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Abstract: Non-vascular epiphytes play diverse roles in ecosystems and are known as biological in- 10 
dicators due to their sensibility to environmental conditions. The objective of this study was to eval- 11 
uate the water storage potential provided by this group in Tropical Forests. The study was carried 12 
out in the Montane Atlantic Forest located at the Serra do Mar State Park, Brazil in 5 permanent 13 
plots (3 old growth forests, 1 subjected to selective logging, 1 of late succession forest). Non-vascular 14 
epiphyte biomass was estimated using an allometric model and the amount of water stored in wet 15 
biomass was calculated from the estimated dry biomass. The amount of water stored in non-vascu- 16 
lar epiphytes installed in old growth areas was higher than in the other ones, and the amount of 17 
water was higher in the understory. 18 
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1. Introduction 21 

Brazilian territory hosts two of the world's main tropical forests, and the Atlantic Forest 22 
is one of them. Considered one of the 25 biodiversity hotspots [1] and one of the most 23 
vulnerable hostspots in climate change scenarios [2], among its diverse physiognomies 24 
the Montane Atlantic Forest exhibits exuberant vegetation that contains a large commu- 25 
nity of non-vascular epiphytes (mostly bryophytes). This group plays important roles for 26 
the functioning of ecosystems, which include providing habitat for organisms and partic- 27 
ipating in nutrient cycling. They also contribute to local diversity [3] and are good indica- 28 
tors of forest integrity [4], known as biological indicators due to their sensibility to envi- 29 
ronmental conditions and their poikilohydric nature [5]. The biomass of non-vascular ep- 30 
iphytes (carbon stock) indirectly informs us about the water storage capacity of these 31 
Montane Forest areas [6], since they have in their structure different arrangements for the 32 
interception of atmospheric water [7] and thus contribute significantly to the hydrological 33 
cycles in these ecosystems [8]. The objective of this work was to evaluate the potential of 34 
non-vascular epiphytes to store water in Tropical Forests. 35 

2. Materials and Methods 36 

 2.1. Study area 37 

The study was carried out in Serra do Mar State Park (Núcleo Santa Virgínia), São Paulo, 38 
Brazil. The park shelters part of the longest Atlantic Forest remnant which covers a steep 39 
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coastal mountain range with frequent mists on the top [9]. Vegetation is structurally 40 
diverse and classified as montane moist dense forest [10]. The average annual temperature 41 
is 17°C, the annual precipitation reaches values of 2.300mm and the average monthly 42 
rainfall is never lower than 60 mm even in the dry season between July and August [11, 43 
12]. For this study, we selected 5 permanent plots of 1 ha each established under the 44 
BIOTA/FAPESP Functional Gradient Project: 3 ha of old growth forest (plots K, L, M in 45 
[12]/ NSV-01, NSV-02, NSV-03 in [13]), 1 ha subjected to selective logging (plot N in [12]/ 46 
NSV-04 in [13]), and 1 ha of late succession forest (plot T in [14]/ NSV-05 in [13]). In the 47 
plots where there was a human disturbance, it took place approximately 40 years ago. All 48 
plot data can be accessed on the ForestPlots.net digital platform (www.forestplots.net) [13]. 49 

2.2 Sampling and Analysis 50 

In each of the 5 plots all live stems with DBH ≥ 4,8cm were included in the inventory, had 51 
their DBH measured, their height estimated and were classified according to ICE-av (0 to 52 
3). ICE-av is an index adapted from [15] and implemented to classify stems according to 53 
trunk and branch coverage by non-vascular epiphytes (Figure 1) [16]. 54 

