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Reviewer #1 (Remarks to the Author): 

General comments: 

This contribution presents a mechanistic model of xylem cell production, enlargement 

and maturation. Those are the basic processes of “wood formation” that is both crucial 

and coarsely simulated to date in terrestrial ecosystem models (TEMs). Such models are 

rare in the literature (but see Vaganov et al. 2006; Cabon et al. 2020). This model (as 

the others) has the potential to become a module of TEMs. 

Another merit is the model formalism, that is both new and interesting. It poses that 

sucrose fueling from the phloem and temperature are key in the production and 

maturation of xylem cells. The author does a very nice job in dissecting (through 

sensitivity analysis and switching on/off the processes modelled) the influences of both 

drivers on different aspects of wood formation. One main conclusion is that sucrose 

fueling is one key driver of wood formation and explains the differential density profile 

(lighter earlywood, denser latewood) usually observed in coniferous trees (but also in 

angiosperms). 

So overall I’m positive about this paper. 

However, I think the paper does not do justice to previously existing models (cited 

above). The formalism and objectives are different indeed, but I would like to read a 

paragraph / section into which the author informs the reader about such differences. 

Explaining to what extent is his model new and able to shedding new light on wood 

formation processes. 

Another aspect of concern to me is that the author chose to focus on carbon fueling and 

temperatures as determinants of wood formation. However, water potential probably 

plays a large role, as proposed by the classical formulation of Lockhart (1965) about cell 

expansion. It was recently considered by Cabon et al. (2020) who based a model on it, 

and predicted with good accuracy the formation of wood tracheid along a large 

environmental gradient in two conifer species (Picea abies and Larix decidua). 

I understand that the author of the current contribution based on data from the 

northern part of the Pinus sylvestris distribution zone to calibrate and verify his model. 

However, this questions the genericity of his approach. Discussion about these aspects 

also is required: (i) transferability of the results to other sites given the climate 

specificity of the observation data onto which the model is built; and (ii) absence of 

consideration of water potential in wood formation processes. 

The author claims (L203-206) that his model could serve as a basis for representing 

wood formation in TEMs. This is desirable indeed, but considering that TEMs do not 

include explicit representations of phloem fueling, I would also expect the author to give 

leads about how to adapt and implement his model in TEMs. 

Specific comments: 

L77-78: recently Delpierre et al. (2019) published parameterizations for such models on 

various conifers, among which Pinus sylvestris. 

L81: remove “highly”. “Are plausible” is enough. 

Figure 1 caption (and other figures using running means): I’m unsure what “0.06-

fraction running mean over 0.02-fraction bins.” Mean. Please rephrase. 

Figure 2 inset: Unsure i understand the y-scale unit. It does not correspond with the 

magnitude of change observed on the main graph of Fig. 2 (e.g. on the inset, the 

sensitivity under the condition “saturating carbohydrates” is about 0.10 g/cm3/K, when 

on the main figure we switch, e.g. at 750 µm from the cambium from 0.5 g/cm3 (default 



condition) to 1.1 g/cm3 (saturating CH condition) for a +2K increase: I expect a 

sensitivity of (1.1-0.5)/2 = 0.30 g/cm3/K). 

L157: “shown” 

L206: another paper of interest is Guillemot et al. (2017) 

Table 3: How was the DoY 185 limit set? Arbitrarly? Summer solstice is on DoY 172, so 

one cannot argue that this is a "natural" limit. 

Equations 11 and 14: you have to multiply (not divide) by 10^12 to convert µm^3 (= 

(10^-6)^3 = 10^-18 m3) to mL (= 10^-6 m3) 

L272: “the phloem carbohydrate is prescribed”: how is it prescribed? Constant along the 

season? Varying? Based on what data? 

Equation 17: what is the applicability range of this parameterization? whole distribution 

area of Pinus sylvestris? Site-specific? 

L296: when you refer to dormancy here, i assume this is dormancy of the cambium (i.e. 

no more cell division in the proliferation zone). This is unclear. 

L351: “Wood formation in trees” (not “gormation”) 
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Reviewer #2 (Remarks to the Author): 

Revision and comments on the manuscript 

“Wood structure explained by complex spatial source-sink interactions” by Andrew D. 

Friend 

The main problem this manuscript address is the lack of understanding of how wood 

structure in Scots pine is formed. The research uses a sophisticated model to estimate 

wood structure characteristics and how and why it predicts the formation and transition 

from Earlywood to latewood. One of the main conclusions highlighted is that the 

distribution of carbohydrates available influences these wood density variations during 



xylogenesis, which is very interesting. However, I could not understand from the 

manuscript how the model operates, besides reading through the 12 assumptions listed 

in the text. I think this paper is not acceptable in its current stage because this king of 

sophisticated modeling should be much better explained than in this type of short 

format. 

From what I understand from the readings, this manuscript concludes that the wood 

formation of conifer spp, “now generalized,” depends on the interaction of many factors, 

which in my opinion, is not scientifically satisfying, at least how is presented now. This 

statement might sound subjective, but I try to explain in the following paragraphs with 

the best of my intentions. I think it all comes down to the focus and structure of the 

manuscript that leaves me with this idea. 

The focus of the manuscript and claims are based on the results are depending heavily 

on the model output. The model has a high level of parametrization and an extensive list 

of assumptions. I am not saying this is inherently bad, but this should be much better 

explained, in detail, so there are no loose ends, or at least those loose ends are well 

addressed. 

One of the claims in the article, states that this model can help improve the carbon cycle 

models is a bit of a long shot because it would be impossible or at least not reasonable 

to extrapolate this model to all tree spp. and climates of the world. At least this is how it 

looks form the narrative. Also, it is not explicit how this approach can help the land 

surface models that the author refers to? One of the concerns I have, is how the author 

can justify those claims when knowing that there are considerable variations in 

xylogenesis and wood structure across the world? In the text of the manuscript is not 

explicitly stated how this model is extrapolable to other species. 

Another aspect that I find weak is that the methods in this manuscript are set on a 

lower profile (less critical) when I think this should be a powerful factor on this type of 

manuscript. I think that the details on the description of the “observations” should play 

a much bigger role in the paper’s main body and explain with much more details and 

clearer language. 

The results and figures are poorly presented, and the figures could be more carefully 

produced, with higher quality, so it is easy for the reader to follow the main messages. 

Additionally, the narrative of the paper is a bit complicated to follow. Many important 

concepts in the manuscript are not well introduced, for example; 1) The developmental 

stages, 2) The observations made on Pinus silvestris we are left with only the fact the 

author made “critical observations” that is all until we arrive in the figures with plenty 

lines showing the “observations”. 4) In the last sentence before the conclusions, there 

is a statement with the “divergence problem” which has not been properly introduced or 

addressed throughout the manuscript. 

Reviewer #3 (Remarks to the Author): 

The manuscript “Wood structure explained by complex spatial source-sink interactions” 

presents a model of cell growth in cambium to form a framwork to explain possible 

mechnisms to form wood of a tree so as to attribute tree ring density profile. The well 

known theory, oberavation and suitable assumption are employed to make simulation 

test. And significant fresh and new ideas are addressed: NSC diffusion and its responses 

to temprature is a dominant reason to determinate the tree ring density (hence wood 

volume mass content).From this idea, the pressent time' volum based tree carbon 

storage computing should be updated by considering temperature effect on tree ring 

density (via earlywood and latewood). Therefore this paper will be forcused on by many 

researchers even common readers. I think this paper should be accepted to publish. 



suggestions: 

The concept and structure of this model could be clearer if there is a figure to present 

the whole framework. 

This model does not simulate the NSC dynamics (but uses the observed NSC). Recently, 

some studies have constructed the physiological models that modeled the NSC dynamics 

and cell growth, e.g. the CASSIA model (Schiestl Aalto et al. (2015)) and FORCCHN2 

model (Fang et al. (2020)). these references's findings and ideas may strengthen the 

understanding of this work. 

Specific comments: 

Fig. 1: related questions. 

Sweden site modeled data were comparison to other 4 sites's obeservation, which may 

be questioned. Becasue this paper regarded climate'seffects (temperature  as 

important factors, those other 4 sites climate condition need to be compared to sweden 

site. 

my understanding is that except for the satuating experiment run, the carbonhydrtes 

always keep as oberservation. if so, it seems the single ring mass integration should be 

almost equal in differenct experiment runs. However from figure,it seems that fixed 

zone, fixed temperature , no dormancy producevery differnt mass amount in a same tree 

ring. 

Fig. 2 related questions. 

+2K experatment runs may increase ring width( from fig) ? 

only wall thickening experment run seem to allocate more mass in tree ring, however 

carbonhydrate amout should be fixed to same value if my understanding is right. 
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represent the density response to temperature. 

Line 126-127: the density distribution was determined by the activities of cambium via 

NSC. beside the temperature' effect, hydraulics from xylem also influence the density 

distribution. 

Line 323: The observations from the published paper, and you could add a simple 

description of the observations.



