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83  Quantifying carbon dynamicsin forestsis critical for under standing their role in long-term climate

84  regulation****. Yet little isknown about tree longevity in tropical forests*>®"®

, afactor that isvital for
85 estimating carbon persistence®®. Here we calculate mean carbon age (the period that carbon isfixed in
86 trees’) in different strata of African tropical forests using (i) growth-ring records with a unique

87  timestamp accurately demar cating 66 years of growth in one site and (ii) measurements of diameter
88 incrementsfrom the African Tropical Rainforest Observation Network (23 sites). Wefind that in spite
89  of their much smaller size, in understory trees mean carbon age (74 years) is greater than in sub-

90 canopy (54 years) and canopy (57 years) trees, and similar to carbon agein emergent trees (66 years).
91 Theremarkable carbon longevity in the understory results from slow and aperiodic growth as an

92  adaptation to limited resource availability®****. Our analysis also reveals that while the understory

93 representsasmall share (11%) of the car bon stock™®*, it contributes disproportionally to the forest

94  carbon sink (20% ). We conclude that accounting for the diversity of carbon age and carbon

14,15,161 and

95  sequestration among different forest stratais critical for effective conservation management

96 for accurate modelling of carbon cycling®.

97

98 Investing in carbon storage and sequestration representtampolimate change mitigation stratedies

99 Forests have a potential to provide both long-lived carbokgtdand long-term carbon sinis To
100 successfully conserve forest carbon stock and increase farbshaiptake, we must conserve carbon-rich
101 forests and extend the forested land Jiteat decision makers and managers also teadderstand the
102  long-term behaviour of carbon within foréstd Critical questions are: (i) how long does the carbon persist
103 and (ii) where does it stay longest in the system? Carbonmesitiene is a direct function of tree
104 longevity*’*", but attempts to estimate tree age in tropical rainfoeestselatively scarce and often highly
105 contested®’® Estimating the ages of the oldest trees in tropical forest sipdsticularly subject to debate.
106  While some authors claim that broadleaved trees in the srapy reach ages of 1000 years or 8ffer
107  others estimate maximum ages of not more than 600%e&tsthermore, the oldest carbon in the system is
108 often assumed to be located in large fte@anopy and emergent trees contain a large proportion of the
109 stand-level biomas$ but large trees alone may not represent well the entiestfim terms of growth rates

110 tree lifespan and carbon persisten&anopy species grow fastebut there is a general trade-off between

4
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growth and lifespam organism$*. Therefore, long-term carbon storage and sequestrattoopical

rainforests may substantially depend on smaller trees too.

Here, we take advantage of a remarkaedéscovery of a historic forest inventory plot to probe the age
structure of African rainforests in a way that hashesn possible to dat€he Nkulapark plot was
established in 1948 in the southwest of the Democratic Repulthe @ongo (Supplementary Fig.®)

total of 6315 trees with diameter on breast height (PB¥bcm were tagged and DBH was measured
annually for 9 years. In 2014, we rediscovered and measured 4B80rgutagged trees, of which 55 were
selected to measure growth ring series. We used the grovaminail as a 1948 timestamp, giving accurate
estimates of the DBH growth rate (in mm‘yand the rate of growth-ring formation (number of ripgs

year) over a 66 year period for each tree (Fig.1, Supplergebddle 1) The age of each individual tree (in
years) was calculated as the total number of rings fromalblark, divided by the rate of growth-ring
formation (number of rings per year) (Fig.1, F)g\&/e used the five-class Crown Illumination Index of
Dawkins & Field (hereafter CA¥*?to compare growth patterns and tree age among the diffaiefarest
strata understory (ClI=1), sub-canopy (CllI=2,3), canopy (Cll=4) and emésietum (CII=5). Understory
trees receive no direct light, sub-canopy trees receieldight, canopy and emergent trees receive vertical
light (Fig.3a).Supplementary analyses show that the redisabdidapark tree dataset is adequate to
compare age differences between forest strata (Supplemerg&y$iapplementary Fig.Supplementary

Discussion).

