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A B S T R A C T

Tropical montane cloud forests are vulnerable to climate change. The cloud layer is lifting, causing warmer and
drier conditions. With climate change, tropical ecosystems have the potential to accentuate global CO2 emissions
because of their significant influence over global C cycling. Unfortunately, we do not know how this will affect
belowground communities, like soil fungi, and the vital ecosystem processes they control. We performed a soil
translocation experiment along an elevation gradient in Monteverde, Costa Rica to assess how fungal commu-
nities, soil decomposition, and extracellular enzyme activity (EEA) of C-degrading enzymes may shift with cli-
mate change. Soils were translocated to four lower elevation sites. These sites spanned 4 °C increases in tem-
perature and a 20% decline in soil moisture. We used microbial cages to isolate the fungal community and
monitor how soil fungi would respond to warmer, drier conditions. Fungal abundance and diversity increased
with warmer and drier conditions. Fungal communities also shifted. Specifically, we found changes in the
richness of fungal phyla. Richness of lichen-forming fungi, pathogens, wood saprotrophs, and yeasts increased.
In addition, we found that EEA was higher under warmer and drier conditions. Our results suggest that high
elevation soils may shift towards an increased capacity to decompose C under future climate conditions.
Moreover, with climate change, animals or plants in tropical montane cloud forests may be exposed to a greater
richness of fungal pathogens. Overall, our study reveals that the lifting cloud layer may affect the fungal
community within these forests, which in turn may affect both the structure and function of these forests.

1. Introduction

Clouds distinguish tropical montane cloud forests from lowland
forests. Unfortunately, this cloud layer is lifting because of increased
sea surface temperatures, causing warmer temperatures and increased
dry days (Karmalkar et al., 2011; Lawton et al., 2001; Still et al., 1999).
These changes have implications for global C cycling owing to the
disproportionate influence that tropical forests have over C cycling. For
instance, tropical forests contain one third of the world's C (Jobbágy
and Jackson, 2000). They also exchange more carbon dioxide (CO2)
with the atmosphere than any other ecosystem (Pan et al., 2011). In
addition, there is more soil C in montane forests than lowland forests
(Grieve et al., 1990; Raich et al., 2006). The fate of that C will depend
on decomposition by soil fungi. In tropical montane cloud forests,
studies have shown dramatic effects of climate change aboveground:
plants and animals are migrating upslope to maintain their optimal
climates (Colwell et al., 2008; Feeley and Silman, 2010; Thomas et al.,
2004), and biodiversity is declining due to fungal pathogens (Pounds
et al., 1999, 2006). But, we have little information regarding how

climate change may alter belowground communities—including fun-
gi—and their influence on ecosystem C.

Cloud immersion is vital because it affects the structure and func-
tion of these forests (see Dalling et al., 2016; Fahey et al., 2016). These
effects extend beneath the soil. The dense cloud layer yields cooler
temperatures, more rainfall, less light (reducing photosynthesis), and
higher humidity (reducing evapotranspiration) compared to adjacent
lowland forests (Schawe et al., 2010). These conditions lead to slower
rates of decomposition and nutrient cycling (Bruijnzeel et al., 1993;
Grubb, 1977). Decomposition rates are especially low at high elevations
where temperatures become even cooler (Vitousek et al., 1994). This
pattern is accentuated as soils become waterlogged and anaerobic
(Schuur, 2001; Silver et al., 1999). Slower rates of decomposition at
high elevations lead to a buildup of soil organic matter (Raich et al.,
2006) and soil C pools (Dieleman et al., 2013; Girardin et al., 2010;
Schuur et al., 2001).

Fungi are the primary decomposers in soil (de Boer et al., 2006) and
are also important pathogens in tropical ecosystems (Gilbert, 2005).
The lifting cloud layer could affect soil fungi, because they are sensitive

https://doi.org/10.1016/j.soilbio.2017.11.014
Received 14 April 2017; Received in revised form 21 October 2017; Accepted 19 November 2017

∗ Corresponding author.
E-mail address: caitlin.looby@du.edu (C.I. Looby).

Soil Biology and Biochemistry 117 (2018) 87–96

0038-0717/ © 2017 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/00380717
https://www.elsevier.com/locate/soilbio
https://doi.org/10.1016/j.soilbio.2017.11.014
https://doi.org/10.1016/j.soilbio.2017.11.014
mailto:caitlin.looby@du.edu
https://doi.org/10.1016/j.soilbio.2017.11.014
http://crossmark.crossref.org/dialog/?doi=10.1016/j.soilbio.2017.11.014&domain=pdf


to changes in temperature and precipitation (Allison and Treseder,
2008; Hawkes et al., 2011; McGuire et al., 2011). For example, warmer
conditions could support faster decomposition of the organic-rich soil at
high elevations, providing fungi with greater C and N availability. This
increase in resources could promote diversification, and allow fungi to
become more abundant. Moreover, richness of free-living filamentous
fungi (many of which are decomposer fungi) and yeasts (simple C de-
composers) tends to be greater at lower elevations (with warmer and
drier soils) in tropical montane cloud forests (Looby et al., 2016). These
relationships suggest that richness of these decomposer groups may
increase under climate change.

