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 27 

Abstract 28 

Net primary productivity (NPP) is one of the most important parameters in describing the 29 

functioning of any ecosystem and yet it arguably remains the least quantified and understood 30 

component of carbon cycling in tropical forests. We provide the first comprehensive analysis 31 

of NPP and its carbon allocation to woody, canopy and root growth components at 32 

contrasting lowland West African forests spanning a rainfall gradient. Using a standardised 33 

methodology to study evergreen (EF), semi-deciduous (SDF), dry forests (DF) and woody 34 

savanna (WS), we find that (i) climate is more closely related with above and belowground C 35 

stocks than with NPP (ii) total NPP is highest in the SDF site, then the EF followed by the 36 

DF and WS and that (iii) different forest types have distinct carbon allocation patterns 37 

whereby SDF allocate in excess of 50% to canopy production and the DF and WS sites 38 

allocate 40-50% to woody production. Furthermore, we find that (iv) compared with canopy 39 

and root growth rates the woody growth rate of these forests is a poor proxy for their overall 40 

productivity and that (v) residence time is the primary driver in the productivity-allocation-41 

turnover chain for the observed spatial differences in woody, leaf and root biomass across the 42 

rainfall gradient. Through a systematic assessment of forest productivity we demonstrate the 43 

importance of directly measuring the main components of above and belowground NPP and 44 

encourage the establishment of more permanent carbon intensive monitoring plots across the 45 

tropics. 46 

 47 

Introduction 48 

Tropical forests are among the most productive ecosystems on Earth accounting for over 60% 49 

of global terrestrial photosynthesis and about one-third of global net primary production 50 
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(NPP), which equates to approximately 18-24 Pg C yr-1 (Field et al., 1998; Roy & Saugier, 51 

2001; Malhi et al., 2014). NPP is the rate of formation of biomass such as woody, leaf and 52 

root tissues and is thus one of the most fundamental attributes of an ecosystem at the base of 53 

its food web. As such, NPP is a highly important parameter in describing the functioning of 54 

any ecosystem. Due to their importance in the global carbon cycle, tropical forests have 55 

received increasing amounts of research attention in the last few decades. However, NPP of 56 

tropical forests is one of the most important and least quantified components of the global 57 

carbon cycle (Anderson-Teixeira et al., 2016). This is primarily because directly measuring 58 

the NPP of forests in the field is labour-intensive. Historically, it was more commonly 59 

estimated from single components of NPP such as leaf litterfall (Bray & Gorham, 1964; 60 

Murphy, 1975), the methods of which are described in more detail in Clark et al. (2001a) or 61 

from woody growth, with belowground productivity rarely considered. In recent decades 62 

however, an increasing dataset of tropical forest total NPP measurements has been building 63 

up. The vast majority of these datasets focus on Amazonia (Clark et al., 2001b; Aragão et al., 64 

2009; Malhi et al., 2009a, 2015, 2016; Girardin et al., 2010), the most comprehensive of 65 

which were published in a special issue on ‘Ecosystem dynamics of Amazonian and Andean 66 

forests’ (Galbraith et al., 2014). There are a handful of studies from SE Asia (Paoli & Curran, 67 

2007; Riutta et al., in review) and only very recently one from tropical montane forests in 68 

Africa (Nyirambangutse et al., 2016). Despite being the world’s second largest tropical forest 69 

block, African tropical forests have drawn little attention in terms of carbon cycling and 70 

global change research compared to their counterparts in South America and Southeast Asia 71 

(Baker et al., 2004; Slik et al., 2010 Malhi et al., 2013).  72 

 73 

Rainfall gradients are useful natural field laboratories that enable us to explore some of the 74 

possible effects of future climate change scenarios. For example, many climate change 75 
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models predict an increase in frequency of severe droughts (Sheffield & Wood, 2008; Dai, 76 

2013) as well as intensification of the El Niño Southern Oscillation (Cai et al., 2014) and it 77 

has been suggested that tropical forests are the most sensitive biome to climate change and 78 

most prone to species extinction (Deutsch et al., 2008). In a study along wet-dry gradients of 79 

tropical forest NPP monitoring plots in Amazonia, Malhi et al. (2015) found that the decline 80 

in Gross Primary Production (GPP) from wet to dry forest plots was not tracked by a decline 81 

in NPP. Instead, NPP stayed relatively high in the dry plots due to an increase in Carbon Use 82 

Efficiency (CUE), which was the result of a relatively greater reduction in autotrophic 83 

respiration. They also found that carbon allocation shifted more to woody components and 84 

biomass turnover increased in the drier forest plots. Whilst this study provides new insights 85 

into carbon cycling across wet-dry gradients in the Amazon, it would be valuable to replicate 86 

this on another continent to establish its generality. 87 

 88 

West Africa is an interesting and contrasting study site to Amazonia for a number of reasons; 89 

(i) soils here are generally more fertile than in Amazonia, (ii) West Africa has a multi-decadal 90 

drying trend (Malhi & Wright, 2004) and (iii) a strong history of climate variability that has 91 

shaped present-day ecosystems (Malhi et al., 2013), resulting in (iv) species diversity that is 92 

generally lower than Amazonia (Parmentier et al., 2011) with more ubiquitous, wide-spread 93 

species. Indeed rainfall is the single most important parameter determining the vegetation 94 

gradient for the Upper Guinean forests in West Africa (Bongers et al., 2004), but until now, 95 

no network of plots along a rainfall gradient has existed in which to test key hypotheses 96 

relating to the productivity of these forests. Here, we present the first directly measured NPP 97 

dataset from lowland African tropical forests. As part of the Global Ecosystems Monitoring 98 

network (GEM: gem.tropicalforests.ox.ac.uk), the number of one-hectare carbon-intensive 99 

monitoring study plots in Africa increased from zero in 2011 to over twenty, at present. It is 100 
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the first plot network in Africa that monitors carbon fluxes as opposed to other, more 101 

spatially extensive plot networks such as Afritron (African Tropical Rainforest Observation 102 

Network, afritron.org) and CTFS (Center for Tropical Forest Science, forestgeo.si.edu) that 103 

focus their efforts on forest inventories of woody biomass, structure and species composition. 104 

By monitoring every major component of NPP, we have assembled a new dataset that 105 

enables us to ask the following research questions in the context of African tropical forests 106 

for the first time: 107 

  1. To what extent can key plot-level characteristics such as biomass, NPP and carbon 108 

allocation to woody, canopy and root growth be predicted from rainfall patterns? 109 

2. Is woody growth of a tropical forest a useful proxy for stand-level NPP? If not, is 110 

any other component of carbon allocation a better indicator?  111 

3. Which aspects of NPP, carbon allocation and carbon residence time are the primary 112 

drivers for the patterns in biomass we observe? 113 

 114 

More specifically, the objectives of this research are to: 115 

1. Quantify above and belowground C stocks at eight one-hectare forest plots at three 116 

sites across a rainfall gradient in Ghana. 117 

2. Calculate total annual NPP values for all plots and quantify this NPP allocation into 118 

woody, canopy and root components. 119 

3. Define the main drivers for the observed changes in woody, leaf and root biomass 120 

across the gradient.  121 

 122 

Materials and methods 123 

Field sites 124 
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As part of the GEM network, 14 one-hectare plots were established within three study sites 125 

along a rainfall gradient in Ghana, West Africa. The gradient contains three wet evergreen 126 

forest plots in Ankasa Conservation Area (ACA) in the extreme southwest of Ghana, close to 127 

the Côte d’Ivoire border. Two hundred kilometres to the north-east, six semi-deciduous forest 128 

plots are located within Bobiri Forest Reserve (BFR) close to the second largest city in Ghana, 129 

