess the overall health condition of all
samples according to their thallus color, using a scale of 0–5, with 0 indicating completely brown or
dead-looking and 5 representing active green thalli (Table 2). We recorded moss biomass accumulation
over a 6-month period after transplanting during the growing season from the end of April to the end of
October in 2019. Biomass accumulation rates were measured as biomass changes relative to the initial
biomass over the experimental period. Through biomass accumulation measurements, we assessed the
net result of growth and decomposition, especially the acclimation to lower elevations. The weight of
each sample was corrected to the oven dry weight using sacri�cial standards. We assumed that the
difference in the relative humidity of the laboratory at various times would not in�uence the results.

Environmental and climatic factors
Environmental and climate indices, including air temperature, dew point, relative humidity, and rainfall at
each elevation, were obtained from a local weather station if possible. Weather data were not available
for the northerly-aspect 500 m asl elevation sites, and climate parameters were instead measured at the
self-deployed mini weather stations or were estimated according to the nearest meteorological station.
Two mini weather stations were set up at this elevation to collect air temperature, dew point, relative
humidity, and rainfall data.

Statistical analysis
All environmental variables were averaged for each elevation. All statistical tests were performed using
SPSS (version 26.0; IBM). Data were checked for deviations from normality and homogeneity of variance
before statistical analysis. ANOVAs with Tukey’s post hoc tests were performed to assess signi�cant
differences between different elevations and observation times. Differences in the health status, growth,
and environmental factors among different elevations and sampling periods were analyzed using multi-
way ANOVAs. Differences in growth among different elevations within each observation period were
analyzed with one-way ANOVA.
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Results

Environmental factors during measuring periods
Multi-way ANOVAs showed signi�cant effects of elevation on air temperature, dew point, relative
humidity, and rainfall during the observation period (Table 3). The mean air temperature at 900 m asl was
21.2oC, which was signi�cantly lower than that at 500 (24.0oC) and 100 m asl (27.1oC). The mean dew
point showed a trend similar to that observed for air temperature, with mean values of 20.0, 22.2, and
23.6 oC at 900, 500, and 100 m asl, respectively. The relative humidity, however, showed a reverse trend
compared with air temperature, with mean values of 94.4%, 91.9%, and 84.4% at 900, 500, and 100 m asl,
respectively. Mean rainfall at 900 m asl (642 mm) was signi�cantly higher than at the two other
elevations. Multi-way ANOVAs showed signi�cant effects of measuring time (July, September, and
November) on air temperature, dew point, relative humidity, and rainfall (Table 3). The dynamics of air
temperature, dew point, relative humidity, and rainfall followed similar seasonal patterns among the three
elevations. The highest air temperature, dew point, and rainfall occurred in August, the highest relative
humidity in June, and the lowest air temperature, dew point, relative humidity, and rainfall in October
(Fig. 1). In addition, signi�cant interaction effects of elevation and observation time were observed for air
temperature, dew point, and rainfall, but not relative humidity (Table 3).
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Table 3
Results of multi-way ANOVAs for environmental

factors of the three elevations during the
observation periods (n = 3)

Measure df F p

Air temperature      

Elevation 2 4337.703 < 0.001

Time 2 611.618 < 0.001

Elevation x time 4 12.057 < 0.001

Dew point      

Elevation 2 1233.369 < 0.001

Time 2 1441.816 < 0.001

Elevation x time 4 1.580 0.222

Relative humidity      

Elevation 2 464.321 < 0.001

Time 2 566.547 < 0.001

Elevation x time 4 2.491 0.080

Rainfall      

Elevation 2 428.101 < 0.001

Time 2 23775.025 < 0.001

Elevation x time 4 143.758 < 0.001

Health status of terrestrial mosses
The initial Hypnum plumaeforme samples from the three elevations were completely healthy with active
green thalli. The health status of H. plumaeforme differed signi�cantly among the three elevations four
(F = 40.939, P < 0.001) and six (F = 14.837, P < 0.01) months after transplanting. The health status of
samples at 100 m asl deteriorated markedly, with parts of the transplants turning brown or dying back
four months after transplanting (Fig. 2). Multi-way ANOVAs showed that the effect of measuring time on
the health status of all six moss species from 900 m asl was signi�cant, similar to the effect of elevation
(Table 4).