Shifts in the fungal community could affect decomposition through
changes in extracellular enzyme activity (EEA). Fungi produce extra-
cellular enzymes that break down and target specific forms of C.
Extracellular enzyme activity may also be altered with climate change,
because enzymes at high elevations have greater temperature sensi-
tivity (Nottingham et al., 2016). The effects on soil C could be dramatic
because decomposition can increase exponentially with temperature
(Benner et al., 2010). Overall, warmer temperatures in tropical mon-
tane cloud forests may allow certain fungi to proliferate, stimulating
decomposition and CO2 release from the soil.

Fungal pathogens can also influence community dynamics by in-
fecting certain animals, plants, and other fungi. In tropical montane
cloud forests, there have already been severe declines in aboveground
biodiversity due to the proliferation of fungal pathogens (Pounds et al.,
1999, 2006). Moreover, disease in terrestrial organisms is expected to
increase with climate change (Harvell et al., 2002). With continued
climate change, fungal pathogens could proliferate and aboveground
species could be exposed to new pathogens.

Translocation experiments along elevation gradients have become
increasingly important in understanding the fate of C under climate
change (Malhi et al., 2010; Sundqvist et al., 2013). Translocation stu-
dies have shown that soil respiration (Chen, 2012; Zimmermann et al.,
2009) and litter decomposition (Salinas et al., 2011; Scowcroft et al.,
2000) may increase with changing climate conditions. But, more de-
tailed information is needed on how soil fungal communities and EEA
may be altered.

In a previous study, we characterized soil properties and fungal
community composition along an elevation gradient on the Pacific
slope of the Cordillera de Tilarán in Monteverde, Costa Rica (Looby
et al., 2016). Here, we performed a soil translocation experiment along
this elevation gradient to determine how fungal communities would
change with warmer and drier conditions. High elevations in Mon-
teverde are predicted to be the most vulnerable to climate change
(Karmalkar et al., 2008). Thus, we focused on effects of climate change
on soils from the highest elevation site. We translocated these high-
elevation soils to four lower elevation sites associated with 1, 2, 3, and
4 °C increases in temperature, and a 4–20% decline in soil moisture.
Moving soils from high to low elevations simulates the decline in cloud
cover associated with the lifting cloud layer; and thus, soils experienced
warmer temperatures and drier conditions.

We hypothesized that fungal abundance and diversity would in-
crease in soils moved to lower elevation sites. Furthermore, we hy-
pothesized that fungal community composition would shift in soils
moved to lower elevations, because fungal phyla and functional groups
may vary in their responses to climate. Finally, we hypothesized that
EEA would increase in soils moved to lower elevations sites due to
warmer temperatures and drier conditions. To test these hypotheses, we
measured fungal abundance, diversity, and community composition,
and EEA of C degrading enzymes.

2. Materials and methods

2.1. Study sites

In August 2013, an elevation transect was established along the

Pacific slope of the Cordillera de Tilarán within the Monteverde Cloud
Forest Reserve (10°18′N, 84°47′W) in Monteverde, Costa Rica (Looby
et al., 2016). The transect ranges from 1305 to 1850 m.a.s.l. (meters
above sea level), with sites established at approximately every 50 m
increase in elevation. In this study, we used field sites located every
100 m increase in elevation, including 1430, 1549, 1656, 1743, and
1850 m.a.s.l. Field sites are all located within primary, undisturbed
forest and cover three Holdridge life zones: premontane, lower mon-
tane, and montane forests (Holdridge, 1967). All soil along the transect
is classified as inceptisols (Centro Científico Tropical, personal com-
munication).

2.2. Soil translocation design and collection

We used a soil translocation experiment to test how increased
temperatures and decreased precipitation would affect fungi and ex-
tracellular enzyme activity. More specifically, soils were moved to
lower elevations so that fungal communities would experience warmer
temperatures and drier conditions. We measured soil temperature at
two locations at each site from November 25, 2014 to April 18, 2015
using iButton temperature loggers (QA supplies, Norfolk, VA) to verify
the temperature range across our translocation sites. We also measured
soil temperature at four random locations at each elevation at the time
of sample collection. Based on our observations, a change of approxi-
mately 100 m in elevation corresponds to a one-degree (°C) tempera-
ture change in soil.

To manipulate the fungal community, soil was enclosed in microbial
cages. Each cage was 10 cm × 10 cm and made of nylon mesh with a
pore size of 0.45 μm (Maine Manufacturing, ME, USA). This pore size
prevents new fungi from entering, while allowing exchange of water,
nutrients, organic compounds, and some bacteria with the local en-
vironment. Microbial cages have been effective in isolating microbial
communities in prior studies (Allison et al., 2013; Holden et al., 2015;
Reed and Martiny, 2013). By transplanting fungi via these microbial
cages, we were able to monitor how the fungal community would
change with warmer and drier conditions.

