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27  Abstract

28  Tropical montane cloud forests (TMCFs) are globally important ecosystems that act as large
29  carbonsinks. However, climate-driven declines in rainfall and cloud immersion threaten these
30 forests, and their responses to declines in these distinct water sources remain poorly
31 understood. Two separate large-scale experiments to reduce throughfall (TE) and fog (FE) in
32 a Peruvian TMCF were conducted, to compare the temporal patterns and drivers of canopy
33 litterfall and soil respiration, with nearby control (CON) plots. Litterfall and soil respiration
34  declined during the relatively dry season on the CON plots. Seasonal patterns of soil respiration
35  were related to soil moisture, while litterfall was related to air temperature.

36  Litterfall and soil respiration on the TE plot were suppressed overall and aseasonal, although
37  litterfall pattern was offset FE-induced increases in litterfall from fine wood structures and
38 epiphytes. On the FE plot, the only sign of altered seasonality was elevated litterfall from
39  reproductive structures in the late dry season relative to the CON plot. There was little
40  consistent interannual trend in either litterfall or respiration over time under the FE treatment.
41 By contrast, the TE treatment was associated with a consistent decline in total litterfall, mainly
42  caused by leaf litterfall while soil respiration initially declined for the first four years of the
43  treatment followed by a rise likely associated with a concomitant increase in soil moisture. TE
44  and FE appear to alter the amount and seasonality of reproductive activity in the canopy which
45  could have major consequences for stand structure in a drier future climate.

46

47  Key words: Tropical montane cloud forests; precipitation manipulation experiment; drought;

48  carbon cycling; litterfall; climate change; soil carbon dioxide efflux.

49
50 Highlights
51 1. Canopy litterfall and soil respiration were suppressed by throughfall exclusion
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52 2. Throughfall and fog exclusion decreased canopy reproductive components seasonality
53 3. Throughfall and fog exclusion increased litterfall fine woods and epiphytes
54

55 1. Introduction

56  Tropical montane cloud forests (TMCFs) comprise only a small portion of global tropical
57  forests, but they provide a range of key ecological services regionally and globally (Aldrich et
58 al. 1997; Spracklen & Righelato, 2014; Bruijnzeel etal., 2011; Gotsch et al. 2016). The plant
59  communities which support these services depend on high rainfall and persistent cloud
60 immersion, a defining feature of TMCFs that has driven specialized plant adaptations
61  (Bruijnzeel et al., 2011; Fahey et al. 2016; Eller et al. 2020). However, both the extent and
62  frequency of cloud immersion are projected to decline sharply over the coming decades as
63  rising temperatures lift cloud-base elevations, while regional deforestation reduces atmospheric
64  moisture and weaken orographic cloud formation (Guzman et al., 2024). Given their limited
65  exposure to soil water deficits, TMCFs may be particularly vulnerable to these shifts, yet their
66  climatic sensitivity remains poorly constrained relative to other ecosystems.

67 As droughts intensify across tropical regions (Cheng et al. 2026), the need to predict
68  ecosystem responses has become increasingly urgent. A key advance has beenthe development
69  of large-scale rainfall manipulation experiments (Knapp et al., 2024). Multiple applications of
70  such experiments in tropical lowlands have yielded critical insights into drought effects on
71 forest carbon cycling, substantially improving the representation of drought processes in
72 ecosystem models (McDowell et al., 2013; Powell et al., 2013). Compared to the lowland
73 tropics, relatively few such drought experiments, or other manipulations of climatic factors of
74 interest, have been installed in TMCFs (Krashevska et al. 2012; Delsinne et al. 2013; Moser et
75 al. 2014; Bartholomew et al. 2026). Furthermore, the relatively greater importance of fog water

76  inputs and the distinctive structure, physiology and species composition of TMCFs, (Bruijnzeel
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77 etal, 2011; Fahey et al. 2016; Eller et al. 2020), make it difficult to directly predict TCMF
78  responses from experiments performed in lowland forests.

