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Abstract

Tropical cloud forests (TCFs) are characterized by high levels of humidity due to the frequent
presence of clouds, creating a unique ecosystem type. With the imminent threats of climate change,
land-use change and deforestation, understanding how cloud immersion affects plants' water
economy is imperative for conservation. In this study, we investigate three key leaf water economy
traits exhibited by 26 tropical tree species, foliar water uptake (FWU), minimum conductance (gmin)
and leaf water retention angle, along a natural cloud gradient in the Waygecha Andes region in
Peru. Two other plots established by the Waygecha Amazon Cloud Curtain Ecosystem Experiment
(WACCEE) were used, where an artificial barrier reduces the fog levels received by the treatment
plot in comparison to the control. For FWU measurements, all samples were subjected to
standardized wetting treatment, where leaves were submerged for two hours under controlled
conditions. Leaf water retention angle was measured by recording the angle at which water moves
when the leaf is tilted. For gmin determination, leaves were dried for four hours while mass loss,
relative humidity and temperature were recorded regularly. The results showed significant large
species differences for the three traits, with mean values between species exhibiting a 15-fold
difference for FWU, a twofold difference in leaf water retention angle and a nine-fold difference
for gmin. There was no significant within species difference in trait values of trees growing in the
different cloud regimes or under the experimental cloud removal plot. Community-weighted trait
averages of FWU and gmin did not differ between High, Medium and Low cloud level plots in the
cloud gradient. However, leaf water retention angle was higher in Low cloud level plots, suggesting
an improved capture and use of intercepted water under potentially more water-limited conditions.
This study indicates that FWU and gmin might not be the most important traits in shaping tree
community composition under varying cloudiness levels, but that leaf surface characteristics
influencing the retention of intercepted fog water may play a role.






1. Introduction

The planet’s rising temperature as a result of the ongoing climate crisis affects myriads of
ecosystems across the globe. Tropical forests pose no exception, as changes in precipitation
patterns along with increasing warming levels lead to extended drought periods (Intergovernmental
Panel on Climate Change (IPCC) 2023) and as a result, the risk of ecosystem degradation increases
significantly (Calvin et al. 2023). More specifically, tropical montane cloud forests (TMCFs) which
are characterized by their high humidity deriving from clouds or mist due to their presence inside
the cloud condensation layer (Karger et al. 2021), face direct threats caused by the lifting of the
cloud bank and reductions in cloud persistence due to rising land temperatures. Moreover, upwind
forest degradation and deforestation may reduce cloud immersion in these forests altogether. A
decline in cloud immersion is linked to altered hydrological cycles along with species decline and,
possibly, extinction in TMCFs (Nadkarni and Solano 2002).

1.1 Tropical montane cloud forests

Tropical montane cloud forests (TMCFs) are unique ecosystems, formed by their special
microclimatic conditions, derived from the perpetual cloud (alternatively referred to as fog)
immersion and them being located at least 500 meters above sea level, where the low clouds in
which the vegetation canopy is immersed provide a large portion of total precipitation, also called
occult precipitation (Los et al. 2021). The term is generally used to differentiate this particular type
of forest from other cloud forest variants to account for the hydrological and ecological functional
differences that occur as the climatic conditions become cooler and wetter, through the transition
from the lower montane to the sub-alpine belts and upper montane belts (Bruijnzeel, Mulligan, and
Scatena 2011). They occupy approximately 0.4% of the planet’s surface, but account for 16% and
20% of Earth’s vertebrae and plant diversity respectively (Ray et al. 2006), Trees in TMCFs having
shorter heights and denser stems, as well as a more stunted or gnarled appearance in forests located
in higher elevations (Los et al. 2021), higher root to shoot ratios, low above-ground production and
leaf nutrient concentrations, as well as the characteristically lush epiphytic growths (Fahey,
Sherman, and Tanner 2016).

Water plays a vital role in TCFs, as cloud immersion affects every aspect of the forest,
promoting speciation and endemism, hosting species that would otherwise be outcompeted and
hence are sensitive to climatic changes (Foster 2001a). TMCFs provide a variety of ecosystems
services, acting as biodiversity hotspots, carbon sinks and regulators of freshwater supplies moving
downstream in drier areas (Bartholomew et al. 2026). It is precisely their uniqueness that makes
these ecosystems vulnerable to anthropogenic threats and the effects of global warming, as will be
discussed at a later section.

The exact effects of fog/cloud immersion on tree species leaf water economy have
been studied little, leaving gaps in our understanding. Recent evidence from a novel experimental
field study, the Wayqgecha Amazon Cloud Curtain Ecosystem Experiment (WACCEE) where wide
mesh curtains were employed in order to intercept fog droplets and lower fogginess downwind, has
shown marked decrease in leaf wetness, slight decrease in vapor pressure deficit (VPD), and a
slight increase in above canopy air temperature (Metcalfe et al. 2025). It was also found that trees
in the cloud curtain plot had leaves and branches with lower content of non-structural carbohydrates
compared to trees in the control plot (personal communication with Daniel Medcalfe). How
variations in fogginess exert selection pressures on leaf water economy traits or directly affect these
traits through acclimation is largely unknown and need to be explored deeper to understand how
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changes in cloud immersion shape tree water economy and tree community composition in TMCFs.
This will in turn improve projections of TMCFs in a changing climate.

1.2 Leaf water economy traits

Water plays an essential role in the survival and proliferation of tree species, hence the importance
of studying traits related to its regulation. Especially in the context of TMCFs, the additional
moisture coming from the frequent cloud immersion, allows plant species to take advantage of
certain physiological traits to a higher degree compared to other systems. For the purpose of this
study, three key leaf water economy traits were chosen: foliar water uptake, leaf water retention
and minimum conductance.

