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Abstract: As a source of ‘suspended soils’, epiphytes contribute large amounts of organic matter to
the canopy of tropical rain forests. Microbes associated with epiphytes are responsible for much of the
nutrient cycling taking place in rain forest canopies. However, soils suspended far above the ground
in living organisms differ from soil on the forest floor, and traditional predictors of soil microbial
community composition and functioning (nutrient availability and the activity of soil organisms)
are likely to be less important. We conducted an experiment in the rain forest biome at the Eden
Project in the U.K. to explore how biotic and abiotic conditions determine microbial community
composition and functioning in a suspended soil. To simulate their natural epiphytic lifestyle, bird’s
nest ferns (Asplenium nidus) were placed on a custom-built canopy platform suspended 8 m above
the ground. Ammonium nitrate and earthworm treatments were applied to ferns in a factorial
design. Extracellular enzyme activity and Phospholipid Fatty Acid (PLFA) profiles were determined
at zero, three and six months. We observed no significant differences in either enzyme activity or
PLFA profiles between any of the treatments. Instead, we observed decreases in β-glucosidase and
N-acetyl-glucosaminidase activity, and an increase in phenol oxidase activity across all treatments
and controls over time. An increase in the relative abundance of fungi during the experiment meant
that the microbial communities in the Eden Project ferns after six months were comparable with ferns
sampled from primary tropical rain forest in Borneo.
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1. Introduction

The canopy of tropical rain forests provides a unique habitat for a range of organisms in spite of
characteristic extremes in climate and nutrient availability [1–4]. Suspended soils, the accumulation
of organic matter supporting microorganisms, invertebrates and plants, are important components
of the canopy ecosystem [5]. The inhabitants of canopy soils depend on the tight cycling of limited
resources, facilitated by a decomposer community adapted to the extremes in climate that characterise
canopy habitats [6–8]. In terrestrial soils, microorganisms are known to drive decomposition [9],
yet little is known about the abundance of microorganisms or their role in canopy soils [10–13]. Recent
advances in canopy access have improved our understanding of tropical rain forests but information
on canopy microbial communities is lacking [14,15]. The composition and functioning of soil microbial
communities is known to be influenced by multiple factors, namely nutrient inputs to the soil [16–19];
the activity of the associated invertebrate community, notably earthworms [20–22]; soil temperature,
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humidity and pH [23–26]. Given the unique conditions under which canopy soils form, the relative
importance of these factors is likely to be markedly different from other soils.

Soil fungi and bacteria drive decomposition by producing extracellular enzymes in response
to their nutrient demands [27]. These enzymes convert polymeric compounds contained within
organic matter into smaller molecules that can be taken up by organisms [28]. Hydrolytic enzymes
such as β-glucosidase and N-acetyl-glucosaminidase generally break down labile carbon stored in
cellulose and chitin, whereas oxidative enzymes such as phenol oxidase decompose recalcitrant
lignin [29,30]. Suspended soils are high in organic matter and thus organically-bound nitrogen, but it
is not known whether canopy microorganisms can access this form of nitrogen [31]. However, forest
canopies are also experiencing increasing deposition of inorganic nitrogen from the atmosphere [32].
This inorganic nitrogen has been shown to modify soil microbial activity in certain tropical regions
and contribute significantly to epiphyte nitrogen balances [7,33]. It is thought that the addition of
inorganic nitrogen from the atmosphere stimulates decomposition in suspended soils that are nutrient
limited by providing microorganisms with the resources required to increase extracellular enzyme
production [27]. Another factor known to influence extracellular enzyme production is the presence of
organisms such as earthworms, which increase the availability of nutrients to microbes through soil
mixing or bioturbation [22]. However, the unique nature of suspended soils associated with epiphytes
could mean that these traditional predictors of soil community composition and activity are not as
important as other predictors in the canopy.

The epiphytic bird’s nest fern (Asplenium spp.) [34] depends on its associated canopy soil for
survival. In the context of natural microcosm studies [35], the fern represents an ideal model system
for exploring patterns and processes associated with canopy soil microbial communities. The bird’s
nest fern’s ubiquity, its discrete nature, and its resilience to experimental manipulation have facilitated
initial studies of nutrient cycling between the canopy and the forest floor [36]. Their role as a harbour of
high invertebrate abundance and diversity (including earthworms) [37,38], has been used to elucidate
complex species assembly rules [39–41]. Bird’s nest ferns thus provide an ideal vehicle to assess the
influence of nutrient balances and invertebrate activity on microbially-mediated decomposition in
suspended soils.

