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Summary 12 

1. The majority of aboveground carbon in tropical forests is stored in wood, which is 13 

returned to the atmosphere during decomposition of coarse woody debris.  However, 14 

the factors controlling wood decomposition have not been experimentally manipulated 15 

over time scales comparable to the length of this process.      16 

2. We hypothesized that wood decomposition is limited by nutrient availability and 17 

tested this hypothesis in a long-term litter addition and removal experiment in a 18 

lowland tropical forest in Panama.  Specifically, we quantified decomposition using a 15 19 

year chronosequence of decaying boles, and measured respiration rates and nutrient 20 

limitation of wood decomposer communities.   21 

3. The long-term probability that a dead tree completely decomposed was decreased in 22 

plots where litter was removed, but did not differ between litter addition and control 23 

treatments.  Similarly, respiration rates of wood decomposer communities were greater 24 

in control treatments relative to litter removal plots; litter addition treatments did not 25 

differ from either of the other treatments.  Respiration rates increased in response to 26 

nutrient addition (nitrogen, phosphorus, and potassium) in the litter removal and 27 

addition treatments, but not in the controls.   28 

4. Established decreases in concentrations of soil nutrients in litter removal plots and 29 

increased respiration rates in response to nutrient addition suggest that reduced rates of 30 

wood decomposition after litter removal were caused by decreased nutrient availability.  31 

The effects of litter manipulations differed directionally from a previous short-term 32 

decomposition study in the same plots, and reduced rates of bole decomposition in litter 33 

removal plots did not emerge until after more than 6 years of decomposition.  These 34 
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differences suggest that litter-mediated effects on nutrient dynamics have complex 35 

interactions with decomposition over time. 36 

Keywords: Tropical forest, Coarse woody debris, Respiration, Carbon cycling, 37 

Nitrogen, Phosphorus, Potassium  38 
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Introduction 39 

 Tropical forests influence global carbon dynamics more than any other terrestrial 40 

biome; they contain 25% of terrestrial biomass and account for ca. 40% of the terrestrial 41 

carbon sink (Pan et al. 2011; Feldpausch et al. 2012).  The majority of aboveground 42 

carbon in tropical forests is sequestered in wood (Rice et al. 2004) and the process of 43 

decomposition eventually releases most of this carbon as CO2.  Indeed, actively 44 

decomposing dead woody debris accounts for as much as 20% of aboveground carbon 45 

and 15% of CO2 emissions in tropical forests (Chambers et al. 2004; Rice et al. 2004; 46 

Palace, Keller & Silva 2008).  To understand and accurately predict changes in tropical 47 

forest carbon cycling, it is therefore necessary to determine what factors control the 48 

decomposition of trees and large branches (cumulatively referred to as coarse woody 49 

debris [CWD] or individually as “boles”). 50 

 Experiments investigating factors that control decomposition are generally 51 

restricted to leaf litter and fine woody debris.  Substrate characteristics and 52 

microclimate are important to litter and fine woody decomposition rates (reviewed by 53 

Berg & Laskowski 2005; Fasth et al. 2011), and one or more nutrients typically limit 54 

litter decomposition rates in non-desert ecosystems (Hobbie & Vitousek 2000; Austin & 55 

Vivanco 2006; Kaspari et al. 2008).  For small woody substrates (< 20 cm3), controlled 56 

experiments indicate that decomposer species composition, community assembly 57 

history, nitrogen (N) availability, and phosphorus (P) availability all influence 58 

decomposition rates (Boddy 2001; Fukami et al. 2010; Bebber et al. 2011).  For small 59 

branches in a lowland tropical forest (5 cm diameter), decomposition rates increased 60 

with P and P+N addition for some tree species but not for others, indicating that 61 
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substrate characteristics influence the effects of fertilization (Chen et al. 2015).  62 

Although these studies form a useful foundation for understanding wood 63 

decomposition, it remains unknown if results from short-term decomposition studies 64 

using small woody substrates are predictive of CWD decomposition.  65 

 Uncertainty regarding wood decomposition exists in part because fine woody 66 

debris is chemically different from CWD and decomposition of entire boles occurs over 67 

long time scales (Kimmey 1955; Harmon et al. 1986).  Decomposition rates of larger 68 

boles are often slower than for smaller boles, but it remains unclear how this 69 

phenomenon is influenced by chemical composition and geometry (surface area-to-70 

volume ratio; Oberle et al. 2017; reviewed in Harmon et al. 1986).  Small woody debris 71 

is mostly composed of relatively labile sapwood, whereas a large portion of mature tree 72 

mass is recalcitrant heartwood that often contains complex compounds and lower 73 

nutrient content (Grubb & Edwards 1984; Sellin 1994; Meerts 2002; Taylor, Gartner & 74 

Morrell 2002).  These types of compositional differences can have complex effects on 75 

decomposition (Carreiro et al. 2000) that are not well understood for woody substrates 76 

(Chen et al. 2015).  Despite these differences, the vast majority of experimental 77 

investigations of wood decomposition focus on fine woody debris, yet most dead wood 78 

carbon is stored in coarse woody debris. 79 

 Circumstantial evidence and natural experiments provide some information 80 

about long-term wood decomposition.  Wood decomposition often differs among tree 81 

species and it is faster for smaller, less dense, and low lignin woody debris in tropical 82 

forests (Chambers et al. 2000; van Geffen et al. 2010).  Wood has higher carbon-to-83 

macronutrient ratios than decomposer organisms, resulting in an initial stage of 84 
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nutrient translocation into wood during decomposition (Boddy 2001; Mooshammer et 85 

al. 2014).  The bulk translocation of soil nutrients for wood decomposition is so 86 

substantial that CWD removal and multi-nutrient fertilization had similar positive 87 

effects on net primary productivity in a secondary tropical forest (Zimmerman et al. 88 

1995).  However, it is not known for how long nutrient translocation occurs and how the 89 

process of nutrient import influences decomposition rates.  In a relevant study, the 90 

effects of fertilization were inconsistent through time (Chen et al. 2015), suggesting that 91 

nutrient limitation is only important during some stages of decomposition.  Without 92 

long-term experiments spanning the duration of CWD decomposition (Cornelissen et al. 93 

2012), it is impossible to determine how nutrient availability influences dead wood 94 

decomposition.  95 

 Long-term litter manipulations are useful for investigating the roles of soil 96 

nutrients during decomposition.  Litter functions as a complete, stoichiometrically 97 

balanced fertilizer that releases nutrients as it decomposes over months (Sayer et al. 98 

2012), and thus litter addition provides insight into the influence of bulk nutrient 99 

addition on rates of decomposition.  Two features of this approach are (1) that it does 100 

not change nutrient ratios in the same way as fertilization with select elements (Sayer & 101 

Banin 2016) and (2) that it approximates future forest conditions because increased 102 

litter inputs are expected in response to increased CO2 concentrations (Liu et al. 2009).  103 

By contrast, litter removal can provide information about the roles of soil nutrient pools 104 

during decomposition.  To our knowledge, no studies to date have considered how litter 105 

inputs influence long-term wood decomposition. 106 
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 We investigated long-term CWD decomposition in a litter manipulation 107 

experiment in lowland tropical forest in Panama.  In this experiment, litter addition 108 

plots are relatively nutrient-rich (elevated soil nitrate and P), whereas litter removal 109 

plots are nutrient-poor (reduced soil inorganic N, soil P, litter N, and litter potassium 110 

[K]; Sayer et al. 2012; Sheldrake et al. 2017a).  We hypothesized that long-term rates of 111 

wood decomposition increase with greater litter input as a result of enhanced nutrient 112 

availability (N, P, and K), whereas decomposition rates decrease with very low litter 113 

input due to nutrient limitation.  We tested three predictions related to this hypothesis: 114 

1) CWD decomposition rates are higher in litter addition treatments and lower in litter 115 

removal treatments compared to controls;  2) similarly, wood decomposer activity 116 

