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Abstract

Background and objective: Fine woody debris (FWD) is a significant reservoir of carbon and
bioenergy in the Hyrcanian forests. Therefore, monitoring changes in FWD biomass on the
forest floor is essential for sustainable management, particularly concerning carbon dioxide
emissions and carbon trading in both international and domestic markets. The primary objective
of this research is to develop optimal allometric equations for accurately monitoring FWD in
one of the beech (Fagus orientalis Lipsky) communities within the Hyrcanian forests of Iran.
Methodology: This study was conducted in the Shastkolateh research forest in Gorgan County,
Iran. A random stratified method was employed for direct sampling and weighing of FWD. The
FWD was categorized into three diameter classes: 1-2.5 cm, 2.5-4.5 cm, and 4.5-7.5 cm. For
each diameter class, length and degree of decay were measured randomly in pure beech and
mixed beech stands. Total weight was measured destructively using digital scales. To estimate
biomass values of FWD, a power function allometric model based on curve estimation analysis
was utilized. The middle diameter, length, dry wood density, and degree of decay of the
weighed FWD were introduced as explanatory variables in the model input matrix. These
explanatory variables were combined in various ways as independent variables in a log-
transformed model. Model validation was conducted using adjusted regression coefficients
(Adj.R?), variance inflation factors (VIF), and residual mean square (RMS). A t-test evaluated
the significance of parameters in each model, while the fitting of a Loess curve between
standardized residuals and estimations was used to assess the validity of the models.

Results: Model development indicated that incorporating middle diameter (D) and length (L) of
FWDs into the exponential function of the log-transformed model increased variance
explanation from 38% to 73% and reduced RMS from 0.6 to 0.26. Adding wood density (p) did
not significantly enhance model accuracy or validity. Including degree of decay as a dummy
variable slightly improved model accuracy, resulting in the top-ranked model with the highest
variance explanation (Adj.R? = 0.78) and lowest RMS (0.22). Furthermore, introducing the
biomass surrogate (D?* x L x p) along with degree of decay considerably increased accuracy,
yielding a second-ranked model (Adj.R? = 0.75; RMS = 0.24). Although some parameters were
not statistically significant (P > 0.05), no collinearity was detected among the models presented
(VIF < 5). The goodness-of-fit data indicated that the Loess curve remained linear around the
zero line, with changes in residuals aligning with estimation changes around this line. Findings
suggested that biomass estimation for Diospyros lotus L. and unidentified species may be
unreliable due to standardized residuals falling outside the zero line range, indicating
interdependence in error estimation for these species. Conversely, biomass estimates for F.
orientalis and Carpinus betulus L. appeared reliable, with variations not being interdependent.
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Conclusion In summary, biomass distribution and changes in FWD values exhibit significant
variations based on middle diameter and length. Due to limited ranges of decay and dry wood
density, these additional variables did not substantially enhance accuracy in log-transformed
models. Approximately 22% to 25% of variance remains unexplained when estimating FWD
biomass using selected optimal models, particularly regarding errors (standardized residuals).
This discrepancy is most pronounced for D. lotus and unidentified species. Overall, the models
developed in this research for pure beech and mixed beech-hornbeam forests demonstrate broad
applicability within the study area.

Keywords: Bio-energy, carbon trade, carbon sink, fine woody debris, optimum allometric
model.



RS S) &ﬂ‘,ﬂ Silwdae YEA

O F 50 AWl Ko S Obuily 10 35 S HIDEKis 634585 & sl T (G ilw S

[OOSR YW WP KW AP X O PR I
2] el el glole bl gl e ele s ool el 5 Dladss S b el Sladss (ise Olobiad Jgtes sty 5 =)
as.vahedi@areeo.ac.ir : sy S s .ol ) e\l g5,5leS
ol sl wsiosles 632 8) g"&j}j Wlides plesle a3k pliad anb @\# FRU33T\"AY u':).}j 5 Olidss S e anb C.\*’*’ Olidos iy bl - Y

