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Abstract

1. Fog makes a significant contribution to the hydrology of a wide range of impor-
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tant terrestrial ecosystems. The amount and frequency of fog immersion are af-
fected by rapid ongoing anthropogenic changes but the impacts of these changes

remain relatively poorly understood compared with changes in rainfall.

. Here, we present the design and performance of a novel experiment to actively

manipulate low lying fog abundance in an old-growth tropical montane cloud for-
est (TMCF) in Peru—the Waygecha Amazon Cloud Curtain Ecosystem Experiment
(WACCEE). The treatment consists of a 30m high, 40m wide mesh curtain sus-
pended between two towers and extending down to the ground, and two sup-
plementary curtains orientated diagonally inwards from the top of each tower
and secured to the ground upslope. The curtains divert and intercept airborne
water droplets in fog moving upslope, thereby depriving a ~420m? patch of forest
immediately behind the curtains of this water source. We monitored inside the
treatment and a nearby unmodified control plot various metrics of water avail-
ability (air humidity, vapour pressure deficit, leaf wetness and soil moisture) and
other potentially confounding variables (radiation, air and soil temperature) above

and below the forest canopy.
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3. The treatment caused a strong reduction in both air humidity and leaf wetness,

and anincrease in vapour pressure deficit, above the canopy compared to the con-
trol plot. This effect was most pronounced during the nighttime (20:00-05:00).
Below-canopy shifts within the treatment were more subtle: relative humidity
at 2m height above the ground was significantly suppressed during the daytime,
while soil moisture was apparently elevated. The treatment caused a small but
significant increase in air temperature above the canopy but a decrease in tem-
perature in and near the soil, while mixed effects were observed at 2m height
above the ground. Above-canopy radiation was slightly elevated on the treatment
relative to the control, particularly during the dry season.

. Further application of the method in other systems where fog plays a major role
in ecosystem processes could improve our understanding of the ecological im-

KEYWORDS

1 | INTRODUCTION

A wide range of shifts in precipitation are occurring across the
world associated with anthropogenic shifts in land cover and climate
change (Caretta et al., 2022; Trenberth, 2011). A predictive under-
standing of changes in precipitation over space and time, and their
ecosystem effects, lags far behind that of temperature for a range of
reasons. One major reason is that precipitation events are innately
more stochastic (Parsons et al., 2017; Pendergrass et al., 2017).
Another aspect is that precipitation occurs in a wide diversity of
forms (e.g. rainfall, fog, snow) and regimes (frequency, timing, in-
tensity and lag periods) which create significant additional complex-
ity in understanding the consequences for terrestrial systems (e.g.
McCrystall et al., 2021).

To improve understanding of precipitation impacts on terres-
trial systems, scientists mainly used observational studies over time
(e.g. Carbone et al., 2011; Hereford et al., 2006) and across natu-
ral spatial gradients in precipitation (e.g. Austin & Vitousek, 1998;
D'Onofrio et al., 2019). For example, Austin and Vitousek (1998)
recorded increasing rates of a standardized litter across a ~10-fold
change in mean annual precipitation on the island of Hawai'i. These
approaches provide important insights into the properties of sys-
tems which have equilibrated over extended time periods to differ-
ences in precipitation but may provide limited insights into the likely
responses of ecosystems as they transition relatively rapidly to on-
going climate change. In addition, these approaches suffer from dif-
ficulties inherent to most natural gradient or observational studies in
removing the influences of confounding factors which co-vary with
the factor of interest (Dunne et al., 2004; Fukami & Wardle, 2005).
Increasingly, therefore, scientists have employed a range of methods
to artificially simulate shifts in precipitation in the field (Asbjornsen
et al., 2018; Beier et al., 2012). However, the overwhelming majority

pacts of this important but understudied climate driver.

climate change, cloud moisture, drought, large-scale ecosystem manipulation, TCMF, tropical,
tropical montane cloud forest

of these experiments have focused on manipulating mean annual
rainfall. For example, two through-fall reduction experiments in
the Amazon have dramatically improved the empirical foundation
for understanding Amazon drought (Metcalfe et al., 2010; Nepstad
et al., 2002; Rowland et al., 2015). By comparison, experiments
manipulating other precipitation forms and aspects of precipita-
tion regime (e.g. changes in extremes, frequency) are much rarer
(Asbjornsen et al., 2018; Knapp, 2024).

