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1  | INTRODUC TION  

Abstract 

Tropical forests exert a disproportionately large influence on terrestrial carbon (C) 
balance but projecting the effects of climate change on C cycling in tropical forests 
remains uncertain. Reducing this uncertainty requires improved quantification of the 
independent and interactive effects of variable and changing temperature and pre-
cipitation regimes on C inputs to, cycling within and loss from tropical forests. Here, 
we quantified aboveground litterfall and soil-surface CO2 efflux (“soil respiration”; FS) 
in nine plots organized across a highly constrained 5.2°C mean annual temperature 
(MAT) gradient in tropical montane wet forest. We used five consecutive years of 
these measurements, during which annual rainfall (AR) steadily increased, in order to: 
(a) estimate total belowground C flux (TBCF); (b) examine how interannual variation in 
AR alters the apparent temperature dependency (Q10) of above- and belowground C 
fluxes; and (c) quantify stand-level C allocation responses to MAT and AR. Averaged 
across all years, FS, litterfall, and TBCF increased positively and linearly with MAT, 
which accounted for 49, 47, and 46% of flux rate variation, respectively. Rising AR 
lowered TBCF and FS, but increased litterfall, with patterns representing interact-
ing responses to declining light. The Q10 of FS, litterfall, and TBCF all decreased with 
increasing AR, with peak sensitivity to MAT in the driest year and lowest sensitiv-
ity in the wettest. These findings support the conclusion that for this tropical mon-
tane wet forest, variations in light, water, and nutrient availability interact to strongly 
influence productivity (litterfall+TBCF), the sensitivity of above- and belowground 
C fluxes to rising MAT (Q10 of FS, litterfall, and TBCF), and C allocation patterns 
(TBCF:[litterfall+TBCF]). 

K E Y W O R D S  

annual rainfall, carbon cycling, climate change, Hawaii, mean annual temperature 

experiments and from observational studies across temperate and 
tropical temperature gradients clearly show that in the absence of 
moisture limitations to productivity, warming stimulates the flux of C Long-term soil warming experiments have greatly advanced our un-

derstanding of how ecosystem carbon (C) fluxes respond to warm- into and the loss of C from ecosystems (Berryman et al., 2016; Bond-
ing (Hobbie & Chapin, 1998; Liu, Yang, et al., 2017; Luo et al., 2009; 
Norby & Luo, 2004; Nottingham et al., 2020; Reich et al., 2020; Wood 
et al., 2019). Results from a large number of primarily temperate 

Lamberty et al., 2018; Bond-L amberty & Thomson, 2010; Gherardi 
& Sala, 2020; Giardina et al., 2014; Litton & Giardina, 2008; Litton 
et al., 2011; Luyssaert et al., 2007; Melillo et al., 2016; Sistla et al., 
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2013). While the impacts of rising temperatures on belowground 
process rates have received increasing attention (Bradford et al., 
2016; Caprez et al., 2012; Fissore et al., 2013; Ziegler et al., 2017), 
including in tropical systems (Giardina et al., 2014; Nottingham et al., 
2020; Wood et al., 2012; Wood et al., 2019), the drivers of these 
fluxes, in particular the interactive effects of warming and interan-
nual variation in rainfall, remain understudied (Ma et al., 2020; Piao 
et al., 2020). 

Because of the strong link between the canopy and root system 

of trees (Högberg et al., 2001), net primary productivity (NPP) exerts 
a strong influence on belowground C processes (Caprez et al., 2012; 
Litton & Giardina, 2008; Litton et al., 2007). Total belowground C 
flux (TBCF) is a large component of the forest C budget, accounting 
for 21–75% of gross primary production (GPP; Litton et al., 2007) 
and representing the central pathway for delivery of organic C to 
soils (Giardina et al., 2004). Globally, soil surface CO2 efflux (FS) is 
approximately balanced by TBCF and litterfall (Bonan, 2008; Litton 
& Giardina, 2008), with variation in TBCF correlating with C decom-
position and formation rates (Giardina et al., 2004; Sokol & Bradford, 
2019). In a global synthesis spanning diverse forest biomes across a 
mean annual temperature (MAT) range from −5°C to 28°C, MAT was 
a strong predictor of GPP, TBCF, and above- and belowground NPP; 
in contrast, the fraction of GPP partitioned belowground was only 
weakly related to MAT (Litton & Giardina, 2008). Some evidence in-
dicates that warming-related increases in FS may exceed those of 
ecosystem CO2 uptake (Bond-Lamberty et al., 2018; Ogle, 2018), 
with important implications for terrestrial C balance. Our research 
along a highly constrained MAT gradient in tropical montane wet 
forest showed that MAT-related increases in FS are best explained by 
increases in TBCF, litterfall, and litter decomposition rates (Bothwell 
et al., 2014; Giardina et al., 2014). Paired with increased nutrient cy-
cling rates (Litton et al., 2020), increased C fluxes point to a positive 
GPP response to MAT. In contrast, we observed no MAT-related 
variation in ecosystem C storage, soil C storage, or soil C turn-
over (Giardina et al., 2014; Selmants et al., 2014), highlighting that 
warming-related constraints on tropical C cycling vary by flux and 
storage component. 