The initial Brachythecium buchananii samples from the three elevations were completely healthy with
active green thalli. The health status of B. buchananii differed signi�cantly among the three elevations
two months after transplanting (F = 40.939, P < 0.001). The health status of samples at 500 and 100 m
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asl deteriorated obviously, with parts of the transplants turning brown or dying back four months after
transplanting (Fig. 2). Samples at 100 m asl turned completely brown and died back.

Thuidium glaucinoides, Anomobryum julaceum, Pterobryopsis crassicaulis, and Pseudosymblepharis
angustata showed similar trends as those observed for B. buchananii. Signi�cant differences among the
three elevations in the health status of T. glaucinoides, A. julaceum, P. crassicaulis, and P. angustata
occurred two months after transplanting (Fig. 2). The overall health of samples at 100 m was
signi�cantly worse than at the original elevation.

Table 4
Results of multi-way ANOVAs for the health status of six

terrestrial moss species from 900 m asl during the observation
periods (n = 3)

Measure df F p

Hypnum plumaeforme      

Elevation 2 39.306 < 0.001

Time 3 104.617 < 0.001

Brachythecium buchananii      

Elevation 2 94.596 < 0.001

Time 3 245.263 < 0.001

Thuidium glaucinoides      

Elevation 2 62.791 < 0.001

Time 3 250.920 < 0.001

Anomobryum julaceum      

Elevation 2 54.973 < 0.001

Time 3 316.529 < 0.001

Pterobryopsis crassicaulis      

Elevation 2 40.258 < 0.001

Time 3 264.387 < 0.001

Pseudosymblepharis angustata      

Elevation 2 91.806 < 0.001

Time 3 496.970 < 0.001

Sematophyllum subhumile and Pseudotaxiphyllum pohliaecarpum from 500 m asl responded to the
simulated climate change in a similar way as samples of these species from 900 m asl. The health
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status of the two species differed signi�cantly between 500 and 100 m asl two months after
transplanting (P < 0.001). Samples at 100 m asl turned brown and died back four months after
transplanting (Fig. 3). The effect of time on the health status was signi�cant, as was the effect of
elevation (Table 5).

Table 5
Results of multi-way ANOVAs for the health status of two terrestrial
moss species from 500 m asl during the observation periods (n = 3)

Measure df F p

Sematophyllum subhumile      

Elevation 1 973.345 < 0.001

Time 3 374.448 < 0.001

Pseudotaxiphyllum pohliaecarpum      

Elevation 1 1863.758 < 0.001

Time 3 1174.182 < 0.001

Response of the growth condition of terrestrial mosses
Multi-way ANOVAs showed that effect of time on the growth of all six moss species was signi�cant, as
was the effect of elevation (Table 6). No signi�cant differences in the initial biomass of the six moss
species were detected among the different elevations (Fig. 4).

Signi�cant differences in H. plumaeforme biomass were measured among the three elevations after
transplanting. H. plumaeforme grew fastest at 900 m and slowest at 100 m, and the differences between
500 and 100 m asl were not statistically signi�cant (Fig. 4). The mean biomass of H. plumaeforme at the
lower elevations was signi�cantly lower than that at 900 m after transplanting (Fig. 4). Samples at all
sites exhibited a negative growth rate from July to October 2019 (Fig. 4).

B. buchananii responded to the simulated climate change in a similar way as H. plumaeforme, but
transplants at the low elevation exhibited little growth after transplanting, and the mean biomass
accumulation of B. buchananii at the low elevation was 0 g six months after transplanting due to the
dying back of this species (Fig. 4).

T. glaucinoides samples grew best at the high elevation followed medium elevation. No signi�cant
differences were measured in the �rst two months after transplanting. Samples at all sites exhibited a
negative growth rate from July to October 2019 (Fig. 4).

A. julaceum, P. crassicaulis, and P. angustata responded to the simulated climate change in a similar
manner to B. buchananii. We observed no signi�cant differences in P. angustata among the three
elevations four months after transplanting. The biomass of A. julaceum and P. crassicaulis differed
signi�cantly among different elevations after transplanting; these species grew better at high elevation
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than at 500 and 100 m asl, and no signi�cant differences were observed between the two lower
elevations.

