BOARD OF APPEALS, CITY & COUNTY OF SAN FRANCISCO

Appeal of Appeal No. 15-085
CURTIS SPECK & ARIANE ERQY, Ph, D,
Appellant(s)

VS.

DEPARTMENT OF PUBLIC WORKS
BUREAU OF URBAN FORESTRY,

A s ) W

Respondent

NOTICE OF APPEAL

NOTICE IS HEREBY GIVEN THAT on May 29, 2015, the above named appellani(s) filed an appeal with the
Board -of Appeals of the City and County of San Francisco from the decision or order of the above named
department{s), commission, or officer.

The substance or effect of the decision or order appealed from is the ISSUANCE on May 19, 2015,
to Dept. of Public Works, Arts Commission & Municipal Transportation Agency, of a Tree Removal Permit (approval of
request to remove forty-four (44) street trees with replacement of one-hundred eighty-five (185) street trees)
along Masonic Avenue.

ORDER NO. 183617
FOR HEARING ON July 22, 2015

Address of Appellant(s): Address of Other Parties:
Curtis Speck & Ariane Eroy, Ph.D, Appellants DPW, Arts Commission & MTA, Permit Holders
2622 McAllister Street c/o J. Dennis & D. Froehlich, Agents for Permit Holders
San Francisco, CA 94118 1155 Market Street
San Francisco, CA 94103




Date Filed:

CITY & COUNTY OF SAN FRANCISCO 2015
BOARD OF APPEALS arpeaL# [S— 08 |

PRELIMINARY STATEMENT OF APPEAL

| / We, Curtis Speck and Ariane Eroy, Ph. D., hereby appeal the following departmental action: ISSUANCE of
Tree Removal Permit - ORDER NO. 183617 by the Department of Public Works -Bureau of Urban Forestry
which was issued or became effective on: May 19, 2015, to: DPW, Arts Commission & MTA, for the property

located at along Masonic Avenue.

BRIEFING SCHEDULE:

The Appellant may, but is not required to, submit a one page (double-spaced) supplementary statement with this
Preliminary Statement of Appeal. No exhibits or other submissions are allowed at this time.

Appellant's Brief is due on or before: July 02, 2015, (no later than three (3) Thursdays-priof{d,the hearing date),
up to 12 pages in length, double-spaced, with unlimited exhibits, with eleven (11) ies delivered to the Board office
by 4:30 p.m., and with additional copies delivered to the ofher parties the same déy.
DAV EVF oD Cluml
espondent's and Othér Parties’ Briefs are due on or before: July 16, 2015, {no laterthan one (1) Thursday prior
tb—ﬁearing date), up to —2/pages in length, doubled-spaced, with unlimited exhibits, with eleven (11) copies
delivered to the Board office by 4:30 p.m., and with additional copies delivered to the other parties the same day.

Only photographs and drawings may be submitted by the parties at hearing.
Hearing Date: Wednesday, July 22, 2015, 5:00 p.m., City Hall, Room 416, One Dr. Carlton B. Goodlett Place.

All parties to this appeal must adhere to the briefing schedule above, however if the hearing date is changed, the
briefing schedule MAY also be changed. Written notice will be provided of any change to the briefing schedule.

In order to have their documents sent to the Board members prior to hearing, members of the public should submit
eleven (11) copies of all documents of support/opposition no later than one (1) Thursday prior to hearing date by
4:30 p.m. Please note that names and contact information included in submittals from members of the public will
become part of the public record. Submittals from members of the public may be made anonymously.

Please note that in addition to the parties' briefs, any materials that the Board receives relevant to this appeal,
including letters of support/opposition from members of the public, are distributed to Board members prior to hearing.
All such materials are available for inspection at the Board's office. You may also request a copy of the packet of
materials that are provided to Board members at a cost of 10 cents per page, per S.F. Admin. Code Ch. 67.28.

If you have any questions please call the Board of Appeals at 41 5-575_-6880

The reasons for this appeal are as follows:

see attached

&0 * Appellant or Agent (Circ[e One):

Signature;

Print Name: Af! ANE E/‘y;g
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City and County of San Francisco 8an Francisco Public Works

GENERAL - DIRECTOR'S OFFICE
City Hall, Room 348
1 Dr. Carlton B. Goodiett Place, S.F., CA 984102

(415) 554-6920 ' www.sfdpw.org
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PUBLIC
WORKS

Edwin M. Lee, Mayor
Mohammed Nuru, Director

DPW Order No: 183617 9 2015

APPEAL # /5—-0&j

The Director of Public Works held a Public Hearing on Monday, April 27th, 2015 commencing
at 5:30 PM at City Hall, Room 416, 1 Dr. Carlton B. Goodlett Place, San Francisco, CA 94102.
The hearing was to consider Order No. 183520 to consider the removal of forty-four (44) street
trees with replacement of one hundred eighty-five (185) street trees along Masonic Avenue.

Based upon the testimony and facts submitted at the hearing, the recommendation to the Director
is as follows:

Findings

Part of the Masonic Avenue Streetscape Improvement project, initiated in 2010, involves
numerous City agencies including Public Works, Arts Commission, and Municipal
Transportation Agency, and public involvement through various community outreach
workshops. Part of the project entails removing a significant number of mature trees in
order to re-align and re-grade the street, sidewalk, and plaza areas. The trees are
identified as needing removal for either construction/road alignment reasons or due to
tree health issues. Per the public process, the trees slated for removal were posted and the
public was given the opportunity to appeal the removal at the hearing on April 27, 2015.

At the hearing, there were several members of the public who showed up to appeal the
proposed removal of trees; there were no public advocates for the project besides the
project manager and design lead. Although the project is several blocks long, most of the
objections raised pertain to the trees located at the triangle bus stop plaza and median at
the south side of the intersection of Masonic Avenue and Geary Street. The project
manager explained the need to remove the trees in a well organized slideshow
presentation made at the hearing. The project manager also attempted to address several
of the community objections made during the hearing.

The prevailing complaint made during the hearing was the lack of community awareness
that the trees were going to be removed. Despite multiple community meetings and
partnering workshops held during the project development, the proposed removal of trees
was not brought up in the discussions, as this need was not discovered until later phases
of design.

Making San Francisco a beautiful, ivable, vibrant, and sustainable city.



An appellant, Mr. Larry Griffin stated that he resides one and a half blocks from the
project site and was not informed about the project. (Apparently, the public outreach
only extends to the community within one block of the project site.)

An appeliant, Ms. Rupa Rose, stated that there was no mention of tree removal in public
meetings she attended.

An appellant, Mr. Curtis Speck presented a petition with dozens of signatures which
requests that a public meeting be set for the citizens of San Francisco to offer better
proposals than cutting the healthy trees.

An appellant, Ms. Anastasia Glickshtern, was not convinced by the presentation that the
re-alignment requires the trees at the plaza be removed and cited slides from the public
presentation that indicated many mature trees at the plaza would remain in place.

An appellant, Ms. Tonya Sabatino, expressed confusion and was not convinced by the
presentation that the tree healith issues raised requires the trees at the plaza be removed.

An appellant, Ms. Amber Yada, made an emotional appeal regarding the love her
children experienced growing up alongside the trees in the plaza and did not understand
the City’s intention to remove them without further consideration.

