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Carbon sequestration
in Tropical Montane Cloud Forests

The determination of carbon storage in tropical forests is among mitigation
measures for climate change. There are numerous studies worldwide about
this topic. Nevertheless, few are the studies of carbon storage in Tropical
Montane Cloud Forests (TMCFs). TMCFs play an important role in hydrological
balance and carbon sequestration. Studies of carbon sequestration are scarce
in TMCFs due to their difficult access and the assumption of low carbon
sequestration. In this review article, the methods of carbon sequestration esti-
mation in TMCFs and their results were analysed. We classified them depend-
ing the source of carbon storage. Thus, three class were established: vege-
tation carbon storage, soil carbon storage and litter carbon storage. Results
showed that the most used method to determine carbon storage is field
method for carbon storage in vegetation and the remote sensing method
is the less used. In addition, it was found that the majority of research is con-
centrated in America, specifically in Mexico and Peru. According to Pearson's
correlation coefficient, it was found that the frequency of investigations
by country is directly related to the forest area of the country (p < 0.08). Few
studies on TMCFs carbon storages have been carried out in the world and
they showed differences in the estimation of the carbon content in data and
methodologies. It is needed to increase the efforts in the research of TMCFs
carbon storage to reach a better stage and accumulate data that could help
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to provide policies and actions to mitigate climate change through the con-
servation of these carbon sinks.

Key words: tropical forest, tropical montane cloud forest, carbon storage,
carbon sequestration biomass, soil organic carbon
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CekBecTpauMOHHAa CNOCOBHOCTb
TPONMYECKMX FOPHbIX TYMAHHbIX N1€COB

OueHka obbema 3anacoB yrnepoaa B TPOMUYECKMX Necax SBASEeTCs OLHON
M3 33[1a4 B paMKax NPUHATMS Mep N0 CMAr4YeHU0 NOCNeACTBMI U3MEHEHUS KIU-
marta. [lo BceMy Mupy 6b110 NPOBEAEHO MHOXECTBO UCCNEA0BaHUIA NO AAHHOMY
HanpaBneHuto. TeM He MeHee, KOIMYEeCTBO UCCNef0BaHUI MO OLLEHKe 3anacos
yrnepofa B TPOMUYECKUX FOpHbIX TyMaHHbIX necax (TMCF) He Benuko. TMCF
UrpaloT BaXKHYK poSib B MMAPONOrMYECcKOM HanaHce U CBSA3bIBaHUW yrneposa.
UccnepoBaHuna no usyvenuto cnocobHoct TMCF xpaHuTb yrnepon HeMHO-
rOYMCNEeHHbl BBMAY TPYAHOLOCTYMHOCTM CaMMX NIECOB, @ TakXe Mo MpuynHe
pe3ynbTaToB HEKOTOPbIX MCCNefoBaHWI, GUKCUMPYIOLWMX HU3KYH CeKBecTpa-
LUMOHHYK CNOCOBHOCTb AaHHbIX 3KOCMCTEM. B AaHHOM 0630pHOM cTaTbe Mpo-
aHaNM3MPOBaHbl METOAbI OLEHKM 3anacos yrnepoaa B TMCF u ux pe3ynbrathbl.
Knaccndukaums nccnenoBaHuii NnpoBoAnnach B 3aBUCMMOCTU OT 06bekTa m3y-
YeHus U BKIKYaNa UCCnefoBaHUs HAaKOMIEHHOrO Yyrnepoaa B pacTUTENbHOCTH,
noyBe M B MOACTWAKe. Pe3ynbTaTtbl MCCnenoBaHUi AEMOHCTPUPYHOT Hanbonb-
LY pe3ynbTaTMBHOCTb NMOMIEBOr0 METOAA ONpeLeNieHNs HAKOMNEHUS YrNeposa,