79 Two major components of the ecosystem carbon (C) balance, which may respond
80 strongly to water availability, are canopy productivity, usually estimated via litterfall, and
81  carbon flux from the soil surface. However, results from available experiments have generated
82  mixed results in terms of the direction, magnitude and seasonality of responses. For example,
83 in a lowland eastern Amazon forest, initial declines in soil moisture associated with
84  experimental rainfall reduction caused a slight suppression in leaf litter but a major drop in
85  reproductive litterfall (e.g.: seeds, fruits, flowers) (Rowland et al., 2018). In a rainfall reduction
86  experiment in the central Amazon lowlands, lower soil moisture caused minimal shifts in
87 litterfall but a strong decline in canopy density, indicating an overall shift in canopy turnover
88 (Brando et al., 2008). Similarly, some experiments demonstrate a strong drought-induced
89  decline in soil carbon efflux as might be expected from suppressed microbial activity (Wood
90 & Silver2012; van Straaten et al., 2011; da Costa et al., 2013; Bartholomew etal., 2026), while
91  others have shown little change (Brando et al., 2008) or even increased respiration (Cleveland
92 et al., 2010, Zhang et al., 2015; Cusack et al., 2023). By comparison with lowland forest,
93 relatively little information exists about the magnitude and climatic sensitivity of litterfall and
94  soil respiration in TMCF (Rapp & Silman 2014; Girardin et al., 2014; Bartholomew et al.,
95  2026).

96 To understand the effects of fog and throughfall reduction on canopy and soil carbon
97  fluxes, we analysed monthly variation in these components over 7 years after installation of
98  two adjacent large-scale experiments to reduce throughfall (TE) and fog (FE) in a Peruvian
99  old-growth TMCF. Our study addressed the following researchquestions: (1) How do different

100  components of precipitation — fog and throughfall — affect litterfall productivity and total soil
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101  respiration in TCMF? (2) What controls seasonal and interannual variations in litterfall
102  productivity and total soil respirationin TCMF?

103

104 2. Materials and Methods

105 2.1. Study site

106  The experimental infrastructure is part of the Waygecha Amazon Cloud Curtain Ecosystem
107  Experiment (WACCEE) to manipulate fog, together with an adjacent canopy throughfall
108  reduction experiment (Brum etal., 2023; Metcalfe etal., 2025). The sites are located ina TCMF
109 in the southeastern Peruvian Andes within the private conservation area of the Wayqgecha
110 Biological Station which is administered by the Amazon Conservation Association (ACA).
111 The region experiences frequent cloud immersion (Clark et al., 2014; Halladay et al., 2012),
112 precipitation over 1800 mm per year, with six consecutive months of the year where less than
113 100 mm falls from May to October, and a mean annual temperature of around12 °C (Girardin
114  etal., 2015). The forest is dominated by tree species of Weinmannia crassifolia, Weinmannia
115  bangii, Weinmannia reticulata, Clusia alata, Clusia trochiformis, Myrsine coriacea, Clethra
116  cuneata, Prunus integrifolia, and Persea mutissi (Farfan Rios et al., 2015). Ferns, liverworts,
117  and mosses are the most dominant epiphytes (Horwath et al., 2015; Rapp et al., 2014).

118

119 2.2. Sampling design

120  In February 2017, two 30 x 30 m plots were installed in the TCMF at the site (-13.18959, -
121 71.58709), and basic monitoring of litterfall, soil respiration, and meteorology began (see
122 below). In August 2017, one of the plots was covered with transparent plastic panels suspended
123 onawooden frame at around 2.5 m above ground, excluding ~ 95% of throughfall input to the
124  ground (TE-EXP). The adjacent plot was left unmodified to serve as an experimental control

125  (TE-CON) (Brum et al., 203). Around 500 m away from the throughfall experiment, two other
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126  plots were installed in TCMF (-13.19335, -71.58823) in September 2017 (Metcalfe et al.,
127  2025). At one of these plots a 30 m high, 40 m long mesh curtain was suspended along the
128  downslope side, to reduce ingress of fog moving upslope in a ~ 420 m? patch of forest behind
129  the curtain (FE-EXP). The adjacent plot was left unmodified to serve as an experimental control
130  (FE-CON).

131

132 2.3. Litterfall sampling

133  Canopy litterfall <2 cm in diameter was collected once a month at 9 locations in all plots using
134 50 x 50 cm litter trap baskets, following the GEM protocol (Marthews et al., 2013). In the TE-
135  EXP plot nine litter traps were secured with wires ~1 m above the plastic panels. Litterfall was
136  sorted into leaves, reproductive parts (flowers, fruits, and seeds), fine wood (< 2 cm diameter),
137  and epiphytic plant material then oven-dried at 70 °C to a constant mass, and weighed to
138  calculate the litterfall for each component, and per litter trap. Three litterfall traps from the TE-
139  CON plot exhibited anomalously high litterfall which we attribute to the proximity of a single
140  large, fast-growing N-fixing tree (Alnus acuminata) which did not occur in any of the other
141 plots. We removed data from these traps for the present analysis, but included them in the
142 Supplementary material. To convert litterfall dry biomass to carbon mass we assumed a C
143  fraction of 0.492 (Fyllas et al. 2009).