Numerous appeal letters were submitted by the public carrying a similar sentiment as
well as expressing other concerns including cost of removal, drought consideration, CO2
sequestration, loss of shade, wind and dust filtering, and a bird habitat. Additionally, one
appellant feels the net gain of new trees is falsely advertised since the new trees are much
smaller than the mature ones being removed.

I feel that the project manager has adequately explained the technical reasons for the need
to remove the trees as part of the re-alignment and re-grading process. Given the
testimony presented by multiple appellants, I feel this technical information has not yet
been adequately clarified to the affected residents and further public outreach is needed to
garner more public support for the tree removal. I also feel the project manager should
verify that preserving any of the trees has a constructability limitation or negative impact
on the project, and showcase how the project will best address the problem as currently
designed.

Recommendation
APPROVE the removal of all of the street trees posted for removal, with the following
conditions:

1. The project manager shall verify that the mature trees slated for removal cannot be
practically preserved within the program of the new project.

2. Clarify for the public, the scope of tree removal and explain why the trees need to be
removed.
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Appeal:

This Order may be appealed to the Board of Appeals within 15 days of May 15th, 2015.

Board of Appeals

1650 Mission, Room 304

San Francisco, CA 94103

(between Van Ness and Duboce Avenues)
Phone: 415.575.6880

Fax: 415.575.6885

Regular office hours of the Board of Appeals are Monday through Friday from 8am to 5pm.
Appointments may be made for filing an appeal by calling 415-575-6880. All appeals must be
filed in person. For additional information on the San Francisco Board of Appeals and to view
the Appeal Process Overview, please visit their website at

http://sfgov.org/bdappeal/

5/14/2015

X Mohammed Nuru APPEAL# [f’o XI

Nuru, Mohammed
Approver 1
Signed by: Nuru, Mohammed

@ Making San Francisco a beautiful, livable, vibrant, and sustainable city.
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One of Leonardo Da Vinci's principles is enlitled "Demonstration” which means to
“to test, to experience with persistence and willingness, to learn from mistakes".
We are here tonight because we believe it to be a mistake to cut 40+ mature
trees as part of the Masonic Street Project. We would like to see this mistake
corrected.
BEMEFITS OF MATURE TREES

THE MATURE TREE IS A LIVING ORGANISM THAT IS COMPLETELY SELF-
CONSTRUCTIMNG, COMPLETELY SELF-MAINTAINING, COMPLETELY SELF-
DIRECTING, COMPLETELY SELF-REPAIRING, COMPLETELY SELF-
DEFENDING, COMPLETELY SELF-HEALING.
Environmental groups and urban foresters maintain too few mature trees are
being saved and replenishing is not sufficient. The benefits of mature trees are:
1. Mature trees absorb and block noise and reduce glare. A well placed tree can
reduce noise by as much as 40 percent.
2. Trees absorb carbon dioxide and potentially harmful gasses,{_éuch as sulfur
dioxide, carbon monoxide }from air and release oxygen.

One large tree can supply a day's supply of oxygen for four people.

A healthy tree can store 13 pounds of carbon each year.

Each gallon of gasoline burned produces almost 20 pounds of carbon dioxide.

For every 10,000 miles you drive, it take 7 trees to remove the amount of



carbon dioxide produced if your car gets 40 miles per gallon.
3. Most of us respond to the presence of trees beyond simply observing their
beauty. We feel serene, peaceful, restful, and tranquil-we are "at home" with the
tree's presence.

* Trees of Strength, North Caroline State University College of Agriculture

Observe the draft #1 on Projected mature tree size and soil volume and

stormwater storage.

The mature tree reduces surface water runoff thus decreasing soil
erosioh and enabling the tree to withstand drought conditions. Peter
MacDonagh sited in San Francisco at the Greenbuild Show Movember 15, 2012,
"The most significant problem urban trees face is the inadequate quantity
of soil useable for root growth". MacDonagh states that trees are unlikely to
grow large encugh to produce anywhere near the level of ecological services
that are capable of providing. But we have 40+ mature trees now producing,
why would one want to cut them:
A very detailed study entitied “"Rate of Tree Carbon Accumulation Increases
Continuously With Tree Size" states that “"Large, old trees do not act simply as
senescent carbon reservoirs but actively fix large amounts of carbon compared
to smaller trees: at the extreme, a single big tree can add the same amount of
carbon to the forest within a year as is contained in an entire mid-sized tree.”
"In absolute terms, trees 100 cm in trunk diameter typically add from 10 kg to 200
kg of aboveground dry mass each year, averaging 103 kg per year. This is
nearly three times the rate for trees of the same species at 50 cm in diameter

and 1s the mass equivalent to adding an entirely new tree of 10-20 cm in diameter



to the forest each year." See figure #3

This study also concluded,"Lastly, the rapid growth of large trees indicates that
relaiive to their numbers, the mature trees could play a disproportional
important role in these feedbacks. For example, in our western USA old growth
forest plots, frees 100 cm in diameter comprised 6% of the trees, yet contributed
33% of the annual forest mass growth.”

In closure, by looking at the total benefits of the mature tree, we see even other
benefits: the CO2 reduction = 4% and air quelity improvement = 5%. The other
3 benefits are stormwater runoff reduction = 28%, energy savings = 29% and

property value increase = 34%. See “draft: #4

THE MATURE TREE IS A LIVING ORGAMISN THAT IS COMPLETE . . . HELP

CORRECT THE MISTAKE.
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Rate of tree carbon accumulation increases

continuous IV with tree

.
N, Riger~r, E. ﬂvalez. C. BIundow S. Bunyavejchewin',
]
L

.R. Maltzia®?, R. J. Pabst'®, N, Pongpattananurak®
§. K Wiser®™ & M. A. Zavala™

Forests are major compenents of the global carbon cycle, providing
substantial feedback to atmospheric greenhouse gas concentrations'.
Our ability to understand and predict changes in the forest carbon
cycle—particularly net primary productivity and carbon storage—
increasingly relies on models that represent biological precesses
across several scales of biological organization, from tree leaves to
forest stands®’, Yet, despite advances in our understanding of pro-
ductivify at the scales of leaves and stands, no consensus exists about
the nature of productivity at the scale of the individual tree'”, in
part because we lack a broad empirical assessment of whether rates
ofabsolute tree mass growth (and thus carbon accumulation) decrease,
remain constant, or mcrease 4s trees increase in size and age, Here we
present a global analysis of 403 tropical and temperate tree species,
showing that for most species mass growth rate increases continu-
ously with tree size. Thus, large, old trees do not act simply as se-
nescent carbon reservoirs but actively fix large amourits of carbon
compared to smaller trees; at the extreme, a single big tree can add
the same amount of carbon to the forest within a year as is contamed
in an enfire mid-sized tree. The apparent paradoxes of individual
trée growth increasing with tree size despite declining leaf-fevel®™
and stand-level'® productivity can be explained, respectively, by
increases in a tree’s fotal leaf area that outpace declines in produc-
tivity per unit of leaf area and, among other factors, age-related
veductions in population density. Our results resolve conflicting
assumptions abont the nature of tree growth, inform effor ts to under-
tand and model forest carbon dynamics, and have additional impli-
cations for theories of resource allocation'! and plant senescence’,
A vadely held assumption is thai after an initial period of increasing
growth, the mass growth rate of individual trees declines with increas-
ing tree size” ""*~'%, Alchongh the results of a few single- species studies
have been consistent with this assumption'®, the bulk of evidence cited
in support of declining growth is not based on measurements of indi-
vidual tree mnass growth. Instead, much of the cited evideiice documents
erther the well-known sge-related decline in net primary productivity
(hereafter ‘productivity’) of everi-aged forest stands'™ (in which the trees
areall of a similar age) or size-rclated declines in the rate of mass gain pe:

. F. Frankiin’, H. R Grau“’ 7. Hao”’ M. E. Harmon“’ S. P. Hubbel "
,S.-H. Su24,I b Sun® ,S. Tan® ,D.Thomasz_",P‘].vaanmtgem‘s,X. Wang'®,

size

L. Ste henson A.J.Das!, R. Condit’, S. E. Russo®, P. 1. Baker N. G. Beckman
na Chll‘ffjﬂ%n S, 1. Davies'?, 4 Duc[ue” C.N. Ewango“ 0. Flores'®,

T, DAL Coomes’, E. R. Lines®, W. k. Morris’,

' D. Kentack“’ Y. Lin%, J.-R. Makana'®, A. Maliza'?,

unit leaf area {or umt leaf mass)'", wath the implicit assumption that

declines at these scales must also apply at the scale of theindividual tree.
Declining iree growth 1s also somefimes inferred from life ‘history theory
to be a necessary corollary of increasing resource allocation to reproduc-
tion'' ', On the other hand, metabolic scaling theory predicts that mass
growth rate should inciease continuoualy with. tree size®, and this pre-
diction has also received empirical support fiom a few site-specific
studies®”. Thus, we are confionted with two eonflicting generalizations
about the fundsmental nature of trae growth, but Jack a global assess-
ment that would allow us to distingiush clearly between them.

To fill this gap, we conducted a global analysis in which we directly
estimated mass growth rates irom repeated measurements of 673,046
irees belongmg to 403 tropical, subtropcal andlempe: ate tree species,
spanning every forested cunbinenit Tree giowth rate was modelled asa
tanction of logfiree mass) usmg piecewise regression, where the inde-
pendent vuriable was divided into one to four bins. Conjoined line
segments wewe Stted acioss the bins (Fig. 1)

For all coniments, abovegronnd f1ee mass growth rates {and, hente,
rates of carbon gain) for most species increased continuously with tree
mass (size) (Fag. 2). The rate ot mass gain increased with tree mass in
each model bn for 87% af spewes, and increased in the bin that included
the Targest trees for 97% of species, the inajority of increases were sta-
tistically significant { Table 1, Extended Data Fig. 1 and Supplementary
Tabie 1) Fven when we restricted our analysss to species achieving the
largest sizes (naximuwn trank diameter > 100 cm, 33% of species), 94%
had increasing mass growth raies in the bin that iacloded the largest
trecs Wetound fio clear taxenomic or geogiaphic patteras among the
3% of species with declining growth 1afes in their largest ices, although
the small nurnber of these species (thirteen) hampers inference. Declin-
ing speties indhudled both angiospermis and gymnosperms in srven of
the 76 fainilies in our study: most of the seven families had only one or
two declining specics and no family was dominated by declining spe-
cies (Supplementary Table 1).

When we log-tiansforined mass growth rate in addition to trze mass,
the resulting modcl fiis were generally linear, as predicted by metabotic
scaling theory” {(Extended Data Fig, 2). Similas to the results of our main

S Rsologif Survsy, Wesiern Ex olagics] Resaich Conter. Threa Rivers, Colifenna 93271, USA.“Smithsor an Toop «.al Research Institute Apprtado 0843.03092, Balboa Republic of Panzy e "Schoalof
Biologier! Sciencer, University of Nebrasks, Lineain, dabk acka 68548, USA. 302 artrasnt of P restand Ecosyale.m Scierice, Univers ty of Malbou e, Victoria 3121 sustralie 5T jartmeat »f Plant Scizr el
University of Carabndge. Cambridgs CB2 3E2 U1 "Danurtmuat of Gaogrzpity. Unsv 2y College Londen, Larrion WC1ESBT UK. S<lwol of Butany Unwersity of Melbourne, Victoria 3010, Just aliz.
“Spezialle 3eiunik und Funkicnzlle Ble-dversnsd Univarsitat taipzig, 4103 Leipziz, Germany. *ardin seién co 4= Medellin, Callz 7.3, No. 519 14, Medellir: Colomonz, "Institute de Ecologia Regione |,
Universidad Nacienlde Tucunidn, 2107 Yerba Buen =, Tueamdn, Argestina, * FR= se2rch Office. Departmen’ of ilav.onal Purks, Wildlife and Plant Conzerv=yon, Bongied 160 330, Thaitand. 2D-partrnent of
Bolany aid Plzni Fhysislogy, Buea, Southwest Province. Camercon, 125- thson.an lastituiion Glabal Exrth Obs=atofy—Ceniter far Tropical Ferest Stirace, Smitheonian institution PO Box 3/012,
Washington. DC 2001 2. USA *Unwversidad Wactonal de Colomair, Darartzmento dr Clencin= For ystaizs, Medellin L olombie. *-Wilulite Conservition Locisty, Minchasafsombe, Democratl . Rzpubir: of
the Conga. “®Unité Mixte we Reche: -ne—Peuplenients Vér“*aux et F:aarres-eurs .. Milizu Trapical, Université de Iz Riunion/CIRAD 97410 Saint Pierre, France. ¥ Schrol of Envisonm .ntz] and For=rt
Scrence s, Unwersty of Waslingtor Sealtle, Washingion 98195, USA, *State Key Luborate.y of Forest =n¢' soil E-olegy Instituts of Applied Zeelapy, Chinees Academy of Sciences, Shenying 110154,
Thies, “Denartment of Forest Consysiems and So.rety, Oreuan State Ui ersity, Corvallis, Jregen 2772..US8 " Uapariiant of Eco'ogy nd Zvelutionary Biclogy, Univarsity of Califoriz, Los Angaias.
Califormz 90095, U35, \Departm: 4 ~f Lifa Scierce, Tunghar Univers.iy, Tschung 5y 10704, T=owan, 22F=caltea -4 Liencing Agranc Uns s Haeiunel da Jujug, 4600 Sa. Sakdor de Jujuy.
argenuna 2% sculty of Forestry. J.asetsart University, ChauCGhak Bengkols 10900, Thadand, ™ famwes Forzstry Researcn Institute, Taipei 20066, Tawan. #%Deperiement of Natural Resoui ces and
Environmental Studies N-tional Deng Hwe Univar: ity Huaiien 97401, Tai-an. -“Sarawak “orestey Department, Kicing S2ravrak 93669, Malim. " Deparimaznt of Sotany ana Plant Pathology, Orcgan
Shete Unavers.ly, Corvalli=. Oregon 77351, USA. “"US Geolog:cal Sursey, Western Ecologival Resewt o Center. Aoy, Califorria ©5221 USA. Landcer: Research, PO Box 40, Linczin 7640, Naw Zaalan.,
For: st Ecolog- ant Restoration Group. Department of Life Sciencas, Universily of Alvalé Alenla de Honares, ZBRGE Madngd Spn. < Preseat addi eeses: Mathem atical Binscientes Institute (g Siate
University. Columbus, Chio 43210, USA (i£.G.B.; Ger:nun Centre ™r Intagrative Bicdiversity Resaare’s (iDw), Haile-Juna Lopaiy 04103 Leipzig, Ganneny (N.R).
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Figure 1 | Exanipls model fits for tree mass growth rates. The species shown
ate the angiosperm spec.es (Lecorifedoxa * latacana, Camaoon, [42 trees) ()
and gymnacperin speces (Picu sitclienirs, USA; 109 trees) (b) in our data
sct that had the mest frassive trees (defined as those wiih the greatest
cumulative abuveground dre mass 1n their tive most massiz e treet), Exch point
represents a sing'e trze: the solid red Ii1es 1eptesent best rits selected by our
model; and the dashied red lines iidicate one standaia deviation around the
predictzd values.

analysis using uniransfoimed growth, of the 381 log-transiormed spe-
cies analysed (see Methods), the log-transfor med growth rite increased
in the bin containing the largest trees for 965 of species.

