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Forest canopies are incredibly complex self-maintaining biological structures. Conditions
above and within the canopy can differ vastly, often resulting in a vertical gradient of
microclimate conditions. Canopy epiphytic plants have to deal with climatic variability
on much more variable scales compared to many other plant groups. The difficulty of
sensor installation and their high cost can explain why it has been ignored in many
studies on canopy epiphytes. Direct measurements of microenvironmental conditions
are the only accurate way to assess specific intra-canopy environmental conditions,
as there is also still a lack of methodologically and financially viable alternatives to
allow the collection of this type of data. This study aims to make recommmendations for
the direct use of microclimate measurements in epiphyte research and to summarize
key discussion points concerning the number and placement of sensors required
for different types of epiphyte studies. In addition, we presented high-resolution field
data from the United Kingdom, where we employed over 56 microclimate sensors, to
demonstrate the spatial and temporal variability of radiation, temperature, and relative
humidity (RH) in a tree canopy. Our data demonstrated that sensor height in the
tree and leaf-set were the most important factors determining microclimate variability
in the canopy. For the first time, we have made recommendations regarding the
placement and number of sensors required in studies that specifically require the use of
microclimate sensors in epiphyte studies in forest canopies.

Keywords: light, temperature, relative humidity, forestry, sensors, climate, microclimate, canopy

INTRODUCTION

Forest canopies are the assemblage of all branches, foliage, the interconnecting space between
them and their flora and fauna (Parker, 1995; Moffett, 2000; Nadkarni et al., 2004). The
stratification of forest canopies and their inherent variability and complexity often results in a
vertical stratification of microclimate conditions (e.g., radiation, temperature, and relative air
humidity) and the associated differences in the distribution of canopy organisms (Foggo et al., 2001;
Ozanne et al., 2003). It has been shown that canopies are incredible biodiversity hotspots
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(Nakamura et al., 2017). Forest canopies support about 40% of all
living species, of which 10% are thought to be canopy specialists
(Ozanne et al., 2003). For example, 10% of all known vascular
plants have been estimated to be epiphytes (Zotz et al., 2021).

High variation in canopy conditions and its structural
complexity have been shown to drive high species richness
in forest canopies (Ozanne et al,, 2003). The distribution of
epiphytes within the canopy is believed to be to some extent
driven by microclimate differences. For example, the lower
canopy in many tropical forests is often dominated by large-
leaved species that allows plants to capture radiation more
efficiently. Similarly, the outer canopy is often dominated by
more drought tolerant and atmospheric species. For some species
(e.g., many filmy ferns), their high levels of specialization, can
make them very susceptible to change in the environment,
whereas other species are well adapted to withstand large changes
(e.g., many bromeliads). Microclimatic conditions in vertically
layered vegetation are directly regulated by radiation (Leuchner
et al., 2012; Zellweger, 2019; Briillhardt et al., 2020) intensifying
or attenuating temperature and water availability including
relative humidity (Baldocchi et al., 2000). Concerning spatial
variation, radiation within a tree crown can be modified by
structural crown features (Ventre-Lespiaucq et al., 2016) such
as branch distribution patterns and orientation, as well as the
presence, shape, or absence of leaves.

In forest ecosystems, the changes in the energy balance as a
consequence of canopy architecture (e.g., canopy height, density,
etc.), plant transpiration, and climate conditions (Song et al,
2017; Pau et al, 2018; de Andrade et al., 2021) results in
within canopy temperatures and relative humidity levels to be
markedly different from conditions outside the canopy (Jones,
1992; Pau et al., 2018). This buffering effect of the upper canopy
on lower branches has prominent importance both over short
and long-time scales. Over a shorter period, the buffering can
drive temperatures to increase less during the day and decrease
less during the night, while relative humidity often shows the
reverse pattern (Aussenac, 2000; Von Arx et al., 2012; Prévosto
et al., 2020). Over longer periods the buffering of the canopy
produces lower annual and seasonal maximum temperatures,
with higher recorded minimum temperatures and relative air
humidity (Renaud et al, 2011; Gaudio et al, 2017; Prévosto
et al., 2020). As incident solar radiation is selectively absorbed
by leaves (Endler, 1993; Hartikainen et al., 2020), light properties
(e.g., quantity and the spectrum) are modified as light reaches
the lower layers of the tree crown. When light is intercepted by
the canopy, the proportion of diffuse radiation increases, and,
on the other hand, the proportion of direct radiation received
decreases (Ventre-Lespiaucq et al., 2016). In several forest types,
less than 2% of the photosynthetically active radiation (PAR)
incident above the canopy may actually reach the forest floor
(Chazdon and Pearcy, 1991).