1.2.1 Foliar water uptake (FWU)

The process of foliar water uptake (FWU) describes the uptake of water that is intercepted by the
leaf surface and absorbed through them, into the water potential gradient that exists between liquid
water outside the leaf and the leaf interior. It has been shown to improve plant water status and
reduce water deficit (Goldsmith, Matzke, and Dawson 2013a) and the level of dependence on this
process differs among species. Experiments on Drimys brasiliensis, a species commonly found in
TMCFs, have shown that 42% of total foliar water content came from direct water diffusion from
fog inputs (Eller, Lima, and Oliveira 2013). Similarly, it has been shown that species that exhibit a
higher capacity for FWU risk the loss of leaf turgor under lack of cloud immersion during drought
periods, since leaf wetting events are more scarce and hence FWU is being limited (Eller, Lima,
and Oliveira 2016a). Nevertheless, it is evident that FWU is useful for trees as it combats the effects
of drought and improves carbon balance (Chin et al. 2023).

1.2.2 Leaf water retention

Leaves have a certain capacity at retaining water on them, which is connected to various
morphological traits, such as leaf wettability, trichome morphology and distribution, stomatal size,
etc. (Wang et al. 2023). The amount of water leaves can retain is especially important when taking
into consideration processes like FWU, allowing water to be absorbed into the leaves more easily.
Evapotranspiration demands are also more easily met, with external leaf surface water evaporating
first, before transpiration takes place (Cao et al. 2026). Species studied in TMCFs have been found
to exhibit low leaf water repellency — the capacity of leaves to repel water from their surface —
observations consistent with other tropical forests with high precipitation rates (Goldsmith et al.
2017). Along with a leaf’s water repellency, the other important factor that dictates how easily
water is shed from the leaf is the inclination of the leaf surface. Both of these parameters are
captured but the concept of drop retention angle, which is the angle at which a drop of water starts
to roll of a surface when the surface is gradually tilted (Lenz, Bauer, and Ruxton 2022).

1.2.3 Minimum stomatal conductance (gmin)

One of the key traits in determining a tree species capacity to withstand drought stress is minimum
stomatal conductance (gmin), which describes the loss of water through closed or leaky stomata and
cuticle of the leaf (Duursma et al. 2019a). Temperature is the key driving factor determining the
water loss pathways between closed stomata transpiration and cuticular transpiration (Garen and
Michaletz 2025) and despite the relative shortage of studies in TMCFs, in other tropical tree
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species, gmin has been found to be an important factor determining the time required for them to
reach critical desiccation thresholds and species with lower gmin values were able to maintain turgor
and structural integrity during prolonged dehydration (Sunny et al. 2026). The measure of gmin
could be a factor of importance for TMCF species during the dry periods, especially in low cloud
immersion conditions.

1.3 Main threats

Climate change is one of the main drivers of negative change in TMCFs. Rainfall and temperature
changes are expected to shift climatic optimum altitudes for mountain ecotones by hundreds of
meters by the time CO» levels have doubled (Foster 2001b). Presence of significant warming in
TMCFs was documented across the globe (Los et al. 2021), and although a certain buffering
capacity of these forests has also been found, prolonged droughts crucially affect humidity levels
(Newell, Ausprey, and Robinson 2022). Thus, their highly specialized plant communities are
particularly vulnerable, due to their small hydraulic safety margins (Oliveira et al. 2014). The
‘lifting cloud base hypothesis’ is another primary result of the changing climate, as projected by a
multitude of numerical model analyses, and entails the increase of the base height of the
stratocumulus level within which the cloud forests grow, as a result of the increase in surface
temperature as a result of global warming (Guerra et al. 2025). With the above considered, it is no
surprise that the majority of TMCF ecosystems in Neotropical ecoregions are expected to
experience pronounced cloud immersion declines and increased drought levels in the future
(Helmer et al. 2019a).

Human encroachment is the other key issue faced by TMCFs. Land-use change,
usually defined as the transformation of cloud forest landscape to agricultural land and pastureland,
or its destruction through fires and logging, have adverse effects on TMCFs’ natural processes and
plant communities, with a loss in forest cover estimated to be 55-60% (Los et al. 2021). Studies
have shown altered hydrological cycles that result in higher annual streamflow in TMCF converted
pasturelands, due to lower rainfall interception (Mufioz-Villers and McDonnell 2013), with soil
degradation in intensely managed pasturelands resulting in reduced water infiltration capacity
(Lopez-Ramirez et al. 2020). Besides that, model estimations suggest that deforestation in lowland
tropical forests reduces evapotranspiration, resulting in lower moisture content in the air mass that
flows towards the adjacent mountains. In turn, this causes a lift in the condensation level and thus
the cloud formation zone (Lawton et al. 2001), further exacerbating the pressure of climate change
on these ecosystems.

A direct result of the effects of both land-use change and climate change is the
reduction in biodiversity for these fragile forest ecosystems. Evidence shows a reduction in
taxonomic, ecological and functional diversity in degraded land compared to preserved forest areas
(Castillo-Campos et al. 2024). Mesoamerican cloud forests exhibit a mean upslope shift of 1.8-2.7
meters annually in a long-term study of a multitude of plant species across different taxa since
1979, driven by the less thermophilic species (Ramirez-Barahona et al. 2025), indicating not only
their vulnerability, but also the general need for further research and monitoring of these systems’
capacity for acclimation.