One major form of precipitation that remains relatively poorly
understood is fog (Bittencourt et al., 2019; Weathers, 1999). Fog
constitutes a significant portion of overall precipitation particularly
in montane and coastal areas around the world, which together
make up a large portion of the earth's surface (Katata, 2014; Moat
et al., 2021; Weathers, 1999). Further, new research indicates that
fog is also a common feature of many lowland ecosystems (Pohl
et al., 2021), providing localized refugia for drought-afflicted or-
ganisms (Pohl et al., 2023). In these systems, fog plays a key role
in a wide range of important ecosystem processes and properties
(Weathers, 1999). Further, plant species within these systems are
often specifically adapted to these unusual conditions, and there-
fore are potentially highly vulnerable to any shifts in fog abundance
(Benzing, 1998; Dawson, 1998). Yet, the abundance and frequency
of fog is projected to decrease due to surface temperature increases
associated with climate shifts and land use change (Antonio Guzman
etal., 2024; Helmer et al., 2019; Still et al., 1999). A range of observa-
tional studies have documented negative impacts of fog decline over
time on a range of plant and animal groups (Foster, 2001; Pounds
etal.,, 1999). Further, several studies have transplanted plants across
sites with different natural levels of fog immersion (Nadkarni &
Solano, 2002, Rapp & Silman, 2014) or modified fog abundance/
air humidity in a laboratory setting (Carmichael et al., 2020; Limm
et al., 2009). These studies generally find that plants adapted to
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high fog water inputs tend to suffer negative consequences when
exposed to low fog conditions. However, no experiments or tech-
nologies have yet been proposed to actively manipulate fog abun-
dance or regime in the field for the purpose of scientific research.
This kind of experimental intervention would provide a critical com-
plementary insight to ongoing studies using alternative approaches
(e.g. Carmichael et al., 2020; Rapp & Silman, 2014) providing a more
rapid and controlled assessment of fog impacts on individual spe-
cies and for ecosystem processes (Dunne et al., 2004; Fukami &
Wardle, 2005).

In this study, we apply and test an approach to manipulate
fog abundance over a large area in the field (Figure 1a, Figure S1)
drawing inspiration from long-standing techniques used to harvest
freshwater from low-lying fog (Verbrugghe & Khan, 2023). Here, we
present the results of 2-7 years of monitoring of a range of climatic
variables within the fog exclusion treatment plot (hereafter termed
‘FE’) and an adjacent unmodified control plot (hereafter termed
‘CON’). Specifically, we tested how the treatment infrastructure af-
fected metrics of airborne moisture and other relevant aspects of
the microclimate (radiation, temperature) above the canopy, below
the canopy and near ground level. Further, we discuss opportunities
and challenges of adapting the approach to other environments and
experimental designs.

2 | MATERIALS AND METHODS

2.1 | Study site

The study site was located within an upper tropical mountain cloud
forest c. 1km from the Wayqgecha biological station in the Koshipata
catchment on the eastern (windward) slope of the Andes, Peru
(-13.1932°, -71.5883°) around 3000m elevation above sea level.
The region is characterized as super humid due to the relative

FIGURE 1 Geographic and climatic
context of the study site. The red star in
panel (a) shows the geographic location
of the study site. The panels (b-d) show
rainfall and fog regime across the region
around the study site, estimated with
the WaterWorld hydrological model
(Mulligan, 2013). The dashed red line in
each panel denotes the specific modelled
value for the study site. Background
map: NDVI, from NOAA JSTAR MAPPER
(https://www.drought.gov/data-maps-
tools/ndvi-greenness-maps).
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orientation of prevailing winds and topography, which forms a zone
of frequent cloud immersion where cold Andean winds collide with
warm, moist air from the Amazonian lowlands (Killeen et al., 2007).
Annual precipitation is around 1800mm and daily rainfall occur-
rence is frequent. Precipitation inputs to the catchment are derived
90.8% from rain and 9.2% from fog, but there is substantial vari-
ation in these relative contributions seasonally (Clark et al., 2014).
The forest has a closed canopy at around 10-15m height, with a
sparse understorey. The tree stems and branches are covered by a
large quantity and diversity of epiphytes: bryophytes (mainly liver-
worts and mosses), ferns, orchids, bromeliads, and the plants of the
Ericaceae family (Horwath, 2012; Rapp & Silman, 2014).