It is important to highlight that radiation patterns change
spatially and temporally, according to time of day, season,
latitude, cardinal orientation, the position of the tree within
the stand, and the architectural features of the canopy. In
addition, gaps in the tree crown can increase the crown’s
heterogeneity as they allow direct sunlight to penetrate it,

causing sunflecks that can move along the canopy depending
on the sun’s position (Chazdon and Pearcy, 1991). Within
sunflecks, the radiation intensity can be 10 to 100 times higher
than in the shade (Wagner and McGraw, 2013) and may
account for 10-90% of the daily amount of radiation in forest
canopies (Chazdon et al., 1988; Pfitsch and Pearcy, 1989) and
up to 50% of the daily amount of radiation in the understory
(Chazdon and Pearcy, 1991). Thus, canopy organisms deal with
climatic variability on much sharper scales than it is generally
measured by local meteorological stations that only measure
above canopy conditions (Geiger et al., 1995; Potter et al., 2013;
Kovidcs et al., 2020).

Frequently in canopy studies, below-canopy radiation is
estimated by quantifying canopy traits, in terms of cover
and canopy openness (Jennings et al., 1999; Lieffers et al,
1999; Zellweger et al., 2019). Although canopy openness,
compared to cover, is a more accurate representation for
below canopy radiation conditions (Alexander et al., 2013),
both approaches can be used to estimate functional variables
commonly used such as Leaf Area Index (LAI) (Binkley et al.,
2013; Schleppi and Paquette, 2017; Zellweger, 2019). These
approaches, however, can be unreliable, as they can be time-
consuming and ineffective for mapping radiation regimes at
high resolution across the canopy (Zellweger, 2019). This last
point specifically might not represent a major issue for studies
seeking to answer questions related to broad within-canopy
conditions (e.g., open vs. closed canopy). However, for studies
that require a more detailed account of the conditions within
the canopy (e.g., physiological studies on epiphytes), more
precise methods are needed (Gendron et al.,, 1998). Similarly,
canopy temperature and relative humidity have been measured
using approaches that rarely cover all canopy sections (e.g.,
along the vertical profile). Currently, the experimental designs
used in studies to measure microenvironmental conditions
have been diverse and range from sensors placed vertically
along towers (e.g., Feigenwinter et al., 2010) to sensors placed
vertically on the trunks of trees (e.g, Rambo and North,
2009), to sensors placed both above the canopy and in the
understory (e.g., Phillips et al,, 1999; Gotsch et al., 2015;
Tymen et al., 2017; Parker et al., 2019). Alternative approaches
to sensors include the use of RATP (radiation absorption,
transpiration and photosynthesis) models, which simulate the
spatial distribution of radiation and leaf-gas exchange within
canopies as a function of canopy structure, canopy microclimate
and physical and physiological leaf properties (Sinoquet et al.,
2001). These models can provide high resolution of the
microclimate data from within the tree canopy. However, the
difficulty of parameterizing them has made the use of these
difficult and costly.