2. Aims

My primary aim is to evaluate whether the benefits of cloud immersion on many cloud forest tree
species according to previous studies derive from traits controlling leaf water economy. The main
questions I am looking to answer are the following:

e How do trees of a given species differ in their leaf water economy traits (leaf water uptake,
leaf minimum conductance to water loss and leaf water retention) when growing in
locations with more versus less cloud immersion? Is there any capacity for acclimation
and/or local adaptation (ecotypes) for species growing in a natural cloud gradient? We
expect leaf water uptake to show increased levels in higher fog immersion, as previous
findings indicate a connection between high cloud immersion frequency and foliar water
uptake (Goldsmith, Matzke, and Dawson 2013b). Considering the above, we expect
differences between species in various cloud immersion conditions.

e Are the trees able to acclimate these traits to differences in cloud immersion? Plant species
in TCFs have exhibited a certain degree of reliance on foliar water uptake during dry periods
in order to maintain their leaf turgor, thus less leaf-wetting events — as a result of less cloud
immersion — could have adverse effects on these species (Eller, Lima, and Oliveira 2016b).
We anticipate that some form of acclimation could be possible in conditions with substantial
experimental cloud level reduction.

e To what extent do these traits shape the species composition of tree communities,
manifested through significant differences in community-weighted trait mean values along
the natural cloud gradient? According to previous studies, differences in species functional
traits in tropical montane cloud forests compared to other lowland tropical forests, are
conceptually linked to their unique hydroclimatic conditions, and thus shaping distinct
communities (Eller et al. 2020a). We anticipate a similar trend with community
compositions along the natural cloud gradient.

3. Materials and methods
3.1 Sampling sites

Data collection was conducted in the Kosfiipata Valley Andes region in the department of Cusco,
in southeastern Peru. Using atmospheric models to determine the fogginess levels for each site, 15
plots were selected along a natural cloud gradient at a similar altitude. These were separated into
three categories depending on fog density: High, Medium, and Low. Half of the plots had been
established within the borders of the Wayqgecha Biological Station area, situated at the southern
edge of the Manu National Park, while the rest were inside the borders of the park, in relative
proximity (Figure 1). All 15 plots are on the same elevation (between 2800-2950m ).



Table 1 List of the plots along the cloud gradient, including their number, cloud level category, geographical
coordinates, elevation (m), annual cloud input (mm/yr) and cloud water percentage of the annual
precipitation (cloud water (mm) / precipitation (mm)).

Latitude Longitude Elevation (m) Annil:[l)fthUd Cloutl/oWater
(mm/yr)
1 Low -13.163838 -71.619662 2882 85.7 19.9
2 High -13.166022 -71.619662 2927 151.8 22.6
3 High -13.165766 -71.613651 2874 1553 26.5
4 Medium -13.164976 -71.607044 2891 118.0 273
5 Low -13.171714 -71.606413 2842 93.6 28.1
6 Medium -13.180076 -71.611754 2928 122.4 21.7
7 Low -13.183811 -71.610604 2884 88.48 19.3
8 High -13.185449 -71.6096 2895 156.4 21.7
9 Medium -13.185937 -71.607829 2909 116.0 18.2
10 High -13.180823 -71.605498 2853 145.8 18.5
11 High -13.175248 -71.592041 2891 155.6 24.4
12 Medium -13.175139 -71.586713 2927 127.8 27
13 Low -13.178233 -71.584674 2895 77.5 20.3
14 Medium -13.186429 -71.585453 2896 130.4 32
15 Low -13.19081 -71.586128 2919 92.7 273




Legend

Plot Humidity Level
High humidity
Medium humidity
Low humidity
Waygecha Biological Station
Waygecha Private Reserve Boundary
Manu National Park Boundary

Figure 1. Map of the area of study showing the 15 cloud gradient plots. Low cloud level plots (red dots) experience fog precipitation
< 100 mm/year, Medium cloud level plots (green dots) experience a precipitation of 100 - 140 mm/year, and High cloud level plots
(blue dots) experience a precipitation > 140 mm/year. Map elaborated by the Alejandro Romero using QGIS version 3.34.

An additional site was included in the sampling process, created in a previously
established experimental project, the Waygecha Amazon Cloud Curtain Ecosystem Experiment
(WACCEE). Large mesh panels were installed 1 km away from the biological station and two plots
were created: the experimental plot (Fog Exclusion, FE), whose forest canopy was lower than the
top of the panels, with the aim that it should receive lower amounts of fog due to the presence of
the curtain that intercepts the water droplets as the clouds move up the forest valley. The control
plot (CON) was set up approximately 50m upslope from the FE plot, and they were similar in
canopy structure and biomass, as well as species composition, and secure from any human
disturbances (e.g. logging) (Metcalfe et al. 2025). Estimating the efficiency of the fog exclusion
treatment is challenging due to lack of widespread metrics. During nighttime, the WACCEE
infrastructure was able to reduce annual relative humidity up to ~7%, which are considered to be
relatively severe fog reduction levels, as according to (Helmer et al. 2019b) any reduction in
relative humidity above 3% is classified as severe cloud reduction.

3.2 Study species

The study species were selected based on three categorization criteria: 1) ecosystem dominance,
consisting of the three most abundant species, Weinmannia bangii, Weinmannia crassifolia and
Clethra cuneata, based on basal area across all plots, 2) plot encounters, consisting of the three
species that occurred in the largest number of plots, Myrsine coriacea, Cavendishia bracteata and
Weinmannia crassifolia; 3) specific plot dominance, selecting the three most dominant species in
each plot. The five species Weinmannia bangii, Weinmannia crassifolia, Clethra cuneata, Myrsine
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coriacea and Cavendishia bracteata were thus sampled whenever they were present in any of the
plots. Due to overlaps between species in categories 1-3 in different plots, or the absence of species,
usually 5-6 species were sampled per plot with a replication of six trees per species, leading to an
average of 30-42 samples (branches) collected during each sampling day.