CoupanbHo-3konornyeckme texHonornm. 2021.T.11.N2 3

B TO BPEMS KaK METO[ AWUCTAHLMOHHOIO 30HAMPOBAHMS MPUMEHSETCS peXxe.
Kpome Toro, obHapyxeHo, 4To 6osbluas YacTb MCCIef0BaHMI COCpeaoToYeHa
B CeBepHoli u OxHOM AMmepuke, B YacTHoCTH, B Mekcuke u lMepy. Mcnonb3o-
BaHuWe ko3dduumeHTa koppensunm NMMpcoHa MO3BOMMAO YCTAHOBUTL NPSMYIO
CBSA3b YaCTOTbl UCCNEf0BAHUI HakonneHus yrnepoga TMCF cTpaHamu 1 nno-
Waam nNecos AaHHOro Tmna Ha ux tepputopun (p < 0,08). B Mupe BbinonHeHo
HeCKONIbKO KPYMHbIX MCCNeaoBaHuii yrnepoaHbix 3anacos TMCF, koTopble 6binu
npoBefeHbl C NCNONb30BAHMEM Pa3HbIX BXOAHbIX AAHHbIX, METOAMK U AEMOH-
CTPUPYIOT HEOAHO3HAYHbIE pe3y/bTaTbl. TakuM 06pa3oM, HEO6XOAMMO YCUNUTD
MeTOL0N0rMYeckyto 6asy MCCnefoBaHMs XPaHEHWs yrnepoaa TPOMMYEeCKUMuU
FOPHbIMU TYMaHHbIMUW JleCaMK, C LENb0 HAKOMIEHUS 3HAHWKA U OOCTUXKEHUS
e0MHCTBA pe3ynbTaToB An4 nocneayolein pa3paboTkM MeponpusTuin U gen-
CTBMI MO CMAMYEHWUIO NOCNEACTBUIA U3MEHEHMUS KAMMATa 3a CYET COXPAaHEHMs
NecoB AaHHOro Tvna.

KnioueBble cnoBa: TpONMYECKWI TOpHbIA TYMaHHbIM 1ec, 3anac yrnepoaa, uo-
Macca, NoACTUKA, MOYBa

BnaropapHocti. Pabota BbinosHEHA NpW MoAAepxkke [porpamMMbl CTpaTerMyeckoro
aKajeMuyeckoro nuaepcTea PoCcuitckoro yHuBepcuTeTa ApyK6bl HApOLOB.

CCbIJIKA HA CTATbIO: Mepena C., Kyp6atosa A.W., lpuropeu E.A. CeksecTpa-
LMOHHas CNoCcoBHOCTb TPOMMYECKMX FOPHbIX TyMaHHbIX necos // CoumanbHo-
skonoruyeckne TexHonornu. 2021. T. 11. N2 3. C. 377-397. DOI: 10.31862/
2500-2961-2021-11-3-377-397

Introduction

Forests (vegetation, soil and litter) play a fundamental role in carbon
dynamics [Pan et al., 2011]. Photosynthesis and plant respiration are
the fluxes through plants take up and return back carbon; Then, plants fix
carbon in the soil and it is stored as soil organic carbon [Van Den Meerssche,
2020]. The conservation of those carbon sinks lets to mitigate the climate
change through emissions reduction. Worldwide, the total carbon storage
in soils and terrestrial vegetation (2000 PgC) is more than in the atmosphere
(800 PgC) [Bauters, 2013].

Tropical forests are the biggest of the world (45%), thus they are
the greatest carbon sinks (55% of C) of all the forests ecosystems [Pan
et al., 2011]. In spite of their importance as carbon sink, tropical forests
are deforested every year. Deforestation represent 20% of emissions from
total anthropogenic greenhouse gas emissions [Mapstone, 2017].
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Based on forest structure, rain forest is classified as tropical forests and
its area in the world and in South America occupies the first place, 668
of 1468 million km? respectively. Approximately, 10% of tropical rain forest
corresponds to Tropical Montane Cloud Forest (TMCF). This ecosystem has
some important services like hydric balance and carbon storage; Also, they
possess high biodiversity [Stadtmiiller, 1987]. TMCFs have been quite affected
by global warming because they have specific climate and altitudinal features
[Gibbon et al., 2010]. Hence, all the ecosystems services have also been
affected. However, vegetation functioning aspects, including carbon storage,
are little studied. This makes it difficult to know the degree of vulnerability
of the TMCF to climate change. The importance to promote studies in TMCFs
is because they can be used as early warning alerts of climate change due
to their sensitivity to climate [Martin, Bellingham, 2016].