Few field studies on epiphytes have used sensors to
obtain direct measurements of the intra-canopy microclimatic
parameters. For example, Sillett and Van Pelt (2007) used
radiation and temperature sensors to study vascular epiphyte
on Sequoia sempervirens Endl. in California. In particular, they
were interested in assessing how epiphytes and their substrates
can modify intra-canopy microclimates. Another example is
the study by Rascher et al. (2012), who used temperature
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and radiation sensors to investigate differences in physiological
responses of epiphytes. Our study, therefore, prompted by the
understanding that direct measurements of microenvironmental
conditions are the only uncontroversial way to assess the specific
intra-canopy environment and that it is essential to build not
only financially, but also methodologically viable alternatives to
encourage this type of measurement in canopy research. In order
to improve our understanding of the variability of microclimate
conditions within forest canopies, we deployed an array of
radiation, temperature, and relative humidity sensors in a forest
canopy in the United Kingdom. Our research questions were: (1)
How do microclimate conditions change within a tree canopy?;
(2) Does the microclimate variability differ in the same tree
before and after leaf-set?; (3) How many microclimate sensors are
needed to capture variability of microclimate conditions in one
forest tree? Answering these questions will allow us to provide
recommendations for vascular epiphyte studies that aim to assess
direct microclimate measurements and we will bring together
key discussion points concerning the number and placement of
sensors required for different types of epiphyte studies.

MATERIALS AND METHODS

Study Site and Tree Selection

This study was carried out at Scutcher Acres (53.5617306,
—2.8679865), a 13-hectare Local Nature Reserve in West
Lancashire, United Kingdom. Elevation of the site was 25 m
a.s.l. The site has a history of rural land use and is currently
under forest restoration. In 1997 the land was bought by its
current owner to enhance its value for wildlife. Many of the
trees were planted over the last few years and the forest is
currently a mosaic of well-established oak (Quercus sp.) and
European beech (Fagus sylvatica L.) trees and smaller stands
of oak, Pinus spp., and mixed native and non-native trees.
The understory is thin and composed of some shrubs and
young trees, with a well-established herbaceous layer mostly
formed by bluebells (Hyacinthoides hispanica (Mill.) Rothm.)
and brambles (Rubus fruticosus Pollich). The canopy trees in
our study area were between 20 and 25 m tall, forming a
predominantly continuous canopy. For this study, due to the
number of sensors needed for a detailed canopy study, and
their prices (very expensive), we selected only one European
beech tree (F. sylvatica). The tree was selected based on a)
its dominant size in the area, and b) being a representative
species of the canopy in the study site, and a species commonly
found in United Kingdom woodlands. In addition, being a
deciduous species, F. sylvatica allowed us to sample microclimatic
conditions over a period from leaf-out to full leaf development, an
important element accounting for spatial and temporal variation
of canopy conditions (Jones, 2013; Wen et al., 2020). The array
of sensors was installed in the selected tree on April 26th 2020,
and kept in the canopy for 45 days. The leaves on the tree
were fully developed by May 11th and data collection extended
until June 10th. Thus, in this study, we considered 27th April
to May 10th as the leaf-out phase and May 11th to June 10th as
the foliaged phase.

Installing the Sensors

In order to measure canopy microclimate conditions for the first
time at a very high spatial resolution, we equipped the selected
tree with 40 temperature/relative humidity sensors (EA EL-USB-
2 Temperature & Relative Humidity USB Data Logger — Lascar
Electronics Ltd., United Kingdom, typically < 4 3% of accuracy),
15 pyranometers (SKS 1110/ Pyranometer sensors - Skye
Instruments Ltd., United Kingdom typically < =+ 3% of accuracy,
wavelength 400-1100 nm), and one PAR (photosynthetically
active radiation) sensor (SKE 510/I - Skye Instruments Ltd.,
United Kingdom typical calibration error < 3%). The PAR sensor
was calibrated against a reference lamp of known output and
pyranometers were calibrated under open-sky conditions, against
reference pyranometers. Pyranometers and PAR sensors were
connected to two data loggers (SDL 5400 - 8 channel DataHog2
Skye Instruments Ltd., United Kingdom) to store all readings.
Radiation measurements were logged for 10 s, every 6 h, while
temperature and relative humidity sensors logged at 30-min
intervals. The intervals were selected because smaller intervals
would have filled up the memory too quickly when employed for
longer under field conditions (see discussion for further detail).