(respiration rates) during late-stage decomposition is greater in litter addition plots and 117 

reduced in litter removal plots; 3) respiration rates of decomposer communities exhibit 118 

a greater increase in response to nutrient addition in litter removal plots than in litter 119 

addition or control plots.  We used tree survey data to establish the species and year of 120 

death for decaying boles within the plots, which allowed us to test our predictions using 121 

a 15-year chronosequence of CWD. 122 

Methods 123 

Study site 124 

 The study site was lowland tropical forest located on the Gigante Peninsula 125 

within the Barro Colorado Nature Monument in central Panama.  Forest structure and 126 

tree composition are typical of mature lowland tropical forest in Mesoamerica (Wright 127 

et al. 2011) with an average annual temperature of 27˚C, mean annual rainfall of 2600 128 

mm, and a short dry season (January-April, < 100mm monthly rainfall; (Leigh 1999).  129 
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The soils are Oxisols with moderate to low concentrations of exchangeable cations and 130 

resin-extractable phosphorus (Yavitt et al. 2011; Wright et al. 2011). 131 

Litter Manipulation Plots 132 

 The Gigante Litter Manipulation Project (GLiMP) comprises 15 plots (45 x 45 m) 133 

in five replicate blocks of three treatments. The litter in the five “litter removal” plots 134 

has been raked and moved to the five “litter addition” plots once a month since January 135 

2003; five unmanipulated plots were maintained as controls (estimated litterfall = 991 g 136 

m-2 y-1; Sayer & Tanner 2010a).  The experimental design is described in detail 137 

elsewhere (Sayer, Tanner & Lacey 2006).  All trees with > 10 cm diameter at breast 138 

height (DBH) in the plots were measured, tagged, identified, and mapped with c. 0.5 m 139 

accuracy in 2000; this process has been repeated annually, with the exception of 2006 140 

and 2008, through to the conclusion of this study (August 2016).  Soil nutrient 141 

concentrations were last measured in these plots in 2010 and 2012 (Sayer et al. 2012; 142 

Sheldrake et al. 2017a). 143 

Bole survey 144 

 In 2016, we used a chronosequence approach to compare CWD decomposition 145 

among litter treatments (van Geffen et al. 2010).  The tree census data from the litter 146 

manipulation plots indicated the year in which a given tree died, the size of the tree at 147 

death, the species of the tree, and its location in the plot.  Boles were not moved away 148 

from their original location by human activity because access to the study site is 149 

restricted.  Using census information, we were able to locate remaining boles and 150 

determine if others had completely decomposed.   151 
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 We returned to the original location of each dead tree and categorized these trees 152 

into two groups.  The first group (n = 115) included downed and standing dead trees that 153 

we were able to unambiguously identify.  Specifically, unambiguous identification relied 154 

on detecting a remnant bole with sufficient elliptical-cylindrical structure that we could 155 

determine its orientation and position relative to the original location of the tree.  The 156 

second group comprised trees that had completely decomposed (n =99).  Boles were 157 

only recorded with this fate if no intact sections of wood existed near their original 158 

location.  We did not consider small wood fragments (typically <500 cm3) as evidence of 159 

a remaining bole for two reasons: 1) it is nearly impossible to determine the original 160 

source of individual fragments and 2) the presence or absence of litter biases detection 161 

rates for small fragments.  Consequently, small woody fragments of “completely 162 

decomposed” boles may persist in these plots, but any omissions were consistent among 163 

litter treatments.  To account for species-specific differences in initial wood density, we 164 

used the published values for each species or its closest known relative (global wood 165 

density database, Chave et al. 2009). 166 

We excluded dead trees from our analyses if they were unidentifiable or lacked 167 

important covariates (diameter, species, or location; n = 104), and we did not consider 168 

dead palms (n = 82).  We omitted dead trees that lacked tree species identifications (n = 169 

67) or accurate locations (n = 7).  Trees that fell outside of the plots were not affected by 170 

the litter manipulation treatments and were thus removed (n = 4).  We also removed 171 

trees from analyses if the tree location was obscured by a treefall (n = 7), or multiple 172 

boles were clustered and/or in an orientation that precluded a confident assignment to 173 

single point of origin (n = 19).  Trees omitted from our analyses were smaller and denser 174 
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than those retained, but their cross-sectional masses did not differ (Table S1).  175 

Regardless, all criteria were applied equally to all plots, and the characteristics of 176 

excluded trees did not differ among litter treatments (Supplementary Information). 177 

Wood Respiration 178 

 We used respiration measurements to estimate short-term decomposer 179 

community activity.  We selected 28 boles in each of the three litter treatments so that 180 

bole ages (i.e., time since tree death) were relatively evenly distributed across the course 181 

of the study.  To ensure accurate measurements, we only chose boles with sufficient 182 

structure (diameter, length, and shape) to support respirometry collars.  We attached 10 183 

cm tall respirometry collars (7 cm diameter PVC sections) to each bole using silicon 184 

sealant (Fig. S1) and all collars were located at least 0.3 m from a bole end. 185 

 Beginning one week after collar attachment, we began measuring respiration 186 

rates using a Viasala respirometer (Fig. S2, GMP343 CO2 probe, Vaisala Inc.).  We 187 

attached the respirometer to each collar for 5 minutes and recorded CO2 (ppm) every 15 188 

seconds.  We removed the initial portion of each recording (ca. 15-45 seconds) because 189 

of inconsistency and we approximated respiration rates as the slope of the linear CO2 190 

accumulation curve during the remaining portion of the recording period (Bréchet et al. 191 

2017).  To control for temporal variability and estimate baseline respiration rates of 192 

wood decomposer communities, we measured respiration of each bole three times over 193 

a two-week period.    194 

All respiration measurements were taken during the wet season (June-July 195 

2016).  Rainfall (June = 326.5 mm; July = 486.8 mm) far exceeded potential 196 

evapotranspiration (June = 48.5 mm; July = 45.4 mm) during these months, and this 197 
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typical pattern causes soil moisture (and presumably wood moisture) to be consistent 198 

among years (Steve Paton, STRI Environmental Monitoring Program, pers. com.).  199 

These measurements primarily capture microbial effects on decomposition and they are 200 

representative of the conditions underlying the majority of carbon mineralization.  201 

Specifically, decomposition occurs much more rapidly during the wet season than the 202 

dry season in this forest (Wieder & Wright 1995), and the wet season is twice as long as 203 

the dry season.  However, the effects of infrequent fragmentation events and transient 204 

invertebrates are not captured by this method given its small spatial and temporal scale. 205 

 We estimated the current density of these boles using a dynamic penetrometer, as 206 

described by Larjavaara & Muller-Landau (2010).  Briefly, we inserted the penetrometer 207 

vertically into each bole ca. 5 cm from the respirometry collar and measured the 208 

distance of penetration.  We estimated density using the relationship between 209 

penetration and wood density previously established for CWD in this forest (Larjavaara 210 

& Muller-Landau 2010).  To create a proxy for decomposition state, we then calculated 211 

bole density (%) as the percent of original density remaining (hereafter bole density 212 

remaining; original density estimated using the global wood density database, Chave et 213 

al. 2009).  Although the variability of penetrometer measurements can increase with 214 

decomposition stage (Oberle et al. 2014), they are more accurate on a case-by-case basis 215 

than other non-destructive techniques that consider both void space and heterogeneity 216 

in wood density (Larjavaara & Muller-Landau 2010). 217 

Sensitivity to nutrient addition 218 

 To quantify nutrient limitation of wood respiration among litter treatments, we 219 

installed a second respirometry collar on a subset of the boles (litter addition: n = 9: 220 
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litter control: n = 6; litter removal: n = 5).  The added collars were at least 1 m apart 221 

from the original collars to reduce the likelihood of short-term nutrient translocation.  222 

We used all boles that met two criteria: 1) the trees had died > 3 years previously, and 2) 223 

they were either long enough to support two collars or separated into two large 224 

fragments. We chose boles that were > 3 years old (hereafter old boles) to focus on late-225 

stage decomposition (i.e., longer than typical decomposition studies).  226 

 After concluding our baseline wood respiration measurements, we performed a 227 

one-time fertilization of each bole to test for sensitivity to nutrient addition.  228 

Specifically, one collar per bole received 50 mL of nutrient solution (hereafter NPK 229 

addition) and the other collar received 50 mL of distilled water (H2O addition).  The 230 

nutrient solution contained total amounts of N, P, and K commonly used in other 231 

fertilization experiments (described by Kaspari et al. 2008).  Specifically, we fertilized 232 

the collars with the equivalent of 125 kg N ha-1 (as NH4Cl), 60 kg P ha-1 (as KH2PO4), and 233 