O 88 (305l g5 5 el (i sl oliedS il e e 5 (6355088 (sl 5 Slidiod S b e Sl i skl

VEX/Y/Y i sl VEYAY/YY il b

oS

Hsde e S S JSin 53 ed 63 mle 5 oS ol o3l Bl (S slahSlas e 5 bl
2 oS ooy fbl’ ) JT oS olasl mals gk Sl ey e bl L‘“Cj 23565 Sl Sl sl
ag Sl sbdae Sl 58 o0t Lisn JJ‘ S RV R L PR ST oo | W Qu‘w ) ;;L""‘ sl

el S Jlet Glaglncaly 51 S s s laslaSas wa i) e s (b Gl S el
035 5 SN g sl 38 Pl B8 S i g s aMSeas ctayy JKar ol o s cal legias 5 olse
Jols ok b aw w5 slbSas s wlind ol slaib 2 O IR i 5o bl Sas glsl ot
oold) glas o U5,\...\#3; ax, 5 Job s kb b a5l s R SeSle VO L F/0 5 F/06Y/0 N0
oo Sl oz i Seilal alls 2l asal gl sbacs s K Sbess gl s slar o0k
S Az 5 Sis J&s Job (Gl B8 was w5y Ao S5 s Jems Gl e e 0o
23565 sl Sl WA G Jae 5o oy Sl olysa o ol B saies sl Ses
Lol (s3s G piie a8 oot 51 ey o salinad Sl aly Sl o imin cass Jobows Sl 5y slaslaSs
] 5556 a5 ol Jowsl Sl e ad me Joe 5 alBiis s o) s0n Jitee 5 dilie oS5 o

e oslal 63)3_‘,4. Slade 5 el 3L Sluds oy (Loess curve) (ud g gmie 35) 1 5l 58 ead
Sy Jae & s 1 (AR (sloly am s ()& fassh ol Jas 53 (L) Jsb 5 (D) Gl B 3, 1l
Sar J&s bae ol (a8 /Y8 4 /8 51 ol 3L Sla e :S0le 5 Gl 53l o5 VY 4 o) YA Sl o eSS
u_{_,\,,, e olsiea bslaSas Sas am)s 5558 b ass Jue coalad 5 85 2y, 5o labsdle (B Ol i o ()
losile Bl Sla o 83l ateaS 5 sl A it b Ul e Jaa) tls i (I3 e 5] 2 280 5 ol
ao s plazsle, (D2 XLXp) b lscSas o33 G by p9s cintie Joo sl iz (AR =+/VA RMS = -/YY
S ols ples 3ledas s (AIR? =+ /YO RMS = +/YF) xas Joe 83 5 Camnbsd (20531 o oS isls JSCas S
St Jitae o sita o Wl AP < /20 555 5l e lalone sl 51 5 icitie sladas 5| pam 3 4x S
4 3l 5Lt e e 5 a8l luilind baosile 3L e 25l & Do s> (VIF < 0) cutls 35my 6l o
@S5 e po b Glbl s ss Ol il D 58 el U Ol i g o ho ba SIb) s Sy e
03555 gjy_lj_ Sy esiie ladas laowle 3L asls lulin) Hlade (rizen X558 \Jia_m/ s 130 u.fxsu shls
slbs 54 505 Jho b ssgie ) oo lela s swx S 5 (Diospyros lotus L.) sz 5 5, sl s Ses



Y#4

Yoo,ls YY A ol ssio Li.a/'. Sl e 4y i

Carpinus ) ; »s 5 (Fagus orientalis Lipsky) |, sla,lsSas w5 O uns ol Ny ol wly K0S 4 gl

L3y K85 51 St (betulus L.