We used data from the forest inventory to select trees to estimate the non-vascular 55 
biomass, their water content and how the water stored by non-vascular epiphytes varied 56 
along tree trunks. We randomly select 30 trees, 10 of which belonging to ICEav 1, 2 and 3, 57 
and sampled non-vascular epiphytes in different heights and cardinal orientations. We 58 
adapted the method by [17] which considers four vertical zones: zone 1 (0 to 1.30m from 59 
the base); zone 2 (intermediate region of the trunk), zone 3 (up to 1.30m below the 60 
branching) and zone 4 (branches). Furthermore, the four cardinal directions (N,S,W,E) 61 
were determined for each tree using a compass. In each of the 4 faces within each zone, an 62 
area was delimited for sampling [18], with a fixed height of 20 cm and variable width (¼ 63 
of the perimeter) summing up 480 sampling units. Samples were weighed for fresh weight 64 
and then oven-dried to get the dry weight. The water content was estimated by the 65 
difference between the dry weight and the fresh weight, reaching values of on average 66 
80% of the estimated biomass. Sampling was carried out in June and November 2018. 67 
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We used height and ICE-av applied to an allometric equation [16] to estimate non-vascular 68 
epiphyte biomass per single trunk and then summed up to estimate non-vascular epiphyte 69 
biomass per plot. Finally, water contents were weighted by sampling unit area. The water 70 
content of non-vascular epiphytes in trees of different diameter classes (4.8 to 10 cm, 10 to 71 
30 cm, 30 to 50 cm, above 50 cm) was also investigated. This division was adopted to make 72 
it possible to compare the results with other studies of forest structure in the Neotropical 73 
region [19]. Trees up to 30cm DBH occupy the understory of forests, and those with a 74 
diameter greater than that are considered canopy and emergent trees. 75 

We performed a Linear Mixed Model fited by Restricted Maximum Likelihood (REML) 76 
where Water (g.cm-2) was considered a response variable, while DBH (cm), Zone, Face, 77 
ICE-av and Disturbance were considered explanatory variables. Tree Trunk and Plot were 78 
added to the model as random effects. Water was cubic root transformed to achieve 79 
normality and p values were calculated using Satterthwaite degrees of freedom. Residuals 80 
were visually inspected to detect the departure of premises. Analyses were carried out in 81 
package lme4 implemented in R. 82 

3. Results 83 

Among all the phorophytes visited in the plots, almost 93% had non-vascular epiphytes. 84 
These epiphytes stored between 913.4l and 1330.7l of water per hectare in old-growth 85 
forests, 530.9 l/ha in the selectively logged area and 703.8 l/ha in the late successional forest 86 
(Table 1). The non-vascular epiphytes that occur in understory trees (4.8 to 30 cm of DBH) 87 
store approximately 50% of the total water stocked (Table 2). 88 

                        89 
Table 2.  Water stored in non-vascular epiphytes (l) for each diameter class (cm) 

 

According to the model only Zone and ICE-av significantly affected water storage 90 
(p<0.5)(Table 3). Water storage decreased in higher zones and increased with higher ICE- 91 
av’s (Figure 2). The remaining variables showed no statistically significant effect. 92 
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                                  4. Discussion 93 

Our results show that non-vascular epiphytes store large amounts of water, creating wet 94 
microhabitats along tree trunks and contributing to the system's water flows. This is the 95 
first time, from what we know, that this quantification has taken place for the Montane 96 
Atlantic Forest in Brazil, and we are aware that the potential storage may be even greater 97 
since sampling occurred out of the rainy season. The highest amount of water stored in 98 
non-vascular epiphytes was found in old-growth forests (between 913.4l and 1330.7l of 99 
water per hectare) while the lowest amounts were identified in the selective logging plot 100 
(530.9 l/ha). This pattern indicates effects of disturbance on forest structure, on epiphytic 101 
community integrity and thus, on water storage capacity.  102 

In a similar study, [20] in a gradient from lowland to Montane Forests in southern Thailand 103 
it was found that water storage by epiphytic bryophytes ranged from 1.2 to 2.4 times their 104 
dry weight, reaching 1,500 liters per hectare in higher altitudes. [21] also identified that 105 
epiphytes intercepted 724 mm of water over a year in a cloud forest in Tanzania, a value 106 



Environ. Sci. Proc. 2022, 4, x FOR PEER REVIEW 5 of 4 
 

 

that represents 18% of the total annual rainfall at the site. Although studies like this are 107 
still scarce, they are essential for understanding the maintenance of high humidity in forest 108 
canopy and understory [22]. We observed no significant effect of faces on water storage. 109 
This pattern might be due to the presence of clouds and mists all over the year, which are 110 
associated with low solar irradiance and high humidity below canopy [9-23]. Steep slopes 111 
and microtopography also reinforce these characteristics. It is worth mentioning that 112 
epiphytes located in the lower ecological zones are subject to higher humidity and lower 113 
desiccation due to the occurrence of low solar incidence, which may explain the greater 114 
water retention since these are microclimatic conditions that contribute to survival of non- 115 
vascular epiphytes [24]. Tree stems with up to 30 cm of DBH also occupy this lower 116 
position in the forest stratum and are also subjected to these conditions, which explains 117 
the greater amount of water stored in the epiphytes of these phorophytes. 118 