Soil from 1850 m.a.s.l. was translocated to low-elevation sites to
simulate warmer temperatures and drier conditions (Table 1). Soil was
also placed into microbial cages and kept at 1850 m.a.s.l. as a reference
site, and thus represented 0 °C warming and 0% drying. Temperature is
presented as increase in soil temperature compared to the reference
site. Soil moisture content (%) declined with decreasing elevation. This
was determined after collection by taking subsamples of soil from each
cage and measuring gravimetric moisture content. Gravimetric
moisture content was determined by drying subsamples of soil at 65 °C
and then re-weighing them. Soil moisture is presented as decline in soil
moisture (%) compared to the reference site.

Twenty soil cores (2 cm diameter by 10 cm deep; mostly O horizon)
were collected along an established 20 m straight line at 1850 m.a.s.l.
in November 2014. Soils were transported to the lab and homogenized

Table 1
Site characteristics of soil translocation experiment simulating climate change. Soil was
placed in microbial cages and were translocated from 1850 m.a.s.l. to four lower eleva-
tion sites that warmer and drier. Five replicates were placed at each elevation. Soil was
kept at 1850 m.a.s.l. and used as a reference. Thus, these soils represented 0 °C warming
and 0% drying.

Elevation
(m.a.s.l.)

Latitude (N) Longitude (W) Temperature
change from
1850 m.a.s.l.
(°C)

Moisture
change from
1850 m.a.s.l.
(%)

1850 10°19′02.02″ 84°47′40.03″ 0 0
1743 10°18′57.64″ 84°47′47.83″ 1 −4.17
1656 10°18′48.69″ 84°47′57.74″ 2 −10.8
1549 10°18′18.40″ 84°47′46.36″ 3 −20.0
1430 10°17′28.81″ 84°47′30.97″ 4 −19.9
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by hand. We placed 8 g of field moist soil into the microbial cages. Five
fungal cages were placed on the ground surface and protected with wire
at each field site. These cages were covered with adjacent leaf litter to
maintain the natural conditions of soils at these field sites. Moreover,
although leachate would be able to enter the cages, this does not disrupt
the integrity of the experiment—plant communities are also migrating
upslope (Colwell et al., 2008; Lenoir et al., 2008; Wiens, 2016), and soil
fungi will be exposed to these new types of leaf litter.

Five replicates at each site were collected after ten months
(September 2015) towards the end of the wet season. Average monthly
precipitation for the wet season up until collection was 198 mm;
272 mm was recorded during September 2015 (measured at 10.3092°N,
84.8135° W; 1375 m.a.s.l.). Average minimum and maximum daily
temperatures for the 2015 wet season were 15.4 °C and 22.8 °C.
Although microbial cages have typically been used in drier ecosystems,
we found no evidence that these cages became waterlogged. In fact, we
observed that soil moisture values were similar to those found in our
previous study (Looby et al., 2016). Microbial cages were stored at
−20 °C and transported to UC Irvine. All microbial cages were de-
structively sampled for downstream processing. Soils were stored at
−20 °C for all analyses except for extracellular enzyme assays, which
were stored at −80 °C (German and Allison, 2015; Holden et al., 2013;
Romero-Olivares et al., 2017).

2.3. Fungal abundance

We measured fungal hyphal length as a metric for total soil fungal
abundance (Brundrett et al., 1996). Briefly, 4 g (wet weight) soil from
each microbial cage was extracted with 1.5 M solution of sodium
hexametaphosphate. Soil solutions were passed through 0.2-μm nylon
filters to collect hyphae. Filters were stained with acid fuchsin,
mounted on a glass slide with polyvinyl lactic acid (PVLG) slide
mounting medium, and dried at 65 °C overnight. Hyphal lengths were
measured using a gridline intersect method at 200× on a Nikon phase-
contrast microscope (Nikon Eclipse e400, AG Heinze, Lake Forest, CA,
USA). Hyphal lengths were calculated as cm g−1 dry soil.

2.4. Fungal community composition

We extracted soil DNA from each microbial cage with the PowerSoil
DNA Isolation kit (MoBio, Carlsbad, CA, USA) following the manu-
facturer guidelines. DNA quality and concentrations were quantified
using a NanoDrop and standardized to 10 ng/μL prior to PCR amplifi-
cation.