75 kg K ha-1 (as KH2PO4).  Respiration rates were measured 3, 11, and 18 days after 234 

treatment application.   235 

 Differences in chemical composition and the historic interactions with biotic or 236 

abiotic factors (e.g., insects, pathogens, and soil contact) are important to bole 237 

decomposition, yet they were unknown in this study.  By pairing NPK and water 238 

treatments, our intent was to control for chemical composition and bole history. We 239 

assessed the magnitude of the respiration response to NPK and water addition by 240 

calculating the percentage change in respiration rates from average pre-treatment 241 

respiration of each collar. 242 

Core collection and elemental analysis 243 
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 We also compared the elemental composition of each fertilized bole prior to NPK 244 

and H2O addition. We collected a small core (2 cm diameter, 2 cm depth) from the top 245 

of each bole and 5 cm from each respirometry collar.  Wood cores were oven-dried 246 

(60˚C) and ground with a Wiley-Mill before chemical analysis.  Total carbon and 247 

nitrogen were determined by elemental analysis (Thermo Flash EA1112, CE, Elantech, 248 

Lakewood, NJ, USA), while concentrations of mineral elements (P, K, Na, Zn, Ca, Mn, 249 

Mg, Al, B, Cu, Fe) were determined by nitric acid digestion at 180°C under pressure in 250 

PTFE vessels, with detection by inductively-coupled plasma optical-emission 251 

spectrometry (ICP-OES) on an Optima 7300 DV (Perkin Elmer, Inc, Shelton, CT).  252 

Analytical quality was confirmed in both procedures using the NIST peach leaves 253 

standard.  All elemental analyses were performed in the Soils Laboratory at the 254 

Smithsonian Tropical Research Institute. 255 

Statistical methods 256 

 Analyses were performed in the R statistical environment (R Core Team 2016) 257 

using the lme4 and lmertest packages for logistic regression and linear mixed effects 258 

models (Bates et al. 2014; Kuznetsova, Brockhoff & Bojesen 2016) and the vegan 259 

package for multivariate analyses (Oksanen et al. 2007).  The significance of each term 260 

in the models was determined by comparing nested models with likelihood ratio tests.  261 

We sequentially dropped terms according to AICs and likelihood ratio p-values until a 262 

minimum adequate model was identified (Pinheiro & Bates 2000; Bolker et al. 2009).  263 

Finally, we examined residuals to confirm appropriate model fit. 264 

 We compared the likelihood of complete decomposition of boles among litter 265 

manipulation treatments using the initial bole survey data.  We used a generalized linear 266 
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mixed effect model (glmer function; logistic regression) with a binary response variable: 267 

either the bole was present in 2016 or had completely decomposed.  We approximated 268 

bole “size” at the time of death as the product of basal area and density (cross-sectional 269 

mass) because basal area and initial density were correlated and would violate the 270 

assumption of independence (R = -0.36, t = 5.57, df = 212, p < 0.001).  We included 271 

litter treatment, bole age, and cross-sectional mass as fixed effects and plot as a random 272 

effect.  The random effect 'plot' did not affect the fit of the model, likely because the 273 

tested phenomenon occurs at a smaller scale than a plot, and therefore we removed this 274 

term to identify the minimum adequate model.  The grouping effect 'plot' was removed 275 

from all other linear models after being similarly tested.  The interactions between 276 

cross-sectional mass and the other predictors were sequentially dropped because they 277 

did not affect the fit of the model.  To further investigate the interaction between litter 278 

manipulations and bole age, we performed pairwise comparisons among litter 279 

treatments with the same three main effects as above and the interaction effect between 280 

bole age and litter treatment (glm function).  We log-transformed cross-sectional mass 281 

to improve the model fit.  Finally, we used the Bonferroni correction to account for 282 

multiple comparisons using the same data.  283 

 Although tree species characteristics (e.g., chemical composition and wood 284 

density) influence decomposition, we could not directly account for tree species in our 285 

linear models because species were not evenly distributed across litter treatments (71 of 286 

74 species were present in ≤1 replicate set of plots).  Alternatively, we considered the 287 

species composition of dead trees among litter treatments using perMANOVA (Bray-288 

Curtis distance) and pseudo-F values.  The perMANOVA included litter treatment and 289 
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bole status (completely decomposed or remaining in 2016) as fixed effects and plot as a 290 

random effect.  We also performed blocked indicator species analysis (PC-ORD v6.08) 291 

for bole status to identify tree species with particularly labile or recalcitrant wood and to 292 

statistically control for the effects of litter treatment (Dufrene & Legendre 1997).  Apart 293 

from these multivariate tests, we accounted for species effects using species-specific 294 

density in the logistic regression and elemental composition in models for the NPK and 295 

H2O manipulation experiment.   296 

 We used a linear mixed effects model (lmer function) to compare respiration 297 

rates among litter treatments.  For boles that supported two respiration collars, we used 298 

the means of measurements that occurred on the same day.  As respiration rates are 299 

influenced by wood decay status and decomposition rates differed among treatments 300 

(see results), we used bole density remaining (defined above) instead of bole age as a 301 

proxy for decomposition status.  The initial model therefore included litter manipulation 302 

treatment and bole density remaining as fixed effects and the unique bole identifier 303 

nested within plot as random effects.  We tested for differences among litter treatments 304 

using a post-hoc Tukey HSD test.   305 

 We used this same model to compare the elemental concentrations of boles used 306 

in the NPK limitation experiment.  We also considered interspecific differences in 307 

chemical composition by exploring differences in elemental composition among 308 

fertilized boles with a Principal Components Analysis using standardized variables 309 

(Table 2).  We fit each input variable as a vector to the ordination (envfit function) to 310 

visually display which elements best explained the separation of boles along the first two 311 

ordination axes.  312 
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 Finally, we compared the change from baseline respiration rates among litter 313 

treatments after NPK and H2O addition using a repeated measures mixed-effect model.  314 

Litter manipulation and NPK/H2O treatment were included as fixed effects, and both 315 

plot and unique bole identifier were random effects.  For repeated measures covariance, 316 

bole identifier was the subject and the days post-treatment was the repeated measure.  317 

We included the scores from the first two PCA axes as covariates to account for 318 

differences in elemental composition.  The bole identifier term standardized our 319 

nutrient addition comparisons within a single bole and thereby accounted for the effects 320 

of bole history and chemical composition when comparing NPK and H2O treatments 321 

(analogous to the structure of a paired t-test).  To further explore the interaction effect 322 

between litter manipulations and nutrient addition, we made pairwise comparisons 323 

between nutrient additions within each litter addition treatment. 324 

Results 325 

Bole decomposition 326 

 The likelihood that boles decomposed completely was affected by the initial size 327 

of the bole, bole age, and the litter treatment.  In all cases, the likelihood of 328 

decomposition increased with lesser initial cross sectional mass (χ2
1 > 28.46, p < 0.001, 329 

α = 0.0167) and greater bole age (χ2
1 ≥ 28.87, p < 0.001, α = 0.0167; Fig. 1).  However, 330 

the likelihood of a bole completely decomposing during the 15-year study was not 331 

consistent among the three litter manipulation treatments (treatment x bole age 332 

interaction: χ2
2 = 6.67, p = 0.036; Fig. 1).  Specifically, the pattern of bole decomposition 333 

with increased bole age differed between the control and litter removal treatments 334 

(pairwise treatment x bole age interaction: χ2
1 = 5.86, p = 0.015, α = 0.0167).  335 
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Decomposition was similar between control and litter removal plots in the short-term, 336 

but the long-term probability of complete decomposition in control plots was 337 

substantially higher than in removal plots (Fig. 1).  The probability of complete 338 

decomposition was marginally significantly greater in the litter addition treatment than 339 

in the litter removal treatment (pairwise comparison: χ2
1 = 5.42, p = 0.02, α = 0.0167), 340 

whereas bole decomposition was similar in the litter addition and control treatments 341 

(pairwise comparison: χ2
1 = 0.016, p = 0.899, α = 0.0167).   342 

Tree species effects 343 

 Neither tree species nor species-related characteristics influenced differences in 344 

the probability of decomposition among litter treatments.  Both predictors in the best-fit 345 

model, bole age (χ2
2 = 1.94, p = 0.38) and initial cross-sectional mass (χ2

2 = 4.07, p = 346 

0.13), did not differ among litter treatments.  Moreover, tree species composition was 347 

similar among litter treatments (pseudo-F2,23 = 0.54, p = 0.99, Fig. S3).  By contrast, the 348 

composition of tree species that had completely decomposed during the 15-year study 349 

differed from the tree species that remained in 2016 (pseudo-F1,23 = 2.24, p = 0.001).  350 