The canopy was accessed using rope climbing techniques that
allowed direct access to the upper canopy without the use of
‘high-tech’ and financially more costly methods (Picart et al,,
2014). The installation of the sensors took two full days. We
placed the sensors in positions that were believed to represent
the variability in microclimate conditions within the tree. In
some cases, sensor positioning was limited by accessibility issues.
For example, the maximum branch diameter that could safely
be accessed was 35 cm. We measured horizontally the distance
between each sensor to the center of the tree and vertically to
the floor (see Supplementary Table 1) using a tape measure
to test the microenvironmental spatial variation within the
canopy (Figure 1).

Each individual pyranometer was installed on a 15 x 15 cm
wooden platform. The platforms were custom-built and included
a spirit level and a plastic bracket that held the sensors
in place using silicon screws (Figure 2). Each platform was
securely attached to each branch using cable ties and wood
screws (Figure 2). It was ensured that each sensor platform
was horizontally leveled during installation. Temperature/RH
sensors were attached directly to branches with cable ties.
Sixteen temperature/RH sensors were directly attached to the
pyranometer platforms. The sensor platform’s attachment was
visually assessed from the ground every week from its installation
until the end of the recording interval. By the end of the
collection phase, one of the platforms was slightly unlevelled.
After assessing the readings of the sensor and discussing the data
with the manufacturer of the sensors, the data was included in all
further analyses.

Data Management and Analysis

Because our temperature sensors were not shielded from direct
sunlight, we calculated the relationship between temperature and
radiation. We analyzed only the temperature sensors that were
paired with radiation sensors during day time and during times
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temperature sensors coupled to the platforms.
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FIGURE 1 | Horizontal distribution of radiation (red dots) and temperature/RH sensors (black dots) within the tree canopy. All radiation sensors had paired

FIGURE 2 | Example of costume-build radiation sensor platform used,
showing the pyranometer (A) and a spirit level (B).

when both the light and temperature sensors synchronized their
measurements. We tested the correlation separately for the above
and within canopy sensors. A moderate correlation was found
between radiation and temperature when assessing the above
sensors (r = 0.46; p = 5.5-06). However, only a weak correlation
was found when assessing the within canopy sensors (r = 0.21,
p = 6.4-14). Due to the moderate heat-effect of radiation on the

above canopy temperature sensor, we only used within canopy
temperature and RH measurements for the remaining analysis
(see below for a more detailed discussion).

To identify the most important explanatory variables
that affected microclimate conditions within the tree, a
random/mixed-effects meta-regression model was used. We
used the ‘glmulti’ package in R Core Team, 2020 for this
analysis following Anderson (2007). Three meta-models were
run, one for radiation, one for temperature, and one for RH.
Tree characteristics that were included in the meta-model
included leaf-set, sensor height, sensor distance to the tree
center, orientation and day- and night-time. Akaike information
criterion (AICc) was used to compare models and select the
best-fit models. We used multimodal inference to help us to make
inferences about our predictors using the “metafor” package.
This method takes into consideration the relative weights of each
model combination.

To compare in more detail how much each microclimate
variable (e.g., radiation, temperature, and RH) was affected by
tree height and by the leaf-set, we divided our tree canopy
into three equal parts (e.g., 1st third = Lower canopy; 2nd
third = Middle canopy; 3rd third = Upper canopy), similar
to the zonation model proposed by Johansson (1974) (e.g.,
Johansson’s zones III, IV, and V). However, unlike the large and
emergent trees sampled by Johansson, our tree is located inside
a forest stand, surrounded by other trees of similar dimensions.
Under such conditions, the radiation that penetrates the crown
comes mainly from the top and not from its sides. Moreover,
as our mixed effect model suggested that height was the most
consistent and important explanatory variable for radiation,
temperature, and RH, only vertical height was used to classify
the different canopy zones. The sensors positioned within the
range of each zone (e.g., 11 m to 14.5 m = Lower canopy;
14.6 m to 18.4 m = Middle canopy; 18.5 m to 22 m = Upper
canopy) were used to calculate the mean values of each response
variable, for each day, from April 27th to June 10th. The
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canopy zone classifications were then used to plot density
plots of radiation, temperature, and RH, for the leaf-out and
foliaged phases.