We used modified primers targeting the 5.8S encoding gene to
amplify the ITS2 region of fungal ribosomal encoding genes. These
primers produce a smaller amplicon than primers targeting the entire
ITS region. In turn, this reduces species bias and PCR chimeras, but
maintains the same level of fungal diversity (Ihrmark et al., 2012). We
amplified a ∼340 bp region of the fungal ITS2 gene using a staggered
primer design. This included a forward primer (ITS9f; AATGATACGG
CGACCACCGAGATCTACAC TC TTTCCCTACA CGACGCTCTTCCGATCT
NNNNNGAACGCAGCRAAIIGYGA) and barcoded, reverse primers with
the reverse complement of the 3’ Illumina adapter (CAAGCAGAAGAC
GGCATACGAGAT), a unique 12 base barcode, a pad (AGTCAGTCAG), a
linker sequence (CC), and the ITS4 primer (TCCTCCGCTTATTGATA
TGC). We used a staggered primer design that included 0, 1, 2 or 3
bases preceding the ITS4 primer (e.g., CC-ITS4, CC-G-ITS4, CC-AG-
ITS4, or CC-CAG-ITS4). This design increases the diversity of amplicon
sequences across the Illumina Miseq flowcell early in the read
(Tremblay et al., 2015). This improves amplicon detection and se-
quence quality.

Each PCR reaction included: 21.5 μL of Platinum PCR Supermix
(Invitrogen, Carlsbad, CA), 0.75 μL of each primer (10 μM), 1 μL of BSA
(10 mg mL−1), and 1 μL of DNA (10 ng). Reactions ran with a hot start
at 94 °C for 5 min, 35 cycles of 95 °C for 45 s, 50 °C for 1 min, 72 °C for

90 s, and a final extension step of 72 °C for 10 min. PCR reactions from
each microbial cage were ran in triplicate, pooled, and purified with
Agencourt AMPure XP magnetic beads (Beckman Coulter, Brea, CA).
We quantified purified samples using the Qubit dsDNA High Sensitivity
Assay Kit (Life Technologies, Grand Island, NY). All samples were then
pooled in equimolar concentrations. The pooled sample was sequenced
as 2 × 300 bp paired end reads on one lane of an Illumina MiSeq se-
quencer. Sequencing was performed at the Genomics core in the
Institute for the Integrative Genome Biology at the University of
California, Riverside. Raw sequence files can be accessed in the NCBI
database under the BioProject ID PRJNA357504.

We processed sequences through the Quantitative Insights Into
Microbial Ecology (QIIME) pipeline (v. 1.9.1; Caporaso et al., 2010).
Sequences were assembled and filtered for quality control. We retained
sequences characterized by a minimum Phred score sequence cutoff
threshold of 33 and higher. Sequences were discarded if they had less
than 80% consecutive high-quality reads and more than two con-
secutive low-quality base reads. Chimeras were detected and removed
using USEARCH 6.1 (v. 6.1.544), and global singleton reads were re-
moved. After quality control, our dataset contained ∼3.5 million high-
quality sequences that were clustered into operational taxonomic units
(OTUs) at a 97% similarity cutoff. One representative sequence from
each OTU was chosen, and the closest taxonomic identity was de-
termined via BLAST comparison in the GenBank database. A taxonomic
assignment was made for each OTU using nomenclature classification
in the UNITE database (v.7; release date 8.1.2015). To avoid bias due to
differing library sizes, samples were normalized to 8,242 sequences per
sample.

We assigned functional groups to OTUs using the FUNGuild algo-
rithm (Nguyen et al., 2016; database checked February 2016), which is
presently the largest database. Functional groups are assigned at the
genus level and with confidence levels of “highly probable,” “prob-
able,” and “possible.” Approximately 50% of OTUs were matched to a
functional guild within the FUNGuild database. Only assignments with
confidence levels of “highly probable” or “probable” were included in
analyses (95.3% of assignments). Functional groups were categorized as
follows: endophytes (dark septate endophytes and endophytes), lichen-
forming fungi, pathogens (animal pathogens, mycoparasites, and plant
pathogens), saprotrophs, and wood saprotrophs. Furthermore, any
functional guild assignment that was designated with the growth form
“yeast” were classified as such in subsequent analyses. Due to the
nature of the experimental design (i.e., transplant of soil and not plant
hosts) mycorrhizal fungi were not included in analyses.

2.5. Extracellular enzyme activity

Soil EEA for C-degrading enzymes was measured using the micro-
plate fluorometric protocol of (German et al., 2011). These enzymes
included: α-glucosidase (AG; starch degrading), β-glucosidase (BG;
cellulose degrading), cellobiohydrolase (CBH; cellulose degrading), and
β-xylosidase (BX; hemicellulose degrading). Overall, these hydrolytic
enzymes target labile to intermediate C.