Indicator species analysis revealed that Tetragastris panamensis (IV = 38.5, p = 0.021), 351 

Lonchocarpus heptaphyllus (IV = 30.8, p = 0.048), and Zanthoxylum acuminatum (IV 352 

= 30.8, p = 0.058) had a large proportion of boles remaining and thus were identified as 353 

species with potentially recalcitrant wood.  Only Cordia bicolor (IV = 42.9, p = 0.017) 354 

was indicative of completely decomposed boles and therefore was identified as a species 355 

with particularly labile wood. 356 

Wood respiration and NPK addition 357 
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 Respiration rates from decomposing wood differed among litter treatments (χ2
2 = 358 

8.63, p = 0.013; Fig. 2).  Specifically, wood respiration rates in control plots were 359 

approximately 60% greater than those in litter removal plots (Tukey HSD: z = 2.83, p = 360 

0.013).  Wood respiration rates in litter addition plots were intermediate and did not 361 

differ significantly from either control or litter removal plots (Tukey HSD: z < 2.06, p > 362 

0.10).  Respiration rates were unaffected by bole density remaining (χ2
1 = 0.39, p = 0.53, 363 

α = 0.0167).   364 

 Changes in respiration rates in response to NPK and H2O additions differed 365 

among litter treatments (Fig. 3; litter treatment x NPK/H2O addition interaction: χ2
2 = 366 

10.61, p = 0.005, α = 0.0167).  NPK addition increased wood respiration rates more than 367 

H2O addition in the litter removal (χ2
1 = 7.13, p = 0.008, α = 0.0167) and litter addition 368 

plots (χ2
1 = 12.85, p < 0.001, α = 0.0167).  By contrast, the NPK addition did not change 369 

wood respiration rates more than H2O in the control plots (χ2
1 = 1.06, p = 0.304, α = 370 

0.0167).  Regardless of treatment, scores from PCA axes 1 and 2, representing bole 371 

chemical properties, were not related to changes in respiration (χ2
1 < 0.671, p > 0.413).  372 

Respiration rates of NPK and H2O treatments were consistent between 3 and 18 days 373 

post-treatment (X2
1 < 1.75, p > 0.417) and bole density remaining did not differ among 374 

treatments (X2
2 = 2.75, p > 0.254). 375 

Wood chemistry 376 

 The first two PCA axes from the ordination of bole chemical properties explained 377 

nearly 50% of the variation in the elemental composition of old boles (Fig. 4).  Boles 378 

from litter addition and removal treatments separated along PCA axis 2, but there was 379 

no clear separation between either litter treatment and the controls.  PCA axis 2 380 
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loadings (loading > 0.3) indicated that concentrations of Ca, K, Mg and Na were higher 381 

in litter addition boles, whereas B, C, N, and Zn were all greater in the litter removal 382 

boles (Table 2).  PCA axis 1 (31% of variation) explained nearly twice as much variation 383 

in elemental composition as PCA axis 2 (17% of variation), but axis 1 was not clearly 384 

related to differences among litter treatments. 385 

 Despite apparent differences in ordination space, concentrations of individual 386 

elements in old boles were generally similar regardless of treatment (Table 1).  Neither 387 

N concentrations nor ratios of C:N and C:P differed among treatments (χ2
2 > 4.58, p > 388 

0.1).  Na concentrations were lower in litter removal plots relative to litter addition plots 389 

(χ2
2 = 8.23, p = 0.016, Tukey: t = 2.78, p = 0.015), but Na concentration in the litter 390 

manipulations did not differ from controls (Tukey: t < 1.53, p > 0.27).  Similarly, there 391 

was a trend towards lower K in the litter removal plots relative to the other treatments 392 

(χ2
2 = 5.15, p = 0.08) and K concentrations were weakly related to bole density 393 

remaining (χ2
2 = 2.83, p = 0.09).  C and Cu concentrations exhibited interaction effects 394 

between bole density remaining and litter treatments (χ2
2 > 8.19, p < 0.017).  However, 395 

these interaction effects were largely due to a single high-leverage outlier, and thus it is 396 

unlikely that they indicate a biologically relevant response.  Concentrations of all other 397 

elements (P, Zn, Ca, Mn, Mg, Al, B, Fe) were similar among treatments (χ2 < 4.06, p > 398 

0.13).  Calcium and K concentrations were correlated with bole density remaining (χ2
1 > 399 

5.7, p < 0.02), but bole density remaining was unrelated to nutrient concentrations for 400 

Al, B, Fe, Mg, Mn, N, P, and Zn (χ2
1 < 2.07, p > 0.15).   401 

Discussion 402 
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 The controls of CWD decomposition, particularly exogenous factors such as 403 

nutrient availability, remain poorly understood.  Here we provide experimental evidence 404 

that litter is important to CWD decomposition and that the effects of litter manipulation 405 

on wood decomposition are mediated by nutrient availability.  These differences in 406 

decomposition outcomes were only apparent after 6 years (Fig. 1), and the directional 407 

differences in these outcomes among litter treatments were counter to a previous, co-408 

located experiment using small substrates over a short time frame. 409 

 Greater availability of macronutrients is generally expected to increase 410 

decomposition rates, but relevant data for CWD are lacking (Harmon et al. 1986; Chen 411 

et al. 2015).  A previous short-term study (70 days) in the GLiMP plots concluded that 412 

increased nutrient availability explained faster rates of birch stick decomposition in the 413 

litter addition treatments relative to removal and control treatments (Sayer, Tanner & 414 

Lacey 2006).  By contrast, respiration rates (Fig. 2) and long-term CWD decomposition 415 

(Fig. 1) did not differ between the litter addition and control treatments in our study.  In 416 

terms of nutrients, decomposer respiration rates in the litter addition plots were 417 

relatively nutrient limited (Fig. 3) despite greater soil inorganic N and resin-P measured 418 

previously.  It is likely that differences between our study and the earlier study from 419 

these same plots (Sayer, Tanner & Lacey 2006) were caused by substrate effects 420 

(decomposition of birch sticks versus CWD) and a difference between the short and 421 

long-term effects of litter manipulations, as suggested by the interaction effect between 422 

litter treatment and bole age (Fig. 1). The moderate increases in soil nutrients did not 423 

influence long-term decomposition, and the contrasting results demonstrate that short-424 
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term and small-scale experiments (such as Sayer, Tanner & Lacey 2006) are not 425 

necessarily predictive of the long-term outcomes for CWD. 426 

 Results from the litter removal plots provide direct and indirect evidence that 427 

reduced soil nutrients decreased long-term rates of CWD decomposition.  The 428 

importance of soil nutrients during CWD decomposition was clearly established by 429 

previous work (Swift 1977; Zimmerman et al. 1995), and experiments at our study site 430 

demonstrated that P and K limit decomposition of more labile substrates (Kaspari et al. 431 

2008).  Without litter inputs, long-term decomposition rates decreased, soil P 432 

concentrations were reduced (as were soil Ca, Mg, and inorganic N; Sheldrake et al. 433 

2017a), and there was a trend towards decreased K concentrations in old boles in the 434 

litter removal plots.  Moreover, experimental NPK addition provided direct evidence 435 

that the activity of wood decomposers in the litter removal plots is limited by N, P, 436 

and/or K availability (Fig. 3).  Finally, there was a greater proportion of standing dead 437 

trees (snags) in the litter removal plots than in controls or litter addition plots (Table 438 

S2), suggesting that decreased decomposition rates increased snag residence time.  This 439 

potentially explains the interaction between litter treatment and bole age – snags 440 

decompose more slowly than downed boles (Harmon et al. 1986; Song et al. 2017) and 441 

the accumulation of snags should have a positive feedback effect that further reduces 442 

long-term CWD decomposition rates.  Cumulatively, these results suggest that reduced 443 

nutrient availability decreased wood decomposition rates, and thus soil nutrient 444 

availability is important to long-term CWD decomposition. 445 

 Apart from N, P, and K, it is likely that other nutrients influence wood 446 

decomposition.  In the same forest used for our study, fertilization with a combination 447 
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of other nutrients (B, Ca, Cu, Fe, Mg, Mn, Mo, S, and Zn) increased leaf litter 448 

decomposition more than N, P, and/or K (Kaspari et al. 2008).  The soil concentrations 449 

of two of these nutrients, Mg and Ca, were lower in the litter removal plots, but the 450 

relative concentrations of Mn, Al, and Zn were unchanged (Sayer et al. 2012; Sheldrake 451 

et al. 2017a) and the others were not quantified.  The PCA indicated that the elemental 452 

composition of boles differed between litter manipulations (Fig. 4), but high variation in 453 

the concentrations of individual nutrients likely obscured biologically relevant 454 

differences among litter treatments (mean coefficient of variation ± SD: 108 ± 74).   455 