We also calculated the variance of each response variable
captured by each one of the sensors for the leaf-out and the
foliaged phases to visualize whether different portions of the
canopy experience more variable conditions. We calculated the
percent of variance that each sensor captured and plotted the
sensors according to their position in the tree canopy (e.g.,
sensor’s vertical height and horizontal distance to the tree center).

Finally, a Monte Carlo analysis was undertaken to test
the change of standard error when reducing or increasing
the number of sensors. Firstly we averaged the data by day
and secondly by sensor. The analysis was run using 10,000
permutations without replacements. We analyzed the increase of
the error when reducing sensors from 15 to five in the model for
radiation and 39 to 15 in the models for temperature and RH.

RESULTS

The most important explanatory variable affecting the within-
canopy microclimate for all variables was sensor height (Table 1
and Figure 3). In addition, day time and leaf-set were explanatory
variables that showed also high importance in the models. For
temperature, the cardinal orientation of the sensor on the tree
was important, whereas this was not the case for RH or radiation.
In general, increased sensor height resulted in higher observed
radiation and temperature and lower RH values.

When assessing the temporal changes of microclimate
conditions, radiation, temperature and RH showed the same
patterns of variability over time, with synchronized shifts and
higher values for the above canopy readings, followed by
smaller difference between the upper, middle and lower canopy
(Figures 4, 5). Although the above temperature sensor was
not included in the inference model analysis, we included the
data here for illustrative purposes. RH, on the other hand, was

higher in the lower, compared to the middle and upper canopy.
Temperature was higher and RH lower during leaf-out when
compared to the foliaged phase (Table 1 and Figure 5).

In order to test how the standard error changed with the
number of sensors used, a Monte Carlo analysis was performed
and showed that a significantly smaller number of sensors could
have been employed in our study tree (Figure 6). For example, by
removing four radiation sensors within the canopy would have
kept the error below 25% of the total error (Figure 6A). For
temperature and RH on the other hand, a total of 13 sensors
could have been removed, to still capture 75% of the total error
(Figures 6B,C). No difference was found when comparing the
leaf-set and folliaged phases (data not shown).

In addition, an analysis of the percentage of the variance
showed that four out of five radiation sensors that captured
less than 5% of the radiation variance for leaf-out phase were
located below 15 m in the tree (Figure 7A). It was also found
that during the leaf-out phase 23 of the temperature sensors
(Figure 7C) and 22 of the RH sensors (Figure 7E) captured less
than 2.5% of the total temperature and RH variance respectively.
For the foliaged phase, nine of the radiation sensors captured
less than 5% of the radiation variance (Figure 7B), while 19
temperature sensors (Figure 7D) and 16 RH sensors (Figure 7F)
accounted for less than 2.5% of the total variance of temperature
and RH, respectively.

DISCUSSION

We found that sensor height was a better predictor of
microclimate variables than the distance of sensors to the tree
center for all three variables measured. This could be explained
by the location of the tree within the forest stand, as the
surrounding trees would have increased the buffering potential
and thus decreased the horizontal microclimate variation. For
example, incident radiation levels are likely to be higher in the
upper compared to the lower canopy, but can differ depending

TABLE 1 | Summary of multi-model inference results, testing the effect of tree height, horizontal distance to the tree center, cardinal orientation, day- and night-time, and

leaf-set on radiation, temperature, and RH.