144

145 2.4. Soil respiration sampling

146  Soil CO; efflux respiration was measured once a month at the middle of each subplot in all
147  plots, where PVC permanent collars were installed to record CO; fluxes with an infra-red gas
148  analyzer (EGM-5 and SRC-1 chamber, PP systems, Hitchen, UK), following the GEM protocol
149  (Marthews et al., 2014). After CO, measurements, air and soil surface temperature (T260

150  probe, Testo Ltd., Hampshire, UK) and soil moisture (Hydrosense probe, Campbell Scientific
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151  Ltd., Loughborough, UK) were recorded at the same location to 10 cm soil depth. Respiration
152 was estimated from accumulation of CO; over time (120 min) within the chamber sealed to the
153  soil surface. The linear slope obtained from the relationship between CO, concentration and
154  time of measurement, and it was used to calculate total CO, flux (Metcalfe et al., 2018; Riutta
155 etal., 2021).

156

157 2.5. Canopy and soil-level meteorology

158  We continuously recorded air temperature and humidity, precipitation, and solar radiation
159  since 2012 from a weather station installed in a clearing outside of the forest ~1 km from the
160 experimental plots. Soil-level meteorology - air temperature 15 cm above the ground, soil
161  temperature at 2 and 5 cm soil depth and soil moisture - was recorded at five points in each
162  experiment plot (TMS-4 sensors, TOMST s.r.0, Czech Republic). Raw moisture data were
163  converted to volumetric soil moisture using a conversion equation applied by Halbritter et al.
164  (2024) from a location near the current study.

165

166 2.6. Statistical analyses

167  The daily variation of climatic variables from the canopy and soil were summarised into
168 monthly and yearly averages, to understand the effect on canopy productivity and soil
169  respiration in the experimental treatments and control plots. Error propagation for all litterfall
170  components and soil respiration was carried out using conventional quadrature rules (Hughes
171 & Hase, 2010). Generalised additive models were fit to understand the relationships between
172 mean respiration and productivity values and temporal variation in climate variables, to
173 quantify seasonal and annual patterns.

174 Multiple linear regression analyses were conducted in order to understand the

175  relationship between monthly variability of litterfall components and canopy meteorology. The
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176  monthly variation of productivity of total litterfall and components was analysed with cross-
177  correlation analysis with meteorological variables, and then generalised linear models were
178  performed on total litterfall, leaves, reproductive parts, and fine wood, and epiphyte litterfall
179  as response variables with one month lagged relative humidity, temperature, solar radiation,
180 and precipitation as independent variables, alongside the dependent variables to remove
181  autocorrelation. Models were fitted using the mgcv package for R (Wood, 2011).

182 Linear mixed-fixed effects modelling was used to examine the effects of soil
183  temperature and soil moisture on soil respiration. Soil-level meteorological variables (soil
184  temperature and moisture) in the treatment (FE-EXP, TE-EXP), and control plots (FE-CON,
185  FE-EXP) were treated as fixed effects, and the treatment and control plots and their sub plots
186  weretreated as random effects. The linear mixed-effect models were fitted using the glmmTMB
187  package in the R statistical software (Brooks et al., 2017). The modelling approaches began
188  with all predictors and then predictors were removed with lowest statistical significance to
189  improve the model fit. Akaike information criterion (AIC) was used to compare the models
190 and the model with a lower AIC was selected as the best predictor of response variable for
191 litterfall components and total soil respiration. All analyses were carried out using R version
192 4.5.0 (R core Team 2025).

193

194 3. Results

195 3.1. Climatic variables

196  The study site shows strong climatic seasonality, with lowest air relative humidity,
197  precipitation, and air temperature over May - August (Figure 1a, b, ¢). Solar radiation showed
198  adistinct seasonal pattern, peaking over August - November (Figure 1d).

199
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202  Figure 1. (a) Monthly average variation of air temperature ('C), (b) relative air humidity (%),
203  (c) precipitation (mm), and (d) total radiation (W m2). The dashed lines represent the
204 interannual monthly variations of climate variables, and the red solid lines show the marginal
205  predictions fitted with the generalised additive model for each climatic variable.