TMCEF are found in South and Central America, Caribbean, Asia, Oceania and
Africa with an estimated area of 214630 km? (1.4% of tropical forests). TMCFs
are located between 1,500-2,500 m.a.s.], and 2,400-3,300 m.a.s.l., depending
of their latitude [Stadtmiiller, 1987]. The main characteristic of TMCFs
is the cloud coverage, high humidity and horizontal precipitation. These forests
are recognized by their hydrological balance role and high biodiversity. Despite
of their ecosystem importance, TMCFs have been heavily deforested and
are highly threatened. Carbon cycle and storage role of TMCFs is not well
known due to its difficult access and the assumption that productivity and carbon
stocks are low. Also, the scarce carbon dynamics studies are divergent in terms
of results [Girardin et al., 2010, 2013].

Over time, studies connected with estimation of carbon storage in TMCFs
have increased because it is a major issue in the field of global climate
change. American countries lead the estimation of carbon in TMCFs [Van
Dunne, Kappelle, 1988; Nadkarni et al., 2004; Kohler et al., 2007; Schawe
et al., 2007; Schembre, 2009; Campos, 2010; Gibbon et al., 2010; Gradstein,
Gehrig-downie, 2011; Romaén et al., 2011; Alvarez et al., 2012; Nottingham
et al., 2012; Bauters, 2013; Girardin et al., 2013, 2014; Tanner et al., 2014;
Taylor et al., 2014; Cavelier et al., 2015; Ahlstrand, 2016; Anaya et al., 2016;
Bruneel, 2016; Zimmermann et al., 2016; Gémez et al., 2017; Mapstone,
2017; Oliveras et al., 2018; Avendaiio et al., 2019; Horwath et al., 2019;
Berry et al., 2020; Van Den Meerssche, 2020; Leija et al., 2021; Markham,
Fernandez, 2021], follow by Asia countries such as China, India and Malaysia
[Schawe et al., 2007; Chen et al., 2010; Zhang, 2012; Jeyanny et al., 2013,
2014; Vijayan et al., 2018; Hu, Huang, 2019; Cheng et al., 2020; Lai, Liu,
Chung et al., 2020; Lai, Liu, Kuo et al., 2020a, 2020b], and finally Africa
and Oceania countries [Itkonen, 2012; Mitchard et al., 2012; Venter, 2015;
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Dries Van Der, 2016]. However, different methodologies, carbon sources
and scales led differences in the carbon estimation of TMCFs. This review
provide information about carbon estimation methodologies in TMCFs
and the development status in different countries. This information could
be technical support to establish adequate management and conservation
strategies for these forests to combat climate change.

The objective of the study is to review and analyze of carbon estimation
methods in TMCFs around the world and in recent years.

Materials and research methods

In Publons database (connected with Web of Science), google academics
and Scielo (latin database) we filtered search with keywords: Tropical mon-
tane Cloud forest or TMCEF, carbon, and biomass stocks. Then, the results
were reviewed in order to validate whether the study effectively determines
carbon storage. We classified into three categories of carbon estimation
source (vegetation, soil and litter carbon) in order to establish the research
status and trends.

Results and discussion

In total, 53 studies related to forest carbon storage in TMCF, between
1996 and 2021, were found in the search. Despite being few investiga-
tions related to the estimation of carbon stored in TMCEF, it is evident that
the number of investigations have been increasing over time (Fig. 1). In 2012,
the number of investigations carried out is the maximum, which is explained
by the increase in attention to the issue of climate change.

Three interval scales for the frequency of research by country were devel-
oped by using RStudio software. Mexico ranked first with 13 studies, fol-
lowed by Peru with 10 studies (Fig. 2). In addition, the frequencies of research
were correlated with land area, forest area and Gross domestic product (GDP)
of each country (data from World Bank). The correlation analysis (Table 1),
by using Statistica software, showed that frequencies research are positive
and moderate correlate with all the factors but are no significant (p < 0.08).