Response Variable Best model parameters Estimate Std error z-value P-value ci.lb ci.ub Importance
Radiation Height 0.2055 0.0329 6.2377 0 0.1409 0.27 1
Day time:Middle 6.48 2.6306 2.4633 0.0138 1.3242 11.6359 1
Day time:Upper 23.2885 3.6708 6.3442 0 16.0938 30.4832 1
Temperature Leaf-set:Without —2.1566 0.0303 —71.1008 0 —2.216 —2.0971 1
Height 0.0703 0.0033 21.4035 0 0.0639 0.0767 1
Day time:Night —3.2888 0.0341 —96.3269 0 —3.3558 —3.2219 1
Orientation:Northeast 0.189 0.0946 1.9978 0.0457 0.0036 0.3744 1
Orientation:Northwest 0.1566 0.0985 1.5896 0.1119 —0.0365 0.3496 1
Orientation:Southeast 0.34083 0.0945 3.6013 0.0003 0.1551 0.5255 1
Orientation:Southwest 0.3475 0.0978 3.56546 0.0004 0.1559 0.5391 1
RH Leaf-set:Without 2.2015 0.1156 19.049 0 1.975 2.428 1
Height —0.3121 0.0128 —24.3666 0 —0.3372 —0.287 1
Day time:Night 12.1098 0.1301 93.0873 0 11.8548 12.3647 1
Distance 0.1284 0.0428 2.9978 0.0027 0.0445 0.2124 0.981
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on the surrounding forest stand (e.g., trees growing close to
gaps or even emergent trees can experience greater amounts
of radiation incident laterally in the lower portions of their
crowns). The upper canopy is often more heterogeneous and has
more sudden changes in conditions during the day, compared
to the middle and lower canopy or canopy positions that
are more sheltered by other surrounding trees. This stabilized
microclimate configuration in the middle of the canopy could
facilitate vascular epiphyte species establishment (Hietz and
Briones, 1998). It is important to highlight that the relative
stability of the microclimate in the middle of the canopy is
also accompanied by different characteristics of the substrate
when compared to other canopy positions. For example, the
middle canopy is one of the oldest parts of the canopy, providing
longer colonization potential (Benzing, 1990), and often has the
highest surface area, which provides more space for colonization
(Bonnet and De Queiroz, 2006). In addition, these areas of
the canopy are also characterized by a higher abundance of
moss cover and organic material that can supply and retain
water and nutrients better, thus facilitating vascular epiphyte
establishment (Nadkarni, 1984; Freiberg and Freiberg, 2000).
Direct measurements of microclimate are therefore valuable in
explaining stratification along structurally different portions of
the canopy, as shown for bryophytes by Man et al. (2022).
To our knowledge, no study has rigorously tested whether it
is canopy age, surface area and/or microclimate stability that
primarily drives epiphyte species richness and abundance in the
middle of the canopy.

Measuring radiation across a forest canopy is much more
difficult compared to measuring temperature and RH, due to the
radiation’s high temporal and spatial variability. Sunflecks can
particularly increase the heterogeneity of radiation in the canopy
(Chazdon and Pearcy, 1991). For example, we recorded radiation

changes between 0.22 and 427.33w/m? for the same sensor
on different days. These extreme fluctuations in the radiation
environment occurred regardless of the vertical or horizontal
position of the sensors. Thus, it becomes important to position
several radiation sensors across the canopy, but also have a high
recording frequency. In the case of our study, although we used
a large number of sensors in a single tree, the frequency of
logging intervals per radiation sensor was quite low. Ideally, to
account for temporal variability, radiation measurements should
be taken at a higher frequency compared to our study. However,
the frequency of records will need to be balanced against the
storage and battery capacity of the sensors used. Especially studies
in remote locations and where access to the data loggers is
difficult, it might become important to carefully consider data
storage. Network systems are now available that allow almost
instantaneous remote download of data, these networks are often
very expensive and require the use of a mobile phone network.
This makes the use of these systems more challenging in remote
locations and more inclusive to well funded canopy studies.