Kumasi, and a further one hundred kilometres to the north-east, five plots are located within 130 

the Kogyae Strict Nature Reserve (KSNR) which encompasses the dry forest to savanna 131 

transition zone. For the purposes of this study, we refer to these 14 plots as the extended plot 132 

network and include these in the biomass and productivity analyses. For the NPP regression 133 

analysis and the productivity-allocation-turnover analysis, we include only the core plot 134 

network in the analyses which consists of two lowland, non-inundated plots with low or no 135 

logging impact within each of the four vegetation types; evergreen forest (EF), semi-136 

deciduous forest (SDF), dry forest (DF) and woody savanna (WS), totalling eight study plots 137 

in a paired-plot sampling methodology. This core plot network excludes plots with features 138 

such as seasonal flooding and recent logging which have clear and unwanted biases on 139 

components such as stem NPP, and also excludes a forest-savanna transition where we have 140 

only one plot.[SM1] 141 

 142 

The core EF plots in ACA (ANK-01 & ANK-02) are both located on a small hill within the 143 

footprint of an eddy covariance tower. The core SDF plots (BOB-01 & BOB-02) are located 144 

within 5 kilometres of each other in the most undisturbed part of BFR. BOB-01 is located 145 

within the Strict Nature Reserve with no record of logging. However, perhaps due to its 146 

location close to the edge of the reserve and possible wind effects, it may be quite dynamic. 147 

Forestry Commission (FC) records state that BOB-02 was last logged (very lightly) more 148 

than 60 years ago. It is important to note that this reserve is only ever very lightly logged (1-2 149 
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stems per hectare) and this is rigorously enforced by the FC. The DF and WS plots are all 150 

located within the KSNR which is made of two sub-communities; transitional forest towards 151 

the true forest zone in the south-east of the reserve and transitional forest towards Guinean 152 

woody savanna, covering about a third of the reserve (Ghana Wildlife Department, 1994). 153 

The core DF plots (KOG-02 & KOG-03) are located in the most forest-dominated region of 154 

KSNR which is sometimes comprised of isolated forest patches. Following a transition zone 155 

of several kilometres (the location of KOG-04), the core WS plots (KOG-05 & KOG-06) are 156 

located in the Guinean woody savanna-dominated region of KSNR.  157 

 158 

Rainfall gradient 159 

The four study sites have contrasting rainfall and soil regimes, the key characteristics of 160 

which are outlined in Table 1. Ankasa, the EF site has the highest mean annual precipitation 161 

(MAP) of around 2,000 mm, mainly concentrated from March to mid-July and from 162 

September to November, and relative humidity is high throughout the year. Further north at 163 

the Bobiri and Kogyae sites, the MAP reduces to 1500 mm and 1200 mm, respectively. 164 

Rainfall occurs at the same time of year at all sites, but the seasonality is enhanced with 165 

increasing distance north, resulting in greater mean Maximum Climatological Water Deficits 166 

(MCWD; see Malhi et al. 2009b). Like many other tropical forest soils, the soils in Ankasa 167 

are deeply weathered, high in aluminium and acidic (pH 4.0-4.5) but are fairly rich in 168 

phosphorus compared with many Amazonian soils. Bobiri and Kogyae are unusually rich in 169 

base cations and less acidic than in Ankasa (pH 6.0). The reason for this is unclear as the bed 170 

rock is probably metamorphic or igneous (African shield). There may be local depositional 171 

features, or other possibilities include heavy cation deposition from Saharan dust, transported 172 

from the Bodele Depression (the basin of Lake Chad in the southern edge of the Sahara 173 

Desert) during the Harmattan winds in January and February (Tiessen et al., 1991; 174 
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Washington et al., 2009; Lyngsie & Olsen, 2013). The soil texture at the DF and WS sites is 175 

very sandy with low water and nutrient retention capacity, whereas the SDF and EF sites 176 

have loamy soils. 177 

 178 

Table 1 Meteorological and soil characteristics of the four study sites occurring along the 179 

rainfall gradient in Ghana.  180 

Site name Ankasa Bobiri Kogyae Kogyae 

Vegetation type Evergreen 

forest (EF) 

Semi-

deciduous 

forest (SDF) 

Dry forest 

(DF) 

Woody 

savanna 

(WS) 

Core plot codes ANK-01, 

ANK-02 

BOB-01, 

BOB-02 

KOG-02, 

KOG-03 

KOG-05, 

KOG-06 

Latitude (°) 5.2680 6.6910 7.2616 7.3012 

Longitude  (°) -2.6955 -1.3389 -1.1501 -1.1649 

Elevation (m asl) 114 235 229 221 

Solar radiation (GJ m-2 yr-1) 1.7 2.0 2.4 2.4 

Mean annual air temperature 

(°C) 

 25.0 25.7 26.4 26.4 

Mean annual precipitation 

(mm) 

2050 1500 1200 1200 

Mean annual humidity (%)  91.0 83.9 79.2 79.2 

Mean MCWD (mm) -13 -374 -412 -412 

pH 4.27 6.05 6.07 6.02 

Soil N (%) 0.17 0.16 0.06 0.04 

Soil C (%) 2.61 1.71 0.72 0.62 
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Soil C:N 14.57 10.18 11.35 15.10 

Ptotal (mg kg-1) 147 258 67 82 

Caex 1.34 32.81 18.91 11.83 

Mgex 3.45 11.00 6.22 6.73 

Kex 0.83 1.25 1.09 0.73 

Naex 0.44 0.05 0.04 0.04 

Alex 18.44 0.89 0.02 0.07 

Sum exchangeable bases  6.05 45.11 26.25 19.33 

Soil cation exchange capacity 24.49 46.00 26.27 19.41 

Base fraction 0.25 0.98 0.99 0.99 

Sand (%) 63 47 83 77 

Clay (%) 22 29 2 4 

Silt (%) 15 24 15 19 

Data for solar radiation, air temperature, precipitation, humidity and MCWD for DF and WS 181 

are from the same meteorological station in Kogyae. Average (0–30cm) soil data for EF, SDF, 182 

DF and WS vegetation types were collected from plots ANK-01, BOB-02, KOG-02 and 183 

KOG-05, respectively. Ptotal – total soil phosphorus pool; Caex, Mgex, Kex,Naex, Alex – 184 

exchangeable calcium, magnesium, potassium, sodium and aluminium concentrations; sum of 185 

exchangeable bases; soil cation exchange capacity (all in mmolc kg−1). 186 

 187 

Field methods 188 

All field methods employed follow the GEM protocols manual (Marthews et al., 2014; 189 

gem.tropicalforests.ox.ac.uk) where they are described in detail as well as in a number of 190 

papers in the special issue on ‘Ecosystem dynamics of Amazonian and Andean forests’ 191 