This study examines the potential of bird’s nest fern soil to support microbial communities whose
activities are adapted to the canopy environment. We performed an experiment using epiphytic ferns
in the tropical biome of the Eden Project in Cornwall, U.K. [42] to test the relative importance of
traditional predictors of soil microbial community composition and functioning. Using the ferns as
natural microcosms in a model rain forest provided biologically realistic conditions while giving us
more control over the physical environment. This study aims to test the impact of the following on
microbial community structure and functioning: (1) the addition of inorganic nitrogen; (2) the activity
of earthworms; and (3) suspension within the canopy, to simulate the physical conditions (exposure to
the air, regular wetting and drying, throughflow of water) experienced by epiphytic soils. We validated
our results by comparing the microbial communities of the Eden Project ferns in a large greenhouse
environment in the U.K. with bird’s nest ferns collected from primary tropical rain forest in Borneo.

2. Materials and Methods

2.1. Eden Project Experiments

Data collection took place at the Eden Project in Cornwall, U.K. (50◦36’ N, 4◦74’ W). A total of
20 Asplenium ferns were procured from Western Wholesale Plants Nursery in Weston-super-Mare,
U.K. Soil was removed from the plant roots, and was replaced with organic matter mulch made on site
at the Eden Project with a mean pH of 8.4. Mean soil nitrogen concentration in the form of NO3-N
was 36.1 mg kg−1, and in the form of NH4-N was 20.3 mg kg−1. Before the experiment, ferns were
housed in a nursery for a period of four months under mean daily temperatures of 21.8 ± 0.6 ◦C,
with a relative humidity of 88.3 ± 0.16% [43]. These ferns were kept in solid trays meaning that their
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soil was enclosed between each daily watering event. Baseline soil samples were taken from each fern
at this point (n = 20). Approximately 10% of the total soil volume was removed during each sampling
event, with care taken not to disturb the remaining soil body.

Ferns were then transferred from the nursery to the rain forest biome, which experiences controlled
levels of temperature and humidity (daily temperatures 25.6 ± 0.03 ◦C and humidity 93.8 ± 0.05%).
The host trees used for the experiment were Hopea odorata, a common species of rain forest tree from
the same family (Dipterocarpaceae) as our host trees in Borneo. These trees were originally sourced
from Danum Valley, the location of our field site [44].

In order to examine the impact of bioturbation and nutrient inputs in shaping canopy soil
microbial communities, the ferns were experimentally manipulated under a factorial design, whereby:

• 5 ferns were inoculated with 5 individuals of the earthworm Eisenia fetida;
• 5 ferns were dosed with an ammonium nitrate solution, representing 365.7 mg N per kg dry soil;
• 5 ferns received 5 earthworms and ammonium nitrate per fern;
• 5 non-manipulated ferns served as controls.

Ten ferns were suspended in two H. odorata trees using platforms installed 8 m from the ground to
simulate epiphytic conditions. An irrigation system, incorporated into the design of the platforms [42],
delivered 0.5 L of water daily over an interval of five minutes to each of the 20 suspended plants
(Figure 1a). Perforated aquatic plant pots containing the ferns allowed for drainage and air drying of
the soils over a period of 24 h, simulating the drying and rewetting cycles associated with rain forest
canopy epiphytes [45].
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Following baseline soil collection, soils were sampled after three months, in September 2015
(n = 20), and after a further three months in December 2015 (n = 20). Of these soil samples,
approximately 500 g was kept at ambient temperature, whilst a sub-sample of 10 g was immediately
frozen and subsequently freeze-dried. Upon collection of the final samples, the ferns were dissected to
confirm the presence of earthworms in all appropriate treatments.