2.2 | Experimental design

In October 2017, one 30-meter-tall aluminium tower was con-
structed 40 m away from an existing 20-m-tall tower that formed
part of a canopy walkway at the study site (Figure 2, Figure S1).
An additional 10 m of tower was added to this existing tower, then
a metal cable was suspended between the top of the two tow-
ers, and ~3m wide panels of green polyethylene mesh with 3mm
aperture diameter (80% shade raschel mesh cloth, Cooperacion
Litec SAC, Peru) were strung from a cable to the ground along
the whole distance between the towers to form a single con-
tinuous curtain (30m high, 40m wide) (Figure 2). This panel was
orientated perpendicular to the predominant wind direction to
intercept airborne water droplets moving up the forested valley.
To support side panels, additional metal cables were also sus-
pended from each tower, oriented at a 60° angle from the main
mesh curtain and secured at the other end into the bedrock up-
slope of the towers (Figure 2, Figure S1). Mesh panels were also
strung from these cables to the ground. Together the main curtain

and two side curtains enclosed a triangular patch of forest. Due
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to the steep slope (~33°), the emergent canopy (height ~15m) at
the upslope corner of the triangular patch overtopped the mesh.
Therefore, we only made measurements within the portion of
the forest within 20m from the main mesh panel where the for-
est canopy was lower than the mesh panels. This ~420m? area
was designated the FE plot, encompassing 60 trees (DBH =10cm)
from 15 species across 12 families and instrumented with an
array of equipment to monitor climatic and ecological variables
(Figure 2). The FE plot was open to the sky, to maintain natural
light conditions and permit vertical water inputs. Approximately
50m upslope from the FE plot, the CON plot was established.
Both the CON and FE plots were carefully selected to (i) show no
signs of human disturbance (e.g. logging, fire) and (ii) have similar
species composition, canopy structure and biomass prior to the
start of the experiment. Experiment installation and subsequent
measurements were covered by Peruvian National Forest and

FIGURE 2 Experimental infrastructure
and plot instrumentation. Panels (b, d)
show the view upslope directly facing the
main curtain. The red lines in (b and e)
denote the main curtain perpendicular to
the slope (solid line) and the side curtains
running diagonally inwards upslope
(dashed lines). Note the weather stations
visible immediately behind the main
curtain above the canopy in panels (a and
c). Panel (e) shows the location within the
plots of the Ibutton sensors recording

air temperature and humidity within the
canopy, the remaining measurements are
for ecological monitoring. Panel (b) shows
the canopy walkway adjacent to the cloud
curtain, and the side curtains running
diagonally upslope. The plot shape and
spatial arrangement of measurements are
identical for the FE and CON plots.
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Wildlife Service permits (RDG 220-2015-SERFOR-DGGSPFFS,
RDG 064-2017-SERFOR-DGGSPFFS, RDG 492-2019-MINAGRI-
SERFOR-DGGSPFFS, RD-D000010-2022-MIDAGRI-SERFOR-
DGGSPFFS-DGSPF).

2.3 | Above-canopy meteorology

Three weather stations were installed at the WACCEE experi-
mental site in May 2022, two stations were installed inside the
FE plot at approximately 20m height above the canopy and one
station was installed at approximately 20 m height adjacent to the
experiment on a third aluminium tower 40 m from the FE plot. The
weather stations included a CS320 digital thermopile pyranom-
eter, a HygroVUES5 temperature and relative humidity (RH) sen-
sor enclosed in a RADO6 radiation shield (Campbell Scientific Ltd.,

85U8017 SUOLILLOD BA 181D 3|cedtdde 8Ly Aq peussnob afe Se ol YO ‘8sn JO Sa|n 10} ARIq1T 8UIUQ 43|/ UO (SUO1IPUOD-PUR-SWBI 00" A3 1M Ae1q 1 BUl UO//SdNL) SUORIPUOD pue swis | 84} 89S *[5202/20/70] Lo Ariq1TauliuO AB]IM ‘UBWUBA0D AqUsSSY USPM Ad E81T X0TZ-TY0Z/TTTT OT/I0P/W0 48| im AIq1 U1 |UO'S [UINO 0)//:ScY W14 pepeoiumoq ‘0 ‘XOTZTY0Z



METCALFE ET AL.