Table 6
Results of multi-way ANOVAs for the growth condition of six

terrestrial moss species from 900 m asl during the observation
periods (n = 3)

Measure df F p

Hypnum plumaeforme      

Elevation 2 17.387 < 0.001

Time 3 52.377 < 0.001

Brachythecium buchananii      

Elevation 2 170.709 < 0.001

Time 3 191.275 < 0.001

Thuidium glaucinoides      

Elevation 2 22.191 < 0.001

Time 3 77.452 < 0.001

Anomobryum julaceum      

Elevation 2 67.331 < 0.001

Time 3 87.601 < 0.001

Pterobryopsis crassicaulis      

Elevation 2 40.640 < 0.001

Time 3 139.736 < 0.001

Pseudosymblepharis angustata      

Elevation 2 30.442 < 0.001

Time 3 61.004 < 0.001

S. subhumile and P. pohliaecarpum from 500 m asl responded to the simulated climate change in a
similar manner as observed for these species from 900 m asl. The growth of these species differed
signi�cantly between the two elevations two months after transplanting (P < 0.001). Samples at 100 m
asl completely died back four months after transplanting (Fig. 5). The effect of observation time on
growth was signi�cant, as was the effect of elevation (Table 7).
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Table 7
Results of multi-way ANOVAs for the health status of two terrestrial
moss species from 500 m asl during the observation period (n = 3)
Measure df F p

Sematophyllum subhumile      

Elevation 1 1259.959 < 0.001

Time 3 318.464 < 0.001

Pseudotaxiphyllum pohliaecarpum      

Elevation 1 433.581 < 0.001

Time 3 121.486 < 0.001

Discussion
The results indicate that habitat temperature decreased but water availability increased with increasing
altitude. During the observation period, the mean air temperature increased by 5.9oC, the dew point
increased by 3.6oC, relative humidity decreased by 10%, and rainfall decreased by 84 mm in the lowland
area compared with the high elevation. Under rapid and persistent global warming and a likely declining
trend of relative humidity and rainfall (Hijmans et al. 2005; Ramirez and Jarvis 2008), the relocation of
terrestrial mosses from high to low elevations can be used to estimate the impacts of future global
climate change in the study area.

The most marked result of this study is that only a few moss species survived six months after
transplanting to the warmer and drier lowlands, and even in these species the health status deteriorated
severely (Figs. 2 and 4). We did not detect a positive growth rate after June at lower elevations, so
survival might be pro-acclimated to warmer and drier lowlands. The simulated climate change
signi�cantly negatively affected the growth and health of most moss species studied in the six-month
period (Figs. 2–5). Similar results were obtained in our laboratory study: as the temperature increases, the
health status, photosynthetic activities, and biomass gains decline sharply (JW. Hao, unpubl. data). Song
et al. (2014) also observed markedly declined growth rates and a negative effect on the health of
transplanted epiphytes within two years. In addition, Wagner et al. (2014b) found that no short-term
acclimation existed, and that a temperature increase led to poorer health and eventually high mortality of
transplanted bryophytes. The relative abundance of species in the �eld changed signi�cantly with a 1.5–
2.5 oC temperature increase over two years (Jácome et al. 2011).

These results can be explained in two ways. First, high respiratory carbon losses and a shorter period of
photosynthetic activities induced by increased temperature contributed to the decline of growth gains
(Proctor 2011; Wagner et al. 2013). Second, mosses are poikilohydric, rapidly losing water and thus
photosynthetic capacity when the relative humidity decreases, with photosynthetic capacity resuming
only if they are rehydrated (Sillett and Antoine 2004). Wagner et al. (2013) suggested that the timing and
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duration of wetting rather than the water content were the main drivers in this respect, and temperature-
dependent metabolism is limited with increasing evaporation rates, restricting the period for net
photosynthesis. This situation was exacerbated by wet and warm nights. Consequently, the mosses were
incapable of the high photosynthetic rates needed to counteract the respiratory carbon losses in warmer
and drier lowland areas.

Another striking result was that net growth rates were found only in the �rst observation period
irrespective of whether mosses were transplanted to lower elevations. We cannot differentiate whether
the reduced growth rate was caused by the warmest year since records began in 1884 or whether this
represents a seasonal phenomenon. A possible explanation for the positive growth rates in the �rst
measurement period is that the highest relative humidity occurred in the �rst two months. Wet and warm
nights might be the possible reasons for negative growth rates recorded in the subsequent measurement
periods because the highest air temperature, dew point, and rainfall occurred in August.

Other studies have also documented the responses of bryophytes to climate change, and even slight
shifts in climate conditions may have negative consequences. Range shifts of vascular plants induced by
higher temperatures in high-latitude ecosystems led to a reduction in bryophyte cover (Tømmervik et al.
2004; Guglielmin et al. 2014; Royles and Gri�ths 2014). Bjerke et al. (2011) suggested that a warm winter
had negative effects on the photosynthetic activities and growth rates of moss species in sub-arctic
heathlands. Furthermore, the range for many European bryophyte species has contracted whereas range
expansions for other species have occurred at their northern limits (Bergamini et al. 2009; Désamoré et al.
2012; Hodd et al. 2014).