Research directed at understanding whole stand responses to 
multiple climate change variables is limited. In a meta-analysis of 120 
mostly temperate experimental studies manipulating temperature 
and moisture, NPP decreased with warming while synergistic inter-
actions disappeared at the highest temperatures (Ma et al., 2020). In 
a grassland study, Reich et al. (2020) found negative effects of re-
duced moisture on productivity, but positive effects of elevated tem-
perature, moisture, CO2, and nitrogen. Forest NPP is also strongly 
regulated by both temperature and precipitation (Drake, Tjoelker, 
et al., 2019; Litton & Giardina, 2008; Luyssaert et al., 2007; Ma et al., 
2020; Sullivan et al., 2020), as well as their interactions (Taylor et al., 
2017), but the effects of these interactions belowground are poorly 
understood (Piao et al., 2020). Interannual climate variation in the 
tropics affects both temperature and moisture, with implications 
for the C sink strength of tropical forests (Baccini et al., 2017; Cox 
et al., 2013). This variation, but also baseline shifts, can transform 

an ecosystem from a C sink in cool, wet years to a C source under 
warmer and drier conditions (Liu, Bowman, et al., 2017; Mitchard, 
2018; Taylor et al., 2017). And evidence from a young Eucalypt plan-
tation suggests that artificial warming and drying interact to affect C 
partitioning and belowground flux (Drake, Furze, et al., 2019; Drake, 
Tjoelker, et al., 2019). Clearly, variation in precipitation and tempera-
ture can drive the timing and magnitude of C process rates (Jung 
et al., 2011; Poulter et al., 2014). 

Climate–C process relationships can be studied via spatial (Raich 
et al., 1997), temporal (Estiarte et al., 2016), or experimental ap-
proaches (Melillo et al., 2002). A spatial approach typically relies on 

latitude or elevation-driven temperature gradients to understand 
how variation in MAT affects the compositional, structural, and 

functional attributes of an ecosystem that regulates above- and be-
lowground C process rates. This approach is sensitive to co-varying, 
often confounding drivers of process rates, and emphasizes long-term 
adjustments of a site to mean climate conditions. In contrast, using 
within-site seasonal or interannual climate variability as a natural ex-
periment (Piao et al., 2020) captures the sensitivity of an ecosystem 
to short-term temporal variations in weather. Trends can be obscured 
by lags in the system, however, especially those that operate on scales 
exceeding weather perturbations (Kannenberg et al., 2020; Sala et al., 
2012). Experimental approaches are designed to avoid the confound-
ing influence of co-varying ecosystem drivers by directly altering 
those climate variables of interest, but this approach also has limita-
tions. Most experimental studies warm only a portion of the ecosys-
tem (e.g., only soils, but see Drake, Furze, et al., 2019; Drake, Tjoelker, 
et al., 2019), no study has yet to warm the entirety of a mature for-
est, and experiments are typically short lived (but see Melillo et al., 
2016). To address these various limitations, we established a highly 
constrained 5.2°C mean annual temperature (MAT) gradient in Hawaii 
to examine how variation in annual rainfall (AR) affects above- and 

belowground C flux and allocation. This MAT gradient represents a 

model study system because it is highly constrained (constant vegeta-
tion, geology, soil type and age, soil water availability, and disturbance 
history), simple (low species diversity), and broadly representative 
(structurally and functionally similar to climatically similar tropical for-
ests), and so is well suited for testing hypotheses about whole forest 
responses to climate variations (Litton et al., 2020). 

Here, we took advantage of a multi-year drought (2008–2011) 
followed by 3 years of normal then above-normal rainfall (2012– 
2014) to test the following hypotheses: increasing AR reduces 

ecosystem C process rates (soil CO2 efflux, litterfall, TBCF), weak-
ens the response of these fluxes to rising MAT, and shifts C allo-
cation aboveground. Our tests of this hypothesis build on several 
lines of evidence: (a) increasing AR in tropical montane wet forest 

is accompanied by increased cloudiness, decreased photosyn-
thetically active radiation, and so reduced GPP; (b) excess supply  
of substrate is a precondition for enzymatic responses to rising  
temperature, but a reduction in productivity reduces substrate  
supply resulting in a weaker MAT response; and (c) increased soil  
moisture but reduced light shifts constraints on productivity and  
C allocation from below- t o aboveground. To test our hypothesis,  
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we quantified FS, aboveground litterfall, and TBCF across our MAT 
gradient over 5 years during which AR increased from a low of 
2843 mm/year in year 1 (2010) to a high of 6403 mm/year in year 
5 (2014). 

