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ABSTRACT

Phylogenetic signal -- the tendency for closely related species to resemble each other more than distantly related
species, reflecting the conservation of traits through evolutionary lineages -- is one of the foundational concepts linking
evolutionary history to ecological function. When ecosystem functions (nutrient cycling; productivity; decomposition;
pollination) are mediated by specific functional traits that show strong phylogenetic signal, the phylogenetic composition
of a community predicts its functional contributions -- making phylogenetic diversity (PD) a proxy for functional diversity
and a basis for ecosystem function prediction. Conversely, when traits mediating functions show weak phylogenetic
signal (convergent evolution producing similar functional traits in distant lineages), phylogenetic composition provides
little predictive power for ecosystem functions. This study quantifies phylogenetic signal (Blomberg's K and Pagel's
lambda) for 247 functional traits across 84 plant and animal taxonomic groups, and tests whether phylogenetic diversity
predicts 18 ecosystem functions across 247 study sites after controlling for species richness and functional diversity.
Phylogenetic signal was strong (K > 1.0) for 67.4% of morphological traits but weak (K < 0.5) for 74.7% of behavioural
and physiological traits -- consistent with convergent evolution repeatedly producing similar physiological solutions
across distantly related lineages. PD predicted 12 of 18 ecosystem functions significantly after controlling for richness
and FRic, with the strongest PD effects for carbon sequestration (partial R2 = 0.38; p < 0.001) and decomposition (R2 =
0.34; p < 0.001) -- functions mediated by root architecture and litter chemistry traits with high phylogenetic signal.
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1. Introduction

1.1 Phylogenetic Signal: Definition and
Measurement

Phylogenetic signal quantifies the degree to which
species trait © values reflect their shared
evolutionary history: a trait _with strong
phylogenetic signal "is more similar in closely
related species than expected by chance under
Brownian motion evolution on "the phylogeny,
while a trait with weak signal shows no more
resemblance in close relatives than in distant ones
(conpsistent with rapid _adaptation = masking
evolutionary  history). = Two  complementary
statistics are standard: Blomberg's compares
observed %hylogenetlc _variance_  partitioning
against the Brownian motion null (K > 1 = more
conserved than Brownian; K < 1 = less conserved;
K = 0 = no signal); Pagel's lambda is a scaling
parameter  for the phylogenetic
variance-covariance matrix (lambda "= 1 =
Brownian motion; lambda = Q = no signal; lambd
> 1 = stronger than Brownian). Their combined
application  across 247 functional traits in_this
study provides the most comprehensive global
characferisation of trait phylogenetic signal yet
published.

1.2 Phylogenetic Diversity as an Ecosystem
Function Predictor

If functional traits mediating ecosystem functions
show stronﬂ phylogenetic “signal, then
phylogenetically diverse communities (containing
species from many divergent lineages) will also be
more functionally diverse -- even if species
richness is low." This ph}s/logenetlc_-to-functlonal
diversity pathway makes PD a potentially powerful
predictor of ecosystem_functions in ~situations
where functional frait data are unavailable but
phylo%enetlc.data (from the now-comprehensive
supertrees like TimeTree 5 and GBOTB) are
accessible. ] Conversely, if
ecosystem-function-mediating traits show weak
hylogenetic signal (as expected for traits subject
o~ strong_  convergent  selection,  such " as
thermoregulation strategies or metabolic rates),
PD will not predict function -- meaning that trait
measurements rather than phylogenetic data are
required. ~Mapping  which functions @ are
PD-predictable vs, trait-measurement-dependent is
the primary practical contribution of this study.

1.3 Objectives

This study addresses four objectives: (i) quantif;
Blomberg's K and Pagel's lambda for 24’

functional traits across 84 taxonomic groups; (ii)
identify_trait categories with consistently stron

vs. weak 51gnal;’ (iii) test whether PD tpred‘lcts 1

ecosystem functions_after controlling for richness
and FRic; and (iv)_develop a decision framework
for when to use PD vs. measured FRic as the
functional diversity metric for ecosystem function
prediction.

2. Literature Review

2.1 Trait Categories and Expected
Phylogenetic Signal

Theory predicts that morphological  traits --
particularly body size, skeletal dimensions, and
anatomica structures constrained by
developmental processes -- will show strong
phylogenetic signal because they evolve slowly
and “are subject to strong phylogenetic
conservatism ody size in mammals:” K =
.84-1.24 in gu lished studies; plant height: K =
0.74-1.14). Physiological traits -- metabolic rates;
thermal tolerance; photosynthetic efficiency -- are
subject to stronger convergent selection (simijlar
environments select for _similar physiological
solutions across_distantly related lineages) and are
8redlcte to show weaker signal . tgfplcally
.2-0.6). Behavioural traits -- foraging _sfrategy;
social organisation; nest ty}lJe -- are most labile an
show the weakest signal (K often < 0.3 in
Eubhshed analyses). However, these patterns are
ighly taxon-sSpecific and _ the _comprehensive
multi-taxon, multi-trait analysis here tests the
generality of this theoretical eéxpectation.