206

207  The FE treatment caused a strong reduction in air humidity and a smaller reduction in above-
208  canopy air temperature (Metcalfe et al., 2025). Soil-level meteorology changed with both the
209 FE and TE treatments (Figures S1 & S2). FE-EXP decreased soil temperature, deep and
210  shallow soil temperatures and soil adjacent air temperatures but only during the dry season
211  (Figures Sla-c & S2a-c). By contrast, the TE-EXP caused no shift in deep soil temperature,
212  and arelatively minor dry season reduction in shallow soil temperatures (Figures Sla, b & S2a,

213  b). Soil adjacent air temperatures were consistently elevated on the TE-EXP throughout the
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214  vyear (Figure Sic). Further, the FE-EXP increased soil moisture, however TE-EXP suppressed
215  soil moisture to a relatively constant level through the year (Figure S1d).

216 3.2. Overall plot differences in litterfall and soil respiration

217  Total annual litterfall was similar among the FE-CON (3.72 + 0.72 Mg C ha?! yr?) and FE-
218 EXP (3.77 £ 0.73 Mg C ha* yr%) plots (Figure 2a). However, on the TE-EXP total litterfall
219  was notably suppressed (2.94 = 0.67 Mg C ha! yr) relative to the TE-CON (3.86 + 0.58 Mg
220 C ha® yrl) (Figure 2a), and declined consistently over seven years after initiation of the TE
221  treatment (Figure 3, 4). Leaf litter decreased 27% on TE-EXP (Figure 2b), reproductive parts
222 decreased on FE-EXP and TE-EXP by 39% and 31% respectively (Figure 2c¢). By contrast,
223 fine wood litterfall increased on the FE and TE (Figure 2d) by 10% and 4% respectively, and
224 epiphytic litterfall increased by 29% on the FE-EXP and 130% on the TE-EXP (Figure 2e¢)
225  relative to their respective control plots.

226 Overall, across the 7 years of the TE treatment, soil respiration decreased by 54%, from
227 8.74 £0.20 Mg C ha* yr! (TE-CON) to 4.05 + 0.14 Mg C ha* yr* (TE-EXP). Total annual
228  soil respiration was significantly lower on the TE-EXP than the TE-CON, FE-CON, and FE-

229  EXP plots (Figure 2f).

10
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Figure 2. Annual productivity (Mg C hal yr?) of (a) total litterfall, (b) leaf, (c) reproductive
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propagated standard error of the mean (n = 7).
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235

236 3.3. Temporal trends and climatic drivers of fine litterfall productivity

237  We did not observe any significant interannual differences between FE-EXP and FE-CON total
238 litterfall productivity, and no significant trends of change over time from 2017 to 2024 (Figure
239  3a, left panel). However, total litterfall productivity was significantly lower on the TE-EXP
240 plotrelative to the TE-CON (Figure 3a, right panel). Total annual litterfall production declined
241  significantly over time (r=-0.86, p <0.01) by an average rate of 24% per year (Figure 3a, right
242 panel). Annual leaf litterfall did not show any significant differences between FE-CON and
243  FE-EXP plots. By contrast, leaf litter in the TE-EXP plot decreased significantly over time (r
244  =-0.83,p<0.01), since the imposition of the treatment in 2017 (Figure 3b, right panel). Canopy
245  productivity of reproductive parts was suppressed on both precipitation treatments relative to
246  their respective controls (Figures 3b & 4b). Fine wood litter did not exhibit any significant
247  difference between the FE-CON and FE-EXP plots, while TE-EXP fine wood litterfall showed
248  asmall but consistent rise after the third year of the TE treatment compared to the TE-CON
249  plot (Figure 3b, right panel). Epiphyte litter also showed no significant difference between the
250 FE-CON and FE-EXP plots but was strongly and consistently elevated on the TE-EXP relative
251  to the TE-CON plot (Figures 3c & 4d, right panels).

252 Mean monthly temperature was the main driver of total monthly litterfall witha positive
253 and significant relationship (p < 0.01) for both FE-CON and FE-EXP, while relative air
254  humidity was negatively and significantly related to month variation in total litterfall only in
255  the FE-CON plot (p < 0.05). By contrast, monthly total litterfall in the TE-CON and TE-EXP
256  wasnot clearly related to either temperature or relative air humidity (Table 1). Further analyses
257  of litterfall components revealed different climatic sensitivities among components and plots.
258  Monthly variation in leaf litterfall was positively and significantly related to temperature (p <

259  0.05) atthe FE-CON and FE-EXP but not in the TE plots (Table 1). Monthly reproductive litter

12
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260  was positively and significantly related to solar radiation at the FE-CON (p < 0.01) and
261  temperature at the FE-EXP (p < 0.01). While precipitation was negatively and significantly
262  related at the TE-CON (p < 0.05), and solar radiation and relative humidity were positively
263  related at the TE-EXP (p < 0.05). Precipitation was positively and significantly related to fine
264  wood litterfall at the FE-EXP (p < 0.001) while no significant climatic drivers were found on
265  the other plots for fine wood litterfall. Precipitation showed a significant positive relationship
266  with monthly epiphyte litterfall at the FE-EXP (p < 0.001) but no clear effect on the FE-CON.
267  Solar radiation was positively and significantly related to epiphyte litterfall in the TE-CON but
268  not for the TE-EXP plot.