 Only sodium (Na) concentrations in boles differed among litter treatments 456 

(addition > removal, Table 1).  This is potentially important because Na influences 457 

decomposition (Kaspari et al. 2009) and catalyzes the use of N and P by soil 458 

invertebrates (Kaspari et al. 2017) and potentially other saproxylic eukaryotes.  A 459 

detailed investigation of how Na influences CWD decomposition was beyond the scope 460 

of this study, but our results suggest it is worthy of future exploration. 461 

 It is also likely that changes in microbial community structure decreased CWD 462 

decomposition rates in the litter removal plots.  Although total soil microbial biomass 463 

did not differ among litter treatments (Sayer et al. 2012), communities of arbuscular 464 

mycorrhizal fungi were significantly altered in the litter removals (Sheldrake et al. 465 

2017a) and similar substrate addition experiments changed bacterial communities as 466 

well (Nottingham et al. 2009).  Reduced nutrient availability in the litter removal plots 467 

potentially limited fungal growth (Swift 1977; Kaye & Hart 1997; Sheldrake et al. 2017a) 468 

and it is possible that the lack of litter substrate for decomposition decreased the 469 

biomass of fungal saprotrophs.  Without sufficient nutrients or substrate, the resulting 470 
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fungal community is potentially optimized for other strategies (e.g., scavenging for soil 471 

nutrients and symbiosis with plants, Zimmerman et al. 1995; Sheldrake et al. 2017a; 472 

Sheldrake et al. 2017b) leading to reduced wood decomposition. 473 

 Tree species effects likely caused substantial variability within the patterns 474 

observed in our study.  Although bole species composition was similar among litter 475 

treatments (Fig. S3), most species had low replication and thus the statistical power of 476 

this comparison was limited.  We identified three relatively recalcitrant tree species and 477 

one relatively labile species.  The separation of these species suggests that shade-478 

tolerant species (e.g., Tetragastris panamensis and Lonchocarpus heptaphyllus) are 479 

likely to have recalcitrant wood, whereas certain pioneer species have particularly labile 480 

wood (Cordia bicolor; Ruger et al. 2009).  However, these results were potentially 481 

influenced by unbalanced sample sizes.  Wood density and concentrations of nutrients, 482 

lignin, and other compounds differ among species and profoundly affect decomposition 483 

(reviewed by Harmon et al. 1986).  Consequently, we used proxy variables (wood 484 

density and chemical composition) to consider the role of tree species.  Given these 485 

considerations, our results demonstrate that the influence of litter manipulation was 486 

strong enough to emerge despite unstructured variation in tree species composition 487 

between treatment blocks. 488 

 Temporal differences in bole selection, year-to-year decomposition dynamics, 489 

and environmental effects potentially influenced the patterns observed in our study.  490 

Boles omitted from this study tended to be smaller and denser than boles that were 491 

retained (Table S1), and respiration measurements required structurally stable boles 492 

that are likely more recalcitrant than average.  However, both of these differences were 493 
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consistent among litter treatments and unlikely to affect the observed differences in 494 

decomposition.  Given that our study was performed across a chronosequence, we only 495 

captured outcomes of long-term decomposition, which we related to single time-point 496 

measurements of respiration and relative differences in nutrient limitation.  Thus 497 

possible year-to-year differences in decomposition within and among litter treatments 498 

were not considered.  Moisture and temperature are important controls of 499 

decomposition, but previous measurements indicated that neither soil moisture content 500 

nor temperature differed among litter treatments (Sayer & Tanner 2010b).  Given the 501 

unusually large sample size (n = 214) and multiple lines of evidence, it is unlikely that 502 

these caveats affected our finding of nutrient limitation of decomposition in the litter 503 

removal plots.  However, these sources of error could have obscured other biologically 504 

significant responses, such as our unsupported prediction that increased nutrient 505 

availability in the litter addition plots would increase decomposition and respiration 506 

rates. 507 

 In general, studies of wood decomposition aim to understand how carbon and 508 

other nutrients return to the atmosphere and biosphere.  Short-term studies of small 509 

substrates provide a great foundation for understanding how endogenous (e.g., size, 510 

chemical composition, density) and exogenous (e.g., nutrient availability, climate, 511 

organismal effects, and their complex interactions) factors control wood decomposition 512 

(reviewed by Harmon et al. 1986; Cornwall et al. 2009).  However, CWD comprises the 513 

majority of all wood mass and, to date, studies of factors that control long-term 514 

decomposition of entire boles are limited to the effects of substrate characteristics 515 

(species, size, density, and chemistry; Lang & Knight 1979; Brias, Paré, & Lierman 2006; 516 
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van Geffen et al. 2010) and climate (Chambers et al. 2000, Přívětivý et al. 2016).  517 

Conspicuously missing from the literature are experimental manipulations of exogenous 518 

factors, such as nutrient availability, that influence CWD decomposition. 519 

Using litter manipulations, we provide evidence that soil nutrients are partially 520 

responsible for maintaining long-term rates of CWD decomposition, but moderate 521 

increases in soil nutrient availability do not meaningfully affect decomposition or wood 522 

respiration.  Moreover, our results suggest that short-term studies potentially miss 523 

biologically important effects.  To improve our understanding of decomposition and 524 

carbon cycling, further experimental manipulations of CWD decomposition are 525 

necessary, particularly investigations into the roles of exogenous nutrient availability, 526 

decomposer organisms, and their interactions (Fukami et al. 2010).  We suggest that 527 

long-term CWD experiments be paired with more traditional manipulations of small 528 

substrates to test the connection between short-term and long-term decomposition.   529 

Authors contributions: 530 

E.M. Gora designed the study, collected the data, analyzed the data, and wrote the 531 

manuscript.  E.V.J. Tanner established the experiment, contributed to the study design, 532 

and shaped the conceptual framework of the manuscript.  E.J. Sayer assisted with 533 

statistical analyses and writing the manuscript.  B.L. Turner performed elemental 534 

analyses, provided conceptual input, and assisted in writing the manuscript. 535 

Acknowledgements: 536 

We thank Oris Acevedo, Melissa Cano, S. Joseph Wright, Matteo Detto, and the 537 

Smithsonian Tropical Research Institute for logistical support.  We thank Aleksandra 538 

Page 25 of 48

Functional Ecology: Confidential Review copy

Functional Ecology: Confidential Review copy



26 

 

  

Bielnicka and Dayana Agudo for laboratory support, and Francisco Valdez, Rogelio 539 

Luque and Riley Kneale for field assistance.  Comments from the Yanoviak lab, Jane 540 

Lucas, and Michael Kaspari improved the manuscript.  This research was supported in 541 

part by a Smithsonian Tropical Research Fellowship and NSF grant GRF-2015188266 to 542 

E.M. Gora. EJS is supported by the European Research Council under the European 543 

Union's Seventh Framework Programme (FP/2007-2013) / ERC Grant Agreement No. 544 

307888. 545 

Data accessibility: 546 

All data from this manuscript are available in the Dryad Digital Repository: 547 

10.5061/dryad.kh657 (Gora et al. 2017).548 

Page 26 of 48

Functional Ecology: Confidential Review copy

Functional Ecology: Confidential Review copy



27 

 

  