Loughborough, UK). Data was recorded on a CR1000X measure-
ment and control datalogger and the stations were powered by a
SP30 30W solar panel (Campbell Scientific Ltd., Loughborough,
UK). Temperature, RH and radiation sensors were calibrated with
each other prior to installation. On one station installed inside the
WACCEE plot and the station installed adjacent to the experiment,
two PHYTOS 31 leaf wetness sensors (METER Group, Munich,
Germany) were installed perpendicular to the prevailing wind at a
45° angle. One leaf wetness sensor was installed facing upwards
to estimate real leaf wetness conditions capturing both fog and
precipitation water. The other leaf wetness sensor was installed
facing downwards to mostly capture fog water, although there

may be indirect inputs from rainfall via droplet drip and splash.

2.4 | Within-canopy meteorology

Hourly air temperature and humidity were sampled with 10 sensors
per plot (Hygrochron, Maxim Integrated, San Jose, CA, USA),
suspended at 2m height above the ground. Loggers were shielded
to remove any confounding influences from direct radiation and

precipitation.

2.5 | Soil-level meteorology

Hourly temperature and soil moisture were sampled with five
sensors per plot (TMS-4 datalogger, Tomst s.r.o., Michelska, Czech
Republic). Temperature was recorded at 3 levels: 15 and 2cm above
the soil surface and 6cm beneath the soil surface. Moisture was
recorded with the time domain transmission method and recorded
in raw form as electromagnetic pulses, then converted to volumetric
soil moisture with a calibration curve derived for ‘Loamy sand A’
(Wild et al., 2019) in line with previous work from the study site
(Halbritter et al., 2024).

2.6 | Hydrological model

WaterWorld is a fully distributed, process-based hydrological
model (Mulligan, 2013) that utilizes remotely sensed and
globally available datasets. The model requires 145 input maps
representing 33 variables over a monthly or diurnal cycle. Baseline
climate data at the time of analysis (Oct 2021) was based on long-
term climatology from WorldClim (Hijmans et al., 2005). Land use
and land cover is represented by three functional vegetation types
based at the time on MODIS VCF (Sexton et al., 2013). The model
consists of several modules, that is for rainfall distribution (wind-
driven rainfall), cloud water interception by vegetation, solar
radiation receipt corrected for cloud cover, potential and actual
evapotranspiration based on climate and vegetation cover, surface
flow and a snow and ice energy balance. Hydrology is simulated
for four diurnal time steps representing a mean diurnal cycle

B Methodsin Eclogy and Evalution |
for each of 12 monthly time steps. Water balance is calculated
based on incoming wind-driven precipitation, fog and snow inputs
minus evapotranspiration. The model has been applied and tested
throughout Latin America and parts of tropical Africa and Asia for
ET and runoff and wind driven rain and cloud water interception
(Bruijnzeel et al., 2011; Ferreira et al., 2019; van Soesbergen &
Mulligan, 2014, 2018). In the present study, a baseline simulation
was conducted for 1000 randomly chosen points around the study
site (hetween -13 Nto -14S,-72 W to -71E). The simulations were
restricted to pixels with elevations between 1000 and 3700m
with tree cover >40% (which might thus be considered TMCF)
for comparability with the study site. From these simulations, the
variables wind driven rainfall, total fog inputs and fog inputs as a
proportion of total precipitation (rainfall plus fog) were extracted

for comparison with the values for the study site.

2.7 | Data analysis

Vapour pressure deficit was calculated from temperature and rela-
tive humidity by subtracting actual vapour pressure from saturation
vapour pressure using Teten's equation (Tetens, 1930). Since fog only
forms once relative air humidity reaches saturation point (100%), we
estimated fog formation from relative humidity data by categorizing
relative humidity as either equal to 100% or <100%.

To understand differences in climatic conditions between the
CON and FE plots, we fitted linear mixed effect models using the
Ime4 package in the R statistical software (Bates et al., 2015).
Each climatic variable was considered as the response variable,
with the treatment effect considered as a fixed effect. Date and
hour were included as random intercept variables to control for
variation in climatic conditions across time, whilst the treatment
effect was also included as a random slope effect with hour to test
for differences in response with time of day. The maximal model
was compared with both a null model and a model without the
treatment random slope effect based on the Akaike Information
Criterion scores, with the model with the lowest AIC selected fol-
lowing Zuur et al. (2007). To compare between treatments, we fit-
ted equivalent models to all climatic variables with the exception
of the categorized relative humidity data where we used a gener-
alized linear mixed model with a binomial error distribution with
logit link function to account for the binary nature of the data.
Model selection was undertaken in the same manner as the linear
mixed effect models described above.