5. Conclusion 119 

The capacity of non-vascular epiphytes to intercept and store water is a feature that makes 120 
them essential components for the ecosystem's functioning. In a scenario of land use and 121 
climate changes, they may be the first ones to be impacted by shifts in forest structure, the 122 
increase in temperature and variation in rainfall seasonality.  Those factors impact not 123 
only non-vascular epiphytes but also the entire community where they belong. 124 

Author Contributions: Conceptualization, G.B. and R.R.; methodology, G.B and S.V.; software, 125 
R.R.; validation, G.B, R.R and S.V.; formal analysis, G.B and R.R.; investigation, G.B, R.R, S.V. and 126 
C.J; resources, C.J. and S.V.; data curation, G.B and R.R.; writing—original draft preparation, G.B.; 127 
writing—review and editing, G.B, R.R, S.V.; visualization, R.R and S.V.; supervision, S.V and C.J.; 128 
project administration, S.V. and C.J; funding acquisition, S.V and C.J. All authors have read and 129 
agreed to the published version of the manuscript. 130 

Funding: This research was funded by FAPESP/NERC (proc. 12/51872-5); FAPESP (proc. 12/10851- 131 
5; proc. 17/16923-1) and Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (grant 132 
88882.329256/2019-01). 133 

Data Availability Statement: Not applicable 134 

Acknowledgments: The authors gratefully acknowledge the support of the “Parque Estadual da 135 
Serra do Mar-Núcleo Santa Virgínia”, the BIOTA/FAPESP program and the Biology Institute of the 136 
University of Campinas. We also thank the members of the Ecosystem Ecology and Management 137 
lab (LEME) for the inspiration. The material was collected under the permit COTEC/IF 260108- 138 
003.329/2017. 139 

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the 140 
design of the study; in the collection, analyses, or interpretation of data; in the writing of the manu- 141 
script; or in the decision to publish the results. 142 

References 143 

1.Myers, N.; Mittermeier, R.A.; et al. Biodiversity hotspots for conservation priorities. Nature, 2000, v.403, pp.853-858. 144 
2.Colombo, A. F.; Joly, C.A. Brazilian Atlantic Forest lato sensu: the most ancient Brazilian forest, and a biodiversity hotspot, is highly 145 
threatened by climate change. Braz. J. Biol., 2010, v.70, n.3 (suppl.), pp.697-708. 146 
3.Gradstein, R. S. & I. Holz. 2005. Cryptogamic epiphytes in primary and recovering upper montane oak forests of Costa Rica–species 147 
richness, community composition and ecology. Plant Ecology, 2005, v.178, pp.89-109. 148 
4.Frego, K.A. Bryophytes as potential indicators of forest integrity. Forest Ecology and Management, 2007, v. 242, pp.65-75. 149 



Environ. Sci. Proc. 2022, 4, x FOR PEER REVIEW 6 of 4 
 

 