In absolute terms, trees 100 ¢mt it thunk diameter typically add from
10 kg to 200 kg of aboveground dry mass each year (depending on species),
averaging 103 kg per year. Thisis nearly three times the rate for treesof
the same species at 50 cm in diameter. and is the mass equivalent {o
adding an entirely new trec-of 10-20 cm in diameter to the foresteach
year. Our findings further indicate that the exti zordinary growth recently
reported in anintensive study of large Encalyptus regrans and Sequoin
sempervirens, which included some of the world’s most massive indi-
vidual trecs, is nota phenomenon limited to a few unusual specaes. Raiher,
rapid grawth in giant trees is the global norm, and wan exceed 600 kg
per year in the largest individuals (Fig. 3).

Qur data set included many natural and unmanaged forests in which
the growth of smaller trees was probably reduced by asymmetric com-
petition with larger trees. ['0 explore the effects of competifion, we cal-
culated mass growth rates for 41 North American and Furopean species
thathad publisked equations for diameter growth 1atein the absenice of
competition. We tound that, even in the absence of competition, 85%
of the species had mass growth rates that increased continuously with'tree
size (Extended Data Fig. 3}, with growth curves closely resemblug those
in Fig. 2. Thus, our finding of increasing growth. not only has bicad
generality across species, continents and forest biomes (tropical, subtropicat
and temperate), itappears to hold regardless.of competihive environment.

Tmportantly, our finding of continueusly increasing growth is com-
patible with the two classes of observations most often cited as evidence
of declining, rather than increasing, individual tree growth: with mcreas-
ing tree size and age, productivity usually declines at the scales of buth
teee organs (leaves) and tree populations (even-aged forest stands).

virst, although growth efficiency (tree mass growth pet umit leat area
o1 leaf mast) often declines with increasing tree sizz"", emipinicdl
observations and mietabolic scaling theory both mdicate that, on aver-
uge, total tree leaf mass increases as the squase of trusik diarneter’ ™ A
typical tiee tiat experiencss a tenfold increase in diameter will therefore
undergo.a reughly 100-told increase in total leaf mass amd a 50-100-fold
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Figure 2 | Aboveground mass growth rates for the 403 tree species, by
continent. a, .Africa (Cameroon, Demacratic Republic of the Congo); b, Asia
(China, Malaysia, Taiwaa, Thailand); ¢, Australa:ia {(New Zealand); d, Central
and Seuth Arverica (Argenting, Colombia, Panaima); e, Erope (Spain); and

P83 LA

£, Worth Amierica (USA). Numbers of irecs, numbeis of species and percentages
with incveasing grovth ace given in Table 1. Trunk diameters are approaimate
values fot reference, based on the average diameters ol irees o0 a iy mass.
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Table 1 | Sample sizes and tree growth trends by continent

Mumber of Speci2s

Conlint.at Numba, of hoes Péinantage of spec.2: with increesing mass growth rate in the largest trees
{purientage signmeent =t P=<0.08)
Afiica - 15366 37 1000 (86.5)
Asia 43,690 136 96.3 {89.0y
Australasia 45415 el 9E.5{95.5)
Cantral and South America 18,530 77 97.4(92.2)
Eurepe 439.853 42 90.5 (78.6)
North America 110,153 89 989 (24.4)
Total 673046 103 96.8 (89.8)

Tha largesc tree s are thas 210 the Tost bin fitted Oy th= model. Countrie. are Iisted in the leg=nd .or Fig, 2.

increase in total leaf area (depending on size-related increases in leaf
mass per unit leat area™*). Parallel changes in growth efficiency tan
range from a modest increase (such as in stands where small trees are
suppressed by large trzes)™ to as much as a tenfold decline®, with most
changes falling in between® *'**2_ At oge extreme, the net effect of a low
{50-fold) increase in leataiea combined witha large (tentfold) dechine m
growth efticiency would still yield a fivefold.increase in individual tiee
mass growth rate; the opposite extreme would yield roughly a 100-told
increase. Qur calculated 52-fold g:eater average mass growth rate or
trees 100cm in diumeter compared to those 10cm ini diameter fulls
within this 1ange. Thus, although growth efficiency often declines with
increasing tree size, increases in a tree’s total leaf area are sufficient to
overcome this decline and cause whole-tree carbon accamudation rate
to crease.

Second, our findings are similarty compatible with the well known
age-related decline in productivity at the scale of even-aged forest stands.
Although u review uf mechanisms is beyond thescope ol thes paper'™#,
several factors (including the interplay of changing growth efhciency
und tree dominance hierarchies™) can contribute to dectining produc-
tivity at the stand scaie. Wehighlight the fact that increasing induovidual
tree grov.th rate does not automatically resvlt in 1ncrzasing stand pro-
ductivity because tree mortality can drive orders of-magnrtude reduc-
tions in population density™™. That is, evea theugh the lavge trees in
older, even-aged stands may be growing more rapidly, such stands
have fewer trees. Tree population Jynamics, especially mnztality, can
thus be a significarit contributor to declimiig productivity at the scale of
the forest stand®™,

For .4 large mujority of spacies, our findings support metabolic scal-
ing theory's qualitative prediction of continuously increasing growth

|

at the scale o individual trees®, with several implications. For example,
life-history taeory often assumes that tradeoifs between plant growth
and reproduction are substantial'’. Contrary to some exprctationst™*,
our results indicate that for most tree species size-related changes in
reproductive allocation are insufficient to drive long-term declines in
growth rates® Additionally, decliming growth is somctimes considered
tobea defining feature of plant senescence'. Our findings are thus rele-
vant to understanding the nature and prevalence of senescence in tha
life history of percnnjal plants™.

Finally. our zesults are relevant to understanding and predicting
forest feedbucks to the terrestrial carbon cye and global ciimate system'=.
Thiese teedbacks will be influenced by the effects of climatic, land-use
and other envirormental changes on the size-specific growth raies and
size structure of tree populations—effects that are already being observed
in forests***. The rapid growth of large trees indicates that, relative to
their numbers, they could play a disproportionately important role in
these feedhacks . For example, in our western USA old-growth foiest
plots, trees >100 cm in diameter comprised 6% of trees, yet contrib-
uted 33% of the apnual forest mass growth. Mz hanistic models of the
foiest Larbon cyvle will depend on accunate representation of produc-
tivity actoss several scales of biological organization, including calibra-
tior ar:d validation agamst contireously increasing carbon accurnulation
rates af the cale of individual t1ees.