IXfcbafXf gb g[X eXi\XjXefw Vb``Xagf ba g[X cTcXe Ul ?e\XaW( :=6 tMbbW fgehVgheX

Xkc_T\aXW Ul Vb`c_Xk fcTg\T_ fbheVX)f\a^ \agXeTVg\bafu

FK #Z]U GJJOZOUTGR G[ZNUXY NG\K HKKT GJJKJ ]NU NG\K NKRVKJ ]OZN ZNK XKY[HSOYYOUT$ GXK

\KX_ MXGZKL[R LUX ZNK GZZKTZOUT ZNK XK\OK]KXY NG\K ZGQKT OT GYYKYYOTM U[X VGVKX GTJ ]K

VXU\OJK XKYVUTYKY ZU ZNKOX IUSSKTZY HKRU]( FK NG\K V[Z ZNK XK\OK]KXYd IUSSKTZY OT ZeR]ZT

GTJ U[X XKYVUTYKY OT Ub_W OT UXJKX ZU JOYZOTM[OYN ZNKS LXUS KGIN UZNKX(

IXi\XjXe "- &IX`Te^f gb g[X :hg[be'6

@XaXeT_ Vb``Xagf6

LYZd T`_ecZSfeZ`_ acVdV_ed R ^VTYR_ZdeZT ^`UV] `W ij]V^ TV]] ac`UfTeZ`_( V_]RcXV^V_e R_U

^RefcReZ`_* LY`dV RcV eYV SRdZT ac`TVddVd `W qh``U W`c^ReZ`_r eYRe Zd S`eY TcfTZR] R_U

T`RcdV]j dZ^f]ReVU e` UReV Z_ eVccVdecZR] VT`djdeV^ ^`UV]d %L>Fd&* KfTY ^`UV]d RcV cRcV Z_

eYV ]ZeVcRefcV %Sfe dVV NRXR_`g Ve R]* .,,27 <RS`_ Ve R]* .,.,&* LYZd ^`UV] %Rd eYV `eYVcd&

YRd eYV a`eV_eZR] e` SVT`^V R ^`Uf]V `W L>Fd*

K[Ta^ lbh Ybe eXVbZa\f\aZ g[X cbgXag\T_ bY bhe `bWX_*

:_`eYVc ^VcZe Zd eYV ^`UV] W`c^R]Zd^( eYRe Zd S`eY _Vh R_U Z_eVcVdeZ_X* Be a`dVd eYRe dfTc`dV

WfV]Z_X Wc`^ eYV aY]`V^ R_U eV^aVcRefcV RcV \Vj Z_ eYV ac`UfTeZ`_ R_U ^RefcReZ`_ `W ij]V^

TV]]d* LYV RfeY`c U`Vd R gVcj _ZTV [`S Z_ UZddVTeZ_X %eYc`fXY dV_dZeZgZej R_R]jdZd R_U

dhZeTYZ_X `_+`WW eYV ac`TVddVd ^`UV]]VU& eYV Z_W]fV_TVd `W S`eY UcZgVcd `_ UZWWVcV_e RdaVTed

`W h``U W`c^ReZ`_* H_V ^RZ_ T`_T]fdZ`_ Zd eYRe dfTc`dV WfV]Z_X Zd `_V \Vj UcZgVc `W h``U

W`c^ReZ`_ R_U Via]RZ_d eYV UZWWVcV_eZR] UV_dZej ac`WZ]V %]ZXYeVc VRc]jh``U( UV_dVc ]ReVh``U&

fdfR]]j `SdVcgVU Z_ T`_ZWVc`fd ecVVd %Sfe R]d` Z_ R_XZ`daVc^d&*

K` `gVcR]] Bs^ a`dZeZgV RS`fe eYZd aRaVc*

A`hVgVc( B eYZ_\ eYV aRaVc U`Vd _`e U` [fdeZTV e` acVgZ`fd]j ViZdeZ_X ^`UV]d %TZeVU RS`gV&*

LYV W`c^R]Zd^ R_U `S[VTeZgVd RcV UZWWVcV_e Z_UVVU( Sfe B h`f]U ]Z\V e` cVRU R aRcRXcRaY +

dVTeZ`_ Z_e` hYZTY eYV RfeY`c Z_W`c^d eYV cVRUVc RS`fe dfTY UZWWVcV_TVd* >ia]RZ_Z_X e` hYRe

VieV_e Zd YZd ^`UV] _Vh R_U RS]V e` dYVUUZ_X _Vh ]ZXYe `_ h``U W`c^ReZ`_ ac`TVddVd*

K[Ta^ lbh Ybe g[\f fhZZXfg\ba* Ba eXfcbafX jX [TiX TWWXW T cTeTZeTc[ Ue\XY_l

W\fVhff\aZ g[X eTaZX bY Xk\fg\aZ TccebTV[Xf TaW [bj+j[l bhe `bWX_ \f W\YYXeXag* K[\f

\f ba _\aXf 0/s3. bY g[X eXi\fXW `TahfVe\cg*

:_`eYVc RdaVTe `W T`_TVc_ e` ^V Zd eYRe eYV RfeY`c TY`dV e` W`Tfd `_ TRcS`_ WfV]Z_X R_U

eV^aVcRefcVd Rd UVeVc^Z_R_ed `W h``U W`c^ReZ`_* A`hVgVc( hReVc a`eV_eZR] ac`SRS]j a]Rjd R

]RcXV c`]V( Rd ac`a`dVU Sj eYV T]RddZTR] W`c^f]ReZ`_ `W E`T\YRce %-521& RS`fe TV]] ViaR_dZ`_*

Be hRd cVTV_e]j T`_dZUVcVU Sj <RS`_ Ve R]* %.,.,& hY` SRdVU R ^`UV] `_ Ze( R_U acVUZTeVU

hZeY X``U RTTfcRTj eYV W`c^ReZ`_ `W h``U ecRTYVZU R]`_X R ]RcXV V_gZc`_^V_eR] XcRUZV_e Z_

eh` T`_ZWVc daVTZVd %IZTVR RSZVd R_U ERcZi UVTZUfR&*

B f_UVcdeR_U eYRe eYV RfeY`c `W eYV TfccV_e T`_ecZSfeZ`_ SRdVU `_ UReR Wc`^ eYV _`ceYVc_ aRce

`W eYV IZ_fd dj]gVdecZd UZdecZSfeZ`_ k`_V e` TR]ZScReV R_U gVcZWj YZd ^`UV]* A`hVgVc( eYZd

bfVdeZ`_d eYV XV_VcZTZej `W YZd Raac`RTY* =ZdTfddZ`_ RS`fe eYVdV RdaVTed R]d` Zd cVbfZcVU6 %Z&

*



ecR_dWVcRSZ]Zej `W eYV cVdf]ed e` `eYVc dZeVd XZgV_ eYV T]Z^ReV daVTZWZTZej `W eYV --`SdVcgReZ`_

UReR `_e` hYZTY eYV ^`UV] Zd SfZ]e7 R_U %ZZ& RSdV_TV `W T`_dZUVcReZ`_ `W hReVc a`eV_eZR] Z_

h``U W`c^ReZ`_ ac`TVddVd*

K[Ta^ lbh Ybe g[XfX Vb``Xagf* MX V[bfX gb YbVhf ba j[Tg jX UX_\XiX gb UX T

YhaWT`XagT_ U\b_bZ\VT_ dhXfg\ba( aT`X_l g[X VThfXf bY( TaW Vbageb_f ba( glc\VT_

Vba\YXe geXX)e\aZ TaTgb`\Xf \a gX`cXeTgX TaW UbeXT_ V_\`TgXf* MX gXfgXW g[X cbgXag\T_

Ybe fXTfbaT_\gl \a WXiX_bc`XagT_ mbaX j\Wg[f TaW gX`cXeTgheX( T_baZ j\g[ g[X fcTg\T_

ZeTW\Xag \a g[X fhcc_l bY VTeUba( gb Xkc_T\a bUfXeiXW jbbW TaTgb`l TaW g[X

`XV[Ta\f`&f' UX[\aW g[X gX`cXeTgheX f\ZaT_ \a `Tk\`h` _TgXjbbW WXaf\gl* MX jXeX

T_fb _bb^\aZ gb WXiX_bc T `XV[Ta\fg\V fhU)`bWX_ bY Zebjg[ Ybe \aV_hf\ba \a j[b_X)geXX

TaW Z_bUT_ iXZXgTg\ba `bWX_f* <TeUba fhcc_l TaW gX`cXeTgheX TeX gjb bY g[X `bfg

\`cbegTag Vb`cbaXagf bY Xai\eba`XagT_ V[TaZX( TaW fb jX XkcXVg bhe `bWX_ j\__

`T^X T f\Za\Y\VTag Vbage\Uhg\ba gb bhe haWXefgTaW\aZ bY [bj geXX Zebjg[ TaW VTeUba

fXdhXfgeTg\ba j\__ Xib_iX biXe g[X Vb`\aZ WXVTWXf* MX jXeX TU_X gb `Ta\ch_TgX bhe

`bWX_ gb ZT\a \`cbegTag \af\Z[gf \agb g[X cbgXag\T_ `XV[Ta\f`f Xkc_T\a\aZ ^Xl

c[Xab`XaT*

MX iXel `hV[ TZeXX g[Tg jTgXe cbgXag\T_ VTa c_Tl Ta \`cbegTag eb_X \a jbbW

WXiX_bc`Xag( TaW \aWXXW [TiX eXVXag_l chU_\f[XW T cTcXe ba g[\f &>V^Xf!J[Xc[TeW(

:*A*( K\Ti_bif^l( >*( <[Xa( O*( ?bag\( H* TaW ?e\XaW( :*=*( .,.,* =\eXVg eXfcbafX bY geXX