(Galbraith et al., 2014). To summarise, the protocol measures and sums all major components 192 
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of NPP on monthly or seasonal timescales in each 1 ha forest plot (Tables 2 and 3). This 193 

includes canopy litterfall from litterfall traps at bimonthly intervals, estimates of leaf loss to 194 

herbivory, aboveground coarse woody productivity of all large trees (≥10 cm dbh) in the plot 195 

and small trees (2–10 cm dbh) in subplots via yearly plot censuses, the turnover of branches 196 

on live trees by conducting branch fall transects every three months, fine root productivity 197 

from ingrowth cores installed and harvested every three months, and estimation of coarse root 198 

productivity by applying a multiplying factor to aboveground woody productivity (Table 2). 199 

We assume that most NPP terms were sampled without large biases and hence uncertainty in 200 

these terms is dominated by sampling uncertainly. We estimate sampling uncertainty by 201 

assuming each sample collection point is independent and assuming a normal distribution 202 

(see Table 3). The uncertainty of individual measurement components is propagated by 203 

standard rules of quadrature (Hughes & Hase, 2010; see also Malhi et al. (2015) for similar 204 

application to Amazonian forests).[SM2] 205 
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Table 2 Field methods for intensive monitoring of NPP components from Ankasa (ANK), Bobiri (BOB) and Kogyae (KOG) plots in Ghana (see also RAINFOR-GEM 206 

manual (Marthews et al. 2014)).  207 

 Component Description Sampling period Sampling 

interval 

Aboveground 

net primary 

productivity 

(NPPAG) 

Aboveground coarse 

wood net primary 

productivity 

(NPPstem) 

Forest inventory: All trees ≥10 cm DBH were censused to determine growth rate of existing 

surviving trees and rate of recruitment of new trees. Biomass calculated using the Chave et al. 

(2014) allometric equation, employing diameter, height and wood density data. The ≥10 cm 

DBH : ≤10 cm DBH tree ratio from published data (Galbraith et al., 2014) was used to 

estimate the NPPstem fraction of smaller stemmed trees and data scaled up to 1 ha.  

2011-2013 (ANK) 

2011-2015 (BOB 

& KOG) 

Every year 

Branch turnover net 

primary productivity 

(NPPbranch) 

New branch fall > 2 cm diameter (excluding that associated with dead trees) was surveyed 

within four 1 m x 100 m transects; small branches were cut to include only the transect-

crossing component, removed and weighed. Larger branches had their dimensions taken 

(diameter at 3 points) and all were assigned a wood density value according to their 

decomposition class (Harmon et al., 1995).  

2012-2013 (ANK) 

2012-2015 (BOB 

& KOG) 

Every 

three 

months 

Litterfall net primary 

productivity 

(NPPlitterfall) 

Litterfall production of dead organic material < 2 cm diameter was calculated by collecting 

litterfall in 0.25 m2 (50 cm x 50 cm) litter traps placed at 1 m above the ground at the centre of 

each of the 25 subplots in each plot. Litter separated into leaves, twigs, flowers, fruits, seeds 

and unidentifiable. Leaf biomass was calculated as leaf area index (LAI)/specific leaf area 

(SLA), where LAI is the plot mean over the study period and SLA is the basal area-weighted 

2011-2013 (ANK) 

2012-2015 (BOB 

& KOG) 

Every 14 

days 
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plot mean over the study period. 

Leaf Area Index 

(LAI) 

Hemispherical photos were taken with a digital camera (Nikon Coolpix 4500) and 

hemispherical lens (Nikon FC-E8) near the centre of each of the 25 subplots in each plot, at a 

standard height of 1 m, and during overcast conditions. LAI was estimated from these images 

using Hemisfer software (licensed version 2.12; 

 http://www.wsl.ch/dienstleistungen/produkte/software/hemisfer/index_EN). 

2011-2013 (ANK) 

2012-2015 (BOB 

& KOG) 

Every 

month 

Loss to Leaf 

Herbivory 

(NPPherbivory) 

Leaves collected in the 25 litterfall traps in each plot photographed prior to being dried. Leaf 

area was determined with image analysis software (ImageJ, NIH, USA) to calculate the area 

of each individual leaf lost to herbivory.  

2012-2013 (ANK) 

2012-2015 (BOB 

& KOG) 

Every two 

months 

Herbaceous net 

primary productivity 

(NPPherb) 

Nine 1 m x 1 m sampling areas were established within subplots 1,3,9,11,13,15,21,23 and 25 

in each plot. All small herbs (defined in Geldenhuys et al., 1988) <1 cm basal diameter (cut at 

ground level) were harvested for each collection. 

2014-2015 (KOG 

only) 

Every 

three 

months 

Belowground 

net primary 

productivity 

(NPPBG) 

Coarse root net 

primary productivity 

(NPPcoarse root) 

Not measured directly; estimated as 0.21 (at EF and SDF sites) and 0.28 (at DF and WS sites) 

of aboveground woody productivity, based on published values of the ratio of coarse root 

biomass to aboveground biomass (Jackson et al., 1996; Cairns et al., 1997, IPCC, 2006).  

n/a n/a 

Fine root net primary 

productivity (NPPfine 

root) 

Sixteen ingrowth cores (mesh cages 12 cm diameter, to 30 cm depth) were installed in each 

plot. Cores extracted and roots manually removed from the soil samples in four 10 min time 

steps and the pattern of cumulative extraction over time used to estimate root extraction 

beyond 40 mins. Root-free soil was then re-inserted into the ingrowth core. Collected roots 

2012-2013 (ANK) 

2012-2015 (BOB 

& KOG) 

Every 

three 

months 
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were thoroughly rinsed, oven dried at 80ºC to constant mass, and weighed. This process was 

repeated for each measurement thereafter. Fine root biomass was calculated from harvested 

fine roots during the first installation of ingrowth cores.  

 208 

Table 3 Data analysis methods for intensive monitoring of NPP components from all plots in Ghana (see also RAINFOR-GEM manual (Marthews et al. 2014)). 209 

 Component Data processing details 

Aboveground 

net primary 

productivity 

(NPPAG) 

Aboveground coarse 

wood net primary 

productivity 

(NPPACW) 

Biomass calculated using the Chave et al. (2014) allometric equation:  AGB = 0.0673  ×  (ρ  D2  H)0.976   where AGB is 

aboveground biomass (kg), ρ is density (g cm-3) of wood, D is dbh (cm), and H is height (m). Tree height data was plot/site-

specific. To convert biomass values into carbon, we assumed that dry stem biomass is 47.3% carbon (Martin and Thomas 2011). 

Systematic uncertainty of ± 20% assigned to values for error propagation. 

NPPbranch See RAINFOR-GEM manual (Marthews et al., 2014, pg.74) for description of decomposition status and surface area formulas. 

Errors calculated as the sampling error associated with variation between the transects. 

Litterfall net primary 

productivity 

(NPPlitterfall) 

NPPlitterfall is calculated as follows:   NPPlitterfall = NPPcanopy   –   Loss to Leaf Herbivory. Litterfall was separated into different 

components, oven dried at 80°C to constant mass and weighed. Litter is estimated to be 49.2% carbon, based on mean 

Amazonian values (S. Patiño, unpublished analysis). Errors calculated as the sampling error associated with variation between the 

litter traps. 

Leaf Area Index 

(LAI) 

LAI was estimated from hemispherical photos using the standard Li-Cor LAI-2000 method, based on the Miller (1967) equations 

and correcting for non-linearity and slope effects (Schleppi et al., 2007) and canopy clumping (Chen & Cihlar, 1995). Thresholds 

were set to detect separately for each ring (5 rings) according to Nobis & Hunziker (2005). Errors calculated as the sampling error 
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through variation among subplots. 