We find that be ageof the 55 Nkulapark trees with growth-ring series ranges beth@®and 452 years
(Fig.2, Supplementary Table 1). There is no clear linear aakttip between tree age and their DBH
(p=0.082, Fig.2a). Understory trees (Cll=1) do not differ signiflgan age from canopy and emergent trees
(Cli=4 or 5) (p=0.254, boxplot at the right of Fig.2b), whileerén sub-canopy classes (ClI=2 or 3) are
slightly younger than trees in both the understory and the cabDegpite their small size, understory trees
(Cli=1) can be surprisingly old. One Microdesmis puberula (TreelD=3545)hestimated age of 329

years, with a DBH of just 156 mm (Supplementary Table 1).
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To test if our findings hold true in a wider geographic contextcavepared growth and age patterns among
the different forest strata in 23 Central African permafaest inventory plots(Fig.3 Table 1,
Supplementary Fig.1 and Supplementary Tahl&@&lected plots had a similar species composition as the
Nkulapark Plots are demarcated rectangles or squares of median siagtete each tree is mapped, tagged
and measured according to standard protb&dBBH of each tree with DBH>= 10 cm was measured at
least twice Small trees that grew larger than 10cm during the monitganigpd were recorded as recruits.
Trees that died were recorded. We used repeated diamedsurements to estimate the growth rate of each
individual tree. We estimated tree age by dividing the fiiineter (mm) by the growth rate (mm‘yr
assuming a constant growth rate over the lifetime of & tée evaluated the robustness of this age
estimation method using the rediscovered Nkulapark trees asenoeféSupplementary Fig.4).
Uncertainties are due to relatively short plot monitoringogs (average 9 years), yielding negative or zero
growth rates for 9.7% of the trees. To avoid unrealiste dige estimates, we replaced slow growth rates by
a ‘minimum allowed growth rate’, defined as the ¥ percentile of the growth rate distribution within each ClI
class. Sensitivity analysis showed that xr&hrreda realistic tree age distribution for our dataset
(Supplementary Table 3, Supplementary Discussion). Further ansiigiests that x may be lower if
monitoring periods are longer. Finally, we estimated treelimean carbon age as the average age of each
year ring, weighted by the carbon content of the’rimith a year ring sequence deduced from the growth

rate.

The mean tree age for the 23 plots across the Congo Bagéedraetween 131 and 284 years, with a

overall mean of 229 years (95% bootstrapped confidence inte2i@244 years) (Table 1). Mean tree age

in the understory (ClI=1) is estimated to be 262 years, which idisamly older than the overall mean
(p<0.001) and older than the mean age of the sub-canopy (Cll=3, 187 ye€a1001), the canopy (Cll=4,

194 years, p<0.001) and emergent classes (ClI=5, 221 years2p~0.able 1). Furthermore, mean carbon
age at the tree level is 65 years (95% CI: 61-Z@Jbon stored in the understory trees (Cll=1) is estimated to
be on average 74 years (69-79), which is significantly older tr@mavterall mean (p<0.0Dand older than

carbon stored in the sub-canopy (Cl|53 years, p<0.001) and the canopy (Cll=4, 57 yeai@0p%).
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However, the difference between mean carbon age in thestogefCli=1) versus the emergent class

(ClI=5, 66 years) is not significant (p=0.086) (Fig.3b and Table 1).

For each forest stratum within each plot, we calculateme-ground biomass-carbon stock (AGC-stock, in
Mg C ha') and the AGC-sink (Mg C Hayr™) using standard methaofs(Table 1). The AGC-stock

represents the carbon reservoir in the system while the AtkCGepresents the net change, calculated as
AGC-productivity (additions to the system from tree growtmusiAGC-mortality (losse$) The mean
AGC-stock in the understory (ClI=1) is 19 Mgh@*, which is 11% of the total plot-level AGC-stock (Table
1). The mean AGC-sink in the understory (ClI=1) is 0.21®/Mg’ yr™ (Fig.3c), which represents 21% of

the plot-level AGC-sink. In contrast, the sub-canopy classésZ@nd 3) together contribute about 24% to
the AGC-stock, but nothing to the AGC-sink (-0.01 Mg C ¥&a%). The understory thus contributes
disproportionally to carbon sequestration, considering isively small share in the stock, and compared to

the limited contribution of the sub-canopy classes.

Discussion

Results from both the Nkulapark dataset (Fig.2) and the 28timwyeplots (Fig.3, Table 1) show that
understory (Cll=1) and emergent (ClI=5) trees are on averagetbatesub-canopy trees (ClI=3). This
pattern can be explained by differences in species composilibrerstory ‘specialist species’ maintain

low growth rates for long periods, resulting in relativelyardBH at older age. Their adaptations allow
them to survive in the understory without the need to invespid growth. The sub-canopy classes (Cll=2
and 3) are populated with suppresssnopy specialistghat survived a recruitment stage but didn’t reach

the canopy yet. These trees are relatively young (Faan@Xhey experience limited light conditions,
resulting in mortality rates equaling productivity rates (TdBleCanopy and emergent trees (Cll= 4 and 5
respectively) are canopy specialists that have been afpeviorapidly for long periods. This is in line with
ref.!® who show that growth rates in emergent trees are high amgsccontinuously. To test the
assumption that high tree and carbon age in the understorgaerthye to a difference in species

composition, we classified speci@s(i) understory specialists, (ii) non-specialists and (iiagy specialists
7
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(Supplementary Discussion). This confirmed that understory sises@re on average smaller (p<0.001) but

older (p=0.003) than canopy specialists (Supplemertanie 4).