2.2. Collection of Ferns from Danum Valley

The soil associated with 20 bird’s nest ferns was collected from the primary lowland dipterocarp
rain forest of the Danum Valley Conservation Area (DVCA), located within the state of Sabah,
in Malaysian Borneo. The Danum Valley Field Centre (4◦58′ N, 117◦42′ E, altitude ~170 m) experiences
a wet equatorial climate, not strongly seasonal, with a mean rainfall of 2785 mm per year. Daily
temperatures are, on average, 26.7 ◦C, with mean highs of 31.0 ◦C and lows of 22.5 ◦C [44].

Asplenium ferns (Figure 1b) were collected along the existing trail network surrounding the field
centre. One hectare of forest, split across five 2000 m2 sites was surveyed, and all ferns present below
8 m height were recorded. Details of estimated leaf rosette diameter allowed for a rough estimation of
the age of each fern, and height determined their accessibility for sampling. Of those with a diameter
greater than 100 cm, and below 8 m in height, a random subsample of 20 ferns across the five sites was
collected using a combination of ladders and single rope access techniques. Ferns were removed from
their host tree, with care taken to collect as much soil associated with the roots as possible.

The soil associated with each fern was removed and homogenised using a 1 cm mesh sieve.
The soil was put into Ziplock bags before being frozen and transported to the Forest Research Centre
at Sepilok where they were placed into an Alpha 1–4 LSC freeze drier (Christ, Osterode am Harz,
Germany) for 24 h. The resulting freeze-dried samples were stored at −20 ◦C before being transported
back to the U.K. for analysis.

2.3. Hydrolase Enzyme Activity

For detailed information on soil enzyme methodologies, see [46]. The potential enzyme activity
of the experimental fern microbial communities at the Eden Project was tested using fresh soil
samples (n = 60). Following their collection at the Eden Project, soils were put in Ziplock bags
and transported back to the laboratory where they were stored at room temperature for one week,
and were opened regularly to avoid the accumulation of carbon dioxide. Methylumbelliferone (MUF)
substrate solutions were prepared for the enzymes β-glucosidase and N-acetyl-glucosaminidase.
Preliminary data demonstrated that a concentration of 100 µm saturated the enzyme reaction allowing
for an estimate of Vmax, the maximum enzyme capacity of the soil. Each soil solution (1:5 wet soil to
deionised water) was pipetted into a 96 well plate, with three wells for each soil sample. One contained
a soil blank with deionised water, one with the MUF substrate, and one with the MUF standard.
The reaction was left active for one hour before 1 M sodium hydroxide was added to terminate it.
The plate was then transferred to a Fluostar Optima Fluorometer plate reader (BMG Labtech, Ortenberg,
Germany) to record fluorescence. A mean of three sub-samples was calculated for each sample and the
data were converted to give β-glucosidase activity (µmol MUF g−1 hour−1).

2.4. Oxidative Enzyme Activity

Potential phenol oxidase activity was determined by pipetting 0.75 mL of soil solution (1:5 wet
soil to deionised water) into each of two Eppendorfs (Merck KGaA, Darmstadt, Germany). Deionised
water was added to one, whilst a 10 mM solution of L-3,4-dihydroxyphenylalanine (L-DOPA) was
added to the other. These were incubated at room temperature for one hour before being centrifuged.
The supernatant was pipetted onto a clear microplate and transferred to a Fluostar Optima Fluorometer
plate reader (BMG Labtech, Ortenberg, Germany) to measure absorbance at 460 nm. Phenol oxidase
activity was calculated by comparing the L-DOPA solution with that of the blank. A mean of three
sub-samples was calculated for each sample, and the data were then converted to give phenol
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oxidase activity based on the production of 2-carboxy-2,3-dihydroindole-5,6-quinone, referred to
in the equation as diqc (µmol dicq g−1 hour−1).

2.5. Phospholipid Fatty Acid Analysis

For detailed information on the Phospholipid Fatty Acid (PLFA) method, see [46]. The freeze-dried
soils collected from Danum Valley (n = 20) and the Eden Project (n = 60) were analysed for their
phospholipid profiles. Each sample was ground to a fine power, with 500 mg added to 2.8 mL of a
2:0.8 methanol:water solution and homogenised. An amount of 1.35 mL of chloroform was added
and the sample was centrifuged. The supernatant solution was re-extracted with Bligh-Dyer solution
(2:0.8:1 ratio of methanol:water:chloroform) [47]. The organic and aqueous phases were separated
by the addition of water and chloroform before being centrifuged. The bottom (organic) layer was
removed and the aqueous layer was re-extracted with chloroform. The chloroform was then evaporated
under nitrogen gas and the remaining total lipid extract (TLE) was then stored at −20 ◦C.