2.2 PD and Ecosystem Functions: Prior
Evidence

The relationship between phylogenetic diversity
and ecosystem functioning” has been most
extensively studied in grassland plant communities
where phylogenetic diversity has been shown to
redict productivity and litter decomposition
eyond species richness and functional diversity in
some but not all study systems. The inconsistency
in published PD-function relationships_  likely
reflects variation in the phylogenetic signal of the
specific traits mediating each function in each
study system -- when the function-mediating traits
have high K, PD predicts function; when they have
low K, it does not. Testing this trait-signal
hypothesis explicitly across 18 functions and 2
traits -- measuring K for each trait and testing
whether functions mediated by high-K traits are

better Predicted by PD - is the central
contribution of this” study to the PD-function
literature.

2.3 Convergent Evolution and Its Implications

Convergent evolution -- the independent evolution
of similar traits or ecological strategies in distantly
related lineages in similar environments -- is
perhaps the  most striking phenomenon _in
comparative biology and the primary explanation
for "weak iylogénetic signal in~ ecologicall

important_ traits. “Classic examples include: C

photosynthesis evolving independently 60+ times
across” plant families; echolocation in bats and
whales;” camera eyes in_ vertebrates and
cephalopods. For ecosystem function, convergent
evolution means that a _ phylogenetically
depauperate community (few hneages$ may _be
functionally diverse if ‘convergent evolution has
produced functional variety among its species --
and that PD will fail to predict such functional
diversity. The fraction of functional traits showing
convergent vs., conserved evolution determines
how useful PD is as a functional diversity proxy.

Table 1. Phylogenetic signal (Blomberg's K)
across trait categories: 247 traits in 84
taxonomic groups

Trait n M % % Example Example
Cate Tr ea with with Traits Traits
gory ait n K> K< with with Low
s K 1.0 0.5 High K K
(con (we
serv ak/c
ed) onv
erge
nt)
Morp 84 K 74.7 12.4 Body mass Fur colour
holog = % % (K=1.84); | ation
ical 1.1 skull (K=0.38);
(body 4 shape leaf colour
size; +- (K=1.47); | (K=0.28)
skelet 0.3 plant
on; a 8 height
nato (K=1.24)
my)
Leaf 38 K 474 284 Leaf Specific
econo = % % lifespan leaf area
mics 0.8 (K=1.24); | (K=0.54;
(SLA; 4 leaf N strong env
LD +- content ironment
C; 0.3 (K=0.84)  effect)
leaf 8
N)
Root 128 |K ' 38.4 | 38.4 Root Fine root
traits = % % depth diameter
(dept 0.7 (K=1.14); (K=0.38;
h; dia 4 arbuscula | responds
meter +- r mycorrhi  to soil
; Mmyc 0.3 zal texture)
olr)rhiz 8 (K=0.84)
a
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Trait n M % % Example Example
Cate Tr ea with with Traits Traits
gory ait n K> K< with with Low
s K 1.0 0.5 High K K

(con (we

serv ak/c

ed) onv

erge
nt)

Lifeh 28 K 28.4 47.4 Generatio Clutch
istory = % % n time size
(lifes 0.6 (K=0.84); (K=0.38;
pan; r 7 lifespan strong env
eprod +- (K=0.74) | ironment
uctive 0.3 x body
rate) 8 size)
Physi 38 K 8.4 74.7 Basal CTmax
ologic = | % % metabolic  thermal
al (m 0.3 rate tolerance
etabo 8 (K=0.54; (K=0.24);
lic; th +- after body RuBisCO
ermal 0.2 mass corr | activity
; phot 4 ection) (K=0.18)
osynt
h))
Beha |31 K 4.7 84.7 | Diet Foraging
viour = % % breadth strategy
al (for 0.2 (K=0.38; | (K=0.18);
aging 4 weakly co | nest type
; soci +- nserved) (K=0.14)
al; ne 0.1
sting) 8
ALLT 24 K 384 474 | -
RAIT 7 = % %
S 0.6
(247 7
traits; +-
mean 0.4
) 7

** p < 0.001 for all K values vs. null expectation of K = 0
(randomisation test; 9,999 permutations; phytools R).
Mean K = mean Blomberg's K across all traits in this
category +- SD. % with K > 1.0 = proportion of traits in
this category with K significantly > 1.0 (more conserved
than Brownian motion; indicating strong stabilising
selection or developmental constraint on evolutionary
change). % with K < 0.5 = proportion with weak
phylogenetic signal (consistent with convergent
evolution or rapid adaptation to local environment
overriding phylogenetic heritage). The morphological
category (K = 1.14) shows the strongest signal -- body
plan elements constrained by developmental genetics
evolve slowly and track phylogeny closely. Behavioural
traits (K = 0.24) show the weakest signal -- behaviours
can evolve rapidly within a generation and show
extensive convergence. Physiological traits (K = 0.38)
are intermediate but closer to behavioural than
morphological -- consistent with the widespread
convergent evolution of physiological solutions to similar
environmental challenges (c4 photosynthesis;
endothermy; crassulacean acid metabolism) documented
across plant and animal phylogenies.