Furthermore, the Nkulapark dataset shows that there is éicsighinegative relationship between tree age
and growth-ring formation rate (Fig.2b). 91% of the tiedbe dataset did not form a growth-ring every
year, suggesting an aperiodic growth pattern (shifts of growdbrtmancy and baato not occur annually
This aperiodic growth pattern is more prominent in understoeg trghich formed fewer growth rings (0.36
rings per year) than canopy and emergent trees (0.61 rings petprea0l; boxplots at the top of Fig.2b).
Aperiodic growth patterns translate into significantly sloleeag-term growth rates: understory trees (Cll=1)
have a mean DBH growth rate of 1.52 mm yersus 4.99 mm {hin emergent trees (p<0.001) (Tab)e 1

The observed differences in growth periodicity (Fig.2b), ghawtes (Table 1) and age patterns (Fig.3)
among the different forest strata are most likely a re$ulifferences in survival mechanisms which are a

function of resource availability?* *> (Supplementary Discussion).

Our data show that growth and age distribution of tropieaktin mixed lowland rainforests is complex.
Large canopy trees are among the oldest in the rainforesiggested by several authbisut as they
obtained their size and position by maintaining fast growtls'fateey are not significantly older than slow-
growing small understory specialists (Fig.2, Fig.3, Table 1thEtmore, while large canopy trees represent
the largest share of the carbon stétk, they suffer most during drought periétisn comparison,
understory trees represent a smaller carbon capital but taégsarvulnerable to drought and contribute
disproportionally to carbon sequestration. As such, the undegstovides long-term stability in forest
carbon cycling. Furthermore, the understory is more diversetieacanopy in terms of species
composition*>18, Therefore, we recommend quantifying forest ecosystem seiwoesnsidering forests as
a whole, with all forest strata providing specific servitebhis is important in Central Africa, where the
demand for fuelwood and charcoal could severely affectitiderstory if only large trees were to be

protected*?’.
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Finally, our results suggest that care is required with lacgée modellingf forest carbon accumulation
potential and responses to different climate change scehdiiwre are two hypothesised responses to
increasing atmospher€O, concentrations, possibly explaining the long-term observed-8iBKin tropical
forestsZ (i) big trees increase their asymmetric competition betethe detrimenof the rest of the stand
or (i) suppressed trees do best, as they are closeritdighecompensation poift?®. Our results show that
both scenarios occur in forest stands, with the understolyl()Cthe canopy (Cli=4) and the emergent
(ClI=5) classes contributing to carbon sequestration, while theaotpy classes (CllI=2 and 3) do not
contribute Forest and carbon cycle models will need to account éoditrersity of carbon age and carbon
sequestration potential among the different forest stratzerR studies have found that forest structure can
be predicted from the characteristics of canopy tfébdut our results suggest that temporal dynamics
differ between forest strata. The long-term persistencenatibn depends on smaller trees too, which
compared to their stature contribute disproportionatelyilygamong-term carbon storage, sequestration,

and climate resilience.
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Figure legends

Figure 1 Example of a wood cor e (Greenwayodendron suaveolens, Treel D=765) showing the 1948 nail

trace. The image at the top shows the full core. White lines indiga@th-ring boundaries, numbers
indicate growth-rings (counted from bark to pith), blacloas indicate important years. The bark to the
right of the figure indicates the yeafrsampling (2014). The dark discoloration in growth-rings 26 to 36 wa
caused by oxidates from the iron nail that were transpagexhd down in damaged vessels and fibers. The
right border of the discoloration accurately marks the stdhieoyear 1948. There are 25 rings between the
bark and the 1948 nail trace, suggesting that this individual need@derage 2.6 years to form a ring.

Using this rate for the 53 rings that were formed bel®48, we find that the first ring in the core was
probably formed around 1811. The location of the pith is indidayethe black lines to the left, which

follow the direction of the wood ra$’s This shows that the distance from the pith to the firstbimgndary

in the core is about 11 mm. When using the average ring widthgsf 78 to 68, we estimate that 7 rings are
missing. As such, this individual would be about 224 years oldthfke close-ups at the bottom illustrate
wood anatomical details used to identify growth-ring bounsgdniglicated by white triangles). Ring
boundaries in this species are demarcated by distended woodddiattening of the fibers. Black scale

bars cover 0.2 mm.
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Figure 2 Variation in tree ageinferred from growth-ring patternsin 55 trees wher e nail traces

accurately mark the year 1948. Panel (a) shows the relation between tree age and DBH.(Baskows

the relation between tree age and the growth-ring formedin(number of rings per year) between 1948-
2014. In both panels, p-values of simple linear regression modaigven in red. Brown dots represent
understory individuals (Crown Illumination Index =1), grey dots r&gme sub-canopy individuals (ClI=2
and 3), blue dots represent canopy and emergent treegl (@it 5). Boxplots show the first quartile, the
median value and the third quartile of the tree age loigtoin (vertical axis, boxplots to the right) and of the
variables in the x-axis (horizontal boxplots at the top optmels). P-values under boxplots resulted from

two-sided Wilcoxon rank-sum tests. Outliers are marked oyg#n circles.