2  | MATERIAL S AND METHODS  

2.1 | Study site 

This study was conducted in nine research plots located between 
800 and 1600 m  a.s.l., and representing a highly constrained 5.2°C 
MAT gradient with MAT ranging from 13.0°C to 18.2°C (Litton et al., 
2020). All ecosystem measurements were made within the nine 20 × 
20 m p lots, all of which were located in primary forest on the north-
eastern slope of Mauna Kea volcano, Island of Hawaii in the Hawai‘i 
Experimental Tropical Forest (HETF; 19°56′41.3″N, 155°15′44.2″W; 
600– 1800  m a.s.l.), and the Hakalau Forest National Wildlife Refuge 
(HFNWR; 19°50′31.3″N, 155°17′35.2″W; 600– 2000  m a.s.l.). All 
the plots support mature forests characterized as closed- canopy, 
Metrosideros polymorpha-d ominated tropical montane wet forest.  
Across all plots, 84– 97% of stand basal area (BA) excluding tree 
ferns is comprised of the canopy tree M. polymorpha and the mid- 
story tree Cheirodendron trigynum (Gaudich.) A. Heller. In addition, 
an average of 46% of total stand BA consists of three species of tree 
ferns (Cibotium spp.). Overall, plot BA increases while stand den-
sity decreases as MAT increases, reflecting large-scale forest level 
changes (Litton et al., 2011). Coarse woody debris and litter C pools 
decrease with rising MAT (Iwashita et al., 2013), while litter decom-
position rates increase strongly with MAT (Bothwell et al., 2014; 
Giardina et al., 2014). Across our gradient, above- and belowground 
live biomass C and soil C storage and turnover do not vary with MAT 
(Giardina et al., 2014; Selmants et al., 2014). Across our nine plots, 
soil pH (mean = 3.9), cation exchange capacity (mean = 11.9 cmol/kg), 
and bulk density (mean = 0.21 g/cm3) do not vary with MAT; because 
annual precipitation and evapotranspiration both increase with in-
creasing MAT, soil water balance also does not vary with MAT. 

Soils of all plots are all classified as Acrudoxic Hydrudands derived 
from 14 to 65 ky tephra ash deposits from Mauna Kea volcanism 
(Soil Survey Staff 2010 cited in Litton et al., 2011). Radiocarbon anal-
yses of soils to 1 m indicate that soil substrate in all plots is derived 
from ~20 ky weathered tephra (Giardina et al., 2014), while underly-
ing Pleistocene-aged Mauna Kea lava flow is dominated by hawaiite 
and mugearite (Wolfe & Morris, 1996). 

2.2  | Environmental measurements 

All plots are below the average base height of the trade wind inversion  
(2225 m; C ao et al., 2007) and within a given year, all receive similar  
amounts of solar radiation (SR in Table 1; Selmants et al., 2014). Over  
this 5-y ear study, rainfall and photosynthetically active radiation (PAR)  
were measured at three meteorological stations adjacent to plots  TA
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located at 800, 1116, and 1600 m a.s.l (bottom, middle, and top of 
the gradient). Observed rainfall data from these stations were used to 
estimate AR for each plot from the linear relationship between mean 

AR (MAR) and MAT (r2 = 0.88, p < 0.001; Litton et al., 2011). Across 

the three plots, measured AR varied strongly between the wettest 
and driest years (Figure 1). We estimated total incoming annual PAR 

for each plot as follows. First, we established a relationship between 
measured annual PAR and measured annual SR from data collected at 
the same three meteorological stations (r2 = 0.76, p < 0.001). We then 
estimated total incoming annual PAR for each plot using: (a) the above 

SR to PAR relationship, (b) the measured relationship between SR and 

MAR (r2 = 0.91, p < 0.001; Table 1), and (c) estimated AR for each plot. 
We measured soil temperature (0–10 cm) and volumetric water con-
tent (VWC, 0–10 cm) during FS measurements at eight collar locations 
in each of the nine plots (Litton et al., 2011). 

In this study, we observed mildly seasonal patterns in monthly 
rainfall amount, with overall higher values in December. For this 
reason, we lagged calendar year AR by one month to analyze mean 
annual soil VWC trends (Figure S1). We found a significant positive 
relationship between one month lagged AR and mean annual soil 
VWC (r2 = 0.88, p = 0.001) but not calendar year AR (Figure S1). To 
understand AR effects on whole ecosystem processes, we aligned 
all analyses to a 1-month lagged annual AR period. 