The TLE was further separated by column chromatography using the method described by [48],
with the neutral fraction and glycolipids separated to leave the phospholipids. The phospholipids
were then derivatised in hydrogen chloride, along with 10 µL of a known C18 alkane (N-octadecane,
99+% Acros Organics, Morris, NJ, USA). The sample was heated at 60 ◦C in a sealed tube, before the
resulting fatty acid methyl esters (FAMEs) were extracted into hexane. This solution was evaporated
at 40 ◦C under nitrogen before the FAMEs were re-dissolved in 30 µL of hexane. An amount of 1 µL
of this solution was then analysed using gas chromatography (GC) and gas chromatography-mass
spectrometry (GC-MS).

Detailed chromatograms were produced for each sample with the peaks displayed identified
using Xcalibur 3.0 (Thermo Scientific, Waltham, MA, USA). These were identified as either bacterial
or fungal based on the classification of [49] and fungal:bacterial ratios were calculated for each soil
sample. In addition, soils from Danum and the Eden Project were classified using [50], in order to gain
a broad indication of the prevalence of different groups of microorganisms (Table 1).

Table 1. Classification of Phospholipid Fatty Acid (PLFA) peaks as specified by [50].

Microbial Group PLFA Peaks

Gram + bacteria i15:0, a15:0, i16:0, a16:0, i17:0, a17:0
Gram − bacteria 16:1ω7c, cy19:0, 18:1ω9, 18:1ω7
Actinomycetes 10Me16:0

Fungi 18:2ω3,6

2.6. Statistical Analysis

A two-way ANOVA was performed on the Eden Project data, with β-glucosidase activity,
N-acetyl-glucosaminidase, phenol oxidase activity, and soil fungal:bacterial ratio as the response
variables, and treatment and time as the explanatory variables, including their interaction effects
using the R statistical analysis software [51]. The effects of treatment on microbial community
composition were tested through multivariate analysis of the PLFA profiles of each fern, using PRIMER
version 7.0.13 with PERMANOVA+ [52]. Fern soil microbial community composition was characterised
by the relative abundance of PLFAs. The data were square root transformed and Bray–Curtis measures
of similarity were calculated across ferns to determine their similarity. The effects of each treatment,
and the month of sample collection on microbial community composition, were tested using random
permutations of the dataset. A PERMANOVA was used to determine whether these factors exerted
significant effects on community composition. We used a Principal Coordinate Ordination (PCO) to
compare the microbial communities of ferns from the Eden Project with those from Danum Valley.
A cluster analysis based on group average was then used to test for similarity between the three
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sample groups, namely the Eden Project ferns pre- and post-experimental treatment (0 and 6 months,
respectively) and ferns from Danum Valley.

3. Results

3.1. Eden Project Enzyme Activity and Fungal:Bacterial Ratio

For all three enzymes, the treatments did not result in significant differences in their activity
when compared with untreated control ferns after 3 or 6 months. N-acetyl-glucosaminidase and
β-glucosidase activity decreased over time, while phenol oxidase activity increased over time.
Treatment and its interaction with time had no significant effect across all enzymes (Figure 2; Table 2).
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Figure 2. (a) N-acetyl-glucosaminidase activity, (b) β-glucosidase activity, (c) phenol oxidase activity,
(d) fungal:bacterial ratio of bird’s nest ferns at 0, 3, 6 months (Mean ± s.e., n = 5). Treatments are
indicated in the legend as follows: AN = ammonium nitrate; W = worms; C = control; AN + W =
ammonium nitrate plus worms.

Table 2. Two-way ANOVA results of time and treatment on enzyme activities and fungal:bacterial
ratios in soil associated with bird’s nest ferns.