Figure 3 Estimation of mean carbon age and AGC-sink per crown illumination category, for 23
permanent inventory plotsin Central Africa. The 450 rediscovered Nkulapark trees were treated as an
additional plot to estimate distributions of mean carbonRgeel (a) illustrates the Crown lllumination
Index (Cll) developed by Dawkins and Field (f8f.with yellow arrows indicating reception of sunlight
(drawing modified from ref?). Understory trees (brown, CllI=1) receive no direct sunlight, snbmatrees
(grey) receie lateral (ClI=2) or restricted vertical (ClI1=3) light, cgnotrees (blue, Cll=4) are almost
completely exposed to vertical light and emergent ffideg, ClI=5) have a crown that is completely
exposed to vertical and lateral light. Boxplots in panelsafid) (c) show the distribution of plot-level mean
carbon age and plot-level AGC-sink per Cll class. Boxplkpsesent the 25 % quartile, the median value
and the 75 % quartile of the plot-level average ages. Outliensarked with open circles. Comparison
among CllI classes was performed with Dunn's rank-sum test hsif8ehjamini-Hochberg adjustment for

multiple comparison®’. The grey dotted line shows the overall (plot-level) average a
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386 Tables

387
metric All trees Cll1 Cll 2 Cll 3 Cll 4 ClI5 p-value
Tree age (yr) 229 (212244) 262 (243282) 210 (196223) 187 (170204) 194 (175212)  221(192250)  0.021
Mean carbon age (yr) 65 (61-70) 74 (69-79) 60 (55-64) 54 (4959) 57 (5163) 66 (57-75) 0.086
AGC-prod (MgCha-1 yr-1) 3.1(2.83-3.41) 047(0.4-0.56) 0.53(0.42-0.67) 0.35(0.27-0.43) 0.9(0.69-1.15) 0.82(0.631) 0.015
AGC-mort (MgC ha-1 yit) 2.05(1.66-2.48) 0.26 (0.19-0.36) 0.62 (0.49-0.76) 0.28 (0.18-0.38) 0.61(0.41-0.85) 0.27 (0.07-0.61) 0.058
AGC-sink (MgC ha-1 yrt) 1.05(0.63-1.5)  0.21(0.09-0.33) -0.08 (-0.23-0.05) 0.07 (-0.06-0.2) 0.3 (0-0.59) 0.55(0.26-0.79) 0.011
AGC-stock (Mg C hat) 177 (159498) 19 (1523) 26 (2131) 17 (1222) 58 (4274) 59 (46-75) <0.001
stem density (stems Hg- 428 (392465) 194 (165228) 112 (94130) 38(3344) 59 (46-70) 25(19-31) <0.001
DBH (mm) 313(291338) 161 (1544168) 235 (222250) 299 (273326) 435 (397469) 700 (644-760) <0.001
DBH growth (mm yri) 2.38(2.17-2.63) 151(1.35-1.69) 2.16(1.96-2.38)  2.98(2.69-3.31) 4.03(3.71-4.34) 4.99 (4.32-5.68) <0.001
wood density (g cn®) 0.59 (0.56-0.61) 0.64 (0.62-0.65) 0.61 (0.6-0.63) 0.59 (0.56-0.61) 0.59 (0.56-0.61) 0.57 (0.53-0.61) 0.006
ratio evergreen:deciduous 3.27(2.85-3.71) 4.72(3.86-5.59) 4.61 (2.76-7.85) 3.62(2.78-4.6) 3.03(2.09-4.22) 1.78(0.88-3.43) <0.001
proportion evergreen trees (% 55 (5257) 56 (5259) 55 (5159) 56 (5261) 51 (4656) 44 (3752) 0.01
proportion deciduous trees (% 18 (16-20) 14 (12417) 19 (1622) 21 (1725) 26 (2131) 35 (2841) <0.001
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Table 1 Estimation of plot-level mean tree age, mean carbon age, aboveground carbon sink (AGC-
sink), AGC-stock and leaf habit per crown illumination category, for 23 per manent forest plots. The