Zebjg[ gb fb\_ jTgXe TaW \gf \`c_\VTg\baf Ybe gXeeXfge\T_ VTeUba VlV_X `bWX__\aZ* Global

Change Biology( +0( -.-)-/1* Wb\6-,*----+ZVU*-1/53'* AbjXiXe( TWW\aZ iTe\TU\_\gl \a

[lWeb_bZ\VT_ XYYXVgf gb bhe fghWl jbh_W [TiX Vb`c_\VTgXW Ta T_eXTWl Vb`c_Xk

TaT_lf\f bY `XV[Ta\f`f* : ^Xl YXTgheX bY bhe `bWX_ \f g[Tg g[X Xa_TeZX`Xag eTgXf bY

\aW\i\WhT_ VX__f We\iX VX__ ceb_\YXeTg\ba TaW \agXeTVg j\g[ WXiX_bc`Xag mbaX j\Wg[f TaW

VTeUb[lWeTgX fhcc_l gb cebWhVX Y\aT_ VX__ f\mXf TaW WXaf\gl W\fge\Uhg\baf* M[\_X jX

[TiX ba_l Vbaf\WXeXW g[X \aY_hXaVX bY gX`cXeTgheX ba Xa_TeZX`Xag eTgX fb YTe( jX

[lcbg[Xf\fX g[Tg bg[Xe YTVgbef( fhV[ Tf jTgXe cbgXag\T_ TaW ahge\Xagf( \aY_hXaVX jbbW

Ybe`Tg\ba g[ebhZ[ g[\f fT`X ebhgX &jX `Xag\ba g[\f ba _\aXf .44s.45 TaW [TiX T_fb

TWWXW `beX ba g[\f \a _\aXf 4/s42'* JhUfXdhXag jbe^ j\__ XkT`\aX g[X TU\_\gl bY g[\f

Tffh`cg\ba gb Xkc_T\a eXfcbafXf gb jTgXe cbgXag\T_( ahge\Xagf( c[bgbflag[Xf\f( XgV*(

Uhg \a XTV[ VTfX ^XXc\aZ g[X YhaWT`XagT_ fgehVgheX g[X fT`X Tf ceXfXagXW \a g[\f

`TahfVe\cg*

K[X eXi\XjXe dhXfg\baf g[X ZXaXeT_\gl bY bhe TccebTV[* MX V[bfX Pinus

sylvestris gb \aYbe` bhe `bWX_ WXiX_bc`Xag WhX \g UX\aZ jX__)eXfXTeV[XW TaW jX

g[XeXYbeX [TW TVVXff gb ah`Xebhf TaW W\iXefX bUfXeiTg\baf( hfXW Ybe W\eXVg

cTeT`XgXe\fTg\ba( VT_\UeTg\ba( TaW gb gXfg g[X iT_\W\gl bY g[X YhaWT`XagT_ `bWX_

fgehVgheX* Kb bhe ^abj_XWZX T Vb`ceX[Xaf\iX fXg bY T__ fhV[ WTgT glcXf Ybe bg[Xe

fcXV\Xf \f _TV^\aZ* MX hfXW bUfXeiTg\baf Yeb` gjb f\gXf gb WXgXe`\aX `bWX_

cTeT`XgXef hf\aZ VT_\UeTg\ba &KTU_X -' TaW W\eXVg cTeT`XgXe\fTg\ba &KTU_Xf . TaW /'(

TaW YbhaW g[Tg g[X `bWX_ g[Xa eXcebWhVXf bUfXeiTg\baf Tg `beX fbhg[Xe_l f\gXf

&?\ZheX .T'* Fbj g[Tg g[X YhaWT`XagT_ fgehVgheX [Tf UXXa iT_\WTgXW Ybe g[\f fcXV\Xf(

g[X `bWX_ VTa UX TWTcgXW gb bg[Xe fcXV\Xf hf\aZ `\a\`T_ TWW\g\baT_ bUfXeiTg\baf*

K[X cTeT`XgXef \a KTU_X - Vbh_W UX eX)VT_\UeTgXW Ybe Tal f\gX( TaW fb g[X `bWX_ \f

Vb`c_XgX_l ZXaXeT_ &Tg _XTfg Ybe Vba\YXef'* ?be XkT`c_X( j[\_X g[X haWXe_l\aZ

Tffh`cg\ba g[Tg WTl_XaZg[ Vbageb_f g[X fXTfbaT_ cebZeXff\ba bY mbaX j\Wg[f \f

ZXaXeT_( \g \f _\^X_l g[Tg g[X eXfcbafX bY mbaX j\Wg[f gb WTl_XaZg[ iTe\Xf j\g[ _Tg\ghWX

Tf T eXfh_g bY _bVT_ TWTcgTg\ba*

+



IXZTeW\aZ geTafYXeTU\_\gl bY g[X `bWX_ gb bg[Xe f\gXf TaW Vbaf\WXeTg\ba bY jTgXe

cbgXag\T_( jX TZeXX Vb`c_XgX_l g[Tg Vbaf\WXeTg\ba bY jTgXe fhcc_l XYYXVgf j\__ UX

aXVXffTel gb TVVheTgX_l f\`h_TgX jbbW Ybe`Tg\ba Tg jTgXe)_\`\gXW f\gXf( TaW ahge\Xag

VbafgeT\agf j\__ T_fb aXXW gb UX \aV_hWXW* MX j\__ UX \aVbecbeTg\aZ g[XfX

WXcXaWXaV\Xf \a fhUfXdhXag iXef\baf bY bhe `bWX_ g[ebhZ[ XYYXVgf ba g[X eTgX bY g[X

eTgX bY Xa_TeZX`Xag* MX [TiX TWWXW gXkg gb UXggXe Xkc_T\a j[l bhe `bWX_ \f TU_X gb

cebi\WX `T]be aXj ZXaXeT_ \af\Z[gf \agb jbbW Ybe`Tg\ba WXfc\gX \gf VheeXag _TV^ bY T

jTgXe cbgXag\T_ eXfcbafX6 _\aXf 4,s42*

LYV RfeY`c T]RZ^d %E.,/).,2& eYRe YZd ^`UV] T`f]U dVcgV Rd R SRdZd W`c cVacVdV_eZ_X h``U

W`c^ReZ`_ Z_ L>Fd* LYZd Zd UVdZcRS]V Z_UVVU( Sfe T`_dZUVcZ_X eYRe L>Fd U` _`e Z_T]fUV

Via]ZTZe cVacVdV_eReZ`_d `W aY]`V^ WfV]Z_X( B h`f]U R]d` ViaVTe eYV RfeY`c e` XZgV ]VRUd RS`fe

Y`h e` RURae R_U Z^a]V^V_e YZd ^`UV] Z_ L>Fd*

MX W\fVhffXW [bj bhe TccebTV[ Vbh_W UX hfXW \a Z_bUT_ iXZXgTg\ba `bWX_f \a bhe

cTcXe6 ?e\XaW( :*=*( >V^Xf)J[Xc[TeW( :*( ?bag\( H*( ITWX`TV[Xe( K*K*( ITg[ZXUXe( <*(

I\V[TeWfba( :*=* TaW Khegba( I*A*( .,-5* Ga g[X aXXW gb Vbaf\WXe jbbW Ybe`Tg\ba

cebVXffXf \a Z_bUT_ iXZXgTg\ba `bWX_f TaW T fhZZXfgXW TccebTV[* Annals of Forest

Science( Wb\6-,*-,,3+f-/151),-5),4-5)k* MX \aV_hWX T eXYXeXaVX gb g[\f jbe^ \a g[X

<baV_hf\baf &_\aX .5-'*

KaVTZWZT T`^^V_ed6

E33)346 cVTV_e]j =V]aZVccV Ve R]* %.,-5& afS]ZdYVU aRcR^VeVcZkReZ`_d W`c dfTY ^`UV]d `_

gRcZ`fd T`_ZWVcd( R^`_X hYZTY IZ_fd dj]gVdecZd*

K[Ta^ lbh Ybe cb\ag\aZ g[\f bhg* Ba YTVg jX gXfgXW g[X <\AJ `bWX_ bY =X_c\XeeX et al*

&.,-5' Tg g[X gjb f\gXf hfXW \a bhe fghWl( j\g[ cTeT`XgXe iT_hXf Ybe P. sylvestris gT^Xa

Yeb` g[X\e KTU_X J.* LaYbeghaTgX_l g[X\e `bWX_ j\g[ g[XfX cTeT`XgXe iT_hXf YT\_XW gb

ceXW\Vg g[X \a\g\Tg\ba bY VT`U\T_ TVg\i\gl fhYY\V\Xag_l XTe_l* MX g[XeXYbeX WXV\WXW gb hfX

g[X be\Z\aT_ <TaaX__ TaW J`\g[ &-54/' c[Xab_bZl `bWX_( fXgg\aZ g[X g[eXf[b_W

gX`cXeTgheX gb ,b<( TaW g[Xa TW]hfg\aZ g[X Tfl`cgbgX gb cebWhVX VT`U\T_ \a\g\Tg\ba ba

=GO --. &..aW :ce\_( -551' Tg g[X bUfXeiTg\baT_ f\gX hfXW \a LZZ_T et al* &.,,-'( Tf