N-a-glucosaminidase β-glucosidase Phenol oxidase Fungi:Bacteria

Time F1,52 = 42.2
p < 0.001

F1,49 = 46.0
p < 0.001

F1,52 = 55.0
p < 0.001

F1,43 = 29.1
p < 0.001

Treatment F3,52 = 0.918
p = 0.439

F3,49 = 0.754 ns
p = 0.526

F3,52 = 0.508
p = 0.678

F3,43 = 2.30
p = 0.090

Ti x Tr F3,52 = 0.910 ns
p = 0.443

F3,49 = 0.288 ns
p = 0.834

F3,52 = 0.666 ns
p = 0.577

F3,43 = 0.455 ns
p = 0.722

Fungal:bacterial ratios started to increase after 3 months. Treatment and its interaction with
time had no significant effect across all sampled enzyme assays and fungal: bacterial ratios (Figure 2;
Table 2). Time had a significant effect on PLFA composition (Pseudo-F2,38 = 376.1, p = 0.001), whereas
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neither treatment (Pseudo-F3,38 = 1.304, p = 0.184), nor the interaction (Pseudo-F6,38 = 0.8892, p = 0.697)
were significant.

3.2. Fern Soil Microbial Community Analysis

The soils collected from both the Eden Project ferns and those of Danum Valley contained a
range of PLFAs of varying abundance. Chromatograms were used to identify the microbial groups
present before their relative abundance was calculated (Figure 3). Analysis of PLFAs revealed the
presence of Gram-positive and Gram-negative bacteria, actinomycetes and fungi in addition to further
peaks, unassigned to specific taxa due to their ambiguous composition [50]. The relative abundance
of individual PLFAs varied across collection times at the Eden Project, and also differed from those
collected in Danum Valley (Figure 3). However, although the peaks of individual PLFAs differed,
analysing entire community profiles revealed a pattern of increasing similarity between the ferns from
the Eden Project after 6 months and the ferns from Danum Valley (Figures 4 and 5).

Ferns from the Eden Project at time 0 had a relative abundance of 2% actinomycetes,
23% Gram-negative bacteria, 4% fungi, 24% Gram-positive bacteria, with a further 47% of PLFAs not
specifically assigned (Figure 4a). After 6 months, these same ferns contained a microbial community
consisting of 1.5% actinomycetes, 30% Gram-negative bacteria, 15% fungi, 14% Gram-positive bacteria,
and 39.5% of PLFAs not specifically assigned (Figure 4b). Ferns from Danum Valley had a relative
abundance of 3% actinomycetes, 19% Gram-negative bacteria, 11% fungi, 20% Gram-positive bacteria,
and 47% of PLFAs not assigned to a specific microbial group (Figure 4c).

The Principal Coordinate Ordination revealed three distinct assemblages, composed of the three
fern sample groups (Figure 5). Cluster analysis revealed that the PLFA profiles of ferns collected from
the Eden Project after 6 months were converging with ferns collected from Danum Valley (Figure 5).
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Figure 3. Relative abundance of fern soil PLFAs from experimental bird’s nest ferns at the Eden Project
prior to suspension and after 6 months under epiphytic conditions, and from natural specimens from
Danum Valley (all means ± s.e., n = 20).
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4. Discussion

We have shown that soil enzyme activity, used as an indicator of changes in soil microbial
communities under simulated epiphytic conditions, did not respond to the addition of inorganic
nitrogen or earthworm activity. Enzyme activity did, however, shift significantly in both treatments and
in controls during the six-month experiment. Unlike terrestrial soils, the extreme shifts in temperature
and moisture experienced by canopy soils will result in a microbial community adapted to the stresses
of the canopy environment. Our results suggest that these stresses outweigh the effects of traditional
predictors of microbial community dynamics.