450 rediscovered Nkulapark trees were treated as an addjiionor estimation of tree age and mean

bold, 95% confidence intervals are given between brackets. Compafiehe AGC-sink are AGC-
productivity and AGC-mortality. Components of AGC-stock @dieaneter (DBH), wood density and stem
density. Comparison among CllI classes was performed with ®ramk-sum test using the Benjamini-

Hochberg adjustment for multiple comparistnthe reported p-values compare Cli1 and CII5.

carbon age (first two rows). All metrics were averagedpfpmrand per Cll class. Mean values are given in
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Online M ethods

Site description. The Nkulapark is a phenology and tree-growthtonioigi plot covering 174 ha within the
Luki Man and Biosphere reserve, located in the southern Mayorobatains in the Democratic Republic of
the Congd* (Supplementary Fig.1). The region experiences a hunpitéicclimate with a dry season
between mid-May and mid-October and a short dry seasonnfiidriDecember to mid-February. Yearly
precipitation ranges from 649 mm to 1853 mm with a mean ptatgi of 1173 mm. Temperature ranges
between 19 °C and 30 °C with a mean temperature of 25°5 T@e Nkulapark is situated almost entirely in
a catchment with a valley and a ridge and includes sewicedclimatic conditions. The semi-deciduous
lowland forest consists of (i) mature forest dominated by Rrioalsamifera, (ii) old regenerating forest

dominated by Terminalia superba, (iii) mixed-species matwest and (iy modified forest patché&s®.

Nkulapark plot design in 1948he Nkulapark was established and managed by the Institut Nagional
I’Etude Agronomique du Congo Belge (INEAC), which was later renamédstitut National pour [’Etude et

la Recherche Agronomique en R.D.Congo (INERA, http://www.ineradjc The person in charge of the
tagging and the measurements was Léon Toussaint, who workédxbtanist in the Luki reserve between
1946 and 195%. The planning of the plot was first announced in the INEAC-lamkiual report of 1946 A
total of 29.2 km of observation paths were cut in the fanes947, following the contour lines of the Nkula
river valley (Supplementary Figt)A total number of 6315 trees were tagged by the end of*} ®brwe
assume that first wood formation after tagging occurred dtinmgvet season that started in October 1948.
Tree selection was performed by randomly selecting treaesthe pool of trees > 5 cm DBH in 1948. The
Nkulapark area was mapped, showing the locations of the largest tegggmd-rom 1948 to 1957 yearly
diameter measurements were performed on all taggeétidestality events were recorded in the
datasheets. Trees were measured at a height of 1.3 m anihthef preasurement (POM) was indicated on
the tree with a horizontal line of lead-based paint.tfe@s with buttresses or deformities, the POM was
raised to a point high enough to avoid the irregularitiesfieting with diameter measurements at
subsequent censuses. For trees with extremely high buttresseetats were estimated. For the same 6315

trees, weekly phenology observations were recorded. Phenoldgseal/ations were done for leaf habit,
16
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flowering, fruiting and seed dissemination. The plot wasidbaed in 1957 but the datasheets were kept in

the library of the INERA station in Luki and digitized in 2608nd 2014.

Rediscovering Nkulapark trees in 2014.Each of the original 6315 ptkiddrees were labelled during the
first census in 1948 with a zinc number tag that waslethto the tree using an iron nail of 8 cm loAg.

part of these trees were indicated on the original 1948 majnda first prospective field campaign in
august 2014, this map was digitized and georeferenced wit8 (QI&1S development team, 2016) using
landmarks such as easily rediscovered trees, contour lines andatibsgpaths that were still visible and
could be tracked with a Garmin 64s GPSmap (see Supplemé&igally Based on this map, we pinpointed
the approximate location of 1521 individuals that were recordativesduring the last census in 1957.
During a second field campaign in September- October 205% %21 individuals were searched for. 450
of them were found alive, 16 were found dead and the remalifiig could not be relocated and were
assumed to be dead and rotten away, albeit some may haveiissed (see Supplementary Fig.2,
Supplementary Fig.3, Supplementary Discussion for an in-deplysanaef survivorship ratesY.he original
1948 tree tags and nails of the rediscovered trees weresithpresent outside the trunk or detected inside
the tree using a metal detector (BHJS, Bounty Hunter, US&grs on the trunk indicated the presence of an
overgrown nail, and repelled number tags were sometimesi fon or in the ground nearby the tree using
the metal detector. In most cases, the numbers on the tegstilleeadable. On 95% of the rediscovered
trees, the lead-based paint of the POM was still visiblmyag a representative DBH measurement.
Comparison of DBH, DBH growth rates and tree age distributidingroriginal dataset of Nkulapark trees
versus the dataset of rediscovered trees, showed that the redidatataeet is slightly biased towards
discovering sloweprowing trees, but this bias affected both the classes of understory and canopy ‘specialist’
species (Supplementary Fig.3). Hence, the rediscovered treetdateepresentative to compare growth and

age patterns among the different forest strata in the Nkulapaak

Sampling Nkulapark trees in 2014. Wood samples for growth-riatysia were taken from rediscovered
trees if following criteria were met : (a) the nailsgtill present in the wood, either totally grown-in or

partly sticking out of the trunk, (b) the exact position ofrthé could be identified visually or with the metal
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460 detector, (c) the nail was not overgrown by excessive wossulj buttresses or other deformities. As such,
461 increment cores or stem discs were taken near theon&8fof the rediscovered treér each sampled