Loss to Leaf 

Herbivory 

(NPPherbivory) 

The fractional herbivory (Hf) for each leaf was then calculated as: Hf = (Anh - Ah) / Anh   Where Ah is the area of each individual 

leaf including the damage incurred by herbivory and Anh is the leaf area prior to herbivory. The average value of Hf of all leaves 

collected per litterfall trap was derived and plot level means were calculated. Errors calculated as the sampling error associated 

with variation between the litter traps. 

Herbaceous net 

primary productivity 

(NPPherb) 

A sub-sample (>100 g) of the harvested herbs from each sampling area were separated and oven dried at 80°C to constant mass 

and weighed. The fresh weight:dry weight ratio was applied to the total sample from each sampling area in the nine subplots and 

extrapolated to 1 ha. Herbs are estimated to be 49.2% carbon (S. Patiño, unpublished analysis). This protocol was only 

implemented in the DF and WS plots where the herbaceous layer was clearly visible. Errors calculated as the sampling error 

associated with variation between the sampling points. 

Belowground 

net primary 

productivity 

(NPPBG) 

NPPcoarse root See RAINFOR-GEM manual (Marthews et al., 2014, pg.58) for description and range of Root:shoot ratio. Systematic uncertainty 

of ± 20% and 30% assigned to values for error propagation in EF/SDF plots and DF/WS plots, respectively.. 

Fine root net primary 

productivity (NPPfine 

root) 

Roots were manually removed from the soil samples in four 10 min time steps, according to a method that corrects for 

underestimation of biomass of hard-to-extract roots (Metcalfe et al., 2007) and used to predict root extraction beyond 40 mins (up 

to 120 mins); typically, there was an additional 33% correction factor for fine roots not collected within 40 mins. Correction for 

fine root productivity below 30 cm depth (Galbraith et al., 2013) increased the value by 39%. Errors calculated as the sampling 

error associated with variation between the sampling points. 
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NPP calculations 210 

Measurements of NPP were made in all plots spanning the period 2011 to 2015. Slight 211 

variations in length of datasets available for each plot do exist, but there is a minimum of two 212 

years continuous data for all NPP components in all plots (Table 2). Where annual means are 213 

reported, this is the mean for all complete years (12 months) of data collected so as to avoid 214 

any potential seasonal biases. We calculated all components of NPP using the following 215 

equations: 216 

 217 

NPPtotal = NPPcoarse root + NPPfine root + NPPstem +  NPPbranch + NPPlitterfall + NPPherbivory + 218 

NPPherb            (1) 219 

NPPcanopy = NPPlitter fall + NPPherbivory        (2) 220 

NPPwoody = NPPcoarse root + NPPstem +  NPPbranch turnover     (3) 221 

NPProot = NPPfine root          (4) 222 

NPPACW = NPPstem          (5) 223 

 224 

Whilst our calculations above include all of the major NPP components, they do not capture 225 

several smaller NPP terms, such as NPP lost as volatile organic emissions (NPPVOC), litter 226 

that remains unmeasured through being trapped in the canopy or litter that falls from 227 

vegetation below the 1 m litter traps. However, Malhi et al. (2009a) showed NPPVOC to be a 228 

relatively minor NPP term that accounted for ~0.1 ± 0.05 Mg C ha-1 yr-1 in a central 229 

Amazonian forest. We consider root exudates and transfer to mycorrhizae as a portion of 230 

rhizosphere respiration rather than as NPP and are therefore not included in this study. 231 

Previous studies have shown these carbon fluxes to be modest (<2 Mg C ha-1 yr-1; Malhi et 232 

al., 2017). Due to these small omissions, our total NPP estimates should be considered 233 

conservative. [SM3] However, comparisons between bottom-up derived GPP (NPP + 234 
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autotrophic respiration) and flux tower-derived GPP show very good agreement, especially in 235 

temperate and tropical forests (Campioli et al., 2016), which increases confidence that no 236 

major components of the carbon budget are missed. 237 

 238 

Analysis framework 239 

In order to better understand what controls the variation in biomass of the three major carbon 240 

pools (canopy, woody and fine roots) in these tropical forests, we employ a systematic 241 

framework, first developed by Malhi et al. (2015) to analyse carbon cycling along wet–dry 242 

gradients in lowland Amazonia, to decompose the biomass calculation into a productivity-243 

allocation-turnover chain. Here, we express the productivity (NPP) of carbon pool ‘x’, as 244 

follows: 245 

 246 

NPPx = NPPtotal × Allocationx        (6) 247 

 248 

Where ‘NPPtotal’ is the total calculated productivity and ‘Allocationx’ is the fraction of 249 

NPPtotal allocated to carbon pool ‘x’ (e.g. canopy, woody, fine roots). In mature, low 250 

disturbance forest stands such as those in this study, where biomass growth and mortality 251 

rates are approximately equal to one another and there is little net change in biomass, the 252 

residence time of carbon pool ‘x’ can be estimated as biomass divided by productivity 253 

(Galbraith et al., 2013): 254 

 255 

Biomass residence timex (!x) = biomassx / NPPx      (7)  256 

 257 
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Where ‘biomassx’ is the calculated biomass of carbon pool ‘x’ and ‘NPPx’ is the productivity 258 

of carbon pool ‘x’. Hence, the biomass of carbon pool ‘x’ can be decomposed and expressed 259 

as:  260 

 261 

Biomassx = NPPtotal × (NPPx/NPPtotal) × !x       (8) 262 

Biomassx = NPPtotal × AllocationX × !x         263 

e.g. Biomasswoody = NPPtotal × Allocationwoody × !woody    264 

  265 

Results 266 

Aboveground biomass and soil C stocks 267 

Mean aboveground biomass (AGB) values from the extended plot network [SM4]were highest 268 

in the EF plots (142 ± 17 Mg C ha-1), intermediate in the SDF and DF plots (127 ± 11 and 269 

101 ± 14 Mg C ha-1, respectively) and lowest in the WS plots (62 ± 8 Mg C ha-1, Fig. 1), 270 

revealing a positive relationship with rainfall (r2 = 0.51, P = 0.004; Fig. S1a). Mean soil C 271 

stocks (0-30 cm depth) also showed a positive relationship with rainfall (r2 = 0.64, P <0.001; 272 

Fig. S1b) across the extended plot network with by far the highest values in the EF plots (80 273 

± 13 Mg C ha-1) and lower stocks in the SDF, DF and WS plots (39 ± 3, 25 ± 1 and 26 ± 1 274 

Mg C ha-1, respectively, Fig. 1).  275 
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 276 

Fig. 1 Mean aboveground biomass (all trees >10 cm DBH) and soil carbon stocks (0-30 cm 277 

depth) across the extended plot network [SM5]at each of the four vegetation types (EF - 278 

evergreen forest, SDF - semi-deciduous forest, DF - dry forest, WS - woody savanna) along 279 

the rainfall gradient. 280 

 281 

Total NPP and NPP allocation 282 

Mean total NPP increases from 13.0 ± 0.5 Mg C ha-1 yr-1 in EF plots to a peak of 15.8 ± 0.4 283 

Mg C ha-1 yr-1 in SDF plots, before declining to 12.0 ± 0.7 and 10.8 ± 0.5 Mg C ha-1 yr-1 in 284 