Tounderstand diurnal variationin climatic variables, a generalized
additive model was fitted using the mgcv R package (Wood, 2017),
with treatment and season included as fixed effects.

To understand how leaf wetness varies with relative humidity,
temperature and VPD, we fitted a general linear model with bino-
mial family distribution with treatment and season included as fixed
effect variables. Models were fitted using the stats R package (R
Core Team, 2023). All analyses were done in R version 4.2.3 (R Core
Team, 2023).
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3 | RESULTS

3.1 | Modelled hydrology

We applied a regional water balance model to estimate the local
hydrological context of the study site relative to TMCF across the
wider region. The results indicate that the study site experiences
relatively low total precipitation (wind driven rainfall plus fog inter-
ception), but high proportional contribution of fog to total precipita-
tion, for the region (Figure 1). The forest at the site therefore likely
exists close to the regional moisture threshold for TMCF, and ap-
pears heavily dependent on fog inputs. These inputs are both from
deposition (settling) under low wind speeds and impaction under
higher wind speeds. The curtain would intercept impaction by fog
moving upslope with the wind, but would not affect the deposition
of fog from above.

Estimates of the absolute quantity of water not entering the FE
plot due to the mesh curtain are difficult to derive numerically. We
applied a basic superposition model (de Dios Rivera, 2011) to estimate
a 14% reduction in moisture ingress into the FE plot. Although, this
will likely vary substantially according to wind speed and direction,
site properties (slope, canopy roughness) and droplet size distribution.
This value refers to the quantity of incoming fog water intercepted
by the mesh; however, a significant proportion of fog water will be
otherwise diverted around the mesh curtains so the actual reduction
in the quantity of fog water input immediately behind the curtain is

likely higher.

3.2 | Above-canopy relative humidity & vapour
pressure deficit

Measurements around 10m above the forest canopy show
that the FE treatment causes a significant reduction in over-
all RH compared to the CON plot (Table 1, Figure 3, Figure S2:
-4.89+0.22%, p<0.001). This RH reduction in the FE plot is
greatest at night between 20:00 and 06:00 (Table 1, Figure 3),
with a relatively smaller reduction during the daytime (10:00-
17:00) (Table 1, Figure 3, Figure S2). This is particularly true
during the dry season (June-September) when daytime RH is
indistinguishable between plots, whereas there was a smaller
but significant reduction in daytime RH on the FE plot compared
to the CON in the wet season (October-May; Table 1, Figure 3).
These small but significant shifts in RH translate into major plot-
level shifts in the amount of time that the air exceeds saturation
point to form fog: 12.7 + 1.6% on the CON plot versus 2.6 + 0.4%
on the FE plot (p <0.001).

The lower RH on the FE plot, together with the elevated night
time air temperature (see below), leads to higher nighttime VPD
in the FE plot compared to the CON (Table 1, Figure 3, Figure S2).
However, VPD generally remains low, with mean diurnal cycles
reaching a max of 0.4kPa, and an overall maximum VPD across the
whole dataset of 1.5kPa (Figure 3c).

3.3 | Above-canopy leaf wetness

The FE treatment causes strong reductions in leaf wetness (Table 1,
Figure 3, Figure S2). Thus, the leaf wetness sensors at ~20m height
above the tree canopy in the FE plot remain dry >90% of the time
throughout the day in the dry season, reaching near 100% dryness at
midday (Table 1, Figure 3), and remaining dry through multiple clear
fog events which caused leaf wetting in the CON plot (Figure S2).
By contrast, the leaf wetness sensors on the CON plot display more
variable wetting and drying cycles, reaching >50% wetness during
the night (18:00-06:00) then steadily drying during the day (Table 1,
Figure 3). During the wet season, even the FE plot experiences fre-
quent diurnal cycles of leaf wetting. However, this cycle is still much
more pronounced in the CON than the FE plot, reaching >80% wet-
ness at night in the CON versus 35% in the FE plot (Table 1, Figure 3).
By inverting one of the wetness sensors, we removed any effects of
vertical precipitation. These data show broadly the same magnitude
and temporal patterns as the non-inverted wetness sensors (Table 1,
Figure 3, Figure S2), which indicates that horizontally moving water in
fog is driving most of the observed treatment-induced changes in the
leaf wetness sensor measurements in the FE plot.