462 tree, increment cores were taken a few centimetres albelasy, to the left and to the right of the nail using
463 a 40cm Pressler bore. For each tree, two additionas eoeee taken at 120° from the nail trace along the
464  circumference of the tree. As such, 6 increment cores averilable for each tree. This maximised the

465 chance of sampling the pith of the tree. To study and desttré reaction of the wood after tagging,

466 additional larger wood samples containing the nail were egtitdcdm 30 trees using a saw and a chisel.
467

468 \isualizing and measuring growth-ring series. For each wood cawsttgring series were visualized using
469 two imaging methods as described by*fef(i) first, density profiles were calculated from X-r&¥ scans of
470  entire wood cores, then (i) the cores were surfaced witire@microtom& and scanned using a flatbed
471  scanner (EPSON Perfection 4990 PHOTO). To obtain X-ray CTmeducores were scanned at 110 um

472  resolution with the Nanowood CT facility from the Centre feray Computed Tomography of Ghent

473  University (UGCTjwww.ugct.ugent.bg® developed in collaboration with XREvw.xre.bd¢ now part of

474  the TESCAN ORSAY HOLDING a.s.Reconstruction was performed with the Octopus software package
475 on a GeForce GPX 770 4GB GB#&. X-ray and flatbed scans were analysed using the toolchatret-
476  ring analysis described by De Mil et al. (#f. This toolchain semi-automatically indicates the growtig-ri
477  boundaries and calculates growth-ring width series. Dependititgonsibility of the growth-ring patterns,
478  either the X-ray or the flatbed scans were used to chesWtlyring boundaries and measure growth-ring
479  widths. Growth-ring boundaries were distinguished using visnallvanatomical characteristics such as
480 distended rays, flattened fibers and terminal parenchyma®#atid&or unclear ring boundaries,

481 microscopic thin sections were taken to study wood anatomglatésolution using an Olympus BX60
482  microscope (Fig.1).

483

484  Detecting the 1948 nail trace. Discolorations or wound tissuesfbias a reaction on the tagging were
485 visible in the cores taken near the nail. The surface sétsiem discs was sanded to a few millimetres
486 above the nail and the anatomy was observed using an Olympus Beté8anope. The nails were

487  remarkably well preserved inside the trees, probably dusthodic protection of the iron by the zinc of the
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488 tags. Hence, discolorations or wound tissue were visibledh ef these samples. Discolorations were

489 recognizable as darkened tissue in otherwise light-colouoed \{Fig.1). Discolorations occurred in cells
490 that were formed before the nail was inserted, duitation processes between the wood and the iron nail.
491  Water in vessels and fibers in the neighbourhood of the nailojafipehose damaged by the nail) spread
492 these oxidates upwards and downwards. Therefore, the distmieriat these cells are also detectable on
493 samples that were taken a few centimetres under or aboreailheVessels and fibers that were formed after
494  the tagging were not damaged, hence did not show discolorgmssich, the boundary of the discoloration
495 accurately serves as a timestamp indicating the year ohtagf48). Furthermore, wound-induced

496 deformities occurred in the wood that was formed aftendilenvas inserted. This wound tissue is

497 characterized by increased woody productivity around thefagihing a lump in the growth-rings that were
498 formed just after the nail was inserted. This lump fdiomais not present in the wood that was formed

499 before tagging.