WXfVe\UXW \a g[X `TahfVe\cg* ;eXT^\aZ bY Wbe`TaVl ba g[\f WTl \f aXVXffTel Ybe jbbW

Ybe`Tg\ba gb [TiX cebVXXWXW gb g[X fgTgX bUfXeiXW ba =GO -41 \a LZZ_T et al* &.,,-'*

<baY\e`Tg\ba bY g[\f cTeT`XgXe\fTg\ba bVVheeXW j[Xa g[X `bWX_ jTf g[Xa geTafYXeeXW

gb g[X KbeaXgepf^ f\gX( TaW ceXW\VgXW g[X bUfXeiXW TUfb_hgX W\T`XgXe Zebjg[ TaW \gf

\agXe)TaahT_ iTe\TU\_\gl jX__ &g[X _TggXe Yb__bj\aZ VT_\UeTg\ba bY ET'( Tf f[bja \a ?\ZheX

J/*

E4-6 cV^`gV qYZXY]jr* q:cV a]RfdZS]Vr Zd V_`fXY*

=baX*

?ZXfcV - TRaeZ`_ %R_U `eYVc WZXfcVd fdZ_X cf__Z_X ^VR_d&6 Bs^ f_dfcV hYRe q,*,2)WcRTeZ`_

cf__Z_X ^VR_ `gVc ,*,.)WcRTeZ`_ SZ_d*r FVR_* I]VRdV cVaYcRdV*

,



MX [TiX eXc[eTfXW g[\f VTcg\ba TaW f\`\_Te_l V[TaZXW T__ bg[Xe eX_XiTag VTcg\baf gb

`T^X g[X` V_XTeXe*

?ZXfcV . Z_dVe6 M_dfcV Z f_UVcdeR_U eYV j)dTR]V f_Ze* Be U`Vd _`e T`ccVda`_U hZeY eYV

^RX_ZefUV `W TYR_XV `SdVcgVU `_ eYV ^RZ_ XcRaY `W ?ZX* . %V*X* `_ eYV Z_dVe( eYV dV_dZeZgZej

f_UVc eYV T`_UZeZ`_ qdRefcReZ_X TRcS`YjUcReVdr Zd RS`fe ,*-, X+T^/+D( hYV_ `_ eYV ^RZ_

WZXfcV hV dhZeTY( V*X* Re 31, p^ Wc`^ eYV TR^SZf^ Wc`^ ,*1 X+T^/ %UVWRf]e T`_UZeZ`_& e` -*-

X+T^/ %dRefcReZ_X <A T`_UZeZ`_& W`c R '.D Z_TcVRdV6 B ViaVTe R dV_dZeZgZej `W %-*-),*1&+. 8

,*/, X+T^/+D&*

K[X tfTgheTg\aZ VTeUb[lWeTgXfu eXfcbafX \a g[X \afXg jTf VT_Vh_TgXW Tf g[X W\YYXeXaVX

UXgjXXa gjb f\`h_Tg\baf Tg W\YYXeXag gX`cXeTgheXf( Uhg Ubg[ j\g[ fTgheTg\aZ

VTeUb[lWeTgXf( eTg[Xe g[Ta T W\YYXeXaVX j\g[ TaW j\g[bhg fTgheTg\aZ VTeUb[lWeTgXf* MX

[TiX eX)WeTja g[\f Y\ZheX TaW eX)je\ggXa \gf VTcg\ba gb `T^X \g V_XTeXe*

E-136 qdY`h_r

K[Ta^ lbh Ybe fcbgg\aZ g[\f ) VbeeXVgXW*

E.,26 R_`eYVc aRaVc `W Z_eVcVde Zd @fZ]]V^`e Ve R]* %.,-3&

K[Ta^ lbh Ybe g[\f fhZZXfg\ba* MX [TiX TWWXW g[\f eXYXeXaVX*

LRS]V /6 A`h hRd eYV =`P -41 ]Z^Ze dVe9 :cSZecRc]j9 Kf^^Vc d`]deZTV Zd `_ =`P -3.( d` `_V

TR__`e RcXfV eYRe eYZd Zd R !_RefcR]! ]Z^Ze*

K[\f \f g[X Y\efg =GO &\*X* 0g[ Ch_l( -551' \a g[X `XTfheX`Xagf bY LZZ_T et al* &.,,-'(

TaW Tf fhV[ \f g[X Y\efg bY g[X g[eXX WTgXf g[ebhZ[ j[\V[ g[X j\Wg[f bY g[X

WXiX_bc`XagT_ mbaXf iXefhf WTl_XaZg[ TeX Y\ggXW &fXX fXVg\ba ba tPbaX j\Wg[fu7

?\ZheX J. f[bjf g[X Tffh`XW V[TaZXf \a mbaX j\Wg[f ce\be gb g[X Y\efg bUfXeiTg\baT_

WTgX'*

>bfReZ`_d -- R_U -06 j`f YRgV e` ^f]eZa]j %_`e UZgZUV& Sj -,Q-. e` T`_gVce p^Q/ %8 %-,Q)2&Q/ 8

-,Q)-4 ^/& e` ^E %8 -,Q)2 ^/&

K[\f YTVgbe VbaiXegf Yeb` _XaZg[/ \a r` gb ib_h`X \a `_ TaW \f VbeeXVg6

`_ 8 -,)2 `/

r`/ 8 -,)-4 `/

-,)-4 8 -,)2 + -,-.

E.3.6 qeYV aY]`V^ TRcS`YjUcReV Zd acVdTcZSVUr6 Y`h Zd Ze acVdTcZSVU9 <`_deR_e R]`_X eYV

dVRd`_9 NRcjZ_X9 ;RdVU `_ hYRe UReR9

K[X c[_bX` VTeUb[lWeTgX VbaVXageTg\ba \f Y\kXW Tg g[X iT_hX Z\iXa \a KTU_X / &\*X* 51

`Z `_)-'* MX [TiX TWWXW g[\f \aYbe`Tg\ba gb g[X gXkg eXYXeeXW gb `T^X g[\f V_XTeXe6 vK[X

VTeUb[lWeTgX VbaVXageTg\ba \a g[X c[_bX` \f ceXfVe\UXW Tg g[X `XTa iT_hX bUfXeiXW

TVebff g[X g[eXX bUfXeiTg\baT_ WTgXf \a QV\gXnhZZ_TRYhaVg\baR.,,-o( Tf WXfVe\UXW

UX_bj \a SSGUfXeiTg\bafwww &_\aXf /2.s/20'*

-



>bfReZ`_ -36 hYRe Zd eYV Raa]ZTRSZ]Zej cR_XV `W eYZd aRcR^VeVcZkReZ`_9 hY`]V UZdecZSfeZ`_ RcVR

`W IZ_fd dj]gVdecZd9 KZeV)daVTZWZT9

K[\f VTaabg UX \aYXeeXW j\g[ VXegT\agl Yeb` bhe fghWl Tf \g \f UTfXW ba T VT_\UeTg\ba gb

baX f\gX* K[\f cTeT`XgXe\fTg\ba TccXTef gb UX iT_\W Tg g[X fXVbaW f\gX( KbeaXgepf^(

j[\V[ [Tf f\Za\Y\VTag_l W\YYXeXag WTl_XaZg[ fXTfbaT_\gl* AbjXiXe( Tf T__hWXW gb TUbiX(

\g \f iXel _\^X_l g[Tg W\YYXeXag cebiXaTaVXf+ZXabglcXf j\__ [TiX Xib_iXW gb g[X\e _bVT_

VbaW\g\baf( TaW fb g[X XYYXVg bY WTl_XaZg[ ba WXiX_bc`XagT_ mbaX j\Wg[f j\__ UX

fb`Xg[\aZ g[Tg iTe\Xf g[ebhZ[bhg g[X ZXbZeTc[\VT_ eTaZX* K[\f j\__ UX \aVbecbeTgXW

\agb Tcc_\VTg\baf bY bhe TccebTV[ j[Xa fVT_XW hc &TaW \aWXXW fhV[ T _bVT_ TWTcgTg\ba

TccebTV[ jTf T_eXTWl hfXW \a XTe_\Xe jbe^ j\g[ eXZTeW gb g[X flaV[eba\f\aZ bY Yb_\Te

c[Xab_bZl j\g[ _bVT_ V_\`Tg\V VbaW\g\baf g[ebhZ[ T gX_Xb_bZ\VT_ TccebTV[6 ?e\XaW TaW

M[\gX( .,,,* >iT_hTg\ba TaW TaT_lf\f bY T WlaT`\V gXeeXfge\T_ XVbflfgX` `bWX_ haWXe

ceX\aWhfge\T_ VbaW\g\baf Tg g[X Z_bUT_ fVT_X* Global Biogeochemical Cycles *-(

--3/)--5,'*

E.526 hYV_ j`f cVWVc e` U`c^R_Tj YVcV( Z Rddf^V eYZd Zd U`c^R_Tj `W eYV TR^SZf^ %Z*V* _`