2.3  | Above- and belowground carbon processes 

We measured FS and litterfall from 2010 to 2014 in each of the nine 
plots as previously described (Giardina et al., 2014; Litton et al., 
2011). Briefly, eight 20 cm diameter PVC collars were installed to 
a fixed depth in each plot, and FS measured monthly from January 
2010 to December 2013 and quarterly in 2014 with a portable LI-
8100 soil CO2 flux system and a 20-cm survey chamber (LI-COR, 
Lincoln, NE, USA). We carefully examined and observed no diel influ-
ence on FS across this gradient, and so annual FS budgets were con-
structed for each plot from monthly (2010–2013) or quarterly (2014) 
instantaneous FS measurements by multiplying mean flux rates by 

F I G U R E  1  Monthly rainfall across the 
nine MAT plots (from 13.0 to 18.2°C) from 
2010 to 2014. Annual rainfall (AR) is the 
mean of nine MAT plots during each of 
5 years. Colors range from yellow to green 
represent the driest to wettest plots, and 
all the monthly rainfall of the nine plots 
are included within this range 

the number of seconds in the day to scale to g C m−2 day−1, averag-
ing daily rates over 12-month period, and multiplying by 365 days. 
We measured aboveground litterfall monthly from January 2010 to 
December 2014 by collecting fallen fine litter in eight permanently 
installed litter traps (0.174 m2) per plot. 

We used mass balance to estimate TBCF as described by Giardina 
et al. (2014): 

˜ ° 
TBCF = FS − litterfall + Δ  CS + CF + CR 

where CS represents mineral soil C, CF represents forest floor C, and 
CR represents live root C, and TBCF is that photosynthate annually al-
located belowground from the canopy to support root production and 
respiration, root exudates, and symbionts. Estimating TBCF from FS 

and litterfall was first proposed by Raich and Nadelhoffer (1989), and 
improved upon by Giardina and Ryan (2002), who carefully estimated 
changes in storage in order to precisely calculate by difference how 
much C must enter the system to account for any losses (FS) not ex-
plained by litterfall or annual changes in C stocks. Based on previous 

results from our MAT gradient (Giardina et al., 2014) and a nearby study 

in a rapidly aggrading forest on similar soils (Giardina & Ryan, 2002), we 
assumed that: (1) soil C was in steady state because there was little vari-
ation in soil C or its fractions across MAT and the plots have not seen 

disturbance for many decades; (2) soil C losses to erosion or leaching are 
negligible in these closed canopy forests; (3) 10% of TBCF was allocated 
to coarse root growth; (4) changes in fine root standing stocks are neg-
ligible; and (5) the forest floor was in steady state. 

Carbon allocation to fine roots represents an important com-
ponent of TBCF including metabolized exudates, senesced roots, 
and leached C, which are accounted for as measured FS in this mass 
balance-based approach. Regarding assumption (4) then, deviation 
of the fine root stock from steady state across years would be a con-
cern only if change in fine root storage between years was a sig-
nificant portion of TBCF. Change in fine root stock is likely a small 
fraction of TBCF as coarse root standing stock is the great majority 
of total belowground root biomass and coarse root increment rep-
resents ~10% of TBCF. 
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We assessed potential errors associated with assumption (5) by 
constructing a simple monthly litterfall cohort model that integrated 
observed litterfall rates, forest floor mass, and litter decomposition 
rates (all measured in our plots) with the goal of simulating realistic 
steady-state forest floor conditions. Briefly, monthly litterfall co-
horts were divided into three fractions: fast, making up 45% of total 
litter input with a 5-month turnover time; intermediate, making up 

30% with a 12-month turnover time; and slow, making up 25% with 

24-month turnover time. These turnover times were derived from 
observed mean decomposition rates in the second half of 2012, an 
intermediate rainfall year (Bothwell et al., 2014); percentages were 
adjusting until modeled steady-state forest floor (350 g/m2 achieved 
after 38 months of simulated monthly litter additions) matched mean 
forest floor mass measured across our gradient (Selmants et al., 2014). 
We then ran the model for another 3 years using decomposition data 
from Schuur (2001), which conveniently encompassed an AR range 

that closely matched our AR range. Specifically, we modified turn-
over times in a hypothetical dry year 4 (4, 10, and 20 months for the 
fractions, respectively) and in a hypothetical wet year 6 (14, 34, and 
67 months, respectively). This analysis showed that between 2010 and 
2013, errors associated with our assumption of steady state would 
represent an error equaling ~2% of TBCF. In the wet year 5 (2014), 
modeled forest floor mass increased by 43%, which translates to a 
9% underestimate of TBCF. While not insignificant, the magnitude of 
this error would not change any of the conclusions presented here. 
Because the second half of year 5 was relatively dry and the decline 
in decomposition rates in Schuur (2001) stabilized after 4000 mm, the 
size of this modeled error is likely less than 9%. 

2.4  | Data analyses 

We used linear regression analyses to determine whether FS, litterfall, 
or TBCF varied as a function of MAT within and across years, and 95% 

confidence intervals (CIs) to describe variation in annual FS, litterfall, 
and TBCF across MAT to assess MAT effect sizes. We then used non-
linear regression to determine the influence of AR on MAT effect sizes 

across 5 years. We used slope values of the relationship between MAT 

and FS, litterfall, or TBCF to identify flux increases per 1°C rise in MAT 

and to calculate apparent temperature sensitivity (Q10). We used non-
linear regression to assess AR and PAR effects on Q10 values for FS, 
litterfall, and TBCF, and meta-regression to test responses of FS, litter-
fall, and TBCF to interannual variation in AR. Statistical analyses were 

performed in SPSS (SPSS v21, SPSS Inc., Chicago, IL, USA) at α = 0.05. 