269

270  Table 1. The explanatory variables of total litterfall, leaves, reproductive parts, fine wood, and
271  epiphytes were used as response variables along fog exclusion control (FE-CON) and
272 experiment (FE-EXP) plots, throughfall exclusion control (TE-CON), and throughfall
273 exclusion experiment (TE-CON) plots. A summary of the generalized linear models was
274  performed between the response variables (litterfall components and epiphyte productivity)
275 and a one-month lag of the explanatory variables. Standard error (SE) and significance of the

276 model coefficients p values of 0 “***’0.001 “**’0.01 “*’0.05 *.” 0.1 ‘NS’ I on signif column.

Plot code  Response Explanatory Estimate  SE T-value p-value signif  AIC
variables variables

FE-CON Litterfall Intercept -1.6186 05733  -2.82 0.0065 ** -132.15
Temperature 0.1432 0.0440 325 0.0019 Hx
Relative humidity -0.0139 0.0063  -2.20 0.0318 *

FE-EXP Intercept -3.1159 0.6014  -5.18 0.0000 il -121.40
Temperature 0.1635 0.0533  3.07 0.0032 *x

TE-CON Intercept -2.1393 09110 -2.35 0.0218 * -75.90
Temperature 0.0870 0.0811  1.07 0.2872 NS

TE-EXP Intercept -2.3727 0.9688  -2.45 0.0173 3 -93.69
Temperature 0.0884 0.0870  1.02 0.3140 NS

FE-CON  Leaves Intercept -1.4319 05874  -2.44 0.0179 * -165.12
Temperature 0.0909 0.0451  2.02 0.0486 *
Relative humidity -0.0128 0.0065  -1.97 0.0534 .

FE-EXP Intercept -2.6498 0.4821  -5.50 0.0000 ok -168.44
Temperature 0.0994 0.0427 2.33 0.0234 *

TE-CON Intercept -1.8702 0.7011  -2.67 0.0095 wx -136.41
Temperature 0.0373 0.0624  0.60 0.5518 NS

TE-EXP Intercept -1.6929 0.0783  -21.62 <2e-16 il -152.37
Precipitation -0.0004 0.0005 -0.88 0.3810 NS

FE-CON  Reproductive Intercept -6.3776 0.8323  -7.66 0.0000 ool -345.96

13
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Solar radiation 0.0140 0.0048 291 0.0051

Intercept -3.4140 0.1742  -19.60 <2e-16

Precipitation -0.0025 0.0011  -2.22 0.0300

FE-CON Intercept -3.1352 01259  -24.90 <2e-16 el -267.30

Precipitation 0.0010 0.0008  1.30 0.1990 NS

Fine wood

TE-CON Intercept -5.3473 16293 -3.28 0.0016 **
Solar radiation 0.0114 0.0091  1.26 0.2129 NS
Precipitation 0.0028 0.0020  1.36 0.1801 NS

FE-CON Intercept -5.1877 0.1590  -32.62 <2e-16 el -501.96

Precipitation 0.0009 0.0010  0.96 0.3410 NS

Epiphytes

Intercept -13.2923 2.8915  -4.60 0.0000
Solar radiation 0.0230 0.0061  3.78 0.0003 wox
Relative humidity 0.0462 0.0263  1.76 0.0836

277

278
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Figure 3. (a) Yearly variation of total litterfall productivity (Mg C ha-! yr?), (b) litterfall
components (leaf, reproductive parts, and fine wood) and (c) epiphytic component for fog
exclusion (Left panels: FE-CON, FE-EXP) and throughfall experiment plots (Right panels:

TE-CON, TE-EXP). The coloured dots, squares, triangles and vertical bars show the mean and
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panel) experiment plots. The coloured dots are the mean values of monthly productivity,
collected for fog exclusion control (FE-CON, blue) and experiment (FE-EXP, red) plots, and
for canopy throughfall control (TE-CON, green) and throughfall experiment (TE-EXP, purple)
plots recorded between 2017 and 2024. The coloured background bars show the monthly

average precipitation input (mm mo™) recorded from 2012-2024.
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297  the top and bottom panels show the mean values and standard error of the mean values
298  recorded for fog exclusion control (FE-CON) and experiment (FE-EXP) plots, and for canopy
299  throughfall control (TE-CON) and throughfall experiment (TE-EXP) plots. The coloured
300 background bars on the bottom panel represent the monthly mean precipitation (mm mo)
301  recorded between 2012 and 2024.