Briefly, 1 g of soil was homogenized in 125 mL sodium acetate
buffer (pH 5.0) using a hand blender. Two hundred microliters of the
soil homogenate were added to 50 μL fluorometric substrate solution
and incubated for 1 h. For soils at elevations 1, 2, 3, and 4 °C warmer,
assays were incubated at 14, 15, 16, 17, and 18 °C. These were the soil
temperatures measured at the time of collection. To terminate activity,
10 μL of 1 M NaOH was added. Fluorescence was measured at 365 nm
excitation and 450 nm emission. Each microplate included substrate
controls, homogenate controls, and 4- methylumbelliferone, and a
standard curve was calculated to determine potential activities.
Potential EEA was calculated as nmol product released h−1 g−1 dry
soil.
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2.6. Statistics

We used linear models to test whether temperature and moisture
predicted relationships in dependent variables. Dependent variables
included fungal abundance, extracellular enzyme activities, fungal
taxonomic richness, richness of fungal phyla, and richness of fungal
functional groups. Temperature and moisture were highly correlated in
this study (R2 = 0.873, P < 0.001). These parameters were tested
separately to avoid any issues with multicollinearity. Subsamples were
nested within site to account for potential lack of independence be-
tween samples that were located at the same site. We inspected for
normality of the data using q-q plots. In addition, we verified that the
residuals and standardized residuals were randomly distributed in re-
lation to fitted values. We also checked that the standardized residuals
were normally distributed and inspected the leverage of standardized
residuals using Cook's distance. Results for BX activity were trans-
formed as a polynomial function to better fit the data. Results are stated
as significant when P < 0.05.

The method described above produced two linear models (one for
temperature and one for moisture) for each dependent variable. To
determine whether temperature or moisture was a better predictor of
each one of the dependent variables we used a combination of metrics
and a test following Talbot et al. (2015) to compare both models for
each variable. First, we calculated pseudo R2 values for each model
with the r.squaredLR command in the MuMIn package in R. Higher
pseudo R2 values indicate a better fit to the data, and thus show better
prediction. Second, we calculated the Akaike Information Critierion
(AIC) using the generic AIC function in R. Smaller AIC values indicate a
better fit to the data. Finally, we conducted an analysis of deviance with
the function “anova” of the package glm in R (using the LRT option) to
determine which one of the two models provide a better fit to the data
using the likelihood ratio test approach. In the current study, all metrics
were in agreement. All analyses were performed in R (v. 3.3.2, R Core
Team, 2016).

Taxonomic richness (alpha diversity) was computed for each sample
using Chao1 estimator and observed OTUs. In fungi, traits and en-
vironmental preferences are highly conserved among phyla (Stajich
et al., 2009; Treseder et al., 2014). Thus, we also compared differences
in phyla as another metric to assess how the fungal community may
shift. To assess richness within fungal phyla, we calculated total
number of OTUs within each phyla in each sample. In addition, we
calculated richness within each functional group as the total number of
OTUs within each functional group in each sample. We used linear
models as described above to test whether temperature and moisture
predicted relationships in alpha diversity, richness of fungal phyla, and
richness of functional groups. We used a PERMANOVA using Bray-
Curtis dissimilarity to analyze fungal community composition as a
function of temperature change and soil moisture content with the
adonis function in the Vegan package of R (Oksanen et al., 2012). Non-
metric multidimensional scaling (NMS) plots were constructed in R to
visualize fungal community composition.

3. Results

For each measure of fungal abundance, community composition,
and extracellular enzyme activity, we determined whether temperature
or moisture was a significantly better predictor. When temperature
predicted a given variable significantly better than moisture, we display
the temperature relationship in a figure. Likewise, when moisture was
significantly stronger, we show the moisture relationship only. When
temperature and moisture displayed statistically equivalent relation-
ships, we depict both relationships.

3.1. Fungal abundance and diversity

Fungal abundance increased significantly with warmer tempera-
tures and drier conditions (Fig. 1a and b; Table 2). Alpha diversity in-
creased in soils with warmer temperatures and drier conditions (Fig. 1c

Fig. 1. Fungal abundance and diversity with
warmer and drier conditions. Fungal abundance
increased with (a) warmer temperatures and (b)
drier conditions. Fungal taxonomic richness as
determined by the Chao1 richness estimator also
increased with (c) warmer and (d) drier condi-
tions. There were no significant differences be-
tween temperature and moisture as predictors of
fungal abundance and diversity when regression
models were compared. Lines are significant best-
fit regressions, and symbols represent
means ± SE (n = 5). Statistical results are pre-
sented in Table 2.
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and d; Table 2) according to the Chao1 richness estimator. Similarly,
the observed number of OTUs also increased (Table 2). When regression
models were compared using log likelihood ratios, there were no sig-
nificant differences between temperature and moisture as predictors of
abundance or richness estimates.

3.2. Fungal community composition

Fungal community composition shifted with increasing tempera-
tures (F = 4.31, R2 = 0.170, P < 0.001; Fig. 2a) and decreasing
moisture (F = 4.30, R2 = 0.170, P < 0.001; Fig. 2b). This alteration in
community composition was associated with changes in the richness of
certain fungal phyla (Fig. 3; Table 2). There was an overall increase in
the richness of Ascomycota with warmer temperatures and drier con-
ditions (Fig. 3a and b). In contrast, the richness of Cryptomycota de-
creased in soils translocated to warmer and drier conditions (Fig. 3c and
d). When regression models were compared using log likelihood ratios,
there were no significant differences between temperature and moisture
as predictors of richness of Ascomycota and Cryptomycota.