In terms of temperature and RH, leaf-set markedly changed
the temperature and RH in our surveyed tree. The buffering
effect of the crown to atmospheric conditions (De Frenne et al.,
2019) was particularly noticeable by a decrease in the incident
radiation after leaf-set, which was followed by a decrease in
overall canopy temperature, and an increase in RH during the
foliaged phase. However, leaf-set was an important factor in
our inference model only for temperature and RH (Table 1).
In terms of canopy epiphytes, high species richness has often
been observed in biomes that are often characterized by high
temperatures and higher water availability, but fewer seasonal
changes (Zotz and Winter, 1994; Cardelds, 2007; Zotz, 2016).
Most of these biomes are dominated by broadleaved evergreen
tree species (Zotz, 2005; Einzmann et al., 2015), indicating that
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Days

the deciduous nature of most northern hemisphere trees makes
the forest canopy a more challenging environment to grow in (but
see Zotz, 2005). For example, Einzmann et al. (2015) has shown
that differences in luminance between evergreen and deciduous
broad leaved trees is 3-4 times higher in deciduous species, but
that broadleaved evergreens trees support up to nine times more
vascular epiphytes compared to deciduous ones.

The height of the sensors explained more microclimate
variability then any of the other variables included in the
analysis. We found a strong positive correlation of temperature
(R? = 0.89) and strong negative correlation of RH with sensor
height (R? = —0.92). Radiation was weak, positively correlated

to sensor height (R* = 0.58). This gradient of microclimate
conditions has been reported previously (Freiberg, 1996; Wagner
and McGraw, 2013; Fauset et al., 2017; Meeussen et al., 2021)
and has been shown to be more distinct in taller tree species
(Richards et al., 2020). Our data showed that the presence of
the canopy (e.g., when comparing leaf out and foliaged phase)
acted as a buffer for microclimate conditions, especially in the
lower canopy. However, it needs to be noted that our temperature
sensors were not shielded from direct radiation and placed under
well ventilated shields, which makes a comparison with above
canopy temperature conditions more difficult. Ideally, studies
that employ temperature sensors should be using radiation
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shields to ensure that temperature measurements are not affected
by changes in radiative force. For the epiphytes, tree height
has been one of the key predictive variables of epiphyte
richness in a local context (Flores-Palacios and Garcia-Franco,
2006; Kromer et al., 2007). Taller trees often harbor a higher
richness, biomass and abundance of epiphytes, compared to
smaller trees (Flores-Palacios and Garcia-Franco, 2006; Elias
et al., 2021; Mitchell et al., 2021). The stratification of epiphytes
along the vertical profile of trees has thus been the focus
of several scientific studies in the past (see Johansson, 1974
and Zotz, 2007). Distinct patterns of occupation can often
be observed, where many drought resistant species occupy

drier and more exposed sections of the canopy (e.g., the
upper and outer branches) and less tolerant species the lower
branches and trunk of the tree. For example, many filmy
fern species (Hymenophyllaceae) are most frequently found in
canopy positions, where RH and water availability are high, as
well as temperature and light are low (Proctor, 2003). Even
though these vertical distribution patterns of epiphytes are
generally well documented, there is still a scarcity of studies that
have quantified epiphyte distributions in terms of microclimate
gradients across canopies.

A review of the literature highlighted the scarcity of studies
investigating intra-canopy microclimatic conditions, especially
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in relation to epiphytes. Only four studies discussed the use of
climate sensors in forest canopy epiphyte research and only two
(Sillett and Van Pelt, 2007; Rascher et al., 2012) used sensors
to measure the canopy microclimate in relation to vascular
epiphytes. In addition, we found 30 studies that systematically
quantified forest canopy microclimate conditions of radiation,
temperature, and/or relative humidity. However, all of them
used only a few sensors. These studies are summarized in
Supplementary Table 2, in addition to Sillett and Van Pelt
(2007) and Rascher et al. (2012) studies. Sixty nine percent
of the reviewed studies only used one type of sensor (e.g.,
only temperature sensors) and/or only sampled part of the
canopy. In addition, 56% of the studies only used one single
sensor to quantify microclimate canopy conditions, and only
9% of the studies have employed several sensors along the
full vertical profile. Thus, our single tree experiment is an
important contribution to the field highlighting some key
issues regarding the number of sensors that were employed
in a single tree.