Forest carbon storage determination applies different methods like veg-
etation, soil and litter carbon storage estimation methods. Main methods
applied in vegetation carbon storage estimation are: (1) field estimation and
(2) geospatial technologies-based estimation. Field carbon storage estimation
method calculates carbon storage based on inventory data from the forests like:
density, volume, height and diameter at breast height (DBH). For instance,
regressions and conversions with the forests variables, from inventories,
are used in order to determine biomass [Alvarez et al., 2012; Gibbon et al.,

QO  AHanuTuueckue 0630pbl

W
—_



ISSN 2500-2961 Environment and Human: Ecological Studies. 2021.Vol. 11.No. 3

AHanMTMYeCcK1e 0630pbl

382

2010; Girardin et al., 2014; Berry et al., 2020; Cheng et al., 2020; Lai,
Liu, Kuo, et al., 2020a]. Geospatial technologies-based estimation includes
remote sensing, geographic information systems (GIS) and global positioning
system (GPS). The data is taken from satellites through the platform of data
distribution and is processed and analyzed using GIS software (ArcGIS,
ERDAS Imagine, QGIS, GRASS, etc.) or cloud platforms (e.g. Google
Earth Engine). Between the advantages are the minimum cost and the rapid
assessment of large areas [Itkonen, 2012; Mitchard et al., 2012; Lai, Liu,
Chung et al., 2020; Leija et al., 2021].
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Fig. 1. Number of related research publications of carbon storage in TMCF
per year
Table 1

Correlations between research frequency and influencing factors
(number of countries = 15)

Research Land area, Forest area, GDP,
frequency sq. km sq. km Us$
Research frequency 1.00
Land area, sq. km 0.39 1.00
Forest area, sq. km 0.47 0.96" 1.00
GDP, US$ 0.33 0.98" 0.91" 1

*p<001.
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Fig. 2. Distribution pattern of research frequencies in TMCFs around the world
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In TMCF, the most widely used source to determine carbon storage in TMCF
is vegetation (Fig. 3). Field methodology is widely used to determine carbon
storage in vegetation. One of the characteristics of TMCF is to have epiphytes
and bryophytes in abundance, so a representative number of investigations
were focused on determining the carbon stored in those plants [Van Dunne,
Kappelle, 1988; Kohler et al., 2007; Chen et al., 2010; Gradstein, Gehrig-
downie, 2011; Ahlstrand, 2016; Goémez et al., 2017; Horwath et al., 2019;
Lv et al., 2019; Lai, Liu, Kuo, et al., 2020a, 2020b; Markham, Fernandez,
2021]. The geospatial methodology was found in only four research [Itkonen,
2012; Mitchard et al., 2012; Lai, Liu, Chung et al., 2020; Leija et al., 2021].
The low number of investigations that apply this method is due to the fact that
the TMCEF is covered most of the time by clouds. Clouds coverage difficult
the access to optimal satellite images or their processing and corrections for
later analysis.

30

20

15F

10F

Vegetation Soil Litter Sources mixture

Sources of carbon storage

Fig. 3. Number of related research publications of carbon storage
in TMCF by source of carbon storage

Soil carbon estimation methods applied in TMCFs were classified in:
physical method by loss ignition and physicochemical method. For instance,
in Colombia the collected soil samples (without roots) were dried at 70 °C and
grounded in a mortar. To quantify organic matter content (OMC) the samples
were placed in oven at 550 °C and the differences of weight determined
the OMC [Campos, 2010; Ramirez et al., 2017]. In the physicochemical
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method, soil samples need also to be dried and sieve. Then, the soil organic
carbon (SOC) is measured by a chemical method like Walkley and Black
method or in a specific device like Leco CHN-Analyzer [Schawe et al.,
2007; Gibbon et al., 2010; Jeyanny et al., 2013; Tanner et al., 2014; Anaya
et al.,, 2016]. From the total investigations found worldwide about soil
carbon estimation (Fig. 3), the majority corresponds to physicochemical
methodology (70%).