Richness within particular fungal functional groups shifted with
warmer temperatures and drier conditions (Fig. 4; Table 2). Specifi-
cally, the richness of lichen-forming fungi (Fig. 4a), pathogen (Fig. 4b),
and yeast (Fig. 4c) all increased. When regression models were com-
pared using log likelihood ratios, temperature was a better predictor

than moisture for lichen-forming fungi, pathogens, and yeasts (Table 2).
Richness of wood saprotrophs increqasd with warmer and drier con-
ditions (Fig. 5a and b). There were no significant differences between
temperature and moisture as predictors of richness of wood saprotrophs
(Table 2).

3.3. Extracellular enzyme activity

Potential EEA shifted with climate (Figs. 6 and 7; Table 2). AG ac-
tivity was significantly higher at warmer temperatures and drier con-
ditions (Fig. 6a and b). Similarly, CBH activity was significantly higher
at warmer temperatures and drier conditions (Fig. 6c and d). There
were no significant differences between temperature and moisture as
predictors of AG and CBH activities. Likewise, BG activity increased in
the warmer (Fig. 7a) and drier climate, and peaked at 2 and 3 °C. Unlike
the other EEAs, BX activity increased only with warmer temperatures
(Fig. 7b) at 1 °C. When regression models were compared using log
likelihood ratios, temperature was a better predictor than moisture for
BG and BX activities (Table 2).

4. Discussion

Cloud cover in these forests is intimately linked to the structure and
function of the ecosystem. Unfortunately, the cloud layer is lifting, and

Table 2
Statistical tests for effect of temperature and moisture on fungal abundance, alpha diversity, richness of fungal phyla, richness of fungal functional groups, and extracellular enzyme
activity. Extracellular enzymes of C-degrading enzymes included: α-glucosidase (AG), β-glucosidase (BG), cellobiohydrolase (CBH), and β-xylosidase. Log likelihood (lnl) and Akaike
Information Criterion (AIC) for fit are reported. Asterisks represent significance of regression (***P < 0.001, **P < 0.01, *P < 0.05). Non-significant (NS) denotes P > 0.10.

Category Parameter Moisture Temperature Model comparisons with log likelihood
ratio

Pseudo R2 F lnl AIC Pseudo R2 F lnl AIC Moist vs. temp (P)

Fungal abundance Hyphal length 0.737 44.6*** −145 307 0.731 9.28*** −146 311 NS
Alpha diversity Chao1 0.487 12.2** −161 339 0.619 5.19** −158 336 0.088

Observed OTUs 0.391 8.56** −148 313 0.514 3.46* −146 311 NS
Richness of fungal phyla Ascomycota 0.542 15.7** −141 297 0.644 5.84** −138 296 NS

Basidiomycota 0.138 1.54 −116 248 0.308 1.46 −113 247 NS
Chytridiomycota 0.208 1.12 −64.7 145 0.475 2.36 −60.0 140 0.028*
Cryptomycota 0.542 13.4** −54.2 124 0.593 4.84* −52.9 126 NS
Zygomycota 0.188 2.48 −92.3 201 0.226 0.803 −91.7 203 NS

Richness of fungal functional
groups

Endophytes 0.083 0.525 −67.8 152 0.378 1.86 −63.4 147 0.036*
Lichen-forming 0.434 7.31* −54.8 126 0.631 5.20** −49.8 120 0.023*
Pathogens 0.517 11.2** −87.2 190 0.771 8.67** −79.0 178 <0.001***
Saprotrophs 0.199 2.61 −116 247 0.313 1.40 −114 248 NS
Wood saprotrophs 0.409 6.01* −79.3 175 0.524 3.19* −76.8 174 NS
Yeasts 0.676 28.0*** −92.5 201 0.809 13.5*** −86.5 193 0.008**

Extracellular enzyme activity AG activity 0.612 20.7*** −61.8 140 0.599 4.90* −62.2 144 NS
BG activity 0.560 17.4*** −134 284 0.692 7.50** −130 280 0.050*
CBH activity 0.498 19.6*** −96.8 203 0.541 5.21** −95.8 206 NS
BX activity 0.118 0.492 −116 248 0.667 6.21** −105 229 <0.001***