302

303 The seasonal month variation of litterfall components productivity increased in the wet
304 season and decreased in dry season (Figure 5). Leaf litterfall productivity FE plots did not
305 reveal any significance differences, white a significant difference was observed between the
306 TE-CON and TE-EXP plots (p < 0.001). Further the seasonal variation of leaf litterfall
307  productivity at the TE-EXP was significantly lower (p < 0.05) than the FE-CON and FE-EXP
308 plots (Figure 5a). Reproductive litterfall was higher in the wet season than the dry season for
309 the FE plots and the TE-EXP, whereas on the TE-CON it peaked during the dry season. Fine
310  wood litterfall productivity peaked in the wet season for FE and TE plots (Figure 5¢). Highest
311  epiphytic litterfall was recorded in the wet season for FE plots. Overall, epiphyte litterfall at
312  TE-EXP was significantly (p <0.01) higher than the TE-CON (Figure 5d).

313

314 3.4. Temporal trends and climatic drivers of total soil respiration

315  Annual soil respiration did not consistently differ between FE-CON and FE-EXP plots across
316  all years of measurement (Figure 6a, left panel). In contrast, between the TE-CON and TE-
317  EXP plots, the total soil respiration was significantly lower in TE-EXP (Figure 6a, right panel).
318 In addition, soil respiration on the TE-EXP plot showed an U-shaped relationship over time
319  from 2017 to 2024, decreasing strongly until 2021 then rising thereafter (Figure 6a, right panel).

320  Overall, soil respiration observed at TE-EXP was lower than control and experimental plots.

18
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321  This rise later in the experiment coincided with increasing soil moisture on the treatment as
322  significant gaps developed in the plastic roofing which were only completely repairedin 2024.
323 Monthly soil moisture was the main factor that controlled total soil respiration, with
324  strongly significant positive relationships (p < 0.001) for each plot. Interestingly, a significant
325 interaction between soil temperature and total soil respiration was also observed for the FE-
326  EXP and TE-CON plots, however for other plots were not observed (Table 2).

327 Strong seasonal variation of total soil respiration was observed for both FE plots, with
328 low average values recorded during the dry season (Figure 6a, left panel). In contrast, a
329 relatively weaker seasonality was observed for the TE-CON plot, while total respiration on the
330 TE-EXP was highly variable with no apparent seasonality (Figure 6b, right panel).

331

332  Table 2. Explanatory variables of total soil respiration in the fog exclusion experiment (FE-
333  EXP) and control (FE-CON) plots. throughfall exclusion control (TE-CON) and throughfall
334  exclusion experiment (TE-CON) plots. The independent variables of total soil respiration
335 included the soil moisture and temperature. Mixed-effect models were carried out using the
336 maximum likelihood, providing soil moisture and soil temperature variables as fixed effects
337 and subplots (collars) as random effects. The best fixed-effect model was determined by the
338  lowest AIC value and by comparing the full model to other models. Significant of the model

339  coefficients p values of 0 “***’0.001 “**’0.01 “*’ 0.05 *.” 0.1 ‘NS’ 1

Plot code  Explanatory variables Parameter  SE zvalue  p-value signif AIC
FE-CON Fixed effects
Intercept -1.137286 0.224843 -5.058 4.23e-07 il 141.6
Soil moisture 0.015628 0.001935 8.077 6.64e-16 ~ ***
Soil temperature 0.028851 0.015123 1.908 5.64e-02
Random effects
Sub plot 0.1076 0.328
FE-EXP Fixed effects
Intercept -0.30306 0.1899 -1.596 0.1105 NS 116.6
Soil moisture 0.01174 0.001855 6.328 2.49e-10 kel
Soil temperature -0.031159 0.014252 -2.186 2.88e-02 *
Random effects
Sub plot 0.02185 0.1478
TE-CON  Fixedeffects
Intercept -1.243238 0.166066 -7.486 7.08e-14  *** 193.6
Soil moisture 0.008748 0.001481 5.907 3.49-09  ***