^`cV TV]] UZgZdZ`_ Z_ eYV ac`]ZWVcReZ`_ k`_V&* LYZd Zd f_T]VRc*

MX [TiX V_Te\Y\XW g[Tg g[\f eXYXef gb tVT`U\T_u( _\aX /5-*

E/1-6 qO``U W`c^ReZ`_ Z_ ecVVdr %_`e qX`c^ReZ`_r&

K[Ta^ lbh Ybe fcbgg\aZ g[\f ) VbeeXVgXW*

JVWVcV_TVd TZeVU6

<RS`_( :*( IVeVcd( J* E*( ?`_eZ( I*( FRcen_Vk!NZ]R]eR( C*( # =V <lTVcVd( F* %.,.,&*

LV^aVcRefcV R_U hReVc a`eV_eZR] T`!]Z^Ze deV^ TR^SZR] RTeZgZej R]`_X R deVVa V]VgReZ`_R]

XcRUZV_e* GVh IYje`]`XZde( ..2%1&( -/.1)-/0,*

=V]aZVccV( G*( EZcVfi( K*( ARceZX( ?*( <R^RcVc`( C* C*( <YVRZS( :*( wfWRc( D*( *** # AfR_X( C* @*

%.,-5&* <YZ]]Z_X R_U W`cTZ_X eV^aVcRefcVd Z_eVcRTe e` acVUZTe eYV `_dVe `W h``U W`c^ReZ`_ Z_

G`ceYVc_ AV^ZdaYVcV T`_ZWVcd* @]`SR] TYR_XV SZ`]`Xj( .1%/&( -,45)--,1*

@fZ]]V^`e( C*( ?cR_T`Zd( <*( A^Z^Z_R( @*( =fWcm_V( >*( FRceZ_!KeIRf]( G* D*( K`fUR_Z( D*( *** #

=V]aZVccV( G* %.,-3&* >_gZc`_^V_eR] T`_ec`] `W TRcS`_ R]]`TReZ`_ ^ReeVcd W`c ^`UV]]Z_X W`cVde

Xc`heY* GVh IYje`]`XZde( .-0%-&( -4,)-5/*

E`T\YRce( C* :* %-521&* :_ R_R]jdZd `W ZccVgVcdZS]V a]R_e TV]] V]`_XReZ`_* C`fc_R] `W eYV`cVeZTR]

SZ`]`Xj( 4%.&( .20).31*

NRXR_`g( >* :*( AfXYVd( F* D*( # KYRdY\Z_( :* N* %.,,2&* @c`heY Uj_R^ZTd `W T`_ZWVc ecVV

cZ_Xd6 Z^RXVd `W aRde R_U WfefcV V_gZc`_^V_ed %N`]* -4/&* KacZ_XVc KTZV_TV # ;fdZ_Vdd

FVUZR*

JVgZVhVc ". %JV^Rc\d e` eYV :feY`c&6

.



JVgZdZ`_ R_U T`^^V_ed `_ eYV ^R_fdTcZae qO``U decfTefcV Via]RZ_VU Sj T`^a]Vi daReZR]

d`fcTV)dZ_\ Z_eVcRTeZ`_dr Sj :_UcVh =* ?cZV_U

LYV ^RZ_ ac`S]V^ eYZd ^R_fdTcZae RUUcVdd Zd eYV ]RT\ `W f_UVcdeR_UZ_X `W Y`h h``U

decfTefcV Z_ KT`ed aZ_V Zd W`c^VU* LYV cVdVRcTY fdVd R d`aYZdeZTReVU ^`UV] e` VdeZ^ReV h``U

decfTefcV TYRcRTeVcZdeZTd R_U Y`h R_U hYj Ze acVUZTed eYV W`c^ReZ`_ R_U ecR_dZeZ`_ Wc`^

>Rc]jh``U e` ]ReVh``U* H_V `W eYV ^RZ_ T`_T]fdZ`_d YZXY]ZXYeVU Zd eYRe eYV UZdecZSfeZ`_ `W

TRcS`YjUcReVd RgRZ]RS]V Z_W]fV_TVd eYVdV h``U UV_dZej gRcZReZ`_d UfcZ_X ij]`XV_VdZd( hYZTY

Zd gVcj Z_eVcVdeZ_X* A`hVgVc( B T`f]U _`e f_UVcdeR_U Wc`^ eYV ^R_fdTcZae Y`h eYV ^`UV]

`aVcReVd( SVdZUVd cVRUZ_X eYc`fXY eYV -. Rddf^aeZ`_d ]ZdeVU Z_ eYV eVie* B eYZ_\ eYZd aRaVc Zd

_`e RTTVaeRS]V Z_ Zed TfccV_e deRXV SVTRfdV eYZd \Z_X `W d`aYZdeZTReVU ^`UV]Z_X dY`f]U SV

^fTY SVeeVc Via]RZ_VU eYR_ Z_ eYZd ejaV `W dY`ce W`c^Re*

MX Tcb_bZ\fX g[Tg g[X eXi\XjXe Vbh_W abg haWXefgTaW [bj bhe `bWX_ bcXeTgXf Yeb`

bhe `TahfVe\cg* Ba beWXe gb Yheg[Xe T\W Vb`ceX[Xaf\ba jX [TiX TWWXW T aXj

VbaVXcghT_ Y\ZheX &?\ZheX -' TaW XkcTaWXW T cTeTZeTc[ \a g[X `T\a gXkg &_\aXf

-,.s-./'* MX [TiX T_fb `TWX TW]hfg`Xagf g[ebhZ[bhg g[X gXkg gb T\W V_Te\gl &g[XfX VTa

UX fXXa Tf XW\gf \a Ub_W \a g[X `TahfVe\cg gXkg &MbeW' Y\_X'*

:XUS ]NGZ < [TJKXYZGTJ LXUS ZNK XKGJOTMY& ZNOY SGT[YIXOVZ IUTIR[JKY ZNGZ ZNK ]UUJ

LUXSGZOUT UL IUTOLKX YVV& bTU] MKTKXGRO`KJ&c JKVKTJY UT ZNK OTZKXGIZOUT UL SGT_ LGIZUXY&

]NOIN OT S_ UVOTOUT& OY TUZ YIOKTZOLOIGRR_ YGZOYL_OTM& GZ RKGYZ NU] OY VXKYKTZKJ TU]( ENOY

YZGZKSKTZ SOMNZ YU[TJ Y[HPKIZO\K& H[Z < ZX_ ZU K^VRGOT OT ZNK LURRU]OTM VGXGMXGVNY ]OZN ZNK

HKYZ UL S_ OTZKTZOUTY( < ZNOTQ OZ GRR IUSKY JU]T ZU ZNK LUI[Y GTJ YZX[IZ[XK UL ZNK SGT[YIXOVZ

ZNGZ RKG\KY SK ]OZN ZNOY OJKG(

ENK LUI[Y UL ZNK SGT[YIXOVZ GTJ IRGOSY GXK HGYKJ UT ZNK XKY[RZY GXK JKVKTJOTM NKG\OR_ UT

ZNK SUJKR U[ZV[Z( ENK SUJKR NGY G NOMN RK\KR UL VGXGSKZXO`GZOUT GTJ GT K^ZKTYO\K ROYZ UL

GYY[SVZOUTY( < GS TUZ YG_OTM ZNOY OY OTNKXKTZR_ HGJ& H[Z ZNOY YNU[RJ HK S[IN HKZZKX

K^VRGOTKJ& OT JKZGOR& YU ZNKXK GXK TU RUUYK KTJY& UX GZ RKGYZ ZNUYK RUUYK KTJY GXK ]KRR

GJJXKYYKJ(

BaWXXW( bhe eXfh_gf TeX `bWX_)bhgchg WXcXaWXag* K[\f \f T g[XbeXg\VT_ fghWl( XkT`\a\aZ

cbgXag\T_ `XV[Ta\f`f UX[\aW ^Xl bUfXeiXW cTggXeaf* K[X `bWX_ bhgchgf TeX ce\`Te\_l

g[X eXfh_g bY g[X Tffh`cg\baf j[\V[( j[\_X ah`Xebhf( TeX UTfXW ba

bUfXeiTg\baT_+XkcXe\`XagT_ fghW\Xf TaW U\b_bZ\VT_ g[Xbel* Ghe fghWl gXfgf g[X

c_Thf\U\_\gl bY g[X Vb__XVg\ba bY g[XfX \aW\i\WhT_ Tffh`cg\baf TVg\aZ gbZXg[Xe \a baX

YeT`Xjbe^* K[X W\YYXeXag `bWX_ f\`h_Tg\baf TeX WXf\ZaXW gb Xkc_beX g[X `XV[Ta\f`f

eXfcbaf\U_X Ybe bUfXeiXW cTggXeaf* K[XfX Tffh`cg\baf \agXeTVg j\g[\a bhe `bWX_ gb

cebWhVX eXT_\fg\V UX[Ti\bhe TaW cebi\WX `T]be aXj \af\Z[gf* K[X fhVVXff bY bhe

`bWX_ \a eXcebWhV\aZ TaW Xkc_T\a\aZ T eTaZX bY ^Xl YXTgheXf \a eXT_ geXX e\aZf \f iXel

XkV\g\aZ( TaW jX UX_\XiX \aW\VTgXf eXT_ \af\Z[g \agb [bj kl_bZXaXf\f bcXeTgXf

&cbgXag\T__l \a T__ geXXf'*

MX [TiX ^Xcg g[X ah`UXe bY cTeT`XgXef gb g[X TUfb_hgX `\a\`h` TaW g[X `T]be\gl TeX