M THODS SLMAMARY
We estimated aboveground dry mass giowth rates from consecutive dwmeter mea-
surements of wee trunks—typically measared rvery five to ten years—trom long-

term monitotng plots. Anahses weie restucted to irecs with. trunk diameter

=10 cm, and to specses having =40 trees in total and =15 trees with trunk dismeter
=30 cra. Maadmoum irunk diameters ranged from 38 cm to 270 cm among spe-ies,
averaging 92cm We convected each dianseter measurement (plus an accompany-
ing height measwement for 16% of specics) to.aboveground dry mass, M, using
published alornetric equations. We estimated *ree growth rate as G = AM/At and
roadelled (; as » fanction of loglid) for each species using | jecewise regression. The
indenendent variable log{M} was divided inte bins and a separate line scgment was
ntted to G versus log{M) 1n cach bint sothat the line segments met at the bin divi-

s =y ! siods. Bin divisins were not assigned a priori, but were fitted by’ the model sepa-
= i iately tor each species, We fitted models with 1, 2, 2 and 4 bin-, and selecizd the
u i muouel receiving the niost support by Akaile’s Information Criterion for each
E | ] species. Oiir approach tius makes no assumptions about the shapz of the rela-
E ! i H tiopship between ¢ and log(M), #nd can sccommodale increcsing, decreasing or
= 4 i i hump-shaped relationships. Parameters were fitted with a Gibbs sampler based on
& Metropolisundates, producing credible intervals for model parameters and growth
= i rates at any diameter, uninformative priors were used for alt parameters. We tested

[ L 1 SR (0

Fignre 3 | Aboveground mass growth rates of species in our data set
compared with E. regnans and 8. semipervirens. For clanity, only the 58
species in our data set having at least one wree exc zeding 20 Mg are shewn
(lines). Data for E. regnans (green duts, 15 trees) and S. semvervitens (ced dots,
21 trees) are from an lutensive study thet included <ome of the most massive
indiv:dual trees on Eurth . Both axes are expanded relative to thosc of Fig, 2.
vt MARGM so1s
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extensively for bias, and found no evidence that our results we:¢ insluenced by
meodel rits failing io deect 2 final growth decline in the largest trees, possible biases
mtroduced L'y the 17% osspecies for which we combined data from several plot., or
possible biases inundoued by allometric vquations (Extendzd Data Figs 4 and 5).

Online Coritent Any additionzl Methods, Extended Data display iterms and Source
Data ar: avaiiable in the anline version of the paper; 1<ferencss umgue to these
sections appear anly o the online pape:.
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METHOE
Data. We required that toiest monuoting aluts provided imbiased samples of all
liviag trees within the plot boundaries, and that the trees had undergone two trunk
diameter measurements seprated by at least one year. Same plots sampled min-
Imally disturbed ld (all-aged) torest, whereas othérs, particuterly thuse associated
with national inventories, sampled forest stands regaidless of past management
history. Plot: zre described in the seférences ated in Supplementary Table §.

Cur raw daia v.ere consecutve measurements of trunk diameter, D, with most
measuremenis taken 5 to 10 yuats apart (range, 1-29 years) D was measured ata
standard height on the trunk (usually-1.3-1.4 ni above ground level), consistent
across measurements for a éree. Allometric equations for 16% of species veqinred; in
addition to consecufive medsuremerits of D, conaecutsve nieasurements oi'tree height.

We excluded tiecs exhibiting extreme diameier growth, defined as tiunks where
I inrreased by =40 mmyr ™' or that shrank by =125, whete s is the standard
deviation of the I? measurement error, s = 9036 - 0 0062140 (refs 31, 32); out-
liers of these magnitudes were almos: certainiy due to error By being soliberal in
atlowing negative growth anomalies, we erred on the side of reducing our ability
to detect increases in tree mass growth Late. Using othes exclusion valuca yielded
sivmlar results, as did a second approach to handling érror in which we reanalysed
& subset of our modeis using a Bayesian method that cstimates growth rates after
acvounting for error, based on independent plot-specific data quantifying mea-
sw-zment error™

To siandardize minimum Damong data sets, we analysed vnly trees with D 2 10 cm
zt the first census. To ensure adequate samples of trees spanning a broad iaiige ot
sizes, we restuicted amalyses to spucies having botl: =40 trees in total and aiso =15
trees with D= 30 cm atthie first census. Uhis Feft s with 673,046 trees belonging to
403 tropical and tenperate speciesin 76 families, upanning twelve coundiises and all
forested continents (Supplemeniary Table 1}, Maximum trunk diameteis ranged
trom 38 cm to 270 cr among species; and averaged 92 cm .
Fstimating tree mass. To zstimate vach tree’s abtivegiound dry mass, A we used
published sllomecric equationg relating M ty D{or for 16% of species. relat:ng M to
Drand tree height}, Some equalions were species-specific and others wefe specitic
to higher texonomuc levels or forest typen, describud in the referecesin Supplemen-
Lary Tablc 1. The . ingle tropical moisi foresi equat.on of iet 24was cpolied io most
tropical specics, whereas mosttemperate speces had unigue species-spettic edu-
tons. Most allometric cquatrons arc bipadly sipul, 12liting ko V) to Tog(D)
lineask, or nea:ly linearlv—a faoubiar refationshup in allometric scaking of both
animals and plams". Equations can. show a variet; of differences in deiail, novw-
evar, with some adding log(D) squared and cubed terns: A1F equation s e use of
the wood density of ‘rdeviduial species, bt when wood density war notavuilablefer
a given species we used mean woud density for a genss o0 fanmly™

Using a single, average allomery for most tropical species, and mean wood den-
sity for a genus or family for seveial specaes. limdts the accaracy oi hur ¢sumates of
* I However, because we treat each species separateiv, it make: no difference whesher
our absolute M estimates are mure accorate m some species than in cthers, only
that they dre consistent within a spe:jes and tierelore avcw el 16+ eal whetha
mgass grnwth rates incréase o1 deciease with wee size

Fur twa regions—bpan wid the westérn USA—allometric cquations ectimated
mass only for a tiee s maip ofem rather then all aboveground parts, induding
branche; and lezves. But because feat 20d stern masses we poativel: conrelated
:nd their grovsth ratis are evpecie! (v woale sometwilly voih within and among
specics' ¥, regulte trom thrse v regions should not «lter our qualitative con-
clusions. Confirming this, the perventage of species with increasing stem. mass
growth :ate in the last bin for Spuin und the wastern USA 19%.4% £ 61 species) wa
similar to that from the remainde; of regiony (97 2% of 342 snecies) {P= 0.12,
Fisher » exact test). )
Modelling mass growth rate. We soughi a modelling approach that made no
assumptions about the shape of the relationshin between avoveground dry mass
growth taie, {4 and aboveground diy mass, M, and that could accommodate
monotonically increasing. monotonically decreasiag, or hump-shaped relatwon-
hips. We therefore chose co mode! G as 4 fianction oflog(s) vsing niecewixe linear
regressior. The ringe of the 4 axis A= = log(MY, is divided into a series of bing, and
within vach bin. G is kitted a; 2 junction of Y by linear regsession. The position of
the bins is aduptive: it is filted along with the reg ession *erms. Regression lines are
required to meet at the boundary between bins. Fur a single mode; -fitung run the
number of bins, B; is fixed. For example, if 8 = Z, there arz four puiamciers to be
titted for a singts specica: the location of the boundary betwesn binz, X); the slope
of the regression it the Jrst bin, §;; the slope¢ in the secund bin, Sy and an intercept
tesm. Those four parametens comnpletely define the model. In general, there are 28
parameters for ¥ bins.