5 Sl B bl s sl SKas w0565 Slie 5wl & 58 ol Gl S S ams S 08 i IS S e
S s b Sas J&s 550, 85 sagdme 5 Sy d9dme dtals aam 5l LAl lodde Ol o Job sl

a.\jcﬂwaq C.Lq ovbel s 6““)@ sl sladas 3)3_\;3 Canbi 5 By 5y am 5 BB )l s e sl e

S By ess 03558 oS g_;\J.z Lo 9 e e u*;\i)‘} A opas 5l ae,n YO LYY ASJJS bl Qb’i@

el plelis L6 e T SR O G P T S E NS a)}TJ, (asls lulenl Gosle 3U) slas & by, e

S 55 e Sl b

il aal e 5 LAl sl ol Giasg cpl 5o sa b coite sbdae ( JS)sba

.v\j)‘é S JJU\S‘U:'h)}L )98

WSl g Jhe «0om s oS A w00 S Sl gt 651 s hdS sleo 3l

{(Giuntoli ef al., 2022) cul (a8las (o8| x5 talS
Golas &S Wl S 2l oty S s gl Lo
5o bbb Sl elial deasl Gees ) 00565
Juiss 5 Il oS Copsmn e i) 550 G o
Booth, 2018; ) w5 e mll ,ub XAis e o
e Ol aeB ) M, (Moomaw et al., 2020
23565 Jhie Oluaal L) (S e ol dansl
Jﬂ\ GJ\KCML..W sz Tas Jole (o gLl Ses
s oS ksl el by e g ol b sl o
Blanton et al., ) cwl g puasl o S 5 a3l
s 55 olsea gy 550 508 (2024
ol K deed s e slaa o 5l eolina
Ot 3 on S Dol (oludtus 56 Sasli S Gl
awsls W8l o

(Wang et al., 2015; Cowie et al., 2021) szl

ij\S}WdJA}) .\.u\}v@ Al

ol ool Gacse w56 Olaw Gl ool
sl o b ;;U%K;:, S o sbobSKas
bl s s JT oS olasl jals )jﬁfl“‘e B1SY PR
O T P U 5 P TR GG P P A ¥
O LSS I RUSTR~ Jp W
S ol gl L S sl S sbapledl,
aS A @.LML(?U..)) a3l sy Cilis 6“%,«:3 )
3 pf‘j' 553 6L’=J§'~>: BL Jie? @\5 s

Lo & Caed

Ao o
Coarse woody debris: ) ;s L S5 b b SKas
Fine woody ) 5, L S8 b bSes 5 (CWD
oz 5 M85 5 e il 5l S, (debris: FWD
«(Jahdi & Shahamati Nejad, 2024) cwd  gien)
53 ¢t§5u¢y oleas 5 (Khalili ef al., 2022) cwasS
SSE 50 Hpds O b 6L’°J5*~>
g&o slag \Sj\wrf tf‘ 23 05 ook sl b Sas
Jonre sbay Ll o)l apm s gllas 5 mols Slae K
OGP e P N
olysa gl Sl e Ik Loy sl
Woodall e al., ) %5,8 o 5\ 3 Las 5, cb,lbKas
5 olws o (2013; Korboulewsky et al., 2021
o b Sas Il bzl 8 e Slusias
(5 lm3) iy G55 e Cnipe 3 (So olsien
Ngdgo ogmra Jim SLoEolep s 53 S 25
Delcourt & Veraverbeke, 2022; Giuntoli et al., )
> .(2022; Hoffmann, 2022; Shabani et al., 2023
sl Lo b oy mlyr 50 osasa 50k 2e
wl sl e sbolslee s 5o s @5
S50 03565 sl Gl ena Lo Gl S Ll e
s LIS, b sbobSes dessl )
e sadie 5 esy b Lo sbadadl; s