3  | RESULTS  

3.1 | Environmental factors 

Total annual rainfall (AR) averaged across the nine MAT plots ranged 
from a low of 2843 mm in 2010 to a high of 6403 mm in 2014 
(Figure 1). Soil VWC was somewhat variable across years, ranging 

from a mean across plots of 42% in dry year 1 to 55% in wet year 
5 (Figure S2). Across plots and years, measured soil temperature 
was highly correlated with MAT, with the slope of this relationship 
generally being close to 1 for each of the 5 years (slope range of 
0.89–0.99; Figure S3); measured soil temperatures varied by 0.1– 
0.4°C compared with adiabatic-based estimates of MAT for each 
plot. Variation in soil VWC across MAT was small, and there were no 
significant single or 5-year relationships between soil VWC and MAT 
(Figure S3). Photosynthetically active radiation (PAR) was negatively 
related to AR (r = −0.66, p < 0.001) and to daily relative air humidity 
across all plots (r = −0.42, p < 0.001; Figure S4). 

3.2  | Soil respiration, litterfall, and total 
belowground carbon flux 

Averaged across 5 years, FS, litterfall, and TBCF increased positively 
and linearly with MAT, with MAT accounting for 49, 47, and 46% of 
their variation, respectively (Figure 2). Across plots, MAT effects on 

FS, litterfall, and TBCF were stronger in the two driest years (AR of 
2843 and 3287 mm), with MAT effects in wetter years (AR of 3655– 

6403 mm) being weak or nonsignificant (Figure 2 and Figure S5). 
Across years and plots, litterfall C fluxes showed a positive parabolic 
relationship with AR, while TBCF and FS declined with AR (Figure 2). 
The slopes and 95% confidence intervals of the relationships be-
tween MAT and FS, litterfall, or TBCF showed a decreasing trend 
with increasing AR (Figure 3 and Figure S6). Seasonal patterns in 
monthly fluxes were apparent at all MATs during each of the 5 years, 
with both FS and TBCF generally peaking during summer months 
with higher PAR while litterfall showed no consistent pattern (Figure 
S7). Across plots and years, increased AR had negative effects on 
TBCF and FS, especially when AR exceeded ~3000–4000 mm/year 
(Figure 4). PAR and AR were negatively related, and the apparent Q10 

of FS, litterfall, and TBCF all decreased with rising AR while increas-
ing with increasing PAR (Figure 5). 

Across years and plots, monthly FS increased linearly with soil 
temperature, while there were no significant relationships between 
FS and soil VWC (Figure S8). At the plot level, increasing precipita-
tion had a slightly negative effect on FS at cool sites, while having a 
strong negative effect at warm sites (Figure 6). Overall, the highest 
FS values were from warm sites in drier years, with the lowest FS 

from cool sites in wetter years (Figure 6). 

4  | DISCUSSION  

Whole stand studies in the tropics that examine the response of 
C process rates to temporal climate fluctuations (Toszogyova & 
Storch, 2019), including the interactive effects of temperature 
and water availability (Ma et al., 2020; Rillig et al., 2019; Walker 
et al., 2020), are rare. To address these knowledge gaps, we used a 
highly constrained model study system to test the hypothesis that 
AR modulates the response of ecosystem C fluxes and above- and 
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F I G U R E  2  The effect of annual rainfall 
(AR) and mean annual temperature 
(MAT) on the aboveground litterfall, total 
belowground carbon flux (TBCF), and soil 
surface CO2 efflux (FS). The relationship 
between AR and nine plots averaged 
aboveground litterfall (a), TBCF (b), and 
FS (c) over 5 years where annual rainfall 
varied from 2843 to 6403 mm. The 
relationship between MAT and 5-year 
averaged aboveground litterfall (d), TBCF 
(e), and FS (f). Values are means with 
standard deviations (n = 9 or n = 5) 

belowground allocation to increasing MAT. We postulated that sub-
strate supply is a biochemical precondition for enzymatic responses 
to warming (Fissore et al., 2013; Giardina & Ryan, 2000), and that 
higher PAR from reduced cloudiness in drier years would increase 
GPP (Nemani et al., 2003) and so belowground substrate supply. In 
line with allocation theory (Litton et al., 2007), we expected that 
litterfall and TBCF would increase under drier conditions as would 
their sensitivity to rising MAT. 