Growth rate,, while approximately normally distributed, were hetesoskedastic,
with the variance inwinasing with mass (Fig, [}, =0 an additinal model wa: needed
for the stundere devistion of G, a,, «s'a findion of leg(M). The incresse of o,

with log(AF) was clearly not linear, 50 we used » three-parameter model.

og=k (for Jog{ M <d)

Og —a+bog(M)  (lor log(M) =)

where the intercept @ is determined by the values of &,  und ». Thus a5 was
constant for atmaller vzlues of log{M) (below the cutoff d), then inereased linearlv
for larger logtM) (Fig. 1). The parameters k, 4 and b were estimated aionig with the
paramietens of the growth model.

Parameters of both the growth and standard deviation models wore estimatedin
a Bayesian framework using the likelihood of observing growth 1ates given model
predictionsand the estimated standerd deviation of the Gaussian error function. A
Ma:kov chain Monte Carto chain of parameter estimates was created using 2 Gibbs
sampler with  Metropolis update™*® written. in the programming language R
(+ef. 41) (a totouial and the computer code are avaiable through http://ctts arnarh
harvard.edu/Public/ CTFSRPackage/files/tutorialo/growthfitAnalysis). The sampler
wotks by apdatung each of the parameters in sequence, holding other parameterz
fixed while the relevant likelihood functicn ic urad to locate the target parameter s
next value. The step size used in the updates was adjusted adaptively through the
rurs, allowing more rapid conrergene<®. The final Markov chain Monte Carlo
chain describes the posterior distribution for eack model parameter, the =rror, and
was then used to estimate the posterior distribution of growth iates as estimated
from the model. Prior: on model parameters were uniform over an unlimited
1ange, wher:as the parameters describing the standard deviation were restricted
to >0 Bin boundaries, X, were constrained as follows: (1) boundaries contd only
fall within the range of X, {2} each bin containcd at least five trees, and (3) no bin
spantied less than 109 of the range of X. The last two restrictions prevented the
bins from collapsing to very narrow ranges of X in which the fitted slope might taxe
absurd exiremes.

We chose piecewise regression over other alternatives for modelling G a5 a
funciion of M for two main ressons. First, the linear regression slopes within cach
bin provile piecise statistical tests of whether G increases or decreases with X,
bused on credible intervals of the slope parameters. Second, with zdaptive. bin
positions, the funciion is completely flextble in allowing changes in slape at any
point in the A range, with no influence of any one bin on the others. In contrast, in
parametric models where 4 single function defines the relationship acyvss ail &, the
shape of the curve at low ¥ can (and indeed must; influence the shape at high «,
hindering statistical infercrce about changes in tree growth at large size.

We used log(M) as our predicto: because within a species M has a bighly non-
Gaussian distribution, vzith many small trees and only = few verr large irees, includ-
{ugsome iarge outhers. In contrast, we did not log-transform ovir denendent variable
G 50 diat we could retain values of G 0 that are often 1ccorded in very slowly
guowingtiecs, for which diameter change overa short measu:emeni interval can be
on & par vt Jdiameter measuement error.

Forearr, species, models with 1,2, 3 and 4 bins weue fitted. Of these Four models,
the movded meceiving the grcatost weight of evidence by Akaike Information Criteron
{ALC) was selevted. AIC is defined as the log-likelibood of ihe best-fitting model,.
penalived by tice the number of parameters. Given that adding one more bintoa.
mode] meant Lwo mo:¥ paiamcter., the model with au extra bin bad to improve the
log-likelthood bv: 4 to be consideted a better model™.

Assessing model fits. To determine whethes our approach might have faiied (o
reveal 4 hinal growth decline within the few largest trees of the various specics, we
caleulatea mass growth rate residuals for the single most massnve dividual trec
of exch species. Far 57% of the 403 species, growth of the most mawsive tree was
underesstimated by our model fits {for example. Fig, 1a); for 48% it was overestimated
(for esamyle, Fig, 1b). These proportions were indistinguishable from 505 (P = 0.55,
binemial tesd) as would be expected for unbiased model fit.. Furthermore, the
mean residua! {observed minus predicted) macs growth rate of these maost massive
trees, F0.0U6 Mg yr™ ', was statistically indistinguishable from zero (P = 0.29, bwo-
tailed ¢ test). We concludc that our model fits accurately repeesant growth trends
up through, and including, the mest massive trees.

Effects of combined data. To achieve sample sizes adequate for analysis, for some
species we comhined data from zeversl different forest plots, potentially intro-
ducing a source of bias: if the Largest trees of a specie: dizproportionetely ocour on
productive sites, the increas. in mass growth rate vith tree size could be exagger-
ated. This might occur becaus: trees on leus-productive site; —presumably the sites
having the slowest-growing treer within any gian size class—could he under-
reprasented in the largest size ciasses. We ags=ssed this possibility n two ways.

First, our conclusions remained unchanged when we comparad results for the
53% of .pecies that came uniguely from <ingle large plots with those of the 47% of
species whose data were combined across seviral plots. Proportions of species with
increasing mass growth rates in thelast bin were indistinguishable between the two
groups (97 6% and 95.5%, respectively; P = 0.40, Fisher's exact test}. Additionally,
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the shapes and magnitudes of the growth curves for Africe and Asia, where data
for cach species came uniquely from single largc plots, were similar to those of
Australsia, Burope and North Americs, waere datz for each sy ecies were combined
across several plots {1ble 1, Fag. 2 and Extended Data Fig, 7). (Data from Ceatral
and South America were fiom both single and combined plots, depending on
species.)

Second, for 4 subset of combined-vata species we comoured two sets of model
fits (1) using all avaable plots (hat is, the analyses we present in the main text),
and (?) using anly plots that coniained massive trees—those in the top 5% of mass
for a species, To maxiniize out ahility to detect differences, we limited these analyses
to species with large numbers of trees found in'a large number of plots, dispersed
widely across a bioad geographic region, We thereforeanalysad the twelve Spanish
speties that 2ach had more than 10,000 indwvidual trees (Supplementary Table 1),
tound in 34,580 plots distributed across Spain, Massive trees occuncd in 6,588
{199%) of tie 34,580 plots. We found no substansial differences between the two
analyses When all 34,580 plots.were analvsed, tzn of tne twelve spectes showed
increasing growth in the last hin, and wcven showed increasing growth across alf
bing; when only the 6,588 plots containing e most massive trees were analysed,
the conespending nuribers were eleven and nine. Model fits for the two groups
were nearly indistingushable in shape and ragiutude across the range of tree masses.
We ihus Found 1o evidence that the poteatial for growth dilferences ameng plots
influenced our conclusions
Effects of possibfe allometric biases. For some species, the maximum trank dia-
raeter Fan our data sets exceeded the maximum used to c:librate the species’ allo-
metriv equation. [n such cases v estimates of A oxtrapolste beyond the fitted
aliomet: v and vouid thes efore be sehyedt to bias. For 336 ofvur 103 species we werc
able to ceterune D of the largest tree that had been w.2d in calibrating the sssociated
dllomitric equations. Ot those 336 specics, 7 4% (dominated by ropical specie.)
had o trees in our data sctwith D exceeding thatused in calibrating the .lometric
squatibny. with the remaininy 26% (dominated by fempeiate spew.is) having at
leact e tree -with ) exceeding thai used in calibiction, The percentage of species
wlith inireasing € i the last bin for the hrst group (98.0%} was indisiinguishable
from that of the second gooup 196 6% (P = 0.4+, Fisher's exact test). Thus, our
finding > nersising G with tree size is not affected by the minouty of species that
have at least ona free axceeding, the fiaxinrih value of D used to calibrate their
associated allometrir equativias