References: 549 

Austin, A.T. & Vivanco, L. (2006) Plant litter decomposition in a semi-arid ecosystem 550 

controlled by photodegradation. Nature, 442, 555-558. 551 

Bates, D., Maechler, M., Bolker, B.M. & Walker, S. (2014) lme4: Linear mixed-effects 552 

models using Eigen and S4. R package version 1.1-7. 553 

Bebber, D.P., Watkinson, S.C., Boddy, L. & Darrah, P.R. (2011) Simulated nitrogen 554 

deposition affects wood decomposition by cord-forming fungi. Oecologia, 167, 555 

1177-1184. 556 

Berg, B. & Laskowski, R. (2005) Litter decomposition: a guide to carbon and nutrient 557 

turnover. Advances in Ecological Research, 38, 1-17. 558 

Boddy, L. (2001) Fungal community ecology and wood decomposition processes in 559 

angiosperms: from standing tree to complete decay of coarse woody debris. 560 

Ecological Bulletins, 43-56. 561 

Bolker, B.M., Brooks, M.E., Clark, C.J., Geange, S.W., Poulsen, J.R., Stevens, M.H.H. et 562 

al. (2009) Generalized linear mixed models: a practical guide for ecology and 563 

evolution. Trends in Ecology & Evolution, 24, 127-135. 564 

Brais, S., Paré, D., & Leirman, C. (2006) Tree bole mineralization rates of four species of 565 

the Canadian eastern boreal forest: implications for nutrient dynamics following 566 

stand-replacing disturbances. Canadian Journal of Forest Research, 36, 2331-567 

2340. 568 

Bréchet, L., Le Dantec, V., Ponton, S., Goret, J.-Y., Sayer, E., Bonal, D. et al. (2017) 569 

Short- and long-term influence of litter quality and quantity on simulated 570 

heterotrophic soil respiration in a lowland tropical forest. Ecosystems, 1-15. 571 

Page 27 of 48

Functional Ecology: Confidential Review copy

Functional Ecology: Confidential Review copy



28 

 

  

Carreiro, M., Sinsabaugh, R., Repert, D. & Parkhurst, D. (2000) Microbial enzyme shifts 572 

explain litter decay responses to simulated nitrogen deposition. Ecology, 81, 573 

2359-2365. 574 

Chambers, J.Q., Higuchi, N., Schimel, J.P., Ferreira, L.V. & Melack, J.M. (2000) 575 

Decomposition and carbon cycling of dead trees in tropical forests of the central 576 

Amazon, Oecologia, 122, 380-388. 577 

Chambers, J.Q., Tribuzy, E.S., Toledo, L.C., Crispim, B.F., Higuchi, N., Santos, J.d. et al. 578 

(2004) Respiration from a tropical forest ecosystem: partitioning of sources and 579 

low carbon use efficiency. Ecological Applications, 14, 72-88. 580 

Chave, J., Coomes, D., Jansen, S., Lewis, S.L., Swenson, N.G. & Zanne, A.E. (2009) 581 

Towards a worldwide wood economics spectrum. Ecology Letters, 12, 351-366. 582 

Chen, Y., Sayer, E.J., Li, Z., Mo, Q., Li, Y., Ding, Y. et al. (2015) Nutrient limitation of 583 

woody debris decomposition in a tropical forest: contrasting effects of N and P 584 

addition. Functional Ecology, 30, 295-304. 585 

Cornelissen, J.H.C., Sass-Klaassen, U., Poorter, L., van Geffen, K., van Logtestijn, R.S.P., 586 

van Hal, J. et al. (2012) Controls on coarse wood decay in temperate tree species: 587 

birth of the LOGLIFE experiment. AMBIO, 41, 231-245. 588 

Cornwell, W. K., Cornelissen, J. H. C., Allison, S. D., Bauhus, J., Eggleton, P., Preston, C. 589 

M. et al. (2009) Plant traits and wood fates across the globe: Rotted, burned, or 590 

consumed? Global Change Biology, 15, 2431-2449. 591 

Dufrene, M. & Legendre, P. (1997) Species assemblages and indicator species: the need 592 

for a flexible asymmetrical approach. Ecological Monographs, 67, 345-366. 593 

Page 28 of 48

Functional Ecology: Confidential Review copy

Functional Ecology: Confidential Review copy



29 

 

  

Fasth, B.G., Harmon, M.E., Sexton, J., & White, P. (2011) Decomposition of fine woody 594 

debris in a deciduous forest in North Carolina. The Journal of the Torrey 595 

Botanical Society, 138, 192-206. 596 

Feldpausch, T.R., Lloyd, J., Lewis, S.L., Brienen, R.J.W., Gloor, M., Mendoza, A.M. et al. 597 

(2012) Tree height integrated into pantropical forest biomass estimates. 598 

Biogeosciences, 9, 3381-3403. 599 

Fukami, T., Dickie, I.A., Paula Wilkie, J., Paulus, B.C., Park, D., Roberts, et al. (2010) 600 

Assembly history dictates ecosystem functioning: evidence from wood 601 

decomposer communities. Ecology Letters, 13, 675-684. 602 

Gora, E.M., Sayer, E.J., Turner, B.L., & Tanner, E.V.J. (2017) Data from: Decomposition 603 

of coarse woody debris in a long-term litter manipulation experiment: a focus on 604 

nutrient availability. Dryad Digital Repository. doi: 10.5061/dryad.kh657. 605 

Grubb, P.J. & Edwards, P.J. (1982) Studies of mineral cycling in a montane rain forest 606 

in new guinea: iii. the distribution of mineral elements in the above-ground 607 

material. Journal of Ecology, 70, 623-648. 608 

Harmon, M.E., Franklin, J.F., Swanson, F.J., Sollins, P., Gregory, S.V., Lattin, J.D. et al. 609 

(1986) Ecology of coarse woody debris in temperate ecosystems. Advances in 610 

Ecological Research, 15, 133-302. 611 

Hobbie, S.E. & Vitousek, P.M. (2000) Nutrient limitation of decomposition in Hawaiian 612 

forests. Ecology, 81, 1867-1877. 613 

Kaspari, M., Garcia, M.N., Harms, K.E., Santana, M., Wright, S.J. & Yavitt, J.B. (2008) 614 

Multiple nutrients limit litterfall and decomposition in a tropical forest. Ecology 615 

Letters, 11, 35-43. 616 

Page 29 of 48

Functional Ecology: Confidential Review copy

Functional Ecology: Confidential Review copy



30 

 

  

Kaspari, M., Roeder, K.A., Benson, B., Weiser, M.D. & Sanders, N.J. (2017) Sodium co-617 

limits and catalyzes macronutrients in a prairie food web. Ecology, 98, 315-320. 618 

Kaspari, M., Yanoviak, S.P., Dudley, R., Yuan, M. & Clay, N.A. (2009) Sodium shortage 619 

as a constraint on the carbon cycle in an inland tropical rainforest. Proceedings 620 

of the National Academy of Sciences, 106, 19405-19409. 621 

Kaye, J.P. & Hart, S.C. (1997) Competition for nitrogen between plants and soil 622 

microorganisms. Trends in Ecology & Evolution, 12, 139-143. 623 

Kimmey, J.W. (1955) Rate of deterioration of fire-killed timber in California. Volume 624 

962, Department of Agriculture, Washington D.C., United States. 625 

Kuznetsova, A., Brockhoff, P.B. & Bojesen, R.H. (2016) LmerTest: tests in linear mixed 626 

effects models. Version 2.0. 627 

Larjavaara, M. & Muller-Landau, H.C. (2010) Comparison of decay classification, knife 628 

test, and two penetrometers for estimating wood density of coarse woody debris. 629 

Canadian Journal of Forest Research, 40, 2313-2321. 630 

Lang, G.E., & Knight, D.H. (1979) Decay rates for boles of tropical trees in Panama. 631 

Biotropica, 11, 316-317. 632 

Leigh, E.G., Jr (1999) Tropical Forest Ecology: A View from Barro Colorado Island. 633 

Oxford University Press, USA. 634 

Meerts, P. (2002) Mineral nutrient concentrations in sapwood and heartwood: a 635 

literature review. Annals of Forest Science, 59, 713-722. 636 

Mooshammer, M., Wanek, W., Zechmeister-Boltenstern, S. & Richter, A. (2014) 637 

Stoichiometric imbalances between terrestrial decomposer communities and 638 

their resources: mechanisms and implications of microbial adaptations to their 639 

resources. Frontiers in Microbiology, 5, 22. 640 

Page 30 of 48

Functional Ecology: Confidential Review copy

Functional Ecology: Confidential Review copy



31 

 

  

Nottingham, A.T., Griffiths, H., Chamberlain, P.M., Stott, A.W. & Tanner, E.V.J. (2009) 641 

Soil priming by sugar and leaf-litter substrates: A link to microbial groups. 642 

Applied Soil Ecology, 42, 183-190. 643 

Oberle, B., Dunham, K.M., Milo, A.M., Walton, M.L., Young, D.F., & Zanne, A. E. (2014) 644 