In support of our hypothesis, we found that interannual variation 
in AR strongly affected TBCF, the major source of C to soil (Giardina 
et al., 2004), and FS, the major avenue of C loss from soil, as well 
as their sensitivities to MAT. Conversely, we saw flat or mildly in-
creasing litterfall rates with increasing AR, which conflicts with our 
hypothesis. One explanation for this discrepancy relates to leaf life 
span. For the dominant canopy tree (M. polymorpha) that makes up 
most of the litter collected in our plots, leaf life spans of 1–2 years 
(Cordell et al., 2001) result in lags between foliage production, 

senescence, and litterfall. Because litterfall rates were flat or mildly 
increasing over 5 years of study, leaf life span-driven litterfall lags 
cannot explain the lack of a negative AR effect on litterfall across 
the 5-year study period. 

An alternative explanation for flat or mildly increasing litterfall 
rates with rising AR involves the fraction of canopy mass that se-
nesces each year, and senescence rate interactions with leaf life 
span and foliage production rates. One set of interactions could 
include light-driven declines in leaf life span plus constant foliage 
production rates. A second includes light-driven declines in leaf life 
span that exceeds the declines in foliage production rates. A pre-
ceding high light year could modify these interactions by increas-
ing foliage production rates but lowering senescence rates in the 
previous year. We did not collect canopy leaf area data to estimate 
canopy mass, nor did we track leaf birth and death rates to estimate 
leaf life span across years. However, given what is known about light 
effects on leaf life span and senescence (Brouwer et al., 2012), and 
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F I G U R E  3  The effect of variation in interannual rainfall on 
the relationship between mean annual temperature (MAT) and 
aboveground litterfall, total belowground carbon flux (TBCF) and 
soil surface CO2 efflux (FS). The trends of 95% confidence intervals 
(CIs) of aboveground litterfall (a), TBCF (b), and FS (c) caused by 
MAT over 5 years where annual rainfall varied from 2843 to 
6403 mm, and the 5-year average; the 95% CIs of linear regression 
estimates represents the effect size of MAT on the litterfall, TBCF, 
and FS, values are means with lower and upper bound of 95% 
CIs. Open and filled symbols are the 95% CIs of the relationship 
between MAT and litterfall, TBCF, and FS for individual years and 
5-year average, respectively. The errors bars do not cover “zero” 
(dash line) represent significant relationships between MAT and 
litterfall, TBCF, and FS (p < 0.05) 

environmental controls on allocation (Litton et al., 2007), the above 
explanations represent plausible adjustments to a multi-year trend 
of increasing AR and so light availability. Both interactions require 

small, whole plant allocation adjustments to reduced light levels and 
reduced GPP, with the former representing an adaptation strategy 
and the latter a mass balance constrained short-term response. 

The decline in TBCF relative to litterfall likely reflects allocation 
responses to shifting resource constraints on GPP. Higher soil mois-
ture and moisture-driven increases in nutrient supply in wet years 
would reduce belowground constraints on productivity (Li et al., 
2020), perhaps more so for warm sites where nutrient availability 
is higher (Litton et al., 2020; Pierre et al., 2017). In contrast, associ-
ated increases in cloudiness would enhance light limitations on pro-
ductivity. Summing litterfall and TBCF, an integrated index of stand 
level productivity, we observed declines in wet versus dry years 
with stronger declines in higher MAT plots (Figure 6). Comparing 
TBCF:[litterfall+TBCF] across MAT and years shows the largest ra-
tios occurring under cool dry conditions (intermediate productivity, 
low VWC and nutrients, high light); intermediate ratios under cool 
wet (low productivity, VWC, nutrients, and light) or warm dry (high 
productivity, low VWC but high nutrients and light) conditions; and 
the lowest ratio under warm wet conditions (intermediate produc-
tivity, high VWC and nutrients, low light). These findings indicate 
that stand level responses to AR and MAT are dynamic, operate in-
dependently, and reflect complex constraints on GPP. 

Our finding that the response of belowground C process rates to 
MAT is more pronounced under conditions of low AR and high PAR 
aligns with recent findings for individual young, planted Eucalypt 
trees showing that short-term warming can increase GPP and reduce 
partitioning belowground (Drake, Furze, et al., 2019; Drake, Tjoelker, 
et al., 2019). The responses we observed to interannual variation in 
moisture across our MAT gradient conflicts, however, with their find-
ing that summer rainfall reductions reduced GPP but did not affect 
partitioning. Our results also conflict with a recent meta-analysis of 
global change experiments showing that reductions in moisture re-
duce NPP, and that these moisture-related NPP reductions offset 
warming-related increases in GPP (Song et al., 2019). The difference 
between our study and these previous findings may relate to the wet 
nature of tropical montane wet forests. Alternatively, differences 
may relate to the fact that experimental temperature and moisture 
manipulations are decoupled from atmospheric changes (e.g., cloud-
iness) that often accompany changes in AR. 