Five percent of total carbon storage in forests belongs to carbon litter.
Nevertheless, litter plays an important role in carbon cycle linking vegetation
and soil carbon storage sources [Pan et al.,, 2011]. The applied methods
of carbon determination in litter is divided in two: (1) Field method, when litter
samples are collected, then stored in a 70 °C and to remove water are placed
in the oven, and finally are weighed [Hu, Huang, 2019] and (2) Litter
decomposition method. The decomposition is estimated from litterbags with
a respirometer and thermometer to determine CO, emission and atmospheric
temperature [Vijayan et al., 2018]. In TMCF the carbon storage in litter
is the least studied. This variable is taken as complementary in mixed studies
were the aboveground and belowground biomass are estimated. Those mixed
studies were in total eight (Fig. 3).

The determination of carbon in TMCFs has been carried out more
frequently in certain countries (Fig. 2). These studies are diverse most
of which have determined the above ground biomass (AGB). Carbon stored
can be calculated by applying the concept that 50% of the AGB corresponds
to carbon. A comparative table of carbon stored by hectare in different sources
(AGB, root, soil and litter) was elaborated (Table 2). Some studies determined
AGB by vegetative species and/or by its components. Therefore, those units
cannot be compared with the content of carbon estimated in TMCFs that
considered all species. This is the case of specific carbon determination
of bryophyte, epiphytic component and roots. In the case of soil as a carbon
source, the SOC determined in different countries is also shown in Table 2.
Studies where the soil organic matter was estimated in percentage were not
included because they cannot be compared with SOC. Finally, carbon storage
in litter is include in Table 2.

It was found that the amount of carbon stored in the vegetation
is homogeneous regardless of the country in which TMCEF is located.
The range of carbon stored goes between 112.14 to 227 Mg/ha™ according
to studies carried out in Rwanda, Mexico, Ecuador, Bolivia and Peru
(table 2). It is important to mention that this range of carbon stocks belongs
to undisturbed old growth forest and natural forest with patches in recovering
process from past agriculture pressure. Also, species diversity is similar
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Table 2
Carbon storage (Mg/ha) in aboveground biomass, soil and litter of TMCFs
Carbon
Country TI);pe of f:)'rest System state (Sjarbon storage, Reference
escCrip lOll) ource Mg/ha
Rwanda Tropical montane forest with dense canopy and Undisturbed old- AGB 121.91 | [Dries Van Der,
quite open structure, with large patches of open growth forest 2016]
terrain dominated by a native but invasive liana
(Sericostachys scandens)
Ecuador Tropical Montane Cloud Forest Undisturbed natural AGB 113.41 |[Van Den
forest and patches Meerssche,
in recovering from 2020]
agriculture pressure
126.30 | [Bauters, 2013]
Tropical Montane Cloud Forest (lowland to hilly 112.14 | [Bruneel, 2016]
evergreen rainforest and lower montane evergreen
rainforest)
Ecuador, Tropical Montane Forest Undisturbed AGB 123.50 | [Girardin et al.,
Peru, 2013]
Bolivia
Mexico Tropical Montane Forest Natural and managed | AGB 166.00 | [Berry et al.,
vegetation (pasture, 2020]
row-crop sugar
maize, potato)
Mexico Tropical Montane Cloud forest (low forest with Undisturbed AGB 384.16 | [Alvarez et al.,
lichens and epiphytes; high forest floristic affinity and Soil 2012]
with Genus Quercus)

1967-00SC NSSI
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Peru TMCEF with dominant trees of families Clusiaceae, Undisturbed AGB 227.00 | [Zimmermann
Cunoniaceae, Myrsinaceae, Rosaceae and Clethraceae | Disturbed et al., 2009]
TMCEF. Predominant species are herbaceous, shrub by agriculture
and trees of Baccharis, Berberis, Brachyotum, and fire .
Chuquiraga,Clethra, Escallonia, Gynoxys, Miconia, 92.00 %?rﬁan etal,
Myrsine, Weinmannia, Alnus and Polylepsis
TMCEF with three land cover classes: puna where Forest with primary 63.40 | [Gibbon et al.,
grasses dominate, transition zone with mixture successions and 2010]
of shrubs and grasses and upper TMCF with closed | some areas suffered
cannopy trees with ephiphytes maily briophytes, impacts of fire
ferns and bamboo