Table 2 Complete list of all the 26 species sampled along cloud gradient (High: HCF-01-02-03-04-05, Medium: MCF-01-02-03-
04-05 and Low: LCF-01-02-03-04-05) and the WACCEE plots (Control: CON, Experimental: FE).

Species Sampled plots

Bejaria aestuans MCF-05

HCF-02, HCF-03, HCF-04, HCF-05, LCF-01, LCF-02, LCF-
04, LCF-05, MCF-01, MCF-03, MCF-04, MCF-05

Cavendishia bracteata

Clethra cuneata HCF-02, HCF-05, LCF-04, MCF-02, MCF-04, MCF-05
Clethra revoluta CON, FE, LCF-03
Clusia alata HCF-02, HCF-03, LCF-01, LCF-02
Clusia flaviflora LCF-04, LCF-05, MCF-03, MCF-05
Clusia trochiformis HCF-03, HCF-04, LCF-03
Cyathea caracasana HCF-01
Gaultheria reticulata MCF-04
Hedyosmum cuatrecazanum HCF-01, LCF-03, MCF-01
Hedyosmum goudotianum LCF-01
Hesperomeles ferruginea LCF-04, MCF-02, MCF-04
Meliosma frondosa CON, FE, MCF-01
Miconia adinantha LCF-02
Miconia micropetala HCF-04

CON, FE, HCF-02, HCF-03, HCF-04, HCF-05, LCF-01,
Myrsine coriacea LCF-02, LCF-04, LCF-05, MCF-01, MCF-02, MCF-03,
MCF-04, MCF-05

Ocotea andina HCF-04
Ocotea glabriflora CON, FE, MCF-03
Oreopanax cuspidatus HCF-01
Podocarpus oleifolius HCF-04, LCF-01, LCF-05, MCF-03
Prunus integrifolia CON, FE
Sciodaphyllum allocotanthum LCF-04
Symplocos baehnii HCF-05
Weinmannia bangii CON, HCF-01, HCF-02, HCF-03, HCF-04, LCF-03, MCF-
01, MCF-05

HCF-01, HCF-02, HCF-03, HCF-05, LCF-01, LCF-02, LCF-

Weinmannia crassifolia 04, LCF-05, MCF-01, MCF-02, MCF-03, MCF-04, MCF-05

Weinmannia reticulata CON, FE, LCF-02
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3.3 Foliar water uptake (FWU)

Foliar water uptake capacity was measured utilizing the methods described by (Limm et al. 2009),
with certain adjustments that were required due to time constraints. Depending on the height and
accessibility of the tree sampled, branches of varying sizes with at least six sun exposed leaves in
suitable conditions were collected (one from each tree sampled) between 8:00 am and 15:00 pm.
After the cut, the bottom of the branch was covered with Vaseline to prevent water loss, tagged and
placed in moist double bags (a wet paper towel was placed in each small bag, and a thoroughly wet
cotton towel was placed in the big plastic bags used for transport to be brought back to the lab area.
The samples remained in the moist and black colored bags overnight.

The following day, samples were opened and their water potential (¥) was
sporadically measured until they reached a value within a -0,5 MPa to -1,2 MPa interval. In
instances when the water potential value was above the -0,5 MPa threshold, samples were bench
dried in ambient room-temperature and measured again after 30 min have passed. The
measurements were conducted with the use of a Scholander-type pressure chamber (Model 1505D
PMS Instrument Company, Albany, OR, USA). Certain species, e.g. Clusia alata, secreted latex
or other viscous substances that interfered with the measurements. To mitigate this issue, in species
that exhibited such features, water potential was measured once a slight meniscus of water was
formed on the petiole cut, to allow any viscous substance to overflow and ensure that water is not
pushed outside of the leaf because of its mechanical pressure. Water potential measurements were
important to measure FWU as a similar driving force and verify the robustness of the results. The
FWU conductance (grwu) was used for that purpose and was calculated using the equation below:

2.1
Grwy (mmol m=2s-1MPa-1) = FWU (mmol m™2s )/lIJ (MPa)

Once leaves were within the desired ¥ range, they were weighed, their petiole was
sealed with parafilm, and they were subsequently submerged in regular water for 2 hours, whilst
ensuring that the petiole remained above the water surface to prevent water intrusions through the
cut petiole. After the two hours had passed, leaves were removed from the water and thoroughly
patted dry with absorbent tissues and weighed. Leaves were then bench-dried for at least 15 min,
weighed again, briefly dipped in water and then patted dry to be reweighed. Foliar water uptake
was measured using the standardization method below:

Foliar water uptake (g)
= (Mass after two hours of submersion — Initial mass)
— (Mass after 1 second of submersion
— Mass before 1 second of submersion)

This method was utilized to correct for any potential excess water that was not removed during the
manual pat drying after submersions.

Lastly, leaves were photographed to calculate their leaf area using ImagelJ software
US National Institutes of Health, Bethesda, MD). Samples were then oven-dried for 48 hours and
reweighed.
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3.4 Leaf water retention angle

As mentioned in section 1.2.2, drop retention angle is an intuitive way to capture all the important
parameters pertaining to the leaf water retention capacity of leaf surfaces. For the purpose of our
results, this concept will be referred to as “leaf water retention angle” from this point onwards. In
the lab, a leaf was taken from the ones stored in the zip log bags during the previous sampling day.
The leaf was held at a horizontal position and using a Pipette, a S0uL droplet of regular water is
applied on the adaxial side of the leaf. Gradually, the leaf angle was changed by slowly turning the
leaf point downwards, until water movement was observed. Using a digital protractor phone app,
the angle of the leaf was noted down (Goldsmith et al., 2017).