Abias that consld iniflate the yate »twhich G incieases with tree size could arise if
allometric cquations sy stematically underestimate M fot amall trees or overestimate
M for targe tiees™ For a subset of ow stud; species we obfaiacd the raw date—
vonssting of mrasured values of D and M lor undividual trees—needcd to calibrate
allometric eqyations, allowing us to Jerermine whethe: the particida: boxmor those
species’allometnic 2yuaitons wai prone tobias: and if so, the pot:ntial conseguences
of that bias

To sscess the potental for alometric bids for the majoriy (58%%) of species
it our duta set —those thai vsed ibe emparizal mois: iropical formst equation of
ref, 23—ae 1ean.lysed the data provided by reil 31, The data were from 1,504
harvested 1 ges sepoesentng 60 fannhes and 18 genera, vath L ranging from 5cm
to 136 om, the associated-allon.eic 4 équation rziates loglAl) to a third-order poly-
nomial of log(/" Because thie 1z vion of M on D vas hited on a log-log scale,
this a3 subsequent equations include 1 correcticn of exp[,(RSF)"!Z] for the ervor
m ba.kt: anstagmation, where [SEas the ragiduad <tandard error from the stutist-
ival modct™. Residuals of M for the equation revealed nu evident biases (Extended
Drata Tig, la), mupgesting that we should exprct litle (if any) systematic size-related
byases in our estiniates of G for ithe 58% of oul specics that used this equation.

Ow simplesi form of allometric equation—applied to 2% of our speciec—was
loptAf} = a + blog( D), whers g and Fare taxpn specific constants. For nine of our
species that used equations of this form 1all from the tcmperate wesiarn USA:
Abigs antubriis, A. concolor, A, proc:ra, Pinuslambertiane, Pinus ponderosa, Picea
sitchorsis, Pugudotsuga mencies, Tsvgd hetervphylla and T. mertensiana) we had
values of both D and M for 2 total of 1,358 individual trees, allowing us to fit
species specific aflometric equations of the form log{*) = a + blog()) and then
a-sess them for bias. Residual plots snowed = tendency to overestimate M for the
Lurgest trees {Extended Data Fig. <h), with the possible coniequence of inflating
estimates of G for the largest 1elative to the smallest trees ot these specizs.

To determine whethe: this bias waslik-ly to alter our qualitative conclusion that
{r increases with tree size, we _rzated a new o7 of allometric relations betwezn D
and M —onc for each of the nine species—using the same piecewise linear regres-
sion approach we used Lo model G a5 a function of M. Howcever, because our goal
was tu eliminate bias 1ather than seek the most presimonious model, we fixed the
number of bins at four, with the locatons of boundaries between the bins being
fitted by the model. O new allometry using piecewice regressions led to predic-
tians of M with ne apparcnt bias relative to D (Extended Data Fig. tc). Thic new,
unbiasec allometry gave the same qualitative results as our original, simple allometry

regat ding the relationship betvween G and M. for 1ll nine species, G increased in the
bin containing the largest trees, regardless of de aliometry used (Friended Data
Fig 5). We conclude that any bias associated with the minonity uf our species that
used the simple allometric equation form was unlikely to affect our broad condlu-
sion that G increases with troe size in a majority of tree .pecies.

As a final assessment, we compared our results vo those or a recent study of
E. regnians and S, sempervirens, in which M and G had been caloulated fromiiiien-
sive measutements of aboveground portions of trees »without the vse of standard
allometric equations’. Specifically, 1 two consecutive years 36 trees of different
sizes and ages were clmbed, trank diameters were systematically measurcd at wieral
heights, branch diameters and lengths were measured (wilh subsets uf foliage and
branches. destr. tively sampled to deteimine mass relation=hips}), wood densities
werz determined and ring widths from incremeni cores were used fo supplement
measured diameter grow ih increments: The authors used these measurements ta
calculate M for each of the tiees in each of the two conuacutive years, and (r as the
difference in M between the two years’, E. regnuns and S. sempervircus ave the
world’s tallest angiosparm and gymmiosperm species, respectively, so the daty st
war dominated by exceptionally large troes; most had M = 20 Mg, and M of some
individuals exceeded that of the most massive trees in our owr data set (which
lacked E.rzgnans and §. sempervirens). We therefore compared E, regnans and
S. sempervirens to the 58 species in our data set that had at least one individual
with M = 20 Mg. Sample size for F regnans and X sempervirens—15 ~nd 21 teecs,
respectively—fell below ot requnred 240 trees for fitting piecewis2 linea 1egres-
sions, so e simply plotted data points for individual I, regrainc and S. sexnpervirens
zlong with the plecewise regressions that we hau already hiced forcur 58 compu-
ison species (Fig. 3).

Az reported by rif. 7, G increased with M for both E regnans and S, semtpervirens,

up to and including some ofthe most massive individual tiees on the Eartn (Fig, 3).
Within the zone of overlapping M between the two data sets, G values for indi-
vidual E. regnans and S, zempervirens tees fell almost eatively within the ranges of
the piecewise regrassions we had Litted for our 58 comparison speties. We take
these observations as » further indication that our results, produced usng standard
allomeiric equations, arcurately ceflect broad relationshuss betvveen Af and €.
Fitting log-log models. To model log(G) as a junction of log(M}, we used the:
binning approach thatwe used in eur grmary anaivsis of mass growth rate {descnbed
earlier). However in log-t: ansfo:niny growth we dropped trees with G = 0. Begatse
negative growth rates become mos< extiemy with inareasuing ttee s1ze; dropping
them could introduce a bias towards inreasing growth vates. Log-transformation
additiorallt resultad in skewed growth rate sesiduals Dropping trees with 320
caused several species to fall below our threshoid sample size, 1educing the totat
number of species analvsed to 381 {Earended Diata Tig; 2)
Growth in the absence of competition. We obtained puihshed equationn for 41
North Americau and European tpecies, in 16 specias-ute combinations, -elatiog
soecies-pecitic tree diameter growth 1ates to irunk ceameter £ and to neighbowr-
hood competition™-", Suiting neighbourhood computition te zero gave us equa-
tions describing estimated annudl I growth as a function.of F i the absence of
compet.aon. Starting »t Dy = 10¢m, we sequentiatly (1) caleulated anal 1D growth
for a tree of size Ly, (2) added this amount o I to determine I3, - 3, (5) used an
approp: ate txon-snecific allomelic equation to calculate the dssociated free
masses M, and M,. 1, and (11 calenlated i ee imass growth rate G, of a tree of mass
M, in the absence of competiuon as M, 4., — M,. For each ot the dive species that
had scparate growth analvses avaitable from twa shifferent sites, we roquared ihat
mass growih mte increased confinuously with trae oize at both siies fr: the species
to be considered to have a rontinuously increasing mass grewth rate. North American
zrd Buropean allnmetries «rse 1aken from refs 17 and 50, respectively, with pre-
ference given to allometric equations based on power functions of tree diamezer,
targe numbers of sampled tréas, and trees spanning a broad range of diameters For
the 47% of European species tor which ref. 50 had no equations meeting our
criteria, v7e used the beat-matched {by species or genus) equations from ref, 17,