Progressive, idiosyncratic changes in wood hardness during decay: implications 645 

for dead wood inventory and cycling. Forest Ecology and Management, 323, 1-9. 646 

Oberle, B., Covey, K. R., Dunham, K. M., Hernandez, E. J., Walton, M. L., Young, D. F., 647 

& Zanne, A. E. (2017) Dissecting the effects of diameter on wood decay 648 

emphasizes the importance of cross-stem conductivity in Fraxinus americana. 649 

Ecosystems, 1-13. 650 

Oksanen, J., Kindt, R., Legendre, P., O’Hara, B., Stevens, M.H.H., Oksanen, M.J. et al. 651 

(2007) The vegan package. Community ecology package, 631-637. 652 

Palace, M., Keller, M. & Silva, H. (2008) Necromass production: studies in undisturbed 653 

and logged amazon forests. Ecological Applications, 18, 873-884. 654 

Pan, Y., Birdsey, R.A., Fang, J., Houghton, R., Kauppi, P.E., Kurz, W.A., et al. (2011) A 655 

large and persistent carbon sink in the world's forests. Science, 333, 988-993. 656 

Pinheiro, J. & Bates, D. (2000) Mixed-Effects Models in S and S-plus. Springer-Verlag, 657 

New York, United States. 658 

Přívětivý, T., Janík, D., Unar, P., Adam, D., Král, K., & Vrška, T. (2016) How do 659 

environmental conditions affect the deadwood decomposition of european beech 660 

(Fagus sylvatica l.)? Forest Ecology and Management, 381, 177-187. 661 

Rice, A.H., Pyle, E.H., Saleska, S.R., Hutyra, L., Palace, M., Keller, M. et al. (2004) 662 

Carbon balance and vegetation dynamics in an old-growth Amazonian forest. 663 

Ecological Applications, 14, 55-71. 664 

Page 31 of 48

Functional Ecology: Confidential Review copy

Functional Ecology: Confidential Review copy



32 

 

  

Rüger, N., Huth, A., Hubbell, S.P. & Condit, R. (2009) Response of recruitment to light 665 

availability across a tropical lowland rain forest community. Journal of Ecology, 666 

97, 1360–1368.  667 

Sayer, E.J. & Banin, L.F. (2016) Tree nutrient status and nutrient cycling in tropical 668 

forests - lessons from fertilization experiments. Tropical tree physiology (eds G. 669 

Goldstein & L.S. Santiago), pp. 275-279. Springer International Publishing, 670 

Switzerland. 671 

Sayer, E.J., Wright, S.J., Tanner, E.V.J., Yavitt, J.B., Harms, K.E., Powers, J.S. et al. 672 

(2012) Variable responses of lowland tropical forest nutrient status to 673 

fertilization and litter manipulation. Ecosystems, 15, 387-400. 674 

Sayer, E.J., & Tanner, E.V.J. (2010) Experimental investigation of the importance of 675 

litterfall in lowland semi-evergreen tropical forest nutrient cycling. Journal of 676 

Ecology, 98, 1052-1062. 677 

Sayer, E.J., & Tanner, E.V.J. (2010) A new approach to trenching experiments for 678 

measuring root-rhizosphere respiration in a lowland tropical forest. Soil Biology 679 

and Biogeochemistry, 42, 347-352. 680 

Sayer, E.J., Tanner, E.V.J. & Lacey, A.L. (2006) Effects of litter manipulation on early-681 

stage decomposition and meso-arthropod abundance in a tropical moist forest. 682 

Forest Ecology and Management, 229, 285-293. 683 

Sellin, A. (1994) Sapwood–heartwood proportion related to tree diameter, age, and 684 

growth rate in Piceaabies. Canadian Journal of Forest Research, 24, 1022-1028. 685 

Sheldrake, M., Rosenstock, N.P., Revillini, D., Olsson, P.A., Mangan, S., Sayer, E.J. et al. 686 

(2017a) Arbuscular mycorrhizal fungal community composition is altered by 687 

Page 32 of 48

Functional Ecology: Confidential Review copy

Functional Ecology: Confidential Review copy



33 

 

  

long-term litter removal but not litter addition in a lowland tropical forest. New 688 

Phytologist, 214, 455-467. 689 

Sheldrake, M., Rosenstock, N.P., Revillini, D., Olsson, P.A., Wright, S.J. & Turner, B.L. 690 

(2017b) A phosphorus threshold for mycoheterotrophic plants in tropical forests. 691 

Proceedings of the Royal Society B: Biological Sciences, 284. 692 

Swift, M.J. (1977) The ecology of wood decomposition. Science Progress (1933-), 64, 693 

175-199.  694 

Taylor, A.M., Gartner, B.L. & Morrell, J.J. (2002) Heartwood formation and natural 695 

durability-a review. Wood and Fiber Science, 34, 587-611. 696 

van Geffen, K.G., Poorter, L., Sass-Klaassen, U., van Logtestijn, R.S.P. & Cornelissen, 697 

J.H.C. (2010) The trait contribution to wood decomposition rates of 15 698 

Neotropical tree species. Ecology, 91, 3686-3697.Wieder, R.K. & Wright, S.J. 699 

(1995) Tropical forest litter dynamics and dry season irrigation on Barro 700 

Colorado Island, Panama. Ecology, 76, 1971-1979. 701 

Wright, S.J., Yavitt, J.B., Wurzburger, N., Turner, B.L., Tanner, E.V.J., Sayer, E.J. et al. 702 

(2011) Potassium, phosphorus, or nitrogen limit root allocation, tree growth, or 703 

litter production in a lowland tropical forest. Ecology, 92, 1616-1625. 704 

Yavitt, J.B., Harms, K.E., Garcia, M.N., Mirabello, M.J. & Wright, S.J. (2011) Soil 705 

fertility and fine root dynamics in response to 4 years of nutrient (N, P, K) 706 

fertilization in a lowland tropical moist forest, Panama. Austral Ecology, 36, 707 

433-445. 708 

Zimmerman, J.K., Pulliam, W.M., Lodge, D.J., Quinones-Orfila, V., Fetcher, N., 709 

Guzman-Grajales, S. et al. (1995) Nitrogen Immobilization by Decomposing 710 

Page 33 of 48

Functional Ecology: Confidential Review copy

Functional Ecology: Confidential Review copy



34 

 

  

Woody Debris and the Recovery of Tropical Wet Forest from Hurricane Damage. 711 

Oikos, 72, 314-322. 712 

Song, Z., Dunn, C., Lü, X., Qiau, L., Pang, J., & Tang, J. (2017) Coarse woody decay rates 713 

vary by physical position in tropical seasonal rainforests of SW China. Forest 714 

Ecology and Management, 385, 206-213. 715 

 716 

  717 

Page 34 of 48

Functional Ecology: Confidential Review copy

Functional Ecology: Confidential Review copy



35 

 

  

Figure captions: 718 

Figure 1. The log odds of complete decomposition (with 95% confidence interval) for 719 

boles in different litter manipulation treatments considering both their age and initial 720 

cross-sectional mass (litter removal: triangles and dashed line; litter control: squares 721 

and solid line; litter addition: circles and dotted line) across a 15 year chronosequence of 722 

tree death in lowland tropical forest in Panama.  Greater log odds correspond with 723 

greater likelihood of complete decomposition, whereas lesser log odds indicates reduced 724 

likelihood of decomposition. 725 

Figure 2. Average wood respiration rates (CO2 efflux ± 95% confidence interval) of 726 

decomposing boles in litter addition, litter removal and control treatments (n= 28 for 727 

each litter treatment). 728 

Figure 3. Change in wood respiration (%) for older boles (> 3 years old) in response to 729 

both NPK and water addition.  Changes in respiration presented here are averages from 730 

three different measurement periods over 18 days.  The treatments were divided among 731 

litter addition (circles and dotted line), litter removal (triangles and dashed line), and 732 

litter control treatments (squares and solid line). 733 

Figure 4. PCA ordination of the elemental concentrations of boles from the NPK 734 

limitation experiment.  Each point represents the average elemental concentrations of a 735 

bole and boles are grouped by litter manipulation treatment.  Vectors indicate the 736 

direction and magnitude of correlations (R2 > 0.3) among elemental concentrations of 737 

each bole (Table 2).  Note that Mn, Fe, and Al overlap in the positive direction along the 738 