3.5 Minimum stomatal conductance gmin

During sampling days, leaves were removed from the same branch used for the FWU protocol and
stored separately in moist zip log bags that were stored in a portable cooler. The day after collection,
one leaf from each sample was taken and nail police was applied on the cut end of the petiole to
prevent water loss. To calculate gmin, €evapotranspiration (£) and vapor pressure deficit (VPD)
values had to be measured for each leaf, according to the equation below:

_E_
VPD

For that purpose, each leaf was weighed and the time the measurement was taken was noted, and
temperature and relative humidity were recorded to get VPD. The leaf was then placed on chicken
wire with a fan pointing towards it. This process was repeated until all leaves were measured. Same
measurements mass, temperature and relative humidity were repeated again every 30 minutes had
passed from the previous ones, for at least 4 hours, to get the mass loss for all the leaves after the
previous round. Subsequently, leaves were photographed for leaf area calculations, oven-dried for
48 hours and then reweighed.

gmin =

3.6 Community composition

Using diameter at breast height (dbh) data from previous field operations, the basal area (BA) of
all the trees in the plot was calculated. The BA values of the sampled trees, whose IDs were
recorded throughout the sampling process, were combined with the average values for each of the
three traits for every species sampled in the cloud gradient, creating community-weighted trait
averages (means) for the trees in the cloud gradient plots, to determine the contribution of these
characteristics to the community composition in varying cloud immersion.

3.7 Statistical analysis

All of the data sorting, graph construction and statistical tests, and analyses were conducted in
Excel and RStudio, using R version 4.5.3 (R Core Team, 2026). To examine the differences of the
chosen traits (FWU, gmin and leaf water retention) along the plots in the natural cloud gradient for
all the sampled species, a linear mixed model was employed: Trait ~ Species * Cloud level(Plot),
where Species and Cloud level are the fixed factors and Plot is the random factor, nested inside the
Cloud level fixed factor. A Type III mixed effects model with Satterthwaite's method was used to
determine the significance of the effects.

To test for possible differences between the cloud curtain experiment plots (CON and
FE), a standard two-way fixed-effects factorial ANOVA model was used, including replication.
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Both Cloud treatment and Species are fixed factors, regarding trees as independent experimental
replicates in this case.

Upscaling and examining whether community-weighted traits differ between cloud
levels in the cloud gradient, basal area measurements of the species were combined with data for
each trait to provide the percentages occupied by each species in the plot communities as described
previously. To test the significance of the relationships, a One-Way ANOVA was employed, where
Cloud level was considered as the fixed factor and the input data were plot-level values of
community-weighed trait averages.

All the assumptions of normality and homoscedasticity were met by all the models.
Since some of the values for the FWU were negative, a fixed positive value of +0.10 was added to
all FWU datapoints and subsequently log-transformed, to minimize errors due to larger variation
in the high values of the dataset.

4. Results

4.1 Foliar water uptake (FWU)

4.1.1 Cloud gradient

Species differences in FWU were prevalent in the cloud gradient and were found to be significant
after analysis (p = 0.011; Figure 2). A 15-fold difference was found between the species with the
lowest mean value for FWU (Ocotea andina) and the one with the highest (Sciodaphyllum
allocotanthum) However, cloud cover did not appear to affect FWU across all species (p = 0.92;
Figure 3) and there was no significant interaction between the species and cloud level (p = 0.365).
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Figure 2. Species comparison for foliar water uptake (FWU, mmol m s*') in the cloud gradient shown with standard errors (SE).
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Figure 3. Cloud cover level plot comparison within each of the 25 species sampled along the cloud gradient for foliar water uptake
(FWU, mmol m? s') shown with standard errors (SE). The three cloud levels are (in order of appearance): High (red), Medium
(green) and Low (blue). It is important to note that not all species are present across all plots, hence the lack of data for some cloud

levels in some species.

4.1.2 Cloud curtain plots
Although always being slightly higher in control plots, there was no significant effect of the
experimental treatment effect of reduced fog immersion on the FWU of the plots of the WACCEE
(p = 0.184; Figure 4). As for the species difference, the result was ambiguous, with a p = 0.052,
marginally insignificant. No specific species interactions with the treatment were found to be
significant (p = 0.999).
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Control vs Experimental by Species
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Figure 4. Comparison of foliar water uptake (FWU, mmol m? s'') between the control (red) and experimental (blue) plots of the
WACCEE for each of the species measured shown with standard errors (SE). The species Weinmannia bangii was present only on
the control plot.

The results for grwu can be viewed in the Appendix 2 (Figures A1, A2 and A3).

4.2 Leaf water retention angle

4.2.1 Cloud gradient

Leaf water retention angle followed similar trends to FWU. Species was the most significant factor
that described the data variance (p = 0.0002; Figure 5), with a twofold difference between the
species with the lowest mean trait value (Podocarpus oleifolius) and the one with the highest
(Sciodaphyllum allocotanthum). Cloud level as a general effect was not a significant contributor (p
= 0.47; Figure 6). There were, however, significant species by cloud level interactions with the
cloud cover level (p = 0.027) indicating species-specific divergent influences of cloud level.
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Figure 5. Species comparison for leaf water retention angle (°) in the cloud gradient shown with standard errors (SE).
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Figure 6. Cloud cover level plot comparison within each of the 25 species sampled along the cloud gradient for leaf water retention
angle (°) shown with standard errors (SE). The three cloud levels are (in order of appearance): High (red), Medium (green) and
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Low (blue). It is important to note that not all species are present across all plots, hence the lack of data for some cloud levels in
some species.