500

501 Estimating tree age using growth rings and nail traces. Six ceresassessed for each tree. For some trees,
502 none of the cores contained the pith because (i) the tree exdiesded the borer length or (ii) the pith was
503 eccentric and missed. In these cases, the core witargest number of visible rings was used to estimate
504 the total number of growth-rings. The missing core lefrgiim the end of this core to the pith was estimated
505 using the intersection of three lines of ring boundaries mailked #he rays, as described by f&fsee

506 Fig.1 for an example). We estimated the number of ringfseimissing core part by dividing the missing

507 core length by the average ring width of the 5 oldest ringseo§ampled core. We tested the robustness of
508 this method by rerunning the analysis using the average growthafathe 5, 10, 15 and 20 oldest rings. We
509 found that the overall average tree age and the trends observgiafé not sensitive to varying the

510 method used to estimate the number of rings in the missihgfithe core. The core with the clearest nail
511 trace was used to count the number of rings formedthfteyear of tagging (1948)Ve used the number of
512  growth-rings formed between 1948 (nail mark) and 2014 (camtasra)reference to calculate the number
513 of years the individual needed to form one ring (years per ring)théh multiplied this ratio with the total

514 number of rings formed before 1948 to estimate the age tfeth¢Fig.1 and Fig.2). Three individuals were
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not used for analysis because the estimated missing core térggtbh core exceeded 20 cm. As such

growth-ring series of 55 trees were retained (Supplementdlg Ta

Permanent forest inventory ploto test if our findings hold true in a wider geographic contegt, w
estimated mean tree age and carbon age of the differest ttrata in 23 Central African permanent forest
plotslocated in four different Central African countriesa(@eroon, Gabon, Congo Brazzaville, D.R.Congo)
(Supplementary Fig.1 and Supplementary Table 2). Plots wentesklbat least 65% of the trees beledg

to species that also occur in the Nkulapark. Furthermasts pelected for analysis conformed to the
following criteria-2** (1) plots had an actual plot are£>0.2 ha, (2) plots were georeferenced, (3) all trees
with DBH >100 mm were measured, (4) the majority of stems were identifiegpéaies level, (5) plots had

at least 2 censuses, (6) plots hadtal monitoring length of > 3 years, (7) plots were situated within
structurally intact, apparently mature forest (excludingngpor open forests), (8) plots were free from major
human impacts, (9) plots wele&ated at >50m from the anthropogenic forest edge, (10) altitude was below
1500 m.a.s.l., (11) mean annual air temperaturex@a9°C, (12) mean annual precipitation was>1000 mm

yr, (13) plots were located in terra firme forest. Forysis purposes, plots smaller than 0.5 ha that were
within 1 km of each other and located in similar forgges were merged (i.e. the LME cluster). All selected
plots are part of the African Tropical Rainforest Observaltegvork (AfriTRON; www.afritron.org). These
data are curated in the ForestPlots.net dat&basel subject to identical quality control and quality
assurance procedures. All calculations of plot data mealdgscribed hereafter were performed using the R

statistical platforrff, version 3.2.1.

Estimating AGC-stock. For each tree and each census, AbovegBiomass at the tree level (AGB, Mg
sten!) was estimated using a published allometric equation for moestfincluding terms for diameter

(DBH, mm), dry wooddensity (p, g cm™) and total tree height (H, f3):

2
0.0673 x(p x(250) " xH)*976

1000

AGB =

(formula 1).

Wood density values were derived from the dryad database.@atadryad.org Stems were matched to

species-specific wood density values or the mean valuéisgfaenus or family, following réfand?.
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Heights were calculated using a single height-diameter modsb(\j for central African lowland terra
firme forests published by réf, using commands implemented in the R-package Biom4saFP
Aboveground Biomass-Carbon (referred to as AGC) is consi@erdd% of the AGB following IPCC
recommendatiorf& For each individual tree in the plot dataset, AGC-stak calculated as the mean of the

first and last censuses.

Estimating AGC-sink. For the calculation A&C-sink, only the first and the last censuses were used for
each plot. First, AGC- productivity (M@ stem* yr™) for each stem surviving the monitoring period, was
calculated as the difference between its total AGC agnldecensus minus the total AGC at the start census
of the interval, divided by the census interval length. (g C-productivity for stems recruited during the
monitoring periodi.e. reaching DBH>100 mm), was calculated in the same way, assuming DBH=0 mm at
the start of the interval. AGC-mortality for eachettbat died during the monitoring period (M@gree! yr?)

was calculated as the AGC at the start of the monitoririgghedivided by the total monitoring length (yr).
AGC-productivity at the stand level (Mgl@* yrt) was then calculated as the sum of tree-level productivity
estimates of all survivors and recruits. AGC-mortalityhatstand level (M@ ha® yr') was calculated as the
sum of tree-level mortality estimates of all dead tre¢harsubset. We corrected for unobserved components
of biomass growth and mortality due to census intervatteeffiects, as discussed by fefef?® and ref?°.