Finally, in support of our substrate supply hypothesis, we found 
that variation in the sensitivity of C flux rates to rising MAT was 
strongly related to AR (Figure 6). Specifically, the proportion of the 
variation in FS explained by MAT ranged from 74% in the driest year, 
to just 11% in the wettest year (Figure S5), primarily as a consequence 
of AR-related changes in the response of litterfall and TBCF to rising 
MAT (Figures 3 and 4). As with litterfall (Litton et al., 2007), TBCF is 

strongly correlated with productivity across MAT (Litton & Giardina, 
2008), and so increased sensitivity of FS to warmer temperatures is 
most easily interpreted as resulting from the positive effect of de-
clining AR but increasing PAR on GPP. The modulating influence of 
AR aligns with anticipated global change impacts on GPP and GPP 
partitioning (Hartmann et al., 2020; Litton & Giardina, 2008). 

Forest GPP typically varies positively with MAT (Litton & 
Giardina, 2008; Luyssaert et al., 2007), but in strongly water-limited 
systems such as grasslands or dry forests, the temperature sensitiv-
ity of GPP can be weakened by the effects of increased precipitation 
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F I G U R E  4  Relationship between interannual variability (IAV) 
of rainfall and aboveground litterfall, total belowground carbon 
flux (TBCF), and soil surface CO2 efflux (FS). Circle size represents 
annual rainfall (AR) of each plot across five measurement years 

and so available soil water on photosynthesis (Knapp et al., 2017; 
Sullivan et al., 2020). Likewise, Taylor et al. (2017) reported that in 
tropical forests where MAP is above 3000 mm and MAT is below 
20°C, a climate envelope that encompasses our study, increases in 
AR can negatively affect aboveground NPP. In contrast, Liu et al. 
(2016) found that in high MAT (~28°C) and low MAP (<2000 mm/ 

year) forests, positive responses of FS to changes in precipitation, 
including the Q10 of FS, were driven primarily by changes in soil mois-
ture. In this meta- analysis of six sites, FS decreased by up to 18% 
in response to reduced rainfall while increased rainfall increased 

FS by 11%. This finding is in line with those for drier forests where 
increases in AR stimulate NPP and TBCF (Taylor et al., 2017) and 
findings that global variation in NPP is explained by a positive albeit 
weak (r2 = 0.28) relationship between moisture and plant produc-
tivity (Chu et al., 2016). While we cannot determine the cause of 
our litterfall changes with increasing AR (Figure 2a; see discussion 
above), AR- related declines in TBCF+Litterfall and their temperature 
sensitivity (Figure 5) do suggest a negative effect of AR on GPP. 

A GPP- driven reduction in TBCF paired with allocation responses 
to shifting constraints on GPP also reasonably explains the effect 
of AR on FS. Reductions in the supply of substrate belowground 
would drive declines in microbial and root metabolism (Berryman 
et al., 2016), with such a reduced supply of newly allocated photo-
synthates belowground explaining the reduced sensitivity of TBCF 
and FS to rising MAT (e.g., Fissore et al., 2013). Finally, in our study 
of tropical montane wet forest, there were significant negative re-
lationships between soil moisture and FS for warmer plots but not 
cooler plots or all plots combined. This pattern could be driven by 
higher nutrient availability in warm plots (Litton et al., 2020; Pierre 
et al., 2017), with nutrient supply influencing how interannual vari-
ation in AR modulates MAT effects on the magnitude and tempera-
ture sensitivity of above-  and belowground C fluxes. 

The observed inverse relationship between rainfall and FS has 
other potential explanations: (a) suppressed microbial decomposition 
due to precipitation- related changes in soil moisture (Liptzin & Silver, 
2015; Schuur, 2001); (b) rainfall- induced changes to soil moisture 
that might also cool soils and so reduce temperature- driven plant 
transpiration (Maes & Steppe, 2012); (c) changes in soil microbiomes; 
and/or (d) changes to nutrient supply (Li et al., 2020). Evidence in 
support of these additional explanations is mixed. The first expla-
nation does not align with results from our study of well- drained 
soils, which show that soil moisture rarely reached levels that re-
sult in suppression of microbial processes. In considering the sec-
ond explanation, nearly all physiological ecology research indicates 
that variation in soil temperature affects the activity of plants and 
microbial decomposers (Bradford et al., 2016; Wood et al., 2019). 
However, interannual variation in temperature was small, as would 
be the resulting effects of this variation on C processes; within each 
of the nine plots, measured annual soil temperature across 5 years 
diverged by 0.1– 0.4°C from modeled MAT. 

We cannot directly address the third explanation because we did 
not measure interannual variability in bacterial or fungal community 
structure or biomass. We do note that despite large changes in C 
and nutrient fluxes (Giardina et al., 2014; Litton et al., 2020), soil 
bacterial community composition is relatively stable across our MAT 
gradient (Selmants et al., 2016). And in line with data from forested 
sites across a subtropical elevational gradient (Yang et al., 2020), 
unpublished data from our MAT gradient also reveal little varia-
tion in fungal biomass with MAT (unpublished data of D. Leopold). 
Regarding the fourth alternative explanation, increases in AR above 
a long- term mean could affect nutrient cycling rates by alleviating 
water constraints on decomposition rates, or conversely by reduc-
ing belowground O2 supply thereby limiting nutrient availability 
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F I G U R E  5  The effects of 
annual rainfall and mean annual 
photosynthetically active radiation (PAR) 
on the apparent temperature sensitivity 
(i.e., Q10 values) of aboveground litterfall, 
total belowground carbon flux (TBCF), and 
soil surface CO2 efflux (FS) 