4.2.2 Cloud curtain plots

Regarding leaf water retention angle, none of the factors explored appeared to have any
significance in defining the trait. Neither species (p = 0.662), nor treatment (p = 0.759; Figure 7)
could explain data variance, and no relevant species by cloud level interactions (p = 0.465) were
found. Such observations allude to a potential lack of trait plasticity, similar to FWU.

Control vs Experimental by Species
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Figure 7. Comparison of leaf water retention angle (°) between the control (red) and experimental (blue) plots of the WACCEE for
each of the species measured shown with standard errors (SE). The species Weinmannia bangii was present only on the control plot.

4.3 Minimum stomatal conductance (gmin)

4.3.1 Cloud gradient

Similar to the other two traits, species differences in the cloud gradient were significant (p <0.0001;
Figure 8), exhibiting a 9-fold difference between the species with the lowest mean trait value
(Clusia trochiformis) and the one with the highest (Cyathea caracasana). Cloud level by itself was
not significant (p = 0.512; Figure 9). However, similar to leaf water retention angle, interactions
between cloud level and species were significant (p = 0.019), suggesting that certain species might
react differently to the changing cloud level.
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Figure 8. Species comparison for foliar water uptake minimum conductance (gmin, mmol m s™) in the cloud gradient shown with
standard errors (SE).
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Figure 9. Cloud cover level plot comparison within each of the 25 species sampled along the cloud gradient for minimum
conductance (gmin, mmol m? s™') shown with standard errors (SE). The three cloud levels are (in order of appearance): High (red),
Medium (green) and Low (blue). It is important to note that not all species are present across all plots, hence the lack of data for
some cloud levels in some species.
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4.3.2 Cloud curtain plots

Species difference in gmin in the experimental WACCEE plots was found to be significant (p =
0.018; Figure 10), while the treatment effect as a factor was found to have an insignificant impact
(p =0.750). There were also no relevant interactions between species and the treatment (p = 0.747).
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Figure 10. Comparison of minimum conductance (gmin, mmol m s™) between the control (red) and experimental (blue) plots of the
WACCEE for each of the species measured shown with standard errors (SE). The species Weinmannia bangii was present only on
the control plot.

4.4 Community composition

After getting the community-weighted average trait values by accounting for the basal area for all
the plots in the cloud gradient, the one-way ANOVA showed no significant effects of two of the
three selected traits (FWU: p = 0.358, gmin: p = 0.786), while it showed a strongly significant effect
of leaf water retention angle (p = 0.009). Low cloud level plots appeared to have the highest mean
trait values for FWU and leaf water retention angle amongst the three cloud level categories, and
the lowest gmin values (Figures 11).
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Figure 11. Comparison of the community-weighted average values for all three selected traits (FWU, gmin and leaf water retention
angle) made basal area data for each tree in the cloud gradient plots, shown with standard errors (SE). The three distinct cloud cover
levels are (in order of appearance): Low (green), Medium (orange) and High (red).

Table 3 List of the 25 cloud gradient species averages for basal area (BA, cm?) and their water potentials (¥, MPa) prior to
submersion for FWU measurements. BA averages were calculated from the total number of trees sampled in all the plots, while ¥
was calculated based on the sampled trees as per Table 2.

Cloud gradient species Average species basal area (BA, cm?) Average water potential (¥, MPa)
-0.75
Cavendishia bracteata 59.2 -0.6
Clethra cuneata 179 -0.65
Clethra revoluta 1072 -0.90
Clusia alata 277 -0.6
Clusia flaviflora 136 -0.61
Clusia trochiformis 1368 -0.59
Cyathea caracasana 139 -0.89
Gaultheria reticulata 529 -1.13
Hedyosmum cuatrecazanum 215 -0.62
Hedyosmum goudotianum 50 -0.70
Hesperomeles ferruginea 134 -0.76
Meliosma frondosa 59.4 -0.58
Miconia adinantha 843 -0.66
Miconia micropetala 77.9 -0.59
Myrsine coriacea 58.9 -0.81
Ocotea andina 270 -0.56
Ocotea glabriflora 631 -0.51
Oreopanax cuspidatus 99.4 -0.52
Podocarpus oleifolius 431 -0.51
Sciodaphyllum allocotanthum 11.1 -0.62
Symplocos baehnii 7.39 -0.75
Weinmannia bangii 734 -0.76
Weinmannia crassifolia 101 -0.64
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‘ Weinmannia reticulata 848 -0.65

5. Discussion
5.1 Species acclimation and adaptation capacity

Despite the data from previous studies showing that cloud immersion is in fact beneficial for plant
and tree species present in TMCFs, studies on the acclimation and adaptation capacity of these
species to varying cloud immersed conditions are scarce. According to the results of this
experiment, for the three traits tested, two main points are indicated for the tree species growing in
the cloud gradient: I) large species differences for all three traits and II) lack of within species
variation between the different cloud level categories. The latter indicates that neither acclimation
and/or local adaptation (existence of ecotypes) causes the significant within-species variation. This
in turn implies a low capacity for the three leaf water economy traits examined to adjust to changing
cloud immersion levels.

As for the fog exclusion experiment examined in the cloud curtain plot, substantial
reduction in fog input did not have any significant effects on any of the three traits. This suggests
a lack of acclimation capacity for these three leaf water economy traits in the examined species, at
least in the conditions of reduced cloud immersion. Plasticity for leaf water economy traits in
general has not been documented, especially in the context of TMCFs. While FWU is found to be
frequent in ecosystems with higher wettability events, little is known for the capacity of species to
acclimate in changes to cloud immersion. Fog reduction treatment had a negative impact on the
capacity for FWU in eight species in a Peruvian TMCF (Anders et al. 2025), however there is a
distinct lack of findings for tree species, despite the widespread occurrence of FWU across all
ecoregions on the planet (Schreel and Steppe 2020). In temperate tree species, the response to
drought on FWU was species specific (Schreel et al. 2019), which points towards individual species
strategies being of potentially great importance for tropical tree species likewise.