Leaf wetness increased with higher RH, and decreased with in-
creasing temperature and VPD (Figure 4) on both plots. However,
leaf wetness declined at much lower temperatures, and much
higher RH and VPD levels on the FE plot than the CON, partic-
ularly during the dry season (Figure 4). Water droplet formation
occurs at higher temperatures (approx. 5°C) in the CON compared
with the FE plot.

3.4 | Above-canopy temperature and radiation

The FE treatment slightly but significantly increased air tempera-
ture by 0.45+0.04°C, potentially due to suppressed evaporative
cooling (Table 1, Figure 3, Figure S2). This FE-induced warming
effect was minimal during the daytime (09:00-17:00) but higher
(1-2°C) during the nighttime (Table 1, Figure 3, Figure S2). The FE
treatment increased solar radiation by 35.73 +4.37W (p<0.001)
compared to the CON (Table 1, Figure 3), likely due to the de-
crease in radiation intercepted by the lower levels of fog within
the FE plot. This overall difference was particularly driven by a dis-
tinct FE treatment-induced radiation increase (~50%) during the
dry season (Table 1, Figure 3). By contrast, during the wet season
there was a minimal difference in radiation between the FE and
CON plots (Table 1, Figure 3).

3.5 | W.ithin-canopy meteorology

Generally, meteorological shifts within the canopy were much less
pronounced in the FE plot than above-canopy changes (Table 1,
Figure 5). Although, there were significant reductions observed in
RH at 2m height above the ground on the FE plot compared to the
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FIGURE 3 Diurnal cycle of relative humidity (a), air temperature (b), vapour pressure deficit (c), solar radiation (d), upwards facing leaf
wetness (e), and downwards facing leaf wetness (f) above the canopy in the control (CON, purple) and fog exclusion (FE, yellow) plots. Data
are summaries of records between May 2022-February 2024. Leaf wetness sensors facing upwards and downwards represent moisture
intercepted from rain and fog and moisture intercepted from fog only respectively. Relationships are separated by wet season (October-
May) and dry season (June-September). Lines represent mean +standard error fitted with generalized additive models. n=1 for the CON

plot and 2 for the FE plot.

CON, mainly during the day time (Table 1, Figure 5). Air temperature
at 2m height above the ground was significantly higher on the FE
plot than the CON plot during the wet season but lower during the
dry season (Table 1, Figure 5). VPD was significantly enhanced under
the canopy on the FE plot during the daytime, by around 0.04 kPa
(Table 1, Figure 5).

3.6 | Meteorology near or in the soil

Physical changes in the soil or near the soil surface were rela-
tively subtle. We identified a small but significant cooling in the FE
plot compared to the CON in the soil and close to the soil surface
(Table 1, Figure 6). This cooling effect was driven by warming during

15:00-24:00 in the dry season on the CON plot that was apparently
suppressed in the FE plot. At other times of the day and year, tem-
peratures at the soil surface and in the soil were very similar (Table 1,
Figure 6). Soil moisture was significantly enhanced in the FE plot
compared to the CON, and this difference remained fairly stable

across diurnal and seasonal cycles (Table 1, Figure 6).

4 | DISCUSSION

Ambient cloud dynamics in the CON plot were typical of TMCF:
with cloud immersion most common from the late afternoon then
through the night until the following morning, particularly dur-
ing the wet season (Holwerda et al., 2006, Bassiouni et al., 2017,
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FIGURE 4 Relationships between leaf wetness and relative humidity (a, b), air temperature (c, d) and vapour pressure deficit (e, f) above
the canopy in the control (CON, purple) and fog exclusion treatment (FE, yellow) plots. Data are summaries of records between May 2022-
February 2024. Leaf wetness sensors facing upwards and downwards represent moisture intercepted from rain and fog and moisture
intercepted from fog only respectively. Relationships are separated by wet season (October-May) and dry season (June-September). Lines
represent mean trends fitted with binomial general linear models. n=1 for the CON plot and 2 for the FE plot.
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FIGURE 5 Diurnal cycle of relative humidity (a), air temperature (b) and vapour pressure deficit (c) below the canopy in the control (CON,
purple) and fog exclusion treatment (FE, yellow) plots. Data are summaries of records between June 2017-March 2020. Relationships are
separated by wet season (October-May) and dry season (June-September). Lines represent mean trends fitted with generalized additive