Fig. 2. Nonmetric multidimensional scaling
(NMS) ordination showing differences in fungal
community composition with (a) warmer tem-
peratures (P < 0.001) and (b) drier conditions
(P < 0.001). In panel (a) symbols represent each
microbial cage and are colored by a gradient in-
dicating increasing temperature from 0 (tan) to
4 °C (dark red). In panel (b) Symbols represent
each microbial cage and are colored by a gradient
indicating decreasing moisture from 0% (tan) to
−20% (dark red). Ellipses represent 95% con-
fidence intervals. (For interpretation of the re-
ferences to colour in this figure legend, the reader
is referred to the web version of this article.)
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these forests are becoming warmer and drier (Karmalkar et al., 2011;
Lawton et al., 2001; Still et al., 1999). As these changes occur, the
larger pools of soil C that tropical montane cloud forests contain may be
broken down and released as CO2. It is critical to perform in situ tem-
perature manipulations in order to understand how tropical ecosys-
tems—like tropical montane cloud forests—may change (Cavaleri et al.,
2015). In general, temperatures in tropical regions are predicted to
increase by 1.8–5.0 °C by 2100 (IPCC, 2013). More specifically, in
montane regions in Costa Rica, temperatures at the highest elevations
are predicted to increase approximately 3.0 °C (Karmalkar et al., 2008).
Our in situ warming manipulation represents the temperature increase
predicted with climate change. Overall, our results suggest that climate
change in tropical montane cloud forests may alter fungal communities
and the breakdown of C.

We acknowledge that this experiment was conducted across one
slope of the mountain. Conditions vary immensely across the Atlantic
and Pacific slopes of the Cordillera de Tilarán due of rainshadow ef-
fects; because of this, these two slopes cannot be compared. Moreover,
we chose to conduct this climate change experiment along the Pacific
slope because climate change is having a disproportionate effect here
due to deforestation in the Pacific lowlands (Lawton et al., 2001;
Karmalkar et al., 2011).

4.1. Fungal abundance and diversity

We found support for our hypothesis that fungal abundance and
diversity would increase when soils were translocated to lower eleva-
tions (Fig. 1). The soils were collected from the highest elevation site,
where relatively cool, water-saturated conditions may have slowed
decomposition rates and fostered organic matter accumulation (Looby
et al., 2016). Once these C-rich soils were exposed to drier conditions at
low elevations, oxygen availability may have increased. This change,
together with warmer temperatures, could have improved fungal
growth. Likewise, rarer fungi may have proliferated under these more
amenable conditions, leading to the increase in fungal diversity.

It is important to note that even though fungi were not able to enter

the microbial cages, diversity can still increase within them after
transplanting. This increase could occur if particular fungal OTUs were
present in the reference site, but were so rare that they fell below the
detection limit for sequencing. If these OTUs then proliferated at the
translocation site, they could become detectable. This mechanism
would allow diversity to increase within the microbial cages.

4.2. Fungal community composition

Our hypothesis that fungal community composition would shift
with changing climate was supported (Fig. 2). Shifts in the fungal
community were driven by changes in the richness of phyla (Fig. 3) and
fungal functional groups (Figs. 4 and 5).

Warmer temperatures and drier conditions were associated with a
higher richness of Ascomycota, which was one of the most abundant
fungal phyla. Ascomycetes have thick-walled spores, which can confer
drought tolerance (Treseder et al., 2014). This trait may have allowed
ascomycete taxa to become more abundant in the warmer, drier sites.
On the other hand, the warmer and drier conditions at lower elevations
were associated with a decline in the richness of Cryptomycota. This
ancestral phylum seems to be adapted to wet conditions (Jones et al.,
2011; Treseder et al., 2014). Cryptomycota have zoospore stage where
they use a flagellum for motility. Most likely, Cryptomycota depend on
the water-logged conditions present at high elevations. Our results
imply that as high-elevation soils become warmer and drier the richness
of this phylum may decline.

Fungal functional groups also responded to changing climate con-
ditions; the richness of lichens, pathogens, wood saprotrophs, and
yeasts all increased with warmer and drier conditions (Figs. 4 and 5).
Greater fungal richness can be associated with faster decomposition
(Setälä and McLean, 2004; Hättenschwiler et al., 2005; Bonanomi et al.,
2015). Yeasts specialize in decomposing more labile forms of C, like
simple sugars (Treseder and Lennon, 2015). Our results suggest that a
number of yeast taxa may proliferate under climate change, and this
could have consequences for C dynamics within tropical montane cloud
forests. An increase in yeast richness could lead an increased

Fig. 3. Richness of Ascomycota and
Cryptomycota with warmer and drier conditions.
Richness of Ascomycota increased with (a)
warmer temperatures and (b) drier conditions.
There was a decline in richness of Cryptomycota
with (c) warmer and (d) drier conditions. There
were no significant differences between tem-
perature and moisture as predictors of richness of
Ascomycota and Cryptomycota when regression
models were compared. Lines are significant best-
fit regressions, and symbols represent
means ± SE (n = 5). Statistical results are pre-
sented in Table 2. .
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breakdown of more labile forms of C.
An increase in richness of wood saprotrophs with climate change

could have consequences for C dynamics. Wood saprotrophs are re-
sponsible for decomposing recalcitrant C, like lignin. Decomposition of
recalcitrant C generally increases with warming (Conant et al., 2008).
Another study along an elevation gradient suggested that wood sapro-
trophs were sensitive to temperature (Meier et al., 2010). The increased

richness of wood saprotrophs found in our study could lead to a greater
capacity of the fungal community to breakdown more recalcitrant C.