w3585 Sy sl siled

S K Nlgge Cunls pae S 5 8y atiy
2 3 Sl Sas w5 3l sl LS 5 sl
Delcourt & Veraverbeke, ) s 5é o gumme prsy (olie
e Sl Ol i o LUl e 2 2 el (2022
oLlS ikt S5 ol jume by s S
duo\-f}@rﬁ 05 s 38 (K ) b e
w5 0aS sl gz dilise gl Gl S
Vahedi, 2016; Delcourt & ) s,ls baslss, 5 basls
cbdas K el balslas (Veraverbeke, 2022
PSP VNS IR NP A
etin sl Sl el U 1y S 53 5m 50 5 035055 5
A8 g0 P R G P N S VT ICG St
Yy 6\.4\ J»  (Adinugroho et al., 2023)
w55 303) 1 Sl ane Sl sbdae G110ty
slagliasl, 51 (S s s slobSis w565 codly
wetg b ST sladas &1L gl 5o ool SIS
035555 e gl Hluals 4 plg e cunls 5 8y
S35 ol s olsn b colicms 5, bbb Ses
e 9 0lab Cu e o L S Glaans s Kl
5 Bl slobl 5 S ol e 1 bl bl
S pasia Mol

g, 9 Olge
axdlas 3 50 adhio

LX) Jio 3 e s S oo LB o)
L oJsl g i ol o8 5 e gr o NS
0P o el YT Ll s WY el
Job s Jlz Y7 FA 2" B YET fY vV Ll
£33 S o3sls D13 3,n OFT YE OV B ofT Y ve!
ol 00t S5 sl T 5150 LS V4R Cmlse L

Jsb 5 JLa v FY v et Ry e s e s S

Yv-

354 ) o 056 O sl B e
8l ol A5l g5 oo Wosgr ol lesls olaisl
53 oS 2B e S Ol Ay 5o goladl
S8y s sbobSes calsl b by e a5
5 S Sy e K55 3 s S SKes iy a8 S
Shias Kla (S LK cadb L K
3 3y e sy oliea ki 5 wlazls
&l e G, sobSas W wbas ks Jﬁp
Comme S 2B 5 s G55 mle Olsea
ol deom i bl b e
o5\ g‘L" 6)\-@@% g’dﬁoﬁ 6;5“ s (IPCC)
s 28 (IPBES) oB5lep gy Slass 5 s po8
IPBES, 2018; ) 4yl e elie 03 it 5 53
Clanss culb, K o lea (IPCC, 2019
9 e f\J o S duég)\wrﬁ S LsSha
IPBES, ) s aalss o) Es5 A e sl ezl
53 sl f’i‘l ol 2 «(2018; IPCC, 2019
6\-°=J<3—°: 5 o sbobSes call cy s b dbal,
oee el )l oo sl S
2 Bl Bl s gl kil e alagnab
b Ks (Lis) Coliul apas L cr
SN 25 [ ) PR S S C P T ¥ FR B L g
58 4 p b skue Moo LSS L))
olesly SRl ) sl Sas wa5s Ol e
tr g Jool Gadlse JooSo 4 pbees Hskten s
Syt S b K s lal
R W V- P N S e N P S LR
Bl i leals & Sesll (S GKA:.
o)lel 5,5 éuJi*’—’: St 03 7o b Sl w55
k5\.::=J§\:.>, 2 po sbbSis e caldl el
@by Sasl,y 5 o mS bl 5 b S e
23565 385 ol 5 Al (g Seslal by el
‘-~>,-m lse 3l ol 5o s pae (e Sl gl
b Spesll slodslas ol b el il (S b



VA

S50 53 Sy S5l 5 oyt 5 5ok s
2ol Gl disb slosr e @Sl o e
Had foas e glasks 4 Jlous 63l G
55 Gy SbobSes Sams 4250 Gl Jsame Hsba
spie 8 B3 sdeey s Y
AN 95 50 5y ke iy Lo ((Harmon et al., 2007)
Ny v wleny slobSas ol LS
I S ¥ 5| IR CRCOR SR PP PSRy
ar ke iz 5l (Db pa)  gls pasas
wo e 53 i85 ) e s .28 S ol blsSas
bl Lo s e il Jlasl o8slesl
Romashkin ef ) sz awl=e O olbuls 2y, buy
G sl 5 el YF Soeay baise aes L(al, 2021
5 Xps S b as § )5 ol 8 sl dx 50 V-0 sles
Henry et al., 2010; Romashkin et ) x » Sl o5 4
Gls » o Bz oos oles LA s (e W(al, 2021
Gl S cue sl 5o 4 S Ghs S
a8 03565 e 4 S SKes p 5 05y Jas