X axis.  Ellipses are the 95% confidence interval wherein the centroid for boles of each 739 

litter treatment is located (addition = dashed, removal = dotted, control = solid). 740 
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Table 1. Elemental concentrations (±SE) of old boles distributed among the three litter 741 

manipulation treatments prior to NPK addition.  Superscript letters denote differences 742 

among treatments.  Sample sizes (N) indicate the number of total samples, but two 743 

separate samples were taken from each individual bole. 744 

Elements 
Control 
(N = 12) 

Litter 
Addition 
(N = 18) 

Litter 
Removal 
(N = 10) 

Al (mg/g) 
6.01 
(4.28) 

1.19 
(0.49) 

4.71 
(2.46) 

B (mg/g) 
0.01 

(<0.01) 
<0.01 
(<0.01) 

0.01 
(<0.01) 

C% 
42.10 
(1.39) 

43.16 
(0.58) 

46.42 
(1.26) 

Ca (mg/g) 
6.50 
(0.94) 

13.01 
(2.52) 

6.56 
(1.38) 

Cu (mg/g) 
0.01 

(<0.01) 
0.01 

(<0.01) 
0.02 
(0.01) 

Fe (mg/g) 
4.97 
(3.46) 

1.01 
(0.41) 

4.20 
(2.22) 

K (mg/g) 
0.67 
(0.12) 

0.63 
(0.09) 

0.39 
(0.06) 

Mg (mg/g) 
0.28 
(0.09) 

0.39 
(0.11) 

0.31 
(0.08) 

N% 
0.74 
(0.10) 

0.69 
(0.07) 

1.04 
(0.13) 

Na (mg/g) 
0.08ab 
(0.02) 

0.12a 
(0.01) 

0.05b 
(0.01) 

P (mg/g) 
0.07 
(0.02) 

0.07 
(0.02) 

0.07 
(0.02) 

 745 

 746 

  747 
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Table 2. The PCA loadings for axes 1 and 2 reported along with the results of vector 748 

fitting for each variable (R-squared).  These values are from older boles used in the NPK 749 

limitation experiment before they were treated with aqueous NPK. 750 

Variable 
PC1 

loadings 
PC2 

loadings 
R2 

Al 0.95 -0.04 0.81 

B 0.61 -0.35 0.44 

C -0.58 -0.47 0.50 

C:N -0.39 0.59 0.44 

Ca 0.33 0.53 0.35 

Cu 0.32 0.00 0.09 

Fe 0.95 -0.06 0.81 

K 0.42 0.54 0.42 

Mg 0.56 0.49 0.50 

Mn 0.96 0.00 0.81 

N 0.23 -0.75 0.54 

Na 0.02 0.77 0.53 

P 0.58 0.14 0.31 

Zn 0.71 -0.48 0.64 

Bole density remaining 0.26 -0.02 0.06 

 751 

 752 

 753 

 754 

 755 

 756 
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The log odds of complete decomposition (with 95% confidence interval) for boles in different litter 
manipulation treatments considering both their age and initial cross-sectional mass (litter removal: triangles 
and dashed line; litter control: squares and solid line; litter addition: circles and dotted line) across a 15 
year chronosequence of tree death in lowland tropical forest in Panama.  Greater log odds correspond with 

greater likelihood of complete decomposition, whereas lesser log odds indicates reduced likelihood of 
decomposition.  

 
124x69mm (300 x 300 DPI)  
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Average wood respiration rates (CO2 efflux ± 95% confidence interval) of decomposing boles in litter 
addition, litter removal and control treatments (n= 28 for each litter treatment).  

 

115x63mm (300 x 300 DPI)  
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Change in wood respiration (%) for older boles (> 3 years old) in response to both NPK and water 
addition.  Changes in respiration presented here are averages from three different measurement periods 
over 18 days.  The treatments were divided among litter addition (circles and dotted line), litter removal 

(triangles and dashed line), and litter control treatments (squares and solid line).  
 

96x52mm (300 x 300 DPI)  
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PCA ordination of the elemental concentrations of boles from the NPK limitation experiment.  Each point 
represents the average elemental concentrations of a bole and boles are grouped by litter manipulation 
treatment.  Vectors indicate the direction and magnitude of correlations (R2 > 0.3) among elemental 

concentrations of each bole (Table 2).  Note that Mn, Fe, and Al overlap in the positive direction along the X 
axis.  Ellipses are the 95% confidence interval wherein the centroid for boles of each litter treatment is 

located (addition = dashed, removal = dotted, control = solid).  
 

101x101mm (600 x 600 DPI)  
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Supplementary Appendix 

Table S1. The original diameter at breast height (DBH, mm), density (g cm-3), and 

cross-sectional mass (g m-2, ± standard error) of boles retained in our study compared 

with boles that were excluded.  We compared these values using a mixed effect linear 

model with treatment as a fixed effect and plot as a random grouping factor.  Lowercase 

letters denote similar values of DBH (a or b) and density (x or y), as determined with a 

post-hoc Tukey test.  Many excluded boles were removed because the lacked species 

identification and therefore could not be assigned densities.  Consequently, the sample 

size “N (with density)” is only for the number of excluded boles with known density (and 

thus known cross-sectional mass) within each treatment.  Similarly, the other sample 

size of excluded boles [N (with DBH)] specifies the number of boles within each 

treatment with known diameter-at-breast height. 

 

 

Supplementary Information.   

Trees omitted from this study had smaller DBH (χ2
1 = 37.08, p < 0.001) and were 

denser (χ2
1 = 11.30, p < 0.001) than those retained in the dataset.  However, DBH and 

density did not differ among litter treatments (DBH: χ2
2 = 2.36, p = 0.31; Density: χ2

2 = 

3.38, p = 0.185).  Cross-sectional masses of boles did not differ (χ2
1 = 2.64, p = 0.104) 

between groups or among litter treatments (χ2
2 = 2.74, p = 0.25).  Furthermore, there 

were no interactions between the characteristics of boles in the litter treatments and 

whether they were retained or omitted (DBH: χ2
2 = 3.32, p = 0.19; Density: χ2

2 = 0.69, p 

Litter 

treatment 

Boles retained Boles excluded 

N 
DBH 

(mm) 

Density 

(g cm
3
) 

Cross-sectional 

mass (g m
2
) 

N (with 

DBH) 

N (with 

density) 

DBH 

(mm) 

Density 

(g cm
3
) 

Cross-sectional 

mass (g m
2
) 

Control 
67 769

a
 

(50) 

0.536
x
 

(0.019) 
460 (30) 

23 
1 

464
b
 

(47) 

0.675
y
 

(N/A) 

242 (N/A) 

Addition 
62 893

a
 

(55) 

0.489
x
 

(0.020) 
346 (18) 

35 
12 

519
b
 

(44) 

0.628
y
 

(0.043) 

494 (83) 

Removal 
85 764

a
 

(42) 

0.552
x
 

(0.018) 
407 (27) 

42 
14 

534
b
 

(55) 

0.637
y
 

(0.042) 

421 (78) 
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= 0.71; cross-sectional mass: χ2
2 = 3.26, p = 0.20), indicating that the effects of these 

omissions were similar across litter treatments. 
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Table S2. The distribution of boles in each litter treatment among different 

classifications including standing, downed, suspended, and completely decomposed 

boles.  Classifications with two components indicate that two separate sections of the 

tree were concurrently classified as different types of CWD. 

CWD classification 
Control 

(N) 
Addition 

(N) 
Removal 

(N) 

Down 23 14 19 

Completely decomposed 31 35 33 

Snag 10 11 27 

Snag/suspended 1 0 3 

Snag/down 2 0 1 

Suspended 0 2 2 

Totals 67 62 85 
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Figure S1. Research assistant R. Kneale uses silicon sealant to attach a respirometry 

collar to a bole. 
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Figure S2. Viasala CO2 probe and data logger record respiration rate of a bole located 

in a litter removal treatment. 
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Figure S3. Nonmetric multidimensional scaling plot of tree species composition of 

completely decomposed trees (hollow points; n = 14) and dead trees that are still 

identifiable in 2016 (filled points; n = 13).  Each point represents either the decomposed 

or remaining boles of a single plot.  Panel A depicts NMS axes 1 and 2, whereas panel B 

depicts NMS axes 1 and 3.  Circles represent litter addition treatment plots (n = 9), 

triangles represent litter removal plots (n = 10), and squares represent control plots (n = 

8).  

A 

B 
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