DF and WS plots, respectively (Fig. 2, Table S1), showing no correlation with rainfall (Fig. 285 

S1c). Total NPP in BOB-01, one of the SDF plots, was 14.0 ± 0.8 Mg C ha-1 yr-1 which is 286 

comparable with the mean EF value, whilst the second SDF plot, BOB-02, obtained one of 287 

the highest total NPP values reported globally of 19.5 ± 1.1 Mg C ha-1 yr-1. The DF plots 288 

ranged in total NPP values from 10.9 ± 0.9 (KOG-02) to 13.0 ± 1.0 (KOG-03) Mg C ha-1 yr-1. 289 

Similarly, the WS plots ranged in total NPP values from 9.2 ± 0.6 (KOG-05) to 12.4 ± 0.8 290 

(KOG-06) Mg C ha-1 yr-1. Note that the herbaceous NPP component was only measured at 291 

the DF and WS plots and on average accounts for about 1.1 ± 0.1 Mg C ha-1 yr-1. This 292 
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component was not measured in the SDF and EF plots, but we expect it to be an order of 293 

magnitude lower in shaded understoreys. 294 

 295 

When NPP is separated into canopy (fine litter and herbivory), woody (stem, branch turnover 296 

and coarse root) and root (fine root, hereafter termed root) components (as per equations 2-4), 297 

noticeable differences are observed (Fig. 2). The EF plots display a near-equal division of 298 

NPP between canopy, woody and root components (~37 ± 1, 30 ± 2 and 33 ± 2%, 299 

respectively). In contrast, NPP allocation (the process of NPP partitioning as defined in 300 

Litton et al., 2007) in the SDF plots is dominated by canopy production, accounting for 56 ± 301 

7% of total NPP allocation. The remaining woody and root components account for a much 302 

more moderate allocation of 22 ± 2 and 22 ± 5%, respectively. By contrast, the DF and WS 303 

plots are dominated by woody allocation, which are 39 ± 7 and 46 ± 9%, respectively. 304 

Therefore in summary, whilst the EF splits its carbon allocation evenly across the three main 305 

components, the SDF allocates more than half its carbon to canopy growth and the driest 306 

forest types allocate up to half of their carbon to woody growth. Hence there appear to be 307 

clear shifts in carbon allocation strategy along the rainfall gradient, but no overall patterns 308 

observed across the extended rainfall gradient plot network (Fig S2). 309 
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 310 

Fig. 2 Mean (a) total annual NPP (±1 S.E.) split into its components and (b) annual NPP 311 

allocation into canopy, wood and root components (see equations 2-4 for details) at each of 312 

the four vegetation types along the extended rainfall gradient plot network. 313 

 314 

Unique NPP component allocation patterns among the four forest types enable us to ask 315 

whether woody growth, equivalent to aboveground coarse wood production (NPPACW, 316 

equation 5) is a useful proxy for estimating stand-level NPP. NPPACW  is often estimated 317 

from forest inventories (e.g. Malhi et al., 2004) and is then taken to be a proxy of total NPP, 318 

though evidence in support of this assumption is weak (Malhi et al., 2011). Across the core 319 

plot network, NPPACW shows no significant relationship with total NPP (P = 0.26) while total 320 

canopy production (r2 = 0.68, P = 0.01) and fine root production (r2 = 0.46, P = 0.07) have 321 

closer relationships with total NPP (Fig. 3). Note that the x and y axes in these plots are not 322 

independent (as NPPACW is a component of total NPP), but this makes it even more 323 

remarkable that woody growth is not as good a proxy for total NPP. The relationship is 324 

weakened through the particularly high woody allocation in two of the drier plots (KOG-03 325 

and KOG-06). If these two plots with very high woody allocation are excluded from the 326 
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analyses, the relationship improves (r2 = 0.64, P <0.05). As found previously in Amazonia 327 

(Malhi et al., 2011), litterfall is a much better proxy for overall productivity (Fig. 3b). Fine 328 

root productivity also shows a closer (although not statistically significant) correlation with 329 

total NPP (Fig. 3c) than aboveground coarse woody NPP.  330 

 331 

Fig. 3 Total NPP as a function of various components of NPP: (a) aboveground coarse woody 332 

NPP, (b) canopy NPP and (c) fine root NPP, across the core plot network. Bars indicate ±1 333 

S.E. on each axis. 334 

 335 

Results from analysis framework for woody, canopy and root biomass 336 

Next we apply our analysis framework to determine which of the productivity-allocation-337 

turnover components are the primary drivers for the changes in woody biomass observed in 338 

the core plot network across the rainfall gradient (Fig. 4), adopting the framework Malhi et al. 339 

(2015) applied to wet-dry transects in Amazonia. Total NPP (considering only the core plots) 340 

is highest in SDF (16.7 ± 0.6 Mg C ha-1 yr-1), and shows declines in both the EF site (13.3 ± 341 

0.6 Mg C ha-1 yr-1) and the drier sites (12.0 ± 0.7 to 10.8 ± 0.5 Mg C ha-1 yr-1 at the DF and 342 

WS sites, respectively). Woody biomass production is lowest in the EF site, and then shows 343 



22 
 

no trend along the rest of the gradient between SDF, DF and WS (Fig. 4). This is despite the 344 

decline in NPP between the SDF and the WS, and occurs because the drier sites show an 345 

increased allocation to woody growth that largely offsets the reduction in NPP. Woody 346 

biomass residence times are highest in the EF site (~110 years), decrease to substantially 347 

lower values in the SDF and DF sites (25-50 years), and further decrease in the WS (15-35 348 

years; Table 4). Hence there is an overall increase of turnover rates with increasing dryness 349 

along the gradient, and this drives the overall decline in mean biomass values along the 350 

gradient, from 158 Mg C ha-1 in the EF site through ~120, ~100 and ~60 Mg C ha-1 in the 351 

SDF, DF and WS sites, respectively (core plot network only). The trend in biomass is driven 352 

by variation in turnover time and mortality rate, rather than by the small trend in woody 353 

production rates. 354 

 355 

Table 4 Synthesis of woody, leaf and fine root biomass and residence time values across the 356 

core plot network.  357 

Site EF SDF DF WS 

Plot ANK-

01 

ANK-

02 

BOB-

01 

BOB-

02 

KOG-

02 

KOG-

03 

KOG-

05 

KOG-

06 

ACW biomass 

(Mg C ha-1) 

 

162.7 

± 32.5 

153.3 

± 30.7 

111.8  

± 22.4 

129.0 

± 25.8 

101.4 

± 20.3 

100.5 

± 20.1 

58.6  

± 11.7 

65.6  

± 13.1 

ACW residence 

time (years) 

 

99.0  

± 22.1 

120.6  

± 27.0 

47.3  

± 10.6 

32.0  

± 7.16 

44.5  

± 9.94 

25.5  

± 5.69 

36.7  

± 8.21 

14.7  

± 3.28 

Leaf biomass 

(Mg C ha-1) 

 

2.31  

± 0.10 

2.25  

± 0.10 

1.75  

± 0.11 

2.31  

± 0.17 

1.82  

± 0.15 

1.59  

± 0.11 

0.87  

± 0.13 

0.89  

± 0.13 

Leaf residence 

time (months) 

 

9.22  

± 0.80 

9.93  

± 1.08 

4.09  

± 0.42 

5.18  

± 0.58 

9.61  

± 3.11 

7.84  

± 2.43 

6.65  

± 1.67 

6.68  

± 2.47 

Fine root 

biomass  

(Mg C ha-1) 