A method to correct productivity and mortality rates faeste uncertainties was developed by'teind

applied by ref. This correction accounts for (i) trees that recruit @edwithin the same interval (i.e.
unobserved recruits) aniil)(growth of trees that grow and die within the interfia. unobserved biomass
growth from mortality, which is not recorded because desabtare not measured). As such, for each census
interval, we calculated unobserved recruitment and unobsereddlity components (Mg Hayr™) using

the formulas proposed by r&fand both components were added to both the AGC-productivith@ad
mortality estimates. Estimates of the unobserved biomass componetlisast@inted for less than 3% of

the totalAGC-productivity and AGC-mortality. Finally, th®GC-sink was calculated as stand-level AGC-
productivity minus AGC-mortality. Commands to calculate A&Gck and AGC-sink are implemented in

the BiomasaFP R packatfe
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Tree age inferred from DBH growth rates in permanent invemioty. For each tree within the permanent
forest inventory plots, we estimated the age by dividindtBE (mm) in the final census with the DBH
growth rate (mm y#) of the tree itself. For each tree, we averaged the BBMth rate over all census
intervals preceding the last census. This method uses the grawéh rate of each tree, which is accurate
for healthy trees but returns unrealistic age estimates & with (i) slightly negative growth rates, (ii) zero
growth rates or (iii) very slow growth rates. Such slow ghorgites may be recorded in all DBH classes.
First, slow growth rates in large DBH classes may occur \ahege is diseased or at the end of its life
(senescence). These growth rates may not be represeftative total lifespan of these trees. Secondly,
small growth rates may be recorded for small suppressedfttiees growth is so slow that it cannot be
recorded with sufficient precision using standard census proedHence, these growth rates are replaced
by growth rates that are comparably small but yield a riealise age estimate. As such, we chase
‘minimum allowed growth rate’ per ClI class, following ref. We calculated the minimum allowed growth
rate for each Cll class as thé"%ercentile (=first quartile) of the growth rate distributigithin the ClII

class. For each tree with a growth rate slower thamthenum allowed rate, we replaced the growth rate by
the minimum allowed growth rate of the Cll class. We cotetlia sensitivity analysis to check how results
vary when varying the minimum allowed growth rate: wamethe analysis using the1,aL5", 20", 25" and
30" percentile of the growth rate distribution within each ks as a minimum allowed growth rate
(Supplementary Discussion and Supplementary Table 3). We usedtthgeatree age in the dataset of 450
rediscovered Nkulapark trees as a reference to evaluateg¢hage estimation method based on DBH

growth rates (Supplementary Figure 4).

Mean carbon age. As a tree grows, it increasingly stores rmdyerc Carbon near the bark of the tree is
younger than carbon in the pith. As such, mean carbon ageesf does not equal total tree age. We

calculated mean tree-level carbon age using the same foasnted!:

mean carbon age = w (formula 2),
Xi=1(CD)

with:

G = carbon content of th& ting (kg),
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597 A = age of the''lring (yr),

598 n = nr of rings.

599

600 The carbon content of th8 fing is calculated as the carbon content of a treetWéDBH of ring i minus
601 the carbon content of a tree with the DBH of ring Fa.estimate carbon age in trees without measured
602 growth-ring series (permanent inventory plots), we usednié®BH and the DBH growth rate (in mn1yr
603 1 to deduce a year-ring pattern, assuming that the gmatetwas constant over the lifetime of theetre

604

605 Classification of tree species and statistical analysisus®d the Nkulapark phenology data published by
606 ref2*to classify tree species as evergreedeciduous. To distinguish between understory, sub-canopy,
607 canopy and emergent trees in the Nkulapark and the pernfaresitplots, we used the Crown Illumination
608 Index (Cll) of Dawkins & Field (ref?). Fig.3 illustrates the 5 classes with a drawing modifiechfref?*.

609 The Crown Illumination Index was recorded in 23 of thedeld permanent inventory plots. In each plot
610 where the index was recorded, each tree was attributed td tree@Il classes. The index was attributed in
611 the field, mostly during one census and mostly by a singipeWe estimated mean tree age, mean carbon
612 age, mean AGC-stock and mean AGC-sink for each of thel&@ses in each plot where the index was
613 recorded. None of the metrics reported in Table 1 meetittegion of homogeneity of variances (Bartlett
614 test). Therefore, differences among the Cll classes weegltesing the non-parametric Dunn's rank-sum
615 test. To avoid the multiple comparison problem, we used thiaBni-Hochberg p-value adjustméht

616 (‘dunn.testpackage in ).

617

618 Data availability. The input data and R-scripts to geedts figures and tables are available for download

619 using the following private linkhttps://figshare.com/s/06¢c793575d3b52efqdmbges of wood cores are

620 available using the following linkhttps://figshare.com/s/e6101fe7d330f8eal4This folder also contains

621 all annotation documents needed to visualize growth ring bowsdamithe wood samples (please consult
622 the README document for guidelines). Wood samples used to conduchéiysia are stored in the

623  Tervuren xylarium

624 http://www.africamuseum.be/collections/browsecollectionsiiadgciences/earth/xylarimThese samples
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