19
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Soil temperature 0.048185 0.012164  3.961 7.46e-05  ***
Random effects
Sub plot 0.009199 0.09591
TE-EXP Fixed effects
Intercept -1.52558 0.079641 -19.16 <2e-16 il -342.4
Soil moisture 0.037818 0.002895 13.06 <2e-16 fiaiad
Random effects
Sub plot 0.04416 0.2101
All plots Fixed effects
Intercept -1.047751 0.151787 -6.903 5.1e-12 Hkk 580.2
Soil moisture 0.014581 0.001032 14.127 <2e-16 il
Soil temperature 0.014434 0.008458 1.707 0.0879
Random effects
Plot 0.04166 0.2041

340

341 4. Discussion

342 4.1. Effects of fog and throughfall exclusion on litterfall and soil respiration

343  This study was designed to understand the distinct effects of water inputs via fog and
344  throughfall on canopy litterfall and total soil respirationin TMCF. Our results provide some of
345  the first insights into ecological responses to moisture availability in TMCF, highlighting
346  similarities and differences with previous studies, mainly from lowland tropical forests. The
347  FE treatment caused no clear shift in overall litterfall, whereas total litterfall productivity
348  declined immediately after imposition of the TE treatment, and was lower than the control plot
349  for most of the survey period (Figure 3). This trend was mainly driven by shifts in leaf litterfall,
350  which accounted for ~70% of total litterfall. In contrast, in a Southeast Asian montane forest,
351 25 months of 80% throughfall reduction did not appear to affect leaf litter and other litterfall
352  components (Moser et al., 2014). Throughfall reduction experiments in lowland tropical
353  tropical forests also show distinct responses to our study, with drought-associated reductions
354 in litterfall but usually only after several years (e.g., Brando et al., 2008; Meir et al., 2018;
355  Nepstad et al., 2002; Rowland et al., 2018). The apparently more rapid and/or severe drought
356  suppression of litterfall production in our study could reflect the more intense drought treatment
357  imposed (~95% throughfall reduction, versus ~80% on other studies) and/or genuinely elevated

358  sensitivity of the TMCF canopy to drought compared to most lowland forests. Further work in
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359  TMCF and other tropical biomes is needed to understand and explain the diversity of observed
360  drought responses to date.

361 Notably, both fog and throughfall reduction suppressed productivity of reproductive
362  structures (seeds, fruits, flowers) in our study site. This contrasts with typical seasonal
363  reproductive phenology of tropical forests, where flowering tends to peak during periods with
364  greater solar radiation and lower water availability (Pau et al. 2017). However, our results are
365  consistent with multiple drought experiments both in lowland tropical forests (Brando et al.,
366  2006; Nepstad et al., 2002; Rowland et al., 2018; Vogado et al., 2020) and also in temperate
367 forests (Ogaya & Pefiuelas, 2007). This suggests that the short-term cues guiding seasonal
368  reproduction are overridden by longer-term constraints on productivity imposed by drought. If
369  this suppression is representative of TMCF more widely, then predicted future shifts in
370  moisture availability across these biomes could drive major shifts in community composition
371  and structure. Throughfall reduction also increased epiphytic and, to a lesser extent, fine wood
372 litter productivity after the third year. This may reflect increasing tree mortality and associated
373  canopy structure changes, since drought often leads to a decline in photosynthesis rates and
374 leafareaindex, inducing an increase of branch turnover (Nepstad et al., 2002).

375 Throughfall reduction strongly suppressed soil respiration in our study while fog
376  reduction had no clear effect. This result is consistent with some previous studies of soil
377  respiration in long-term throughfall experiments in lowland and montane tropical forests (e.qg.
378 Cusack et al., 2023; Sotta et al., 2007; van Straaten et al., 2011). This reduction in soil
379  respiration on the TE-EXP is closely correlated with soil moisture, which may affect both
380 autotrophic and heterotrophic soil components (van Straaten et al., 2011). For example, the
381  overall reduction could be related to likely to root biomass decreases on top soil layers, due to
382  physiological stress provoked by long-term throughfall exclusion (Fan et al., 2021) and/or

383  shifts in the soil microbial community due to lower soil moisture and slightly elevated
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384  temperature (Nottingham et al., 2025). These results indicate that the very substantial soil C
385 stocks in TMCF (Spracklen & Righelato 2014) may be threatened by future drought, with
386  important consequences for the ecosystem C sink potential. More drought experiments in
387 TMCEF, and further experimentation with different soil components are required to reinforce
388  and add mechanistic detail to our findings.