5.Salazar, L.V.C. Diversity of epiphytic bryophytes of the Colombian Amazon. PhD Thesis (Biology), Universidad Nacional de 150 
Colombia, Colômbia, 2016. 151 
6.Lai, G-Y.; Liu, H-C. et al. Epiphytic bryophyte biomass estimation on tree trunks and upscaling in tropical montane cloud forests. 152 
PeerJ, 2020. https://doi.org/10.7717/peerj.9351 153 
7.Wagner, S.; Bader, M.Y. et al. Physiological ecology of tropical bryophytes. In: Hanson DT, Rice SK, eds. Photosynthesis in 154 
bryophytes and early land plants. Dordrecht, Netherlands: Springer, 2014, pp.269–289. 155 
8.Ah-Peng, C.; Cardoso, A.W. et al. The role of epiphytic bryophytes in interception, storage, and the regulated release of 156 
atmospheric moisture in a tropical montane cloud forest. Journal of Hydrology, 2017, v. 548, pp.665-673. 157 
9.Rosado, B.H.P.; Oliveira, R.S. et al. Is leaf water repellency related to vapor pressure deficit and crown exposure in tropical forests? 158 
Acta Oecologica, 2010. doi:10.1016/j.actao.2010.10.001 159 
10.Veloso, H.P.; Rangel-Filho, A.L.R. & Lima, J.C.A. Classificação da Vegetação Brasileira, Adaptada a um Sistema Universal. IBGE, 160 
Rio de Janeiro, 1991. 161 
11.Salemi, L.F. Balanço de água e de nitrogênio em uma microbacia coberta por pastagem no litoral norte do Estado de São Paulo. 162 
Masters dissertation (Applied Ecology), University of São Paulo, Piracicaba, Brasil, 2009. 163 
12. Joly, C.A.; Assis, M.A.; Bernacci, L.C. et al. Florística e fitossociologia em parcelas permanentes da Mata Atlântica do sudeste do 164 
Brasil ao longo de um gradiente altitudinal. Biota Neotropica, 2012, v.12, n.1, pp.123-145. 165 
13. Lopez-Gonzalez, G.; Lewis, S.L.; Burkitt, M.; Baker T.R. & Phillips, O.L. ForestPlots.net Database, 2009, www.forestplots.net. 166 
14. Marchiori, N.M.; Rocha, H.R.; Tamashiro, J.Y.; Aidar, M.P.M. Tree community composition and aboveground biomass in a 167 
secondary atlantic forest, Serra do Mar State Park, São Paulo, Brazil. CERNE, 2016, v.22 n.4, pp.501-514. 168 
doi:10.1590/01047760201622042242 169 
15. Tansley, A. G. & Chipp, T. F. Aims and methods in the study of vegetation. The British Empire Vegetation Committee, London, 170 
1926. 171 
16. Berro, G.B.  Distribuição e biomassa de epífitas avasculares em Floresta Ombrófila Densa Montana de Mata Atlântica. Masters 172 
dissertation (Ecology), University of Campinas, Campinas, Brasil, 2021. 173 
17. Kersten, R.A. & Waechter, J.L. Métodos quantitativos no estudo de comunidades epifíticas In Felfili-Fagg, J.M.; Eisenlohr, P.V.; 174 
Melo, M.M.R.F; Andrade, L.A.; Meira Neto, J.A.A. Fitossociologia no Brasil: métodos e estudos de caso. Editora da Universidade 175 
Federal de Viçosa, Viçosa, Brasil, 2011, pp.231-254, 2011. 176 
18. Gradstein, S.R.; Nadkarni, N.M.; Krömer, T.; Holz, I.; Nöske, N. A Protocol for rapid and representative sampling of vascular and 177 
non-vascular epiphyte diversity of tropical rain forests. Selbyana, 2003, v.24, n.1, pp.105-111. 178 
19. Vieira, S.A.; Camargo, P.B.; Selhorst, D.; Silva, R.; et al. Forest structure and carbon dynamics in Amazonian tropical rain forests. 179 
Oecologia, 2004, v.140, pp. 468-479. 180 
20. Chantanaorrapint, S. & Frahm, J.P. Biomass and selected ecological factors of epiphytic bryophyte along altitudinal gradients in 181 
Southern Thailand Songklanakarin J. Sci. Technol. 2011, v.33, n.6, pp.625-632. 182 
21. Pócs T. The epiphytic biomass and its effect on the water balance of two rainforest types in the Uluguru Mountains (Tanzania, 183 
East Africa). Acta Botanica Academiae Scient. Hungaricae, 1980, v.26, pp.143-167. 184 
22. Veneklaas, E.J., Zagt, R., Van Leerdam, A., Van Ek, R., et al.. Hydrological properties of the epiphyte mass of a montane tropical 185 
rain forest, Colombia. Vegetatio, 1990. v. 89, n.2,pp. 183-192. 186 
23. Nadkarni, N.M. The nutritional effects of epiphytes on host trees with special reference to alteration of precipitation chemistry. 187 
Selbyana, 1986, v.9, pp.44-51. 188 
24. Holz, I.; Gradstein, S.R.; Heinrichs, J. & Kappelle, M. Bryophyte diversity, microhabitat differentiation, and distribution of life 189 
forms in Costa Rican upper montane Quercus forest. The Bryologist, 2002, v.105, n.3, pp.334-348. 190 
 191 