Fungi are not only important in the decomposition of organic ma-
terial, but they also can act as pathogens. Climate change is predicted to
increase disease incidence in terrestrial organisms, especially plants
(Harvell et al., 2002). Our findings are consistent with this prediction,
as warmer, drier conditions caused fungal pathogen richness to in-
crease. For example, we observed more OTUs from plant pathogens in
the genera Cylindrocladiella and Pestalotiopsis in warmer sites. Both
genera are common plant pathogens in the tropics. Pestalotiopsis causes
guava scab on Psidium guayaba trees, and tip blight on some forms of
Podocarpus sp.; both are present in Monteverde. Cylindrocladiella causes
types of leaf spot, and root and stem rot, including species of oak. This
increased pathogen richness could alter plant and animal diversity. As
climate continues to change, existing pathogens could spread, and new
pathogens could emerge. This mechanism could perpetuate biodiversity
loss within tropical montane cloud forests (Bradshaw et al., 2009).

4.3. Extracellular enzyme activity

For three of the four enzymes we measured, we found support for
our hypothesis that EEA of C degrading enzymes would increase with
warmer temperatures and drier conditions (Figs. 6 and 7). The excep-
tion was β-xylosidase, which only increased with warmer temperatures.
Increased EEA with warming has been found in other studies (Davidson
and Janssens, 2006), but the effects of climate change on enzymes are
difficult to generalize and predict (see Burns et al., 2013). Other studies
in the tropics have used elevation gradient approaches to determine
how decomposition may change with warming. In the Peruvian Andes,
extracellular enzymes from high elevations soils were more tempera-
ture sensitive (Nottingham et al., 2016). Also, in the Peruvian Andes,
Salinas et al. (2011) performed a litter translocation experiment and
determined that decomposition may increase with warming. In Hawaii,
Metrosideros polymorpha leaf litter decomposed faster when translocated
to lower elevation sites (Scowcroft et al., 2000). Finally, a soil trans-
location experiment in Puerto Rico demonstrated that decomposition
might increase with warmer temperatures as suggested by lower soil
organic C and increased respiration (Chen, 2012). Our study is one of
the first to use a soil translocation design along an elevation gradient to
determine how EEA may respond to climate change.

Fungi are the primary producers of hydrolytic enzymes (Schneider
et al., 2012), and they dominate decomposition of cellulose and
hemicellulose (de Boer et al., 2005). Thus, the observed increase in
fungal abundance with warmer temperatures could have led to the
higher EEA. In addition, shifts in fungal community composition could
have contributed. Fungi can specialize in breaking down different forms
of C (Hanson et al., 2008; McGuire et al., 2010; Setälä and McLean,
2004). For instance, many ascomycetes prefer cellulose (Osono, 2007),
and they were more abundant in the warmer, drier sites. Shifts toward
this phylum coincide with the higher CBH and BG activity in warmer,
drier conditions.

Overall, our findings suggest that EEA targeting labile-to-inter-
mediate forms of C could increase with the warmer temperatures pre-
dicted in tropical montane cloud forests. In a review paper, Bradford
et al. (2016) noted that ecosystems harboring organic-rich and water-
saturated soils are most vulnerable to soil C losses under climate
change. Indeed, the soils translocated in this study possessed relatively
high C concentrations, and they were often water-saturated under
ambient conditions (Looby et al., 2016). These soil C stocks may be
broken down more rapidly under future climate conditions, owing to
higher EEA.

5. Conclusions

Cloud cover within tropical montane cloud forests is declining, and
the structure and function of these unique forests will most likely

Fig. 4. Taxonomic richness of fungal functional groups with warming. Fungal taxa were
identified and grouped as (a) lichen-forming, (b) pathogens, and (c) yeasts. These func-
tional groups increased overall with both warmer and drier conditions. Model compar-
isons showed that temperature had a greater effect than moisture on lichen-forming,
pathogens, and yeasts. Lines are best-fit regressions and symbols represent means ± SE
(n = 5). Statistical results are presented in Table 2. .
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change in response. But, will these high elevation forests begin to
function like tropical lowlands? Our results suggest that this is possible
with respect to the fungal community and EEA. Here, we used a soil
translocation experiment to determine whether fungal communities
and decomposition of C would change with warmer and drier condi-
tions predicted with the lifting cloud layer.

Our findings indicate that with warming and drought, high-eleva-
tion soils may shift towards an increased ability to break down labile to
intermediate forms of C. This could be supplemented by a greater ca-
pacity of the fungal community to breakdown more complex C through
an increase in wood saprotrophs. In total, these changes may lead to
increased CO2 release into the atmosphere. Moreover, pathogens may
proliferate under warmer and drier conditions. Biodiversity within
these forests is already being affected by climate change as above-
ground species are relocating to high elevations. Our results suggest
that not only will aboveground communities be relocating, but they
may also encounter a greater diversity of pathogens. Consequently, our
study indicates that the lifting cloud layer in tropical montane cloud
forests may affect how these forests function via changes in the fungal
community.
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