China Bryophyte of TMCF with conifer plantation and Undisturbed AGB 0.14 [Lai, Liu, Kuo
old-growth forests dominated by hinoki cypress et al., 2020b]
(Chamaecyparis obtusa) and Japanese cedar
(Cryptomeria japonica)
Bryophyte of TMCF with conifer forest, dominated 0.136 [Lai, Liu,
by hinoki cypress (Chamaecyparis obtusa) and Chung et al.,
Japanese cedar (Cryptomeria japonica) 2020]
Bryophyte of TMCF with conifer plantation and 0.1359 | [Lai, Liu, Kuo
old-growth forests dominated by hinoki cypress et al., 2020a]
(Chamaecyparis obtusa) and Japanese cedar
(Cryptomeria japonica)

Peru Bryophytes (liverwort spp. and moss spp) of TMCF | Undisturbed old AGB 0.5 [Horwath et al.,

growth forest 2019]

China Bryophyte of TMCF with predominant species Disturbed AGB | 0.001028 | [Chen et al.,
of Lithocarpus crassifolius, Rhododendron irroratum | by antrophogenic 2010]
and bamboo (Sinarundi naria) pressures

(O8]
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Table 2 (continuation)

Carbon
Country {]‘}),zzcg ftoi:::‘)t System state ggf};:: storage, Reference
P Mg/ha

Costa Rica | Epiphytic of TMCF with trees and shrubs that Disturbed AGB 0.00811 | [Kohler et al.,
include mainly Oreomunnea Mexicana, Quercus sp. | by land-pressure 2007]
and from families Rubiaceae, Malvaceae,
Melastomataceae, Myrtaceae, and Meliaceae

Panama Epiphytic of TMCF with common tree species Disturbed AGB 0.00821 | [Gomez et al.,
of Ficus crassiuscula, Elaeagia auriculata, 2017]
Weinmannia werclei and ferns and palms

Rwanda Tropical montane forest dense cannopy and Undisturbed Root 3.8 [Dries Van Der,
quite open structure, with large patches of open old-growth forest 2016]
terrain dominated by a native but invasive liana,
Sericostachys scandens

Peru TMCEF with three land cover classes: puna where Forest with primary Root 13.9 [Gibbon et al.,
grasses dominate, transition zone with mixture successions and 2010]
of shrubs and grasses and upper TMCF with closed | some areas suffered
cannopy trees with ephiphytes mainly briophytes, impacts of fire
ferns and bamboo
TMCEF near to the forest-grassland treeline Undisturbed and 19.6 [Oliveras et al.,

disturbed forest 2018]
exposed to fire

Colombia Three areas in TMCF: 10-year-old successional forest | Disturbed by land Root 1.86 [Cavelier et al.,
dominated by Tibouchina lepidota and Vismia cf. pressure for grazing, 2015]
ferruginea; 20-year-old forest dominated by Vismia | wood extraction and
cf. ferruginea and Miconia theaezens and mature undisturbed
forest with Prestoea aff. purpurea, Clusia garci-
barrigae, Alchornea spp., Inga spp., and Myrcia sp.

1967-00SC NSSI
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Bolivia Tropical Montane Rainforest with vegetation Undisturbed Soil 220 [Schawe et al.,
formations from lower montane forest, upper 2007]
montane cloud forest and subalpine cloud forest

Costa Rica | Cloud forests with primary forest characterized Undisturbed Soil 252.8 [Tanner et al.,
by upper cannopy with dominant spacies like Ocotea | and disturbed 2014]
tonduzii and Cecropia polyphlebia, Secondary forest
characterized by Ochroma pyramidale and a denser
shrub layer

Ecuador Tropical Montane Cloud Forest Undisturbed and Soil 136.48 | [Bauters, 2013]

patches in recovering
from agriculture
pressure

Mexico TMCEF with predominant tree species of Alnus Little disturbance Soil 152 [Anaya et al.,
acuminata, Clethra mexicana, Quercus laurina, related to illegal 2016]
Quercus rugosa, and Styrax argenteus selective logging

and the extraction

of resin
TMCEF (low forest with lichens and epiphytes; high | Undisturbed 227 [Alvarez et al.,
forest floristic affinity with Genus Quercus) 2012]
TMCEF with predominant tree species of Liquidambar 229.33 | [Crist6bal
styraciflua, Meliosma alba, Persea spp., Solanum et al,, 2019]
muricatum Aiton, Chamaedorea tepejilote, orchids
and ferns.