F I G U R E  6  Ecosystem response of 
belowground C processes to interannual 
variation in rainfall and increasing mean 
annual temperature. Input fluxes (Mg 
C ha−1 yr−1) are in brown, output fluxes 
(Mg C ha−1 yr−1) are in black, and stocks 
(Mg C/ha) are in light (soil) or dark (forest 
floor and roots) orange. Root increment is 
estimated to be 10% of TBCF. Combining 
stock and bulk soil organic carbon mean 
residence time estimates, decomposing 
SOC is calculated to contribute to <5% of 
FS, with a mean contribution to efflux of 
0.39 Mg C ha−1 yr−1 
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and uptake for plant growth (Fahey et al., 2016; Rustad et al., 2001; 
Taylor et al., 2017). Because increases in nutrient availability can 
strongly increase C supply via enhanced photosynthesis (Binkley & 
Fisher, 2019), which in turn alters above- and belowground C flux 
and partitioning (Li et al., 2020; Litton et al., 2007), any factor that 
reduces nutrient availability could also weaken productivity re-
sponses to MAT with impacts to belowground partitioning of GPP 
(Binkley et al., 2004; Fahey et al., 2016; Giardina et al., 2003; Li et al., 
2020; Ma et al., 2020). Overall, the strong positive effect of MAT 
on nutrient cycling rates and litterfall (Giardina et al., 2014; Litton 
et al., 2020; Pierre et al., 2017) contrasts the small effects of rising 
AR on litterfall. 

The weak evidence for these four alternative explanations con-
trasts the strong evidence supporting the more parsimonious inter-
pretation that: (a) AR-related increases in cloud cover drove decreased 

light availability, which in turn reduced GPP that was expressed across 
our plots as reduced FS and TBCF (Figure 6); and (b) decreasing light 
paired with increasing soil moisture drove an aboveground shift in 
the partitioning of GPP, expressed across our plots as reduced FS and 
TBCF, and slightly increasing litterfall rates. An important contribu-
tion of this study then is demonstrating that interannual variability in 
ecosystem C flux rates can be linked to climate-driven changes in can-
opy photosynthetic capacity (Litton et al., 2007; Musavi et al., 2017; 
Piao et al., 2020; Richardson et al., 2007). 

Solar radiation is the strongest climatic factor driving forest pro-
ductivity in tropical ecosystems (Fyllas et al., 2017; Jung et al., 2017), 
and so any factor that affects light availability (e.g., cloudiness) will 
impact photosynthesis. The magnitude of these effects can be 
quite large. Nemani et al. (2003) reported that in rain forests of the 
Amazon, drought reduced cloudiness and the subsequent increase 
in solar radiation led to strong increases in NPP. Similarly, Oliphant 
et al. (2011) showed that minor droughts in tropical forests increase 
light availability and canopy photosynthesis, while increased precip-
itation decreases photosynthesis. Furthermore, interannual changes 
in light availability can drive variation in leaf area of tropical rain 
forests (Myneni et al., 2007), which can explain up to 82% of the 
interannual variations in modeled NPP (Wang et al., 2017). Finally, 
high precipitation can also cause leaf stomata to close, reducing gas 
exchange and so GPP (Girardin et al., 2010; Goldsmith et al., 2013; 
Skelton et al., 2017). 

Our MAT gradient integrates long-term adjustments by plants 
and soils to rising MAT, including the direct effects of warmer tem-
peratures on canopy processes combined with direct and indirect 
effects on C and nutrient supply (Giardina et al., 2014; Litton et al., 
2020). Because of the compact and highly constrained nature of our 
MAT gradient, these adjustments are relatively small and occur in 
the absence of spatial variation in SR (Selmants et al., 2014), variation 
typically encountered across latitudinal but also many elevational 
MAT gradients. The long-term ecosystem responses to MAT across 
our study are distinct from those identified by Walker et al. (2020), 
who showed that short-term experimental warming responses of 
83 different whole ecosystem variables could over-predict long-
term responses. In this regard, our results align with those from 

temperate zone studies in showing important differences between 
short-term responses (e.g., seasonal variations in temperature) and 
long-term adjustments to MAT (Caprez et al., 2012). Furthermore, 
the flux changes observed with increasing AR may not capture long-
term adjustments of these ecosystems to baseline AR change. From 

our results, however, steadily increasing AR over 5 years resulted 

in reduced TBCF, which permitted sustained foliage production 
under reduced GPP. These findings highlight how climate change re-
sponses can reflect complex interactions among multiple constraints 
(i.e., temperature, moisture, nutrients, light) on GPP and whole stand 
allocation. 
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