31. Conuit, R, f al Tropical forest dynamicz across a rainfall gradient and the impact
of an El Ning dry seasor. J. Trog. Ecol, 20, 51-72 (2004),

32. Condit, R. et 2l The imporance of dernograpiue ni hes to tree divarsity. Science
313, 93-101 (2006).

33. Riger, N, Berger, U, Hubball, 8. P, Viziliedent, G. & Condit, R. Growth strateges of
tropical tree spacies” dssentangimng light and size efieis, PLoS ONE B, 25330
(2011,

34, Chave, J. el al Tize alloraetry and improved =stimafion ui carbon stocks and
balance in tropical rests. Oecofogiz 145, 87-99 (2005),

35, Sibly, R, M.. Brown. 1. H. & Kadifc-Brown, A_(-ts) Metabelic Ecology: A Scaling
Approzch (fobn Witey & Sons, 2012,
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In Divad Digital Data Repository, http://dxdol org/10.5061/dryad.234 (2009).
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Extended Data Figure I | Summary of modei fits for tree mass growth rates.
Bars show the percentage of specics with mass geowth rates-that increase with
tiee mass for each bin; black shading indicates percentage significant o
P:29.,05. Tree masses increase with bin number. a, Species fitted with one bin
(165 species); b, Species fitted with two bins {139 species); ¢, Specins fitted with
thret bine (56 species); and d, Species fitted with four bins {43 species).
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Figure 1: Example model fits for tree mass growth rates.
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Tre species shown are the arginsperm speciee {Lecomiades a kiamears Cameroon, 542 trecs) 4@} and gymnosperm specics {Picea siichensis USA

408 trees) {by in cur data set that nad the most massive irees (defined o8 those wiin the gfeatost cunuaative abovestound dry miass in their tive most

rassive treesy. Each point represents a singie tre=; the solid red 1nes represent bast “ts selected by aur model; and the dashed red Hines indicate one
standard deviation around tine predizted values.

For ail condnents. aboveground tree mass giowth rates (and, hence. 1ates of carbon gain; for most species increased condnuously with ree
mass (size) (3. z). The rate of mass gain increased wath tree mass in eack mode! bin for 87% of species. and increased in e bin that
included the largest trees for 97% of species: the majority of increases wete stausticafly significant (" able 1, Extended Dala Fie 1 and
Supplementary Tahle ). Even when we restricled our analysis to spacies achieving the largest sizes (raximumm frunk diameter >100 o
33% of spesies), 94% had increasing 1nass growth iates in the bir that induded the largest trees. We feund no clear taxonomic or
geographic pattesns among the 3% of species with declining growth sates in their largest trees although the small number of these species
{thirteen) hampers inference. Dedlining species included both angiosperms and gymnasperms in s=ven of the 76 familiec in our study; most
of the seven families had only one or two declining species and no family was dominated by declining species (Supptaraantary Tabie i).

Figure 2: Aboveground mass growth rates for the 403 tree speties, by continent.
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Extended Data Figure 2 | Log -log model fits af mass growth rates for 381 {22 specics); d, Central and south America (73 species); e, Fusope L1 species):
tree species, by contirient Tises with growth: rates < Gweac droppad iomthe  and £ North America (89 species). Trunk diameters are approximate values tor
analysis, reducing the number of species meetuig our tineshold sanple size refecence, based on the average uiameters of trees of a given mass.

for analysis. a, Afvica £33 species); by Asia (123 spoaies). ¢, Austraiasia '
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Extended Data Figure 3 | Aboveground mass growth rates for 41 tree
spevres in the absence of competition, The 4" or '~ symbol preceding each
sperles code 1ndicates, »>spectively, species with mass grosh rates that
Lacieased continuousiv with tree size or species with mass growth rates that
dectined 1n ihe largest irges. Sources of the Jianeter growth equations used (o
calvulate mass growth were o, ref. 15; b, el 16, ¢, 12f. 48;d ref.47;and e, ref 19.
ABAM, Abies unvabilis; ABBA, sibies belsuanea; ABCO, .Abies concolus; ABLA,
abes fastocerpu. ABMA, Abies niagrifica; ACRU, Awer risbrumg ACSA, Aoer
sauchicrum; BLAL, Betela aleenaniensis; BCLE, Betula lenta; BEPA, Brtula
papvrifera; CADE. Calocedrus decurrens, CASA, Castunew saliva; t AGR, Fagus
erandifoluy; FASY, Fugres sybattics; T RAM, Fravinus asmericann; JUTH,

Junigerus thuirifera; PTAB, Picea abies, PICO, Prris contorta; PIHA, Pinus
nalepensis, PIHY, Picrg hvbrid (a complex of Ficee glaucn. P siichensis and
P.engelmannil), PILA, Pinus lambertiana; PLVT, Pinus mgra; PTPINA, Praus
pnastcr, PIPINE, Punus prace. PIRU, Prece subens, P1ST, Pius strobus, PISY,
Pinus svivestiis; PYUN. Pinus wrcaka, POBA, Populu; bodsamifera sap
trifioisrpa; POTR. Populic *remileides: PRSE, Prunus serofia, QUFA,
Quercus fagines; QUL Quercws ilex. QUPT, Quercus petruew, (FIPY, Querctss
pyrengice; QURO, Guercus robar, QURLL Duercus rudira; QUSU, Qurrois
sulter, THPL, Thrsja phonta; TSCA. Tinga caradenss. and TSHE, Teugn
heterophylio
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Extended Data Figure 4| Residuals of predicted minus observed tree mass.
a. The alloraeti ic equation fur moist tropical forests™ -—ased for the majosity of
tree speaes—shows ao ewidear systematic bias inpredicted sboveground dry
mass. M, relative to trank diameter (77 = 1,504 trees), b, [n contiast, our
simplesi form of allometric eguation—used for 22% of our species and haie
appliad to nwe remperate specics-—shows an apparent bias iovards
vveresiimatiag M toe large trecs (1 = 1,358 trees). ¢, New allometries that

we created for the nine temperate species remaved the apnarent bias in
predicten s,
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Extended Data Figure 5 | Estimated mass growth rates of the mine
temperate species of Extended Data Fig, 4. Growih was estimated using the
simplest form of allometric model [log(Al} = « + blag(D] (aj aad our
allometiic models fitted with piecewise linear regressiam (b). Regardless of the
allometric model form, all nine species show increasing G in the largest trees.
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