models. n=10 per plot.
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Bittencourt et al., 2019, but see Li et al., 2022). The WACCEE
treatment suppressed this strong diurnal and seasonal signal by
reducing laterally moving fog impaction most when ambient fog
immersion was greatest (Figure 3). It is not clear what caused the
small but significant observed FE treatment-induced shifts in air
temperature and radiation, and a large apparent enhancement of
soil moisture. The soil moisture differences should be interpreted
with caution given the highly localized nature of the measurements
and the substantial spatial variability in soil moisture. More widely
replicated measurements are required to investigate these differ-
ences further. While it is possible that the shifts in air temperature

and radiation are artefacts introduced by the infrastructure, they
could also reflect to some extent natural consequences of fog re-
duction. The decrease in leaf wetting within the FE plot would
likely reduce evaporative cooling, which could account for the
observed warming within the FE plot. Similarly, it appears likely
that a reduction in fog would increase radiation. The fact that the
greatest FE-induced increase in radiation occurred during the dry
season possibly reflects the relative lack of high-level cloud cover
(which was not affected by the FE treatment) during this period,
meaning that the relative density of low lying fog (which was af-
fected by the FE treatment) exerted a greater degree of control
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over total radiation levels. Alternatively, the likely greater propor-
tion of direct versus diffuse radiation in the dry season could have
caused a greater degree of reflection from the nets in the dry sea-
son. Further measurements of plant physiology and microclimate
within the experiment are underway to distinguish these mecha-
nisms to better understand these overall patterns.

Assessment of the impact of the WACCEE treatment, and
comparison with other published results, is hindered by the lack
of any single widespread metric used to define fog abundance or
frequency. Helmer et al. (2019) classify severe cloud reduction as a
reduction in relative humidity greater than 3%. Under a worst case
climate change scenario (RCP 8.5), Helmer et al. (2019) project that
34% of Neotropical TMCF will experience these conditions by 2080.
The WACCEE infrastructure reduces overall mean annual relative
humidity by 4.9 +0.2%, up to ~7% in the nighttime, so appears to im-
pose relatively severe levels of fog reduction, which are likely never-
theless to become normal across a significant fraction of neotropical
TMCEF over this century. Comparatively minor reductions in relative
humidity (1.2%-1.5%) have already been linked in other neotropi-
cal TMCF to widespread plant and animal community shifts (Bush
et al., 2004; Pounds et al., 1999). Therefore, we expect that the FE
treatment should be sufficient to stimulate detectable ecological
shifts in the study system, even over relatively short periods of time
(months to years). The treatment appears successful therefore at
providing a relatively rapid insight into ecological responses to likely
future climate conditions.

An extensive body of work has accumulated documenting im-
pacts and drivers of fog on terrestrial systems. (Weathers, 1999
and references therein). Increasingly, work across the lowland
tropics has documented a wide range of atmospheric and ecosys-
tem interactions mediated by clouds (e.g. Andreae et al., 2004,
Blichner et al., 2024; Péschl et al., 2010; Vila-Guerau de Arellano
et al., 2024). For example, the Amazon Tall Tower Observatory
records a wide range of variables along a 325 m tall tower in the
central Amazon forest (Andreae et al., 2015), which enables con-
tinuous temporal coupling of terrestrial processes with broader
meteorological phenomena, including cloud density and fre-
quency (e.g. Vila-Guerau de Arellano et al., 2024). However, both
this work and previous efforts in TMCF and non-tropical systems
(Carmichael et al., 2020; Foster, 2001; Limm et al., 2009; Nadkarni
& Solano, 2002; Pounds et al., 1999; Rapp & Silman, 2014) have
mainly applied models, natural gradients, observations over time
and occasionally mesocosms to derive insights. Like any exper-
imental designs and methods, these various approaches suffer
from inherent strengths and weaknesses. Some recurring weak-
nesses are the presence of confounding factors co-varying with
the factor of interest (natural gradients & observations over
time), the long time required to collect data (observations over
time) and the lack of biological realism (models & mesocosms).
To partly address these weaknesses, we apply and test a method
to experimentally manipulate fog abundance in natural sys-
tems. The approach requires construction and maintenance of
an experimental infrastructure, so the logistical and financial