31.65 

± 6.33 

28.76 

± 5.75 

22.87 

± 4.57 

35.32 

± 7.06 

8.45  

± 1.69 

10.83 

± 2.17 

5.93  

± 1.19 

4.88  

± 0.98 

Fine root 

residence time 

(months) 

7.00  

± 1.75 

6.74  

± 1.69 

8.96  

± 2.24 

6.31  

± 1.58 

2.35  

± 0.59 

3.09  

± 0.77 

1.96  

± 0.49 

2.10  

± 0.53 
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ACW, Aboveground coarse wood. Units as stated in brackets ± 1 S.E. 358 

 359 

On the other hand, the lack of trend in woody production is remarkable and is the result of 360 

substantial shifts in woody allocation, which is twice as high in the DF and WS than in the 361 

EF. Therefore, the patterns in woody biomass are ultimately influenced by the compensating 362 

roles of woody allocation against total NPP, leaving biomass turnover times to shape the 363 

overall trend in total woody biomass. 364 

 365 

Fig. 4 Results from analysis framework exploring how aboveground coarse wood biomass 366 

(AGBacw) varies between EF, SDF, DF and WS. Bars indicate proportion difference (±1 SE) 367 

in various productivity-allocation-turnover components in the y-axis forest type relative to 368 

the x-axis forest type: aboveground coarse woody NPP (NPPacw); total NPP (NPP); allocation 369 

to NPPacw (NPPacw allocation); woody residence time (!W). 370 

 371 



24 
 

We also apply a similar framework to leaf biomass and fine root biomass (Figs 5 and 6, Table 372 

4). Leaf biomass is highest in the EF site and decreases along the rainfall gradient. In contrast, 373 

leaf production is highest in the SDF. The trend in leaf production indicates high allocation of 374 

NPP to leaves in the SDF, and low allocation in the drier sites. Mean leaf residence times are 375 

highest in the EF (9-10 months), lowest in the SDF (4-5 months) and intermediate in the drier 376 

sites (7-10 months; Table 4). This trend likely reflects the varying mix of evergreen and 377 

deciduous species. Indeed the data indicates a biannual flush of leaves in the SDF plots, 378 

which is reflected in the very high canopy NPP values and allocation of carbon to canopy 379 

components. Lower leaf productivity in the DF and WS plots becomes more important in 380 

driving down the leaf biomass values of these plots. 381 

 382 

Fig. 5 Results from analysis framework exploring how leaf biomass (Bleaf) varies between EF, 383 

SDF, DF and WS. Bars indicate proportion difference (±1 SE) in various productivity-384 

allocation-turnover components in the y-axis forest type relative to the x-axis forest type: leaf 385 
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NPP (NPPleaf); total NPP (NPP); allocation to NPPleaf (NPPleaf allocation); leaf residence time 386 

(!leaf). 387 

 388 

Fine root production does not vary much among the forest sites, but generally decreases 389 

along the rainfall gradient and is lowest in the WS plots. Therefore, the large differences in 390 

root biomass between the wetter and drier plots are caused by much higher rates of root 391 

turnover (i.e. shorter fine root lifetimes) in the drier plots (Fig 6, Table 4). Where there is 392 

little difference in root biomass between the EF and SDF plots, by decomposing the biomass 393 

calculation components we see that this is because the 25 ± 6% higher productivity in the 394 

SDF is offset by a 26 ± 12% lower allocation to roots. This example of root biomass 395 

illustrates the utility of this analysis framework in pinpointing what is driving observed trends. 396 

For example, here it can be clearly determined that the overall decline in root biomass along 397 

the rainfall gradient is driven by a higher rate of root turnover in the drier plots as opposed to 398 

root productivity or carbon allocation to roots. 399 
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 400 

Fig. 6 Results from analysis framework exploring how fine root biomass (Broot) varies 401 

between EF, SDF, DF and WS. Bars indicate proportion difference (±1 SE) in various 402 

productivity-allocation-turnover components in the y-axis forest type relative to the x-axis 403 

forest type: fine root NPP (NPProot); total NPP (NPP); allocation to NPProot (NPProot 404 

allocation); root residence time (!root). 405 

 406 

The results from the above analysis framework clearly indicate the importance of residence 407 

times in controlling biomass stocks of all carbon stores (wood, leaf and roots). To explore 408 

these various carbon pool residence time patterns in more detail, we create non-parametric 409 

plots of residence time against an arbitrary dry-wet gradient using the extended plot network 410 

(Fig 7). In the case of total NPP, woody and root residence times (Figs 7a,b,d), we observe a 411 

humped relationship, peaking in the SDF and EF plots whereas leaf residence times increase 412 

along the dry to wet gradient with the exception of the SDF plots which are considerably 413 
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lower than even the driest of plots in the WS (Fig 7c). We take a similar approach in 414 

exploring allocation patterns along the extended rainfall gradient plot network which show no 415 

overall trends (Fig S2). 416 

 417 

 Fig. 7 Non-parametric plots of (a) total NPP, (b) woody, (c) leaf and (d) root residence times 418 

along the extended rainfall gradient plot network, where the following arbitrary x-axis values 419 

denote the dry to wet gradient; 1 = WS plots, 2 = WS-DF transition plot, 3 = DF plots, 4 = 420 

SDF plots, 5 = EF upland plots, 6 = EF lowland (seasonally flooded) plot. Bars indicate ± 1 421 

S.E.[SM6] 422 
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 423 

 424 

Discussion 425 

This study presents the largest NPP dataset collected to date from tropical forests in Africa. 426 

Comparable datasets have recently emerged from South America and Southeast Asia that 427 

have explored patterns in NPP, GPP and CUE (Slik et al., 2010; Malhi et al., 2015; Riutta et 428 

al., in review), but until now carbon budget studies from African tropical forests have 429 

focused only on patterns of AGB and forest structure (e.g. Lewis et al., 2009; 2013). 430 

Therefore, we focus our discussion on the novel insights that our NPP dataset brings to our 431 

understanding of the carbon cycle along rainfall gradients in tropical African forests. We 432 

highlight three results that relate to our original research questions: 433 

 434 

To what extent can key plot-level carbon characteristics be predicted from rainfall patterns? 435 

As previously mentioned, there are much larger, more spatially extensive datasets from 436 

Africa and other tropical forest regions that focus on the relationships between AGB, soil 437 

carbon storage, MAP and soil properties (Lewis et al., 2013). Nonetheless, in our extended 438 

network of 14 plots across EF, SDF, DF and WS vegetation types, we find positive 439 

correlations between AGB and MAP (r2 = 0.51, P = 0.04) and soil C storage and MAP (r2 = 440 

0.64, P <0.001, Fig. S1a,b). As expected, the EF plots had by far the largest soil C stock of all 441 

vegetation types which, when extrapolated to 1 m depth equalled the AGB stock of 165 Mg C 442 

ha-1 in ANK-01, which is slightly higher than reported in Chiti et al. (2010).  443 