A study on five water-use traits including gmin in 20 tropical species in Rwanda has
shown not only large within species differences in gmin, but also a high degree of thermal plasticity.
The site with the lowest annual mean temperature had 68% higher gmin values in most of the species
compared to the one with the highest (Wittemann et al. 2024), consistent with previous drought
acclimation reports that have shown a tendency for decreased gmin values in plants acclimated to
drought stress (Duursma et al. 2019b). However, that study used plots in an elevational gradient,
which should be considered when drawing comparisons, since all the plots in our study were on
same elevation as mentioned in section 3.1. Other studies focus on stomatal conductance (gs) and
crown conductance (gc), rather than gmin, which the leaf conductance after stomata have closed as
much as possible. Conifers in a temperate cloud forest in USA, have shown that gs was significantly
higher under cloud immersion and exponentially declined as the leaf-to-air vapor pressure deficit
increased in conditions with less or no cloud cover (Reinhardt and Smith 2008). An attempt to
model the responses of gs to varying degrees of cloud immersion was met with limitations in the
case of cloud immersion caused by the great variation tied with environmental factors affecting gs,
and a lack of understanding on the water status and stomatal conductivity relationships for cloud
forest vegetation (Lowman and Dil Godoy 2020).

One important parameter that should be taken into consideration when reviewing our
results is the nature of the method that was chosen for the division of plots into the three distinct
categories. As stated in the Materials & methods section 3.1, atmospheric models that estimated
annual precipitation and fog input data were used to divide the 15 plots of the cloud gradient into

22



High, Medium and Low cloud levels, and not wetness data from on field sensors. Considering the
emerging patterns discussed in the Results section that it appears the majority of species in the
cloud gradient exhibit either the highest or lowest values in the Medium cloud level plots (Figures
3,6 & 9), there is a possibility that after collecting humidity and precipitation data from installed
sensors on site, it is shown that certain plots were mischaracterized and, hence, altering the results
and interpretations. This in turn could possibly reveal differences in the significance of the effects
of the cloud level to the examined traits and within species interactions, hence our results should
be taken with a certain degree of caution.

On a final note, a recently published review of the findings on the responses of
American tropical forests to the shifts in temperature and precipitation caused by climate change,
indicate that although tree community compositions do change to account for these shifts, this
change happens at a much lower rate to what would be necessary to acclimate or adapt (Aguirre-
Gutiérrez et al. 2025). According to the review, changes in TMCFs are even slower compared to
lowland forests. This lack of changes are given with the assumption that there is no acclimation or
local adaptation capacity, which aligns with our own findings. This is, naturally, further
corroborated by the lack of acclimation of tree species to fog exclusion treatment.

5.2 Community composition

Despite the fact that trait differences between species were found to be significant, that did not
translate into the community-weighted averages for the community composition for FWU and gmin,
as they appeared to have no effect on the species distribution in the plots of the cloud gradient. That
was not the case for leaf water retention angle, as it significantly differed for the tree species
compositions along the cloud gradient, with Low cloud level plots showing greater values than the
other two categories. This suggests that trees in Low cloud level plots are better at holding water,
which is beneficial for trees in these environments where water is presumably scarcer than areas
with more foggy and rainy conditions. Additionally, despite the insignificance of differences in
FWU and gmin, the patterns shown in Figure 10 show higher mean FWU values and lower gmin in
Low cloud level plots compared to the other two categories, implying improved leaf water economy
under both moist and dry conditions. Combined with our significant findings on leaf water retention
angle, it is implied that Low cloud level plots have a better leaf water economy regulation, perhaps
to account for the lower fog input. However, it should be noted that in denser fog environments,
the capacity for FWU is higher than in less foggy conditions, and thus trees could benefit from
higher capacity for leaf water retention, but the results of community-weighted means analysis
suggest the opposite effect.

Some studies regarding leaf water repellency have shown a distinct lack of correlation
between that and the morphological features of plants, and importantly, a great variation between
species across different forest ecosystems (Holder 2011), while others have shown that leaf water
repellency in cloud forests is lower compared ones in the lowlands (Holder 2007). Leaf water
repellency is directly linked to the capacity of leaves to retain water on their surfaces, indicating
that TMCF plant species have a higher capacity for leaf water retention.

According to results from other TMCFs, these environments might be considered arid
during the dry seasons they experience, and as a result, plants would require additional mechanisms
to deal with potential water or atmospheric stress. Due to this, fog exposure acts more like a buffer,
rather than a solution to stress under drought (Bittencourt et al. 2019). Interestingly, drought
strategies usually play an important role in tree species compositions, as has been seen in the past
with species having different drought strategies, with certain tree species having higher gmin values
and hence lower drought tolerance compared to others that had lower gmin values and were better
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at preventing water loss under dryer conditions (Wittemann et al. 2024). This is in line with the
mean value distribution for gmin that can be seen in Figure 10.

Traits such as leaf morphology and wood tissue have been linked to species growing
in TMCFs, as a response to increased water availability through fog immersion (Andrés-Hernandez
and Rodriguez-Ramirez 2025). Moreover, there are many environmental filtering factors that
interact and impose restrictions on the growth capacity of lowland species, allowing the formation
of communities that contain species specially adapted for these unique conditions, from increased
root production through carbon allocation, to lower specific leaf area and unique leaf morphology
(Eller et al. 2020b). Such input from prior studies makes further research imperative to determine
whether the trait interactions with the cloud levels found along natural gradients are perhaps linked
to only specific traits and whether other climatic and geomorphological factors contribute to the
shaping of TMCF communities. Furthermore, our results might imply that FWU and gmin are not
the most important leaf water economy traits shaping tree community composition under varying
cloud regimes. Good leaf water economy seems more important at low cloud levels; significantly
so for water retention angle, and insignificantly but following that same direction for FWU and

Zmin.