Bryophytes, especially epiphytes, have long been used as excellent indicators to monitor climate change
(Gignac 2001). S. subhumile and P. pohliaecarpum showed the most signi�cant and substantial
differences in growth and health four months after being exposed to warmer and drier environments.
Therefore, S. subhumile and P. pohliaecarpum could be employed as potential climate change indicators
in the marginal tropics. A signi�cant negative effect of relocation to lowland areas on the health and
biomass of B. buchananii was detected six months after transplanting. These results indicate that B.
buchananii is susceptible to climate change. The �ve other moss species survived the experiment even
though they experienced severely deteriorated health and reduced growth rates. This implies that these
species are not good indicators of climate change, and might indicate that even warmer and drier sites
are suitable for some species due to their phenotypic plasticity (Bradshaw 1965; Callahan et al. 1997).
Why these �ve species were unsuccessful in establishing in lowland areas remains unresolved. All
species have limitations to their capacity for adaptive response to changing environments (Williams et al.
2008), and these limits are unlikely to increase for species already experiencing warm temperatures close
to their tolerance limits (Araújo et al. 2013).

Implications for conservation
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To understand the rapid, persistent impact of climate change, we generally need several decades of data
to rigorously assess pre- and post-climate change trends at the level of species and ecosystems (Brown
et al. 2016); however, such long-term data sets are rare for biological systems (Laurance et al. 2011). In
this study, we attempted to assess the possible short-term impact of climate change on the health status,
growth, and survival rate of terrestrial moss species. These species were susceptible to simulated climate
change and may be more vulnerable than vascular species. This study �lls the gap in empirical evidence
on the sensitivity of terrestrial moss species to climate change. As climate conditions in the tropics are
expected to become hotter and drier (Ramirez and Jarvis 2008; Lewis et al. 2011), many moss species
might be negatively affected or even at the risk of extinction. The bryophyte communities in the tropics
might be one of the best biological populations to re�ect the direct impact of climate change and provide
an early warning of biological outcomes induced by ongoing climate change, even though we cannot
predict the long-term in�uence of climate change from the present study.

Because bryophytes have essential ecological functions in land ecosystems, the adverse effects of
climate change on moss species cannot be considered in isolation (Zotz and Bader 2009). The dying
back and even disappearance of terrestrial moss species related to climate change may have cascading
negative effects on the whole forest ecosystem. Thus, conservation efforts to sustain and improve the
stability and resiliency of tropical forest ecosystems to climate change should include bryophyte
communities.

Although there is an enormous body of basic research on climate change, few long-term conclusions can
be drawn about future consequences. Local adaptation due to phenotypic plasticity may be
overestimated due to current climatic conditions. However, as the rate of future climate change will likely
outweigh the potential acclimation of many species, in addition to human-induced habitat loss and
habitat fragmentation, the challenges of moss species redistribution induced by climate change may not
occur.
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Figure 1

Comparison of mean air temperature, dew point, relative humidity, and rainfall among different elevations
during the observation period. Error bars indicate the 95% con�dence interval (n = 3).
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Figure 2

Effect of simulated climate change on the health of six terrestrial moss species from 900 m asl. Error
bars indicate the 95% con�dence interval (n = 3). *** signi�cant at the 0.001 level; ** signi�cant at the
0.01 level; * signi�cant at the 0.05 level.

Figure 3

Effect of simulated climate change on the health of two terrestrial moss species from 500 m asl. Error
bars indicate the 95% con�dence interval (n = 3). *** signi�cant at the 0.001 level; ** signi�cant at the
0.01 level; * signi�cant at the 0.05 level.
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Figure 4

Effect of simulated climate change on the growth condition of six terrestrial moss species from 900 m
asl. Error bars indicate the 95% con�dence interval (n = 3). *** signi�cant at the 0.001 level; ** signi�cant
at the 0.01 level; * signi�cant at the 0.05 level.

Figure 5

Effect of simulated climate change on the growth condition of two terrestrial moss species from 500 m
asl. Error bars indicate the 95% con�dence interval (n = 3). *** signi�cant at the 0.001 level; ** signi�cant
at the 0.01 level; * signi�cant at the 0.05 level.