Peru TMCEF witn dominat trees of Clusiaceae, Undisturbed Soil 118 [Zimmermann
Cunoniaceae, Myrsinaceae, Rosaceae and et al., 2016]
Clethraceae
TMCEF near to the forest-grassland treeline Undisturbed and 158.2 | [Oliveras et al.,

disturbed forest 2018]
exposed to fire

% AHanutnyeckne 063opsl
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End of Table 2
Carbon
Country ’f]g[e):c(;f f:.l;s)t System state (;zrtg: storage, Reference
ipti u Mg/ha

Rwanda Tropical montane forest with dense canopy and Undisturbed Soil 159.1 | [Dries Van Der,
quite open structure, with large patches of open old-growth forest 2016]
terrain dominated by a native but invasive liana
(Sericostachys scandens)

Malaysia Montane forest and lowland forest common tree Undisturbed forest Soil + 120.0 | [Jeyanny et al.,
families: Myrtaceae, Polygalaceae, Lauraceae, Litter 2014]
Phyllanthaceae, Dipterocarpaceae, Euphorbiaceae

Peru TMCEF with families of Clusiaceae, Bixaceae, Undisturbed forest Litter 0.29 [Girardin et al.,
Urticaceae, Moraceae and Fabaceae, Sapotaceae, 2014]
Moraceae, Clusiaceae, Urticaceae, Euphorbiaceae
and Anacardiaceae, Clusiaceae, Cunoniaceae,

Sabiaceae, Rosaceae and Lauraceae
Ecuador TMCEF with lowland to hilly evergreen rainforest, Undisturbed natural Litter 0.36 [Bruneel, 2016]
lower montane evergreen rainforest forest and patches
in recovering from
agriculture pressure
China TMCF dominated by Chamaecyparis obtusa Undisturbed Litter 0.29 [Hu, Huang,
2019]
TMCEF with predominant species of Chamaecyparis | Disturbed with 4.3 [Chang et al.,
obtusa and Chamaecyparis formosensis regeneration 2008]

Rwanda Tropical montane forest with dense canopy and Undisturbed Litter 3.59 [Dries Van Der,
quite open structure, with large patches of open old-growth forest 2016]
terrain dominated by a native but invasive liana
(Sericostachys scandens)
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because all the study sites were TMCF. The low amounts of carbon
(92 and 64 Mg/ha™) is related to the disturbed forest state due to agriculture
or fire incidents [Gibbon et al., 2010; Roman et al., 2011]. Finally, the highest
value of carbon in Mexico is because the SOC amount is added to the carbon
in AGB [Alvarez et al., 2012].

The data about carbon storage in epiphytic, bryophytes and roots
(specific studies) vary according the system state. Thus, in undisturbed
forests of bryophytes the carbon amount was between 0.13 to 0.5 Mg/ha™!
and in disturbed forest by anthropogenic pressure decreased to 0.008 and
0.001028 Mg/ha™. It should be noted that for the estimation of carbon
in epiphytes, the effect of the host tree is negligible [Chen et al., 2010], which
is why it is feasible to make the comparison between ephyfites of TMCFs
from different countries. In the case of carbon amount of roots, it is lower
(1.86 Mg/ha™) in disturbed forest than in undisturbed old growth forest.
However, in undisturbed forest the values vary from 3.8 to 19.6 Mg/ha™ and
it is because of the predominant species type. When the carbon quantity was
low, a native but invasive liana predominated while for upper value of carbon
the type of forest was Puna with a dominance of grasses.