Currently, most studies that have employed microclimate
sensors in forest canopies have often used (a) a very small
number of sensors per tree (minimum = 1 and maximum = 12
sensors/tree), (b) limited their measurements to only certain
parts of the vertical canopy (e.g., lower canopy only), (c)
neglected the horizontal canopy profile and/or d) only sampled
one microclimate variable (e.g., radiation, RH or temperature)
(Supplementary Table 2). For example, only nineteen of
the studies (63%), we found in our literature search, used
sensors in the forest understory, positioning them at most

two meters above the ground (e.g., Pecot et al, 2005;
Lindner, 2011; Putzenlechner et al., 2019). Studies by Feldhake
(2002),Wieser et al. (2002) and Awada et al. (2013) used fixed
sensor positions along the height of the canopy. However,
their studies did not account for vertical differences, as we
did in the present study, and their very targeted sensor
installation limits their ability to capture microclimate variability
within the whole canopy. On the other hand, Fauset et al.
(2017) employed one PAR sensor in the open sky and
18 sensors, connected at one-meter intervals along the tree
trunk, to characterize the vertical radiation environments of
forests along a disturbance gradient. In general, the use
of many sensors in canopy studies, particularly in epiphyte
studies, is rare.

It is not always required to install a large number of
sensors, especially in studies that are more broadly interested
in quantifying canopy conditions for epiphytes. However, for
physiological studies or studies that aim to investigate habitat
preferences at fine scale, a more comprehensive employment
of sensors would be more recommended. In our single tree,
we installed 56 microclimate sensors and demonstrated that 36
would have still been required in order to account for 75% of
the variation. This demonstrates that a large number of sensors
are necessary to quantify microclimate conditions in a single tree
well. However, sensor cost most likely has been an important
obstacle when considering the low number of sensors used in past
studies. For example, the 15 pyranometers and 39 temperature
and RH sensors, used in this study, have a unit price of £215 and
£40, respectively. The total costs of all sensors used was £4,785.
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Based on our Monte Carlo analysis, we could have reduced the
overall number of sensors by 15 and still captured 75% of their
measurement variation, therefore saving £1,420 in costs.

The main caveat of our study is that our analysis is based on
a single tree. However, it still highlights the importance of the
number and placements of sensors that are required to quantify
microclimate conditions in a tree canopy well. Key aspects that
need to be considered include the height of the tree, the density
of the canopy (e.g., during different times of the year) and the
position of the study tree within the forest. In cases where a
tree is located in an open pasture, the canopy is very large or
less sheltered by the surrounding trees, the horizontal gradient
would also need to be considered during sensory installation.
Based on our results and when reviewing the literature, making
recommendations on the absolute number of sensors needed is
difficult. However, our data suggests that a much larger number
of sensors is required to capture microclimate variability within
each tree than previously recognized. Radiation in particular
was more variable across the canopy compared to temperature
and RH. We are suggesting under limited resources, researchers
should focus on the sensor installation along the vertical profile.
In addition, we found that microclimate variability was much
higher in the upper canopy (top 10 m) compared to the rest
of the canopy, thus suggesting more sensors should be placed
in this section. Methodologically, we are also recommending
that radiation shields are used when measuring microclimate
variables such as temperature. When measuring radiation, it is
important that sensors are installed on stable platforms before
they are attached directly to the tree. In the case of our study,
we made customized platforms that included a spirit level and we
only attached platforms to branches greater than 35 cm diameter
to avoid excessive movement and also ensure safe access. Finally,
the logging frequency chosen should be as high as possible, to
capture temporal variability at a high resolution. However, this
needs to be carefully weighed against the data storage and battery
requirements of the equipment used, as a high logging frequency
can lower the longevity of the sensors under fieldwork conditions,
especially in remote or difficult to access locations.

CONCLUSION

In conclusion, we found that tree height is the most important
factor determining microclimate conditions in our sampled tree.
We further observed differences in microclimate conditions
between phenological phases during leaf set and demonstrated
that a large number of sensors is required to accurately determine
microclimate conditions within a canopy. Despite the limitation
imposed by the fact that we only sampled one tree, our study
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