.Henry et al., 2010; Romashkin et al., 2021 ) oz

Lnesls koo

(Wood dry density: £) Susx J&s ale sl

aal; ) S el 0 B s slabSas
.(Romashkin et al., 2021) s salaza! (V)

p=% (V) o,

508 ey St o i a VMl s S
s CoSe i Bl s () S e
S 55 slaslsKas w3565 slie 3550 1 sk
Jae 5 (Curve Estimation) s cpeds Jodou
(Y o) Gy Jae as ssliad Gl 4l Kl

s i Moo b (Sl al e olyeny

Y old ¥V ala o) sio 5 JSir Sladow ale 4

RO P PR OF° Yy v." b of” Yy £
ol e VLB Lo s 51 e Ve gl 51 )
S 68 &S el Gilize S slacs sl 53 6
a5 (Fagus orientalis Lipsky) _sl, obs,s 15 o
SV 9 e oo (Karimi et al., 2019) sas .
Carpinus ) 5 e 5 15 ol 3 YU & sisplee ©lelis |
A gl slames 6 a8 s sa (betulus L.
iz glacs o il plis s posls s VL4 e

2% ook Lipsy [Karimi ef al., 2019) 558 o i
CL“ Sl VAL b £A el sagame 5o S
23090 G 23 9 S b o 5 Lo
s Ly CE“ Slome V00 b AYe el sagame
Sorae bl pal g o Jol g 50 (S5
o FS 5 el 28 5 el o gl am s ss s A
Syee ddbte 4Vl bwge Swl bl oKan)

el o s FFA 5 g0 adlllas

GRS

Lbb.)\.) dj)TC&?
5 Sl e Ollas Gl jolitea g ol o
St 03 dzse o b Sas plal e (5
sl b Sas as olaal golar claab 3, 5 J{...&-
GY/0,¥/00Y/0 X000 K ks aib awa jp,
51 (Harmon ez al., 2007) s ok o 5l V/0
sl L;Lbu? J_,L 9 o.aL.a Jke WALy M.L A
o i Slnss e ok opon S
Jsb as o Seslul aseal gl 5 Lalle gl claes
Sl ol peld il Saws 5 Lol &S Ll b
Sz IS 0is ommen as s Seslal sl s )



w3585 Sy sl siled

BV e s Jae S s sl ola by
23565 2331 8l e S5 S gt Gl
sldas ad 4 Cod s @l cwl Sl Sl
st 5 BB T8 s S5 gt e Sl 5 s
Aol ol s gl e g JJ)Tj 0

u,-fv\wy Ay Kas JK—’ Jsb (sl s
Olssas ©3555 ol LB s saiin s b Sas
oSS Ol oz B jxe Jhe 5o o s b e
s oo el 3ledae oSl wl Je o
22 plxil (Multiple linear regression: MLR) FHLRTIE
(¥ b))

Y =pBx,+p.x, +.. + ﬂpxnp +Z, > (xn\,...xnp B+ Z,

Bl e Jhe s s v e

V-0 RV I " Sy KV @w)Kj b 5 e &ﬁ;ﬂ
& s o dCF) o 5586 arlone 5
& s 5l e e 4 e, & L5l sl
Col dsgia (0) aaly 5o sasglae OLIS as aln

YVvY

oW ow;)

Y = ax? (Y) kit

Sl Sy Jole Jimes jine sanaplas X wpl L &S

bya e, s s Gl K egns 5 e
55 (Vahedi, 2016) aas sl cbadz KL
sl Sl Syl sbdsle Sl el o
Olitns ilids lae sy 53 ol Gl 0355
Vahedi, 2016; ) )5 555 ol e
Korboulewsky et al., 2021; Delcourt &
ol asd 55 (Veraverbeke, 2022; Kuyah et al., 2024