WXe\iXW W\eXVg_l Yeb` bUfXeiTg\baf \aWXcXaWXag_l bY bhe `bWX_* J\k TeX VT_\UeTgXW &\*X*

WXgXe`\aXW fb g[Tg g[X `bWX_ UX[TiXf Tf bUfXeiXW6 KTU_X -'* Ghe `bWX_ TaW \gf

/



ah`UXe bY YeXX cTeT`XgXef TeX glc\VT_ bY jbbW Ybe`Tg\ba `bWX__\aZ YeT`Xjbe^f &fXX

JV[_\Xfg_):TT_gb Xg T_( .,-1 TaW =eXj Xg T_ .,-,'* K[X TWW\g\baT_ gXkg abgXW TUbiX TaW

g[X iTe\bhf XW\gf jX [TiX cebi\WXW g[ebhZ[bhg cebi\WX T Yh__Xe TaW V_XTeXe

Xkc_TaTg\ba bY [bj jX [TiX WXiX_bcXW( cTeT`XgXe\fXW( TaW gXfgXW bhe `bWX_*

ATK UL ZNK IRGOSY OT ZNK GXZOIRK& YZGZKY ZNGZ ZNOY SUJKR IGT NKRV OSVXU\K ZNK IGXHUT I_IRK

SUJKRY OY G HOZ UL G RUTM YNUZ HKIG[YK OZ ]U[RJ HK OSVUYYOHRK UX GZ RKGYZ TUZ XKGYUTGHRK ZU

K^ZXGVURGZK ZNOY SUJKR ZU GRR ZXKK YVV( GTJ IROSGZKY UL ZNK ]UXRJ( 6Z RKGYZ ZNOY OY NU] OZ RUUQY

LUXS ZNK TGXXGZO\K( 6RYU& OZ OY TUZ K^VROIOZ NU] ZNOY GVVXUGIN IGT NKRV ZNK RGTJ Y[XLGIK SUJKRY

ZNGZ ZNK G[ZNUX XKLKXY ZU5 ATK UL ZNK IUTIKXTY < NG\K& OY NU] ZNK G[ZNUX IGT P[YZOL_ ZNUYK

IRGOSY ]NKT QTU]OTM ZNGZ ZNKXK GXK IUTYOJKXGHRK \GXOGZOUTY OT ^_RUMKTKYOY GTJ ]UUJ

YZX[IZ[XK GIXUYY ZNK ]UXRJ5 <T ZNK ZK^Z UL ZNK SGT[YIXOVZ OY TUZ K^VROIOZR_ YZGZKJ NU] ZNOY

SUJKR OY K^ZXGVURGHRK ZU UZNKX YVKIOKY(

IXZTeW\aZ g[X Vb``Xag ba _TaW fheYTVX `bWX_f( Tf `Xag\baXW \a bhe eXfcbafX gb

IXi\XjXe "-( T ceXi\bhf chU_\VTg\ba &Ul hf' \aV_hWXf T WXgT\_XW TaT_lf\f [bj T `bWX_

bY kl_bZXaXf\f _\^X bhef VTa [X_c \`cebiX VTeUba VlV_X `bWX_f &\*X* ?e\XaW et al*( .,-5*

Ga g[X aXXW gb Vbaf\WXe jbbW Ybe`Tg\ba cebVXffXf \a Z_bUT_ iXZXgTg\ba `bWX_f TaW T

fhZZXfgXW TccebTV[* Annals of Forest 32( 05'( TaW jX eXYXe gb g[\f \a g[X gXkg &eXY* 1'*

MX Yh__l TV^abj_XWZX g[Tg kl_bZXaXf\f TaW jbbW fgehVgheX iTel Vbaf\WXeTU_l TVebff

fcXV\Xf( TaW g[Tg bhe `bWX_ [Tf fb)YTe ba_l UXXa cTeT`XgXe\fXW TaW gXfgXW Ybe baX(

JVbgf c\aX* AbjXiXe( j[Tg jX Y\aW XkV\g\aZ TaW f[bj \a bhe Teg\V_X \f g[X `bWX_wf

TU\_\gl gb eXcebWhVX g[X ^Xl YXTgheXf bY jbbW Ybe`Tg\ba TaW Xkc_T\a g[X eXfh_g\aZ

W\fge\Uhg\ba bY WXaf\gl g[ebhZ[ g[X e\aZ \a g[\f fcXV\Xf( Tf jX__ Tf \gf fXaf\g\i\gl gb

gX`cXeTgheX* K[XfX Y\aW\aZf Z\iX VbaY\WXaVX g[Tg bhe `bWX_ VTcgheXf YhaWT`XagT_

cebVXffXf g[Tg cbgXag\T__l bcXeTgX \a `Tal &T__9' geXX fcXV\Xf &X*Z* \agXeTVg\baf

UXgjXXa g[X j\Wg[f bY ceb_\YXeTg\ba( Xa_TeZ\aZ( TaW jT__ g[\V^Xa\aZ WXiX_bc`XagT_

mbaXf TaW g[X fhcc_l bY VTeUb[lWeTgXf* MX TV^abj_XWZX g[Tg g[\f aXXWf gb UX gXfgXW(

TaW \f g[X YbVhf bY bg[Xe jbe^ jX TeX \aib_iXW j\g[( \aV_hW\aZ XkcXe\`Xagf Tg ATeiTeW

?beXfg ba eXW bT^( eXW `Tc_X( TaW j[\gX c\aX &X*Z* <[Xa et al*( .,..* BagXe)TaahT_ TaW

\agXe)fcXV\Xf geXX Zebjg[ Xkc_T\aXW Ul c[Xab_bZl bY kl_bZXaXf\f* New Phytologist

+,.( 5/5)51.*'( TaW T eXVXag Vb__TUbeTg\ba j\g[ g[X JT\afUhel DTUbeTgbel La\iXef\gl bY

<T`Ue\WZX TaW La\iXef\gl bY AX_f\a^\ gb W\eXVg_l gXfg TaW XkgXaW bhe `bWX_ gb

TaZ\bfcXe`f hf\aZ [lUe\W cbc_Te Tf T `bWX_ fcXV\Xf

&[ggcf6++Zge*h^e\*beZ+ceb]XVgf9eXY8F>$.?M,,,-55$.?-"+gTUGiXei\Xj'* MX [TiX TWWXW

gXkg gb g[X VbaV_hf\baf W\fVhff\aZ XkgXaf\ba bY bhe `bWX_ gb bg[Xe fcXV\Xf TaW eXYXe

gb g[X `bWX_ bY =eXj et al* &.,-,' Tf Ta XkT`c_X bY Ta TccebTV[ gb f\`h_TgX VX__ glcXf

fcXV\Y\V gb TaZ\bfcXe`f &_\aXf .5-s.5/'*

6TUZNKX GYVKIZ ZNGZ < LOTJ ]KGQ OY ZNGZ ZNK SKZNUJY OT ZNOY SGT[YIXOVZ GXK YKZ UT G RU]KX

VXULORK #RKYY IXOZOIGR$ ]NKT < ZNOTQ ZNOY YNU[RJ HK G VU]KXL[R LGIZUX UT ZNOY Z_VK UL SGT[YIXOVZ( <

ZNOTQ ZNGZ ZNK JKZGORY UT ZNK JKYIXOVZOUT UL ZNK bUHYKX\GZOUTYc YNU[RJ VRG_ G S[IN HOMMKX XURK

OT ZNK VGVKXdY SGOT HUJ_ GTJ K^VRGOT ]OZN S[IN SUXK JKZGORY GTJ IRKGXKX RGTM[GMK(

:f ceXi\bhf_l `Xag\baXW( jX [TiX abj TWWXW `beX WXgT\_f ba [bj g[X `bWX_

bcXeTgXf TaW [TiX `TWX XW\gf g[ebhZ[bhg gb \`cebiX V_Te\gl* K[X `bWX_ \f T_eXTWl

Yh__l WXfVe\UXW \a g[X EXg[bWf( j[XeX T__ XdhTg\baf TaW cTeT`XgXe iT_hXf TeX Z\iXa*
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K[X fXVg\ba ba tGUfXeiTg\bafu Xkc_T\af [bj g[XfX Xk\fg\aZ bUfXeiTg\baf jXeX hfXW

gb WXe\iX g[X `bWX_ cTeT`XgXef Yeb` g[X cTcXe bY LZZ_T et al* &.,,-' TaW g[X fbheVX bY

g[X VT_\UeTg\ba gTeZXgf Ybe g[X gX`cXeTgheX fXaf\g\i\g\Xf &\*X* @ehWW et al*( .,,4'* MX

[TiX TWWXW fb`X Yheg[Xe WXgT\_f \a _\aXf 0.0s0.3 TaW 001s004( Uhg Wb abg UX_\XiX g[Tg

bhe cTcXe jbh_W UXaXY\g Yeb` ZeXTgXe W\fVhff\ba bY g[XfX fbheVXf Tf g[Xl TeX Yh__l