389 4.2. Temporal trends in litterfall productivity and soil respiration fluxes

390  Air temperature was the main climatic factor controlling monthly variation of total and leaf
391 litterfall for FE plots. Other long-term studies of litterfall productivity in tropical forest
392  ecosystems confirm that air temperature is the most important climatic factor driving canopy
393  productivity. For example, in lowland and montane forests of Malaysian Borneo, the daily
394  mean air temperature is the most important factor correlated to total litterfall and leaf litter
395  productivity (Kitayama et a., 2021; Nakagawa et al., 2019). In addition, the positive
396 relationship between canopy productivity and air temperature also increases the nutrient
397 availability in tropical montane wet forests of Hawaii (Litton et al., 2020; Lyu et al., 2021).
398  Notably, some litterfall components were more closely associated with solar radiation in our
399 study. Specifically, reproductive structures, fine wood, and epiphytic litter components
400 increased with increasing solar radiation for both FE control and treatment plots. Most tree
401  species in the study plots started flowering during the dry season and then started fruiting at
402  the beginning of rainy season, which is typical in tropical montane forests (Gunter et al., 2008).
403  The underlying mechanisms responsible for peaks in reproduction during high light are still
404  unresolved, but may be related to strategies to enhance pollination success, or reflect knock-on
405  effects of temporal coordination of other phenological stages (i.e. leaf flushing) (Rowland et
406 al., 2018; Van Schaik et al., 1993; Wright and Van Schaik, 1994). This study reinforces a
407  previous long-term study of net primary productivity in old-growth forest ecosystems from

408  upper montane to the lowland Amazon which also revealed that the seasonal rhythm of canopy

22



https://doi.org/10.5194/egusphere-2026-2882
Preprint. Discussion started: 11 June 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

409  productivity is synchronised with solar irradiance, and that leaf litter productivity peaks in the
410 late dry season (Girardinet al., 2014).

411 Precipitation was the main driver of fine wood and epiphytic litter seasonal productivity
412  onthe FE-EXP, and to a lesser extent on the FE-CON (Figure 5c, d). Rapp etal. (2012) reported
413  astrong association between high rainfall and strong wind speed during the wet season at high
414  elevation (~ 3400 m asl) close to our study area; this relationship may increase branch turnover
415  and fine wood litter productivity during the rainy season (Figure 5c). However, the higher fine
416  wood litter productivity observed for the TE plot at the beginning of the rainy season may also
417  reflect drought-associated canopy disturbance and tree mortality. The high turnover of canopy
418  branches would likely have astrong negative impact on epiphytes, thereby increasing epiphytic
419  litterfall.

420 The total soil respiration on the long-term fog and throughfall exclusion experiment
421  plotsisdriven by the soil moisture variationin TMCF. The increase of soil moisture during the
422  rainy season enhanced soil CO, emissions while the lower soil moisture during the dry season
423  suppressed total soil respiration (Figure 6b). In addition, this study also revealed that soil
424  temperature exerts positive and negative relationships with the soil respiration on the control
425 and FE plots respectively while soil moisture is not a limiting factor in these plots (Wood &
426  Silver, 2013). Further work quantifying environmental controls over different components of
427  s0il CO. efflux, such as litter, soil organic matter, roots and associated mycorrhizae and mineral
428  soil, remains a high priority for TMCF.

429

430 5. Conclusions

431  This study compares similarities and differences in ecological responses to shifts intwo critical
432  water sources in TMCF - fog and throughfall. We focus on litterfall and soil respiration

433  responses as two major and dynamic components of the ecosystem carbon cycle. Throughfall
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434  reduction generally caused stronger effects than fog reduction, with a significant decrease in
435  leaf litterfall and soil respiration over time after imposition of the throughfall reduction
436  treatment. Further, climatic controls and phenological shifts differed between the two different
437  experiments. Temperature was the main driver of total litterfall productivity, however soil
438 moisture was the main control over total soil respiration. In addition, litterfall from
439  reproductive parts, fine wood, and epiphytes are driven by solar radiation and precipitation.
440  The seasonal cycle of litterfall components and soil respiration are driven by monthly
441  precipitation, although decreased soil water content on the fog and throughfall reduction plots
442  changed the seasonal pattern. The main ecosystem response observed in both the fog and
443  throughfall reduction was a clear and consistent increase in litterfall from reproductive
444  structures. While a minor component of litterfall mass, these shifts in flower, fruit and seed
445  production could lead to major changes in species composition, forest demography and
446  structure over time under predicted changes in moisture availabilityin TMCF. Further research
447  on other ecosystem carbon fluxes and climatic driversis urgently needed to predict the fate of
448  TMCFs under climate change.
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