(v) akal,

ca\.q .LL.M.H\ 9 J)jTﬁ ‘A\JGJ..:- L>L> J.,.lm BEI
Bates & ) s5i 0 ool plas (F) abal, 5o f slaadse
:(Watts, 1988

BB BT (F) el
.(Vahedi, 2016) P [ P ﬂn]
2
Log—transformed CF=exP(SE2E )—>CF>1
Y = ax? = In(Y) =Ina+bin(x) /
(0) akyl,

Y = Biomasspyp = (Exp{lna + blnx}) X CF

Sbadse obsine i)l Sl t sl 28 S ¢l
eS8 o sl s e LB Jae p s sl
o Al Sl el gbdae (e
35 ot o3zl e B eyt Sl 5 esle il
L 1315 (Loess curve) iy e i3l S1oadls
S o oo b BB s bl 5 asls | Kas

5 Osem S s e szl Kl SEB ol s &S
r;g o S e g e saslas Y
R
eboasls Gl Kol sbdae mielasl
o5 oS (AR w8l faw e cu o e
(RMS) bosile 3L Ola e Kk 5 (VIF) uslls



vy

slobSuas 56 u&\.@ wdal st cb L sl
235555 e Al 3 0SS /0 S0 wdlions s
PR W ERCI Y e SRS YN sazss
Oipss ol o3 bobSKias wgss ke 2yl s
ot 50 dsaa) el by Ks baadse 4 o
sl aos FA waagb pase sl b Sis an

g ey 253 0V 5 o oS

Yooolad YY Al o)) o s Li.a/'. Sl e 4y i

Load ol b Jae coalsd 5 28 sl ol 550 5 S e

BLENS'S GL&)\J&L&- ér”ww 6\-"’;;’)
5o Jlasly aWSeas L{...a-/" anllze 390 olewsl

(Sample size) 4ga5 4+ slaw Lo ool plis V Jous

TSI (TIPS NS S-E R SRS WS SPITY S PR W PUeS
Table 1. Biophysical attributes of the FWDs in the study forest

Parameter Minimum Maximum Mean + Standard error CV (%) E (%)

Middle diameter (cm) 1.2 7.4 3.51+0.2 46.4 11.4
Length (m) 0.38 3.2 1.2+0.06 52.2 10.3
Dry wood density (g.cm™) 0.35 0.94 0.72+£0.01 16.6 2.7
Biomass (kg) 0.03 3.1 0.47+0.06 103.4 25.5
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Table 2. Allometric equations for the fine woody debris biomass in the study forest

No. Allometric models bo by b2 bs bs AdjR? RMS VIFmx CF
1Y = by(D) 676" 13" —  —  — 037 06 - -
2 Y = by(L) 0.64 13" 038 06 - -
3 Y = Exp(by + by In(D) + b,In(L)) 150 9.09" 9.1~ — 073 026 1.002 113
4 Y = Exp(bo + by In(D) + b,In(L)) + bsIn(p)) 2% 13 127 0747 - 075 024 121 112
5 Y = Exp(by + by In(D? x L) + byIn(p)) 053 08 11" -~ -~ 07 032 L1 115
6 ¥ = Explbo+byIn(D) + byIn(L)) + bsin(p) 0.5 14% 11% 05 -03° 078 022 134 L1l

+ by(decay))
7 Y = Exp(by + by In(D? X L) + by In(p) + bs(decay)) 091" 0.84" 0.68™ -04" - 075 024 124 112
8 Y = Exp(by + by In(D? X L X p) + by(decay)) 0.92° 0.84™ -04" - - 075 024 103 112

: Significant at p<0.01; *: Significant at p<0.05; ns: non-significant**
.Y: Fine woody debris biomass (g), D: Middle diameter (cm), L: Length (cm), P: Dry wood density (g.cm™), decay: 0 = Decayed and 1 = Undecayed
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Figure 2. Goodness of fit data between the residuals and estimations of the optimum allometric models
In model no. 6, the red ellipse highlights a denser clustering of data points near the baseline.
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Figure 3. Variations of standardized residual in the fine woody debris biomass for different species in the
study forest
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