WXfVe\UXW X_fXj[XeX* K[X YbVhf bY bhe Teg\V_X \f g[X ZXaXeTg\ba bY aXj ^abj_XWZX

g[ebhZ[ f\`h_Tg\baf j\g[ bhe `bWX_ YeT`Xjbe^ haWXe W\YYXeXag Tffh`cg\baf( eTg[Xe

g[Ta VT_\UeTg\ba gb Tal cTeg\Vh_Te WTgTfXg*

ENK XKY[RZY GTJ LOM[XKY GXK VUUXR_ VXKYKTZKJ& GTJ ZNK LOM[XKY IU[RJ HK SUXK IGXKL[RR_

VXUJ[IKJ& ]OZN NOMNKX W[GROZ_& YU OZ OY KGY_ LUX ZNK XKGJKX ZU LURRU] ZNK SGOT SKYYGMKY(

K[Ta^ lbh Ybe g[\f bUfXeiTg\ba* Ba eXfcbafX jX [TiX eX)WeTja T__ bY g[X Y\ZheXf gb

\`cebiX g[X\e V_Te\gl TaW eXYXe `beX Xkc_\V\g_l gb g[X\e VbagXag g[ebhZ[bhg g[X gXkg*

6JJOZOUTGRR_& ZNK TGXXGZO\K UL ZNK VGVKX OY G HOZ IUSVROIGZKJ ZU LURRU]( ?GT_ OSVUXZGTZ

IUTIKVZY OT ZNK SGT[YIXOVZ GXK TUZ ]KRR OTZXUJ[IKJ& LUX K^GSVRK4 *$ ENK JK\KRUVSKTZGR

YZGMKY&

:f `Xag\baXW( jX [TiX XW\gXW g[X gXkg gb \`cebiX V_Te\gl \a `Tal c_TVXf( \aV_hW\aZ

j\g[ eXZTeW gb g[X WXiX_bc`XagT_ fgTZXf &X*Z* Y\Yg[ cTeTZeTc[ bY ET\a( _\aXf -,.s-./'*

+$ ENK UHYKX\GZOUTY SGJK UT BOT[Y YOR\KYZXOY ]K GXK RKLZ ]OZN UTR_ ZNK LGIZ ZNK G[ZNUX SGJK

bIXOZOIGR UHYKX\GZOUTYc ZNGZ OY GRR [TZOR ]K GXXO\K OT ZNK LOM[XKY ]OZN VRKTZ_ ROTKY YNU]OTM ZNK

bUHYKX\GZOUTYc(

MX W\W abg VeXTgX Tal bUfXeiTg\baf \a g[\f fghWl( TaW g[XeXYbeX g[\f Vb``Xag \f abg

V_XTe gb hf*

-$ <T ZNK RGYZ YKTZKTIK HKLUXK ZNK IUTIR[YOUTY& ZNKXK OY G YZGZKSKTZ ]OZN ZNK bJO\KXMKTIK

VXUHRKSc ]NOIN NGY TUZ HKKT VXUVKXR_ OTZXUJ[IKJ UX GJJXKYYKJ ZNXU[MNU[Z ZNK SGT[YIXOVZ(

MX [TiX TWWXW gXkg gb g[X ET\a fXVg\ba ba g[X f\Za\Y\VTaVX bY g[X W\iXeZXaVX cebU_X`

&_\aXf /4s0.'*

CK\OK]KX !, #CKSGXQY ZU ZNK 6[ZNUX$3

ENK SGT[YIXOVZ bFUUJ YZX[IZ[XK K^VRGOTKJ H_ IUSVRK^ YVGZOGR YU[XIK'YOTQ OTZKXGIZOUTYc

VXKYKTZY G SUJKR UL IKRR MXU]ZN OT IGSHO[S ZU LUXS G LXGS]UXQ ZU K^VRGOT VUYYOHRK

SKINTOYSY ZU LUXS ]UUJ UL G ZXKK YU GY ZU GZZXOH[ZK ZXKK XOTM JKTYOZ_ VXULORK( ENK ]KRR QTU]T

ZNKUX_& UHKXG\GZOUT GTJ Y[OZGHRK GYY[SVZOUT GXK KSVRU_KJ ZU SGQK YOS[RGZOUT ZKYZ( 6TJ

YOMTOLOIGTZ LXKYN GTJ TK] OJKGY GXK GJJXKYYKJ3 @D8 JOLL[YOUT GTJ OZY XKYVUTYKY ZU

ZKSVXGZ[XK OY G JUSOTGTZ XKGYUT ZU JKZKXSOTGZK ZNK ZXKK XOTM JKTYOZ_ #NKTIK ]UUJ \UR[SK

SGYY IUTZKTZ$(:XUS ZNOY OJKG& ZNK VXKYYKTZ ZOSK" \UR[S HGYKJ ZXKK IGXHUT YZUXGMK

IUSV[ZOTM YNU[RJ HK [VJGZKJ H_ IUTYOJKXOTM ZKSVKXGZ[XK KLLKIZ UT ZXKK XOTM JKTYOZ_ #\OG

KGXR_]UUJ GTJ RGZK]UUJ$( ENKXKLUXK ZNOY VGVKX ]ORR HK LUXI[YKJ UT H_ SGT_ XKYKGXINKXY

K\KT IUSSUT XKGJKXY( < ZNOTQ ZNOY VGVKX YNU[RJ HK GIIKVZKJ ZU V[HROYN(
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K[Ta^ lbh iXel `hV[ Ybe lbhe cbf\g\iX TffXff`Xag bY bhe jbe^ ) g[\f \f ZeXTg_l

TcceXV\TgXW*

Y[MMKYZOUTY3

ENK IUTIKVZ GTJ YZX[IZ[XK UL ZNOY SUJKR IU[RJ HK IRKGXKX OL ZNKXK OY G

LOM[XK ZU VXKYKTZ ZNK ]NURK LXGSK]UXQ(

K[Ta^ lbh Ybe g[\f fhZZXfg\ba* :f `Xag\baXW \a bhe eXfcbafX gb IXi\XjXe ". TUbiX(

jX [TiX TWWXW Ta biXei\Xj Y\ZheX bY g[X `bWX_ &?\ZheX -' TaW eXYXe gb g[\f \a aXj gXkg

&_\aXf -,.s-./'*

ENOY SUJKR JUKY TUZ YOS[RGZK ZNK @D8 J_TGSOIY #H[Z [YKY ZNK UHYKX\KJ @D8$( CKIKTZR_&

YUSK YZ[JOKY NG\K IUTYZX[IZKJ ZNK VN_YOURUMOIGR SUJKRY ZNGZ SUJKRKJ ZNK @D8 J_TGSOIY

GTJ IKRR MXU]ZN& K(M( ZNK 86DD<6 SUJKR #DINOKYZR!6GRZU KZ GR( #+)*.$$ GTJ :AC88;@+

SUJKR #:GTM KZ GR( #+)+)$$( ZNKYK XKLKXKTIKY"Y LOTJOTMY GTJ OJKGY SG_ YZXKTMZNKT ZNK

[TJKXYZGTJOTM UL ZNOY ]UXQ(

K[Ta^ lbh Ybe g[XfX fhZZXfg\baf* AbjXiXe( Ybe g[\f cTeg\Vh_Te fghWl \g \f abg V_XTe gb

hf [bj gb eX_TgX <:JJB: TaW ?GI<<AF. gb bhe `bWX_ Tf g[Xl TeX eTg[Xe X`c\e\VT_

TaW Vb`chgX j[b_X)c_Tag FJ<( j[XeXTf bhe `bWX_ Tffh`Xf T VbafgTag c[_bX`

VbaVXageTg\ba bY FJ< Tf T fbheVX bY fhZTef Ybe g[X WXiX_bc\aZ eTW\T_ Y\_X* AbjXiXe(

g[XfX fhZZXfg\baf TeX iT_hTU_X Ybe hf gb ^XXc \a `\aW Tf jX WXiX_bc bhe j[b_X)geXX

`bWX_ &Tf WXfVe\UXW \a ?e\XaW et al*( .,-5'*

DVKIOLOI IUSSKTZY3

:OM( *3 XKRGZKJ W[KYZOUTY(

D]KJKT YOZK SUJKRKJ JGZG ]KXK IUSVGXOYUT ZU UZNKX - YOZKY"Y UHKYKX\GZOUT& ]NOIN SG_ HK

W[KYZOUTKJ( 7KIGY[K ZNOY VGVKX XKMGXJKJ IROSGZK"YKLLKIZY #ZKSVKXGZ[XK" GY OSVUXZGTZ

LGIZUXY& ZNUYK UZNKX - YOZKY IROSGZK IUTJOZOUT TKKJ ZU HK IUSVGXKJ ZU Y]KJKT YOZK( S_

[TJKXYZGTJOTM OY ZNGZ K^IKVZ LUX ZNK YGZ[GZOTM K^VKXOSKTZ X[T& ZNK IGXHUTN_JXZKY GR]G_Y

QKKV GY UHKXYKX\GZOUT( OL YU& OZ YKKSY ZNK YOTMRK XOTM SGYY OTZKMXGZOUT YNU[RJ HK GRSUYZ

KW[GR OT JOLLKXKTIZ K^VKXOSKTZ X[TY( ;U]K\KX LXUS LOM[XK&OZ YKKSY ZNGZ LO^KJ `UTK& LO^KJ

ZKSVKXGZ[XK& TU JUXSGTI_ VXUJ[IK\KX_ JOLLKXTZ SGYY GSU[TZ OT G YGSK ZXKK XOTM(

M[\_X g[X VTeUb[lWeTgX VbaVXageTg\ba \a g[X c[_bX` \f Y\kXW Tg \gf bUfXeiXW iT_hX