-

challenges can potentially be greater than natural gradients or
observations over time. However, unlike these other approaches,
the FE treatment can be imposed in a replicated, randomized
manner matched with nearby controls to overcome confounding
factors. Further, the FE treatment can be imposed near instan-
taneously and appears, at least in the system and configuration
tested here, to cause a reduction in fog abundance that is likely
to generate detectable ecological changes relatively rapidly (Bush
et al., 2004; Helmer et al., 2019; Pounds et al., 1999). The ability
to rapidly construct and remove the treatment could be leveraged
to explicitly address scientific questions relating to the timing and
frequency of fog events. The spatial scale of the FE treatment, as
illustrated in this study, makes it possible to study the integrated
effect of fog shifts across multiple interlinked ecological systems
in situ, rather than studying individual components or organisms
in isolation. However, the basic principle of fog interception by
mesh should also function at smaller scales, permitting fog ma-
nipulation for individual ecosystem components (e.g. individual
microhabitats, plants, or plant organs), which may be beneficial
for some scientific questions.

The financial, bureaucratic and logistical challenges inherent
in building such an experiment are so highly dependent upon the
specifics of the location and scale of the infrastructure that it is
difficult to provide useful guidance for building other, similar ex-
periments. The critical component—the mesh which intercepts
and diverts airborne water particles—is widely available and rel-
atively cheap (~US$ 2 per m?). The cost and logistical difficulty is
therefore mostly dependent on the scale and spatial arrangement
of the physical framework that supports the mesh. In short stat-
ured vegetation (e.g. grasses, shrubs, epiphytes), or studies aiming
to reduce airborne moisture to individual ecosystem components
or plant organs (e.g. leaves, branches) the framework would be rel-
atively small and cheap, and the logistical considerations minimal.
Larger frameworks, particularly those located away from roads,
will incur much greater costs both from direct fabrication of the
framework, installation of the framework in the field and indirectly
from building and planning permits. Further, at larger scales the
needs for mechanical repair and replacement of the framework
and mesh material become more complicated and costly. Although,
successful installation of similar structures albeit for a different
purpose (to harvest freshwater) in many relatively undeveloped
areas in the coastal tropics (Verbrugghe & Khan, 2023) indicate
that installation and maintenance of even large-scale structures
are feasible with limited resources. Prefabricated poles for bearing
aerial electricity and telecommunications cables provide one cost-
effective option for a larger framework with the necessary load
bearing capacity, and can be rapidly installed but require access to
the site by large machinery. More remote installations, as detailed
in this study, require custom designed and manufactured struc-
tures which need to be manually installed piecewise in situ, likely
with some anchoring or foundation for stability.

The infrastructure itself appears to introduce some potentially
confounding factors (radiation, air temperature), further work is
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required to understand if/how these can be minimized. If they arise
as indirect products of altered fog, then their inclusion provides a
rare opportunity to assess the integrated ecological effects of fog,
not solely via altered hydrology but also via indirect shifts in tem-
perature and radiation. An additional important constraint is that the
vertical mesh panels mainly only reduce laterally moving impaction
fog between O and 30m above the ground rather than vertically
settling depositional fog. The relative contributions of impaction vs.
depositional fog varies widely across the landscape, though typi-
cally impaction fog dominates in exposed areas with greater average
wind speeds. Modifications to the design to intercept depositional
fog could be envisioned (e.g. a horizontal mesh above the canopy),
but would likely cause shifts in other climatic factors. We call for
further work combining this new manipulative approach with other,
more widely applied and tested scientific approaches to derive more
robust scientific insights about the current and likely future role of
fog in terrestrial ecosystems.
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SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Figure S1. Overview of the design of the experimental infrastructure.
Figure S2. Comparison of (a) relative humidity, (b) air temperature,
(c) vapour pressure deficit, (d) upwards facing leaf wetness and (e)
downwards facing leaf wetness over a 3day period in the peak dry
season (6-8 June 2023) between the control (CON, purple) and
treatment (FE, yellow) plots.
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