 444 

No significant relationships were found between productivity (total NPP) or carbon allocation 445 

with climate variables (Fig. S1c, S2). This may be due the relatively narrow range of climate 446 

variables within our gradient (all plots are lowland plots), or it may provide more support to a 447 
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recent global analysis that suggests NPP is largely determined by stand age and biomass, not 448 

climate (Michaletz et al., 2014, also see Chu et al., 2015). However, criteria for plot selection 449 

at times in this study were non-inundated with low or no logging impact (core plot network), 450 

thereby limiting variation to some extent in stand structure, so this explanation also seems 451 

unlikely.  452 

 453 

Which growth component of a tropical forest is the most useful proxy for stand-level NPP?  454 

Our findings show that woody, canopy and root growth all have some power in predicting 455 

total NPP, but to differing extents. The woody growth component was the worst proxy in 456 

predicting total NPP which has significant implications for the widespread use of 457 

aboveground coarse woody productivity from multiple censuses of forest plots as a proxy 458 

indicator of plot-level NPP (Malhi et al., 2004). Our results indicate that prediction ability is 459 

greatest in the EF and SDF plots, but is weakened when including the DF and WS plots. This 460 

is because the drier plots allocate up to 50% of their carbon to woody components. This 461 

particularly poor predictive capacity of woody growth confirms what was found across a 462 

similar gradient of wet-dry tropical forest plots across the Amazon (Aragão et al., 2009; 463 

Malhi et al., 2015). Consistent with our study, the Amazonian study found short residence 464 

times at the dry margin which are also consistent with high stem turnover rates in other 465 

southern, dry margin Amazonian sites (Marimon et al., 2014). 466 

 467 

Our results showed much better total NPP predictive capacity in canopy and root growth. 468 

Canopy productivity correlated well with total NPP across the rainfall gradient which 469 

includes some of the highest canopy NPP values recorded globally in the SDF plots (~8 Mg 470 

C ha-1 yr-1). Litterfall is the NPP measurement that we have highest confidence in, with most 471 

possible systematic errors resulting in underestimates of canopy production, thereby assuring 472 
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us in our conclusion that there is a disproportionate investment in leaf growth in these SDF 473 

plots. Leaves in these highly productive SDF plots have an average lifetime of 4-5 months, 474 

with high production throughout the year possibly indicating a biannual flush of leaves. 475 

[SM7] Our strong positive correlation between canopy NPP and total NPP supports the 476 

frequently applied method of estimating total NPP as 3.3 times annual litterfall which was 477 

originally based on tropical forest data in Bray and Gorham’s (1964) review and since 478 

confirmed by Aragão et al. (2009) and Girardin et al. (2010) for lowland and montane 479 

Neotropical sites, respectively. Indeed, this method of estimation achieves further validation 480 

when applied to our dataset as we find a strong agreement (r2 = 0.77, Fig. S3) between our 481 

directly measured total NPP and Bray and Gorham’s estimated total NPP method (3.3*annual 482 

litterfall). It is difficult to say where our finding that fine root growth has moderate power in 483 

predicting stand-level NPP sits within a broader context as very few other studies have 484 

examined this. However, in the one study that has, Malhi et al. (2015) found a very similar 485 

relationship to ours (r2 = 0.41 cf. 0.46) over a rainfall gradient in Amazonia. This gives us 486 

increased confidence in concluding that both canopy and root growth are more useful proxies 487 

in predicting total NPP than woody growth.  488 

 489 

Which aspects of NPP, carbon allocation and residence time are the primary drivers for the 490 

patterns in biomass variations we observe across the rainfall gradient in Ghana? 491 

Our analyses reveal that every aspect of the productivity-allocation-turnover chain is 492 

important, but which of these is the key driver in biomass variation and why? This depends 493 

on which biomass component (woody, canopy or root) is the focus of interest, but residence 494 

time is clearly the only element which is important in all cases. Far longer woody residence 495 

times in the EF plots result in the highest woody biomass observed across the rainfall 496 

gradient. This is despite the SDF, DF and WS plots all achieving greater rates of woody 497 
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productivity and carbon allocation to woody components. The high woody productivity of the 498 

drier plots is associated with high mortality rates and short turnover times. High levels of tree 499 

mortality mean there is intensified competition to attain vertical height and out-shade 500 

competitors. It is unlikely that these more dynamic DF and WS plots are recovering from 501 

some sort of previous disturbance. The KSNR is prone to fire, but census data from these 502 

plots indicates approximate biomass equilibrium (mortality rates equal recruitment rates), 503 

suggesting that they are not in a secondary, disturbance-recovery stage. The high tree 504 

mortality rates and short woody biomass residence times are consistent with what has been 505 

reported for wet-dry gradients in Amazonia (Malhi et al. 2015). Why drier forest trees have 506 

higher turnover times requires further exploration, but is probably linked to environmental 507 

factors (drought stress and fire) having a direct effect, but also an indirect effect by favouring 508 

“live fast, die young strategies” in tree growth and reproduction. 509 

 510 

Total leaf biomass varied nearly threefold along the rainfall gradient with very high 511 

production rates in the SDF plots. However, short leaf residence times of 4-5 months here 512 

resulted in a lower leaf biomass than in the EF plots where leaves live on average for double 513 

the length of time (9-10 months). High deciduousness in the SDF plots may be favoured by 514 

high nutrient supply which means relatively low leaf construction costs; if the resources to 515 

build new leaf organic matter are there, there are no constraints to adopting higher rates of 516 

leaf production throughout the year, which suggests a biannual leaf flush. Lower total leaf 517 

biomass in the drier plots is driven by a combination of lower overall productivity (because 518 

of a shorter growing season), lower allocation of carbon to leaves, and short leaf lifetimes. 519 

This more likely implies a different strategy employed by the more deciduous species that 520 

exist in the DF and WS plots. Where nutrients are scarcer, why allocate them to a truly 521 

deciduous canopy? This strategy is reflected in far lower allocation to canopy components 522 
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not only compared with the wetter plots in this study, but compared to other values reported 523 

from tropical forests and are outside the distribution of allocation points reported by Malhi et 524 

al. (2011). This also mirrors what was observed by Malhi et al. (2015) in western Amazonia 525 

where relatively fertile soils support a more deciduous canopy compared with poorer soils in 526 

eastern Amazonia that favour an evergreen strategy. 527 

 528 

Variation in root biomass across the rainfall gradient is clearly also driven by root life time 529 

and in particular by much higher rates of root mortality in the drier plots. To date, no studies 530 

have measured fine root production in undisturbed lowland African tropical forests (but see 531 

Ifo et al. (2015) for forest grove root dynamics in the Congo basin) and only a handful of 532 

studies have reported on root productivity and turnover in tropical forests worldwide (Cuevas 533 

& Medina, 1988; Malhi et al., 2009a, 2015, 2016; Girardin et al., 2010, 2013; Moser et al., 534 

2011). These studies report that root production is highly seasonal and it has long been 535 

assumed that fine root growth and carbon allocation to roots is highest in water stressed 536 

environments or those experiencing drought. However our results reveal slightly lower root 537 

productivity in the drier plots but near-consistent allocation to roots across the rainfall 538 

gradient. Following the 2010 drought in Amazonia, Doughty et al. (2015) reported a 539 

surprising shift away from fine root growth, in favour of replenishing lost canopy cover, 540 

whereas data from our most water stressed plots indicate a longer-term shift in carbon 541 

allocation from roots to woody (and not canopy) components. 542 

 543 

Data from this study represent the first comprehensive assessment of tropical forest 544 

productivity in Western Africa. Through a systematic assessment of forest productivity we 545 

have demonstrated the value of measuring the major components of above and belowground 546 