&LZZ_T et al*( .,,-'( g[X VTeUb[lWeTgX VbaVXageTg\ba cebY\_X TVebff XTV[ eTW\T_ Y\_X

iTe\Xf Tf T YhaVg\ba bY g[X WX`TaW Ybe jT__ Zebjg[ Ul XTV[ VX__( j\g[ Ta Xdh\_\Ue\h`

ZeTW\Xag VT_Vh_TgXW Ybe g[X VbaW\g\baf ba XTV[ WTl* K[X fhcc_l bY VTeUb[lWeTgXf gb

XTV[ VX__ g[XeXYbeX iTe\Xf TVVbeW\aZ gb g[\f ZeTW\Xag* K[\f VeXTgXf T Vb`c_Xk fcTg\T_

\agXeTVg\ba UXgjXXa WX`TaW TaW fhcc_l bY VTeUb[lWeTgXf( j[\V[ iTe\Xf biXe g[X lXTe

Tf gX`cXeTgheX TaW mbaX j\Wg[f V[TaZX* <[TaZXf gb g[X Tffh`cg\baf bY g[X `bWX_

[TiX cebYbhaW XYYXVgf ba g[XfX \agXeTVg\baf TaW( Tf T VbafXdhXaVX( ba g[X eXfh_g\aZ

TaahT_ eTW\T_ cebY\_Xf bY jbbW TaTgb`l*

K[X XkT`c_X eXYXeeXW gb Ul g[X eXi\XjXe VTa UX Xkc_T\aXW Ul g[X YTVg g[Tg haWXe Y\kXW

mbaX j\Wg[f( VX__ cebWhVg\ba TaW Xa_TeZX`Xag)ba_l mbaXf TeX cebcbeg\baT__l _TeZXe
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g[Ta haWXe WXV_\a\aZ mbaX j\Wg[f* J\`\_Te_l( VX__ cebWhVg\ba TaW Xa_TeZX`Xag TeX

ceb_baZXW haWXe ehaf j\g[bhg Wbe`TaVl* GaX `\Z[g Y\efg XkcXVg g[Tg \a g[XfX VTfXf

`beX VX__f TeX cebWhVXW( TaW `beX VTeUba jbh_W ZXg WXcbf\gXW* AbjXiXe( g[XfX

\aVeXTfXW ah`UXe bY VX__f f\`h_gTaXbhf_l Wb abg ZXg g[X V[TaVX gb \aVbecbeTgX _TeZX

T`bhagf bY VTeUba \a g[X\e fXVbaWTel VX__ jT__f( Tf g[X\e WheTg\ba \a g[X g[\V^Xa\aZ

mbaX \f eXWhVXW &ab Wbe`TaVl'( be g[X _Tfg VX__f TeX aXiXe TU_X gb XagXe g[X g[\V^Xa\aZ

mbaX &VbafgTag mbaX j\Wg[( ab Wbe`TaVl' TaW g[XeXYbeX T W\YYXeXag gbgT_ `Tff \f

WXcbf\gXW* MX [TiX TWWXW gXkg gb `T^X g[\f TfcXVg bY g[X `bWX_ V_XTeXe &_\aXf

-3/s-33'*

:OM( + XKRGZKJ W[KYZOUTY(

%+= K^VKXGZSKTZ X[TY SG_ OTIXKGYK XOTM ]OJZN# LXUS LOM$ 5

UTR_ ]GRR ZNOIQKTOTM K^VKXSKTZ X[T YKKS ZU GRRUIGZK SUXK SGYY OT ZXKK

XOTM& NU]K\KX IGXHUTN_JXGZK GSU[Z YNU[RJ HK LO^KJ ZU YGSK \GR[K OL S_

[TJKXYZGTJOTM OY XOMNZ(

:f fgTgXW \a bhe ceXi\bhf eXfcbafX( j[\_X g[X c[_bX` VbaVXageTg\ba \f Y\kXW( g[X

T`bhag bY fhcc_l j\__ iTel Tf T YhaVg\ba bY WX`TaW* AXaVX [\Z[Xe gX`cXeTgheXf VTa

WeTj `beX VTeUb[lWeTgX \agb g[X WXiX_bc\aZ eTW\T_ Y\_X( TaW fb `beX `Tff TaW ib_h`X

TeX cebWhVXW* MX [TiX TW]hfgXW g[X jbeW\aZ gb `T^X g[\f V_XTeXe &_\aXf ./2s.0,'*

EGHRK*3 e) OY ZNK LOTGR XOTM ]OJZN5 <T ZNOY ]UXQ& ZNK e) OY G XKRGZO\K \GR[K& GTJ OZ OY KW[GR ZU

)()..2 eS eS'*JG_'*( 9G OY ZNK XOTM ]OJZN XKYVUTYK ZU ZKSVKXGZ[XK5 ENK 9G SG_ XKVXKYKTZ

ZNK JKTYOZ_ XKYVUTYK ZU ZKSVKXGZ[XK(

x, \f g[X eX_Tg\iX eTW\T_ Zebjg[ eTgX bY Ta \aW\i\WhT_ VX__ Tg K,* ET \f g[X TVg\iTg\ba

XaXeZl Ybe g[X eTgX bY Xa_TeZX`Xag bY Ta \aW\i\WhT_ VX__* K[X WXaf\gl eXfcbafX gb

gX`cXeTgheX \f Ta bhgVb`X bY g[X `bWX_( abg T cTeT`XgXe*

>OTK *+/'*+03 ZNK JKTYOZ_ JOYZXOH[ZOUT ]GY JKZKXSOTKJ H_ ZNK GIZO\OZOKY UL IGSHO[S \OG @D8(

HKYOJK ZNK ZKSVKXGZ[XK" KLLKIZ& N_JXG[ROIY LXUS ^_RKS GRYU OTLR[KTIK ZNK JKTYOZ_ JOYZXOH[ZOUT(

BaWXXW( jTgXe TiT\_TU\_\gl jbh_W \`cTVg jbbW Ybe`Tg\ba Tg f\gXf j\g[ jTgXe _\`\gTg\ba*

K[X `bWX_( UX\aZ WXiX_bcXW Tg T gX`cXeTgheX)ba_l _\`\gXW f\gX( WbXf abg VheeXag_l

\aV_hWX Ta XYYXVg bY [lWeTh_\Vf( Uhg Wb\aZ fb jbh_W UX Vb`cTg\U_X j\g[ \gf fgehVgheX*

MX [TiX TWWXW gXkg Xkc_T\a\aZ g[\f ba _\aXf 4/s42*

>OTK ,+,3 ENK UHYKX\GZOUTY LXUS ZNK V[HROYNKJ VGVKX& GTJ _U[ IU[RJ GJJ G YOSVRK

JKYIXOVZOUT UL ZNK UHYKX\GZOUTY(

MX [TiX TWWXW fb`X WXgT\_f Tf gb [bj g[X bUfXeiTg\baf jXeX bUgT\aXW \a g[X LZZ_T et

al* TaW @ehWW et al* cTcXef gb g[X fXVg\ba tGUfXeiTg\bafu( \*X*6 tJT`c_Xf jXeX Vhg Yeb`

g[eXX 00 le b_W JVbgf c\aX geXXf Zebj\aZ \a JjXWXa &20QWXZeXX .-% F7 -5QWXZeXX 02% >'

Tg W\YYXeXag g\`Xf Whe\aZ g[X Zebj\aZ fXTfba* /, #Q`h#` g[\V^ _baZ\ghW\aT_ gTaZXag\T_

fXVg\baf bY g[X VT`U\T_ eXZ\ba jXeX `TWX( TaW g[X eTW\T_ W\fge\Uhg\baf bY fb_hU_X

VTeUb[lWeTgXf `XTfheXW hf\aZ `\VebTaT_lg\VT_

gXV[a\dhXfQV\gXnhZZ_TRYhaVg\baR.,,-o*u &_\aXf 0.0s0.3' TaW tK[XfX bUfXeiTg\baf jXeX

`TWX ba _\i\aZ TaW fhUYbff\_ JVbgf c\aX fT`c_X `TgXe\T_ Yeb` g[X DT^X KbeaXfgeQ!Tf^

*)



TeXT &24*.-s24*/- QWXZeXX F7 -5*01s-5*4, QWXZeXX >7 /1,s01, ` T*f*_*' hf\aZ N)eTl

WXaf\gb`Xgel Ybe `Tk\`h` WXaf\gl( TaW fgTaWTeW\fXW gb eX`biX aba)V_\`Tg\V

\aYbe`Tg\baQV\gXnZehWWRgbeaXgeTf^R.,,4o*u &_\aXf 001s004'*

**



Reviewer #2 (Remarks to the Author): 

Review of the manuscript titled Wood structure explained by complex spatial source-sink 

interactions. 

I am happy to read this new version of the manuscript. Furthermore, I believe this version is worth 

publishing in the current version because the authors have addressed the most relevant and 

essential aspects that the first reviewers have addressed. Those changes and other additional 

details added to this new and much better version have made this article much better, and I think 

it is well structured and relevant to the readership in this journal. 

I think it is an excellent contribution to our understanding of wood formation. I think it will 

resonate with many authors thinking and making many f the assumptions of this model, and the 

work done here, providing this type of framework, will be very useful for future efforts in the field. 

Reviewer #3 (Remarks to the Author): 

ok