Compared with the forest floor, suspended soils associated with epiphytes are nitrogen poor [53],
and are likely to depend upon inorganic nitrogen from the atmosphere [54]. It is possible that the fern
soil microorganisms at the Eden Project were not nitrogen limited, which would explain the lack of a
response to the addition of nitrogen consistent with observations of other tropical soils [55]. It is also
possible that the addition of ammonium nitrate failed to affect the microbial communities because our
irrigation system delivered enough water (0.5 L per day) to flush the nitrogen straight through the fern
soil. This amount of water passing through the fern soil is not unlike the amounts of rainfall observed
in Danum Valley [44] and regular throughfall is a feature of bird’s nest ferns. The passage of water
through Asplenium ferns has been shown to leach nutrients from their soils in tropical rain forests,
with throughfall having higher total conductivity, and significantly more nitrate and potassium [36].
It seems reasonable to assume that the microbial communities of suspended soils must be adapted
to conditions of constant leaching and low levels of nitrogen. The existing microbial communities
associated with these ferns are unlikely to be determined by nutrient limitation alone. Finally, although
an initial increase in microbial activity may have occurred following the addition of nitrogen, it was
not possible to detect the legacy of this increase in microbial activity after three months.

Earthworms have for a long time been known to modify soil structure, increasing the aeration
and pH of soils, conditions known to influence microbial community structure [22]. Earthworms are
also known to colonise canopy soils along with a suite of other invertebrates [37,38], contributing
to the decomposition of organic matter. Our study found no effect of earthworms on soil microbial
community composition or activity. Traditional microcosm studies using an equivalent number of
earthworms for the volume of soil analysed reported changes in soil microbial biomass and nutrient
mineralisation [56,57]. The density of earthworms in the Eden Project ferns was much lower than that
found in bird’s nest ferns in their natural environment [37,38], but if the worms caused significant
changes in microbial community structure we are confident that this would have been apparent. In
tropical rain forests, invertebrate decomposers and other animals play significant roles in modifying
microbial composition and activity. We chose to focus only on earthworms, as these are well known
decomposers, but in our study it seems that other factors outweighed any effect that earthworm
activity may have had on microbial community composition and enzyme activity.

Our results challenge the traditional predictors of microbial community structure—predictors that
were derived from the characteristics of terrestrial soils. This study shows that changes in microbial
community composition in suspended soils are likely the result of the physical conditions under
which epiphytic soils form. Over time, the legacy effect of being stored in relatively cool nursery
conditions disappeared in the face of water loss and daily desiccation caused by the movement of
air around the ferns and their associated soil. The functioning of all fern soils shifted over time,
regardless of treatment. Hydrolytic enzyme activity (N-acetyl-glucosaminidase and β-glucosidase)
decreased, whereas oxidative enzyme activity (phenol oxidase) increased. Changes in the expression
of these extracellular enzymes could be interpreted as a change in the nutrient demands of the
microbial communities. It could also, however, be the result of a shift in the structure of the microbial
community itself.

One of the advantages of PLFA analysis is that, unlike genetic analysis, only the most recent
microbial communities are detected [58]. This makes PLFA profiles useful for the detection of changes
in microbial structure through time. Relative abundance of PLFAs and fungal:bacterial ratios confirmed
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relative increases in the biomass of fungi between three and six months. Further analysis of PLFA
concentrations, rather than just relative abundances, would strengthen the measurement of shifts
in the microbial biomass and related enzyme activity. Analysis of all microorganisms revealed no
significant differences between treatments. However, it was striking to note that a relative increase
in fungi brought the overall microbial composition of the Eden Project ferns after six months in line
with ferns collected from their natural environment at Danum Valley. This increase in fungi is likely
due to their ability to transfer water through networks of hyphae, thus allowing them to survive
regular wetting and drying [59]. In temperate forests, fungi contribute more to decomposition in
the canopy than on the forest floor [60]. In tropical forests, where the physical environment is more
extreme, fungi are likely to be more important. Our study supports this notion, with relative increases
in fungi as ferns were transferred from the cooler nursery conditions to hotter and drier epiphytic
conditions. A range of epiphytes, including members of the genus Asplenium, have been shown to be
physiologically resistant to desiccation [61]. Epiphytic plants are adapted to life in the harsh conditions
of rain forest canopies. Our results suggest that the microbial communities associated with epiphytic
plants may be more sensitive to physical conditions than was previously thought.

5. Conclusions

Contrary to the predictions of traditional soil science, the microorganisms of suspended soils
respond to physical conditions such as exposure to the air, regular wetting and drying, and throughflow
of water. As a result of their ability to resist desiccation, fungi, compared with other groups
of microorganisms, are likely to play major roles in the ecological functioning of tropical rain
forest canopies.
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