NPP and in turn highlighted the importance of residence time in determining the variation in 547 
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woody, canopy and root biomass across a wet-dry forest gradient. Many similarities in carbon 548 

dynamics between Amazonian and West African tropical forests are apparent, but the 549 

availability of data is still insufficient to make any broader pan-tropical forest generalisations. 550 

Therefore we encourage the establishment of more permanent carbon intensive monitoring 551 

plots across the tropics, particularly in less well-studied regions such as Central Africa and 552 

Southeast Asia. 553 
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 793 

Fig. S1 Mean annual precipitation against 794 

(a) aboveground biomass, (b) soil carbon 795 

stocks and (c) total NPP across the 796 

expanded rainfall gradient plot network 797 

(encompassing three meteorological 798 

stations). Bars indicate ± 1 S.E. 799 
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 804 

Fig. S2 Non-parametric plots of (a) canopy, 805 

(b) wood and (c) root NPP allocation values 806 

along the extended rainfall gradient plot 807 

network, where the following arbitrary x-808 

axis values denote the dry to wet gradient; 1 809 

= WS plots, 2 = WS-DF transition plot, 3 = 810 

DF plots, 4 = SDF plots, 5 = EF upland plots, 811 

6 = EF lowland (seasonally flooded) plot 812 
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  821 

Fig. S3 Bray and Gorham’s estimated total NPP method (3.3*annual litterfall) applied to our 822 

dataset against directly measured total NPP from our dataset. 823 
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Table S1 Full synthesis of NPP values (± 1 S.E.) from the extended rainfall gradient plot network (core plots are shaded grey).  824 

  Ankasa Bobiri Kogyae 

  ANK 
-01 

S.E. ANK 
-02 

S.E. ANK 
-03 

S.E. BOB 
-01 

S.E. BOB 
-02 

S.E. BOB 
-03 

S.E. BOB 
-04 

S.E. BOB 
-05 

S.E. BOB 
-06 

S.E. KOG 
-02 

S.E. KOG 
-03 

S.E. KOG 
-04 

S.E. KOG 
-05 

S.E. KOG 
-06 

S.E. 

NPPfinelitter 4.71 0.41 4.36 0.49 4.18 0.27 7.47 0.62 7.78 0.67 8.28 0.74 7.51 0.61 8.69 0.85 8.34 0.90 2.91 0.71 3.16 0.76 3.18 0.64 2.09 0.33 2.32 0.56 

NPPleaf 3.01 0.22 2.72 0.27 2.78 0.22 5.14 0.42 5.36 0.45 5.42 0.48 5.01 0.38 5.18 0.48 5.29 0.53 2.27 0.71 2.44 0.74 2.22 0.58 1.57 0.32 1.59 0.54 

NPP twigs 0.61 0.16 0.72 0.18 0.68 0.17 1.58 0.66 1.41 0.66 1.76 0.76 1.42 0.57 2.03 0.69 1.77 0.62 0.35 0.09 0.35 0.09 0.58 0.18 0.34 0.10 0.43 0.14 

NPPflower 0.23 0.14 0.22 0.18 0.04 0.01 0.30 0.18 0.41 0.29 0.40 0.27 0.32 0.18 0.67 0.35 0.56 0.28 0.17 0.05 0.18 0.08 0.13 0.05 0.09 0.02 0.12 0.04 

NPP fruit 0.31 0.09 0.13 0.04 0.09 0.03 0.10 0.09 0.12 0.08 0.13 0.08 0.14 0.09 0.15 0.07 0.14 0.09 0.01 0.01 0.08 0.03 0.05 0.03 0.01 0.00 0.00 0.00 

NPPunidentified 0.53 0.13 0.55 0.13 0.57 0.14 0.11 0.07 0.14 0.09 0.19 0.14 0.16 0.08 0.23 0.11 0.17 0.08 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.00 0.03 0.02 

NPPseed 0.02 0.01 0.01 0.00 0.01 0.01 0.24 0.15 0.33 0.25 0.38 0.29 0.46 0.26 0.42 0.23 0.40 0.26 0.09 0.05 0.09 0.04 0.18 0.07 0.09 0.03 0.14 0.05 

NPP herbivory 0.45 0.04 0.41 0.04 0.40 0.04 0.71 0.07 0.74 0.07 0.79 0.08 0.71 0.07 0.83 0.08 0.79 0.08 0.28 0.03 0.30 0.03 0.30 0.03 0.20 0.02 0.22 0.02 

NPPbranch 
turnover 

1.85 0.28 1.74 0.26 1.83 0.27 0.30 0.05 0.44 0.07 0.35 0.05 0.39 0.06 0.38 0.06 0.64 0.10 0.17 0.03 0.44 0.07 0.35 0.05 0.32 0.05 0.41 0.06 

NPPacw>10cm 
dbh 

1.37 0.14 1.06 0.11 1.15 0.12 1.97 0.20 3.36 0.34 1.66 0.17 1.83 0.18 1.72 0.17 1.97 0.20 1.90 0.19 3.29 0.33 1.35 0.14 1.33 0.13 3.73 0.37 

NPPacw<10cm 
dbh 

0.27 0.03 0.21 0.02 0.23 0.02 0.39 0.04 0.67 0.07 0.33 0.03 0.37 0.04 0.34 0.03 0.39 0.04 0.38 0.04 0.66 0.07 0.27 0.03 0.27 0.03 0.75 0.07 

NPPallstems 1.64 0.14 1.27 0.11 1.38 0.12 2.36 0.20 4.03 0.34 1.99 0.17 2.20 0.19 2.06 0.18 2.36 0.20 2.28 0.19 3.95 0.34 1.62 0.14 1.60 0.14 4.48 0.38 

NPPcoarseroot 0.73 0.07 0.63 0.06 0.67 0.07 0.56 0.06 0.94 0.09 0.49 0.05 0.54 0.05 0.51 0.05 0.63 0.06 0.69 0.07 1.23 0.12 0.55 0.06 0.54 0.05 1.37 0.14 

NPPfineroot 4.52 0.68 4.27 0.64 3.87 0.58 2.55 0.38 5.60 0.84 4.36 0.65 2.98 0.45 2.53 0.38 3.06 0.46 3.59 0.54 3.50 0.52 3.44 0.52 3.02 0.45 2.32 0.35 

NPP herbs 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.15 0.50 0.07 1.03 0.15 1.43 0.21 1.31 0.20 

NPPAG 8.66 0.52 7.78 0.57 7.79 0.40 10.84 0.66 12.99 0.76 11.41 0.77 10.81 0.64 11.96 0.88 12.14 0.93 6.64 0.75 7.85 0.83 5.45 0.66 4.21 0.36 7.42 0.68 

NPPBG 5.26 0.68 4.90 0.64 4.54 0.58 3.11 0.39 6.54 0.85 4.86 0.66 3.52 0.45 3.04 0.38 3.69 0.46 4.28 0.54 4.73 0.54 3.99 0.52 3.55 0.46 3.69 0.37 

NPP 13.91 0.86 12.67 0.86 12.33 0.71 13.95 0.76 19.53 1.14 16.27 1.01 14.33 0.78 15.00 0.96 15.83 1.04 10.91 0.93 13.07 0.99 10.47 0.84 9.19 0.58 12.42 0.78 

NPPAG, aboveground NPP; NPPBG belowground NPP. All units are Mg C ha-1 yr-1. 825 