The carbon content in soils of different countries was located in a narrow
range with an average of 158.65 Mg/ha™ (SD 50.003). All SOC estimations
were determined in undisturbed forests or in forests with little disturbance.
In addition, the comparison of SOC storage shows that the type of predominant
species in TMCF does not affect the SOC stocks.

Finally, in relation to carbon storage in litter (table 2) there is a lower
amount in undisturbed forest (0.29-0.36 Mg/ha™') than in disturbed forest
in regeneration (4.3 Mg/ha'). The reason of this behavior is thanks
to the secondary succession characteristic. It points the forest stage
in development trying to stabilize and with organic matter in constant
production. In the case of Rwanda the carbon storage in litter is out
of the common range for undisturbed forests because study site was Nyunywe
National park that possess a high species richness and density which increases
the litter content.

Conclusion

The state of carbon storage research in TMCFs around the world
is in a basic stage due to the low number of publications collected. In 2012,
the number of research increased, however, the data accumulation of carbon
stocks in these forests is not enough to have global and detailed inventory
of carbon storage in TMCFs. Nevertheless, the current data could be used
as a basis for future research work.
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From all the researches reviewed in this study, the method widely used for
carbon estimation was the regression method based on forest inventory data.
Depending of the author not the same allometric equations were applied.
In the majority of the studies of AGB estimation Chave allometric equation
(2005) for moist or wet tropical forest was applied, which includes the param-
eters of wood density and height [Mitchard et al., 2012; Girardin et al., 2013;
Taylor et al., 2014; Venter, 2015; Mapstone, 2017; Oliveras et al., 2018; Hou
et al., 2019; Berry et al., 2020; Vizcaino et al., 2020]. An updated version
of Chave equation (2014) was also used in a few studies, this equation has
the same parameters but the constant factors change [Dries Van Der, 2016;
Van Den Meerssche, 2020]. In comparison to Chavez equation, the Brown’s
or its updated equation are less applied in carbon estimation research, but
they are also suitable for moist tropical forest, the difference is the exclusion
of density [Jeyanny et al., 2013]. Other studies used more than one allometric
equation, which also estimate AGB from live and dead trees [Roman et al.,
2011]. For example, Tanner equation for montane cloud forest in Jamai-
ca where the total dry-weight tree biomass depends of the basal area, Nen-
ninger equation based on typical cloud montane tree species from southern
Ecuador that applies DHB multiplied by a factor (0.07) [Roman et al., 2011].
In other investigations, the determination of AGB was more specific because
they included not only allometric equations of Chave and Brown, but also
specific equations for predominant trees [Itkonen, 2012; Bauters, 2013;
Bruneel, 2016]. As evidenced in the results, the presence of different factors
or the parameters absence in the allometric equations does not abruptly influ-
ence the AGB results. Several studies apply the allometric equation of Chave,
hence, we recommended its use in future investigations of AGB detection.
In the rest of the components (soil, roots and litter) there are not enough stud-
ies that use a similar methodology, as in the case of AGB, that allow to rec-
ommend a methodology.

To increase carbon storage studies in TMCEF it is imperative to use a stan-
dardized model such as the example of the Amazon rainforests and Atlan-
tic Forest. Through the RAINFOR project, whose objective is an inventory
of these forests, a standardized methodology for carbon determination has
been developed. This allows to get information on forests in different parts
of the world, which can be compared and thus contribute to their conservation.

Although remote sensing is currently used to estimate biomass in trop-
ical forests, this is not the case, since its use was only evidenced in four
studies. This is mainly due to the cloud cover that TMCF maintains almost
most of the time. Despite being developing countries, South American
countries are the ones that have most promoted the determination of carbon
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in the TMCFs. It is mainly attributed to environmental care policies that they
manage as in the case of Ecuador and Costa Rica. Countries from Asia, Africa
and Oceania must increase their investigations in carbon determination owing
the large area of TMCFs that they have. Carbon inventories provide valu-
able information that promotes the conservation of forests. This contributes
to the mitigation of climate change by preventing greenhouse gas emissions
from forests and also they can be an early warming alert of climate change
due to the climate sensitivity of TMCFs.
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