6. Conclusion

In the context of a rapidly changing climate, understanding how leaf traits related to water
acquisition and efficiency function and shape plant communities, will provide deeper insights on
how vulnerable ecosystems like TFCs are able to adapt to changes in their local climate, as droughts
become more frequent and the cloud bank slowly rises. This study showed that tree species in
TMCFs had large trait value differences between them and that cloud level immersion had no
significant effect on within-species differences in varying cloud immersion, or in the fog exclusion
treatment, indicating a lack of acclimation capacity for tree species in TMCFs. It also produced
significant evidence on the importance of leaf water retention on tree communities of different
cloud immersion and potentially an improved capture capacity and use of intercepted water under
more water-limited conditions. Our findings imply a stronger need for good leaf water economy in
low cloud level areas. There is a definite need for further investigation into other water economy
traits for tree species of this ecotype, including more species and considering different factors of
leaf morphology, exploring alternative anatomical pathways for water uptake, such as bark water
uptake, as well as the effect of epiphytic communities who are prevalent in these environments and
their potential interference. A deeper insight will provide more efficient and targeted approaches
for future conservation efforts.
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Appendix 1

Popular Science Summary
Tropical montane trees and clouds: An investigation

Tropical forests are one of the most unique and diverse ecosystem types on the planet,
and unfortunately, one of the most threatened by the rapid shifts in temperature and humidity
caused by climate change. Among them, tropical montane cloud forests — perpetually covered in
dense fog due to their special local weather conditions — are home to species found only there and
form unique habitats that are especially vulnerable to climatic change, as stable fog levels are
important for their survival. However, research on the exact impact of cloud coverage on the natural
ecosystem processes is limited, especially when it comes to plants.

In our study, we examined 25 tropical tree species that are found in the Wayqecha
Amazon region of Peru, across 15 different sites characterized by different fog density (High,
Medium and Low), testing three of the most key traits related to how trees might be benefited by
the fog: their capacity to absorb water droplets through their leaves (a process called foliar water
uptake, FWU). Their minimum conductance (gmin) Which is essentially a measure of how open or
closed the little mouth-like cells (stomata) on the surface of their leaves are, since they are
responsible for how much moisture comes in and out of the plant during breathing. Lastly, their
leaf water retention is measured by the angle at which water slides off the surface of different
leaves, which is affected by different leaf features, such as the presence of hair or their texture.

Along with these 15 sites, we sampled two more special plots, which were part of a
previously established experiment, the Waygecha Amazon Cloud Curtain Ecosystem Experiment
(WACCEE), where a large net was set up between the control and test site, to reduce the amount
of fog the latter would receive and thus, allow us to compare the differences between them.
Branches and leaves where collected from all these sites and were brought back to our makeshift
lab, where some were submerged into water for two hours to test their FWU capacity, some were
air-dried to measure their gmin and others used for water retention estimates.

After in-depth analysis of the collected data, apart from differences between the
different species, showed that leaf water retention angle appears to have a significant effect on the
formation of tree communities in the cloud gradient. There was no effect of cloud immersion into
any of the traits, neither in the cloud gradient, nor in the WACCEE fog exclusion treatment.
Another interesting observation, however, was that the trees in the sites that were marked with
Medium fog levels showed either the highest or lowest values consistently across all species, with
few exceptions. This can be attributed to our classification system for each site, as the distinction
between High, Medium and Low cloud levels was based on atmospheric models, rather than actual
humidity measurements. This opens up interesting possibilities for future experimentation, as
installing specialized equipment could give us a clearer picture of how to characterize different
sites according to their fogginess more accurately.

Despite the lack of significant results besides the effects of leaf water retention on
tree communities, the observed patterns could provide vital information for researchers who aim
to expand the topic. It is clear that species react differently to different cloud levels, so refining our
approach in future experiments might be the key. Our understanding of how these fragile
ecosystems function is so limited that any progress is vital for future conservation efforts, and our
efforts are only the beginning.
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Appendix 2

Species Comparison (Cloud Gradient)
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Figure A 1. Species comparison for foliar water uptake conductance (gFWU, mmol m™ s”' MPa™) in the cloud gradient shown with
standard errors (SE).
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Figure A 2. Cloud cover level plot comparison within each of the 25 species sampled along the cloud gradient for foliar water uptake
conductance (gFWU, mmol m? s”' MPa™') shown with standard errors (SE). The three cloud levels are (in order of appearance):
High (red), Medium (green) and Low (blue). It is important to note that not all species are present across all plots, hence the lack of
data for some cloud levels in some species.
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Figure A 3. Comparison foliar water uptake conductance (gFWU, mmol m? s”! MPa™!) between the control (red) and experimental
(blue) plots of the WACCEE for each of the species measured shown with standard errors (SE). The species Weinmannia bangii
was present only on the control plot.
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Figure A 4 Scatterplot showing the relationship between minimum conductance (gmin, mmol m? s) and foliar water uptake

conductance (gFWU, mmol m? s*' MPa!) across species, including data from the cloud gradient as well as the WACCEE plots. No
significant relationship was observed (p = 0.83).
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Figure A 5 Scatterplot showing the relationship between minimum conductance (gmin, mmol m= s') and foliar water uptake (FWU,

mmol m? s across species, including data from the cloud gradient as well as the WACCEE plots. No significant relationship was
observed (p =0.41).
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