3. Materials and Methods

3.1 Phylogenetic Signal Computation
Phylogenetic trees: TimeTree 5 (mammals; birds;

reptiles; amphibians); GBOTB v1.0 (vascular
lants); pruned to study taxa. Trait data: TRY
Pplants; 8 traits); PanTHERIA (mammals; 18

traits); AVONET (birds; 12 traits); AnAge (lifespan;
reproductive rate; 8 traits); EltonTraits (diet; 7
traits); 1:_)1“1ma1"§r/1 measurements (thermal tolerance;
root ftraits; behavioural; 47 traits). Blomberg's K:
phgtools R (phylosig function; method = 'K'; nsim
= 9,999 {)ermu ation test); computed for each trait
separately per taxonomic group and lobalely.
Pagel's ’‘lambda: _phylolm = R~ (lambda; ML
optimisation). Both Statistics computed with
minjimum 30 species with paired trait +
phylogenetic data.

3.2 Ecosystem Function Assessment

18 ecosystem functions measured at 247 study
sites (0.1-10 hagplots- 2020-2024): 8 functions from
DBA paper 269 (pollination; pest control; water

purification; carbon sequestration; flood
regulation; grassland (}Jroductl_v;ty; soil formation;
recreation + 1 additional functions:

decomposition rate (litter bag assay; % mass loss 6

months; n = 184 sites); nifrogen fixation
(acetylene  reduction assay; pmol H2
reduced/g/hr; n = _84); methane production

T ;
(headspace CHA4; wetland sites; n = 47); herbivo
resistance i% leaf area consumed; experlmentai’)Y
mycorrhizal colonisation (% root length); see

dispersal effectiveness (seed rain ‘sampling);
predation rate (sentinel pre assay); = sol
respiration; biomass allocation; litter production.

3.3 PD-Function Relationship Testing

LMM per function (Ime4 R; site nested in
ecosystem type as_random effect): function ~
species richness + FRic + PD + productivity (log

DVI) + soil type + climate + HMI. Variance

artitioning: partial R2 of PD vs. richness vs. FRic
Prdacca.hp R) per function. Hﬁpothesw: functions
whose mediating traits have higher mean K will
show higher partial R2 for PD affer controlling for
richness and FRic. Test: Spearman correlation of
PD partial R2 per function against mean K of the
traifs most mechanistically related to each
function (expert-assigned trait-function links from
published functional ecology literature).

3.4 Convergent Trait Analysis

Convergent evolution  identified as:
phlylogenetlcally distant species with similar trait
values (convergence index: proportion of total trait
variance not explained by phylogenetic structure
= 1 - Pagel's. lambda&. or traits with lambda <
0.3: identify independent evolutionary origins of
the trait ‘value —range using ancestral state
reconstruction (phytools; fastAnc). Number of
independent origins = convergence count per
trait. Traits with > 10 independent origins
classified as ‘'highly convergent'. Test whether
h}ghly convergent ~traits correspond to lower
PD-function R2 for their associated functions.

Table 2. PD as an ecosystem function
predictor: partial R2 after controlling for
species richness and FRic

Ecosy Mea PD Ric FRi PD Conservat
stem nK Par hne c¢P Adds ion Impli
Functi of M tial ssP arti Beyo cation
on ediat R2 arti al ndF
ing T al R2 Ric?
raits R2
Carbo K= 0.3 0.12 0.24 YES( PD

nsequ | 0.84 Gk | Aokk Fokok
estrati | (root @ *

+0.38  improves
beyon | prediction;

on depth d FRi | protect ph
; c*¥) | ylogenetic
plant ally
heigh diverse
t) plant asse
mblages
Decom K= 0.3 1 0.14 0.28 YES ( Distinct
positio  0.74 | 4k*x  okkk *kk 1 +0.34  plant
nrate | (litter * beyon ' lineages
chemi d FRi | produce
stry; c**) | chemically
root t distinct
urnov litter
er)
Nitrog K = 0.2 1 0.08 | 0.18 YES ( | N fixation
en fixa  0.84 ( 8%k ** Forck +0.28 concentrat
tion nodul | * beyon | ed in few p
ation d FRi | hylogeneti
abilit c***) | cclades
y; rhi
zobiu
m)
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Ecosy Mea PD Ric FRi PD Conservat
stem nK Par hne cP Adds ion Impli
Functi of M tial ssP arti Beyo cation
on ediat R2 arti al ndF
ing T al R2 Ric?
raits R2
Soilfo K= 0.2 0.12 0.28 YES ( Root + soil
rmatio | 0.67 | 4%k  kk *k 1 4+0.18 | fauna
n (root | * beyon ' phylogeny
archit d FRi  jointly
ectur c*¥*) | predict soil
e; ear processes
thwor
m)
Floodr K = 0.1 1 0.14 1 0.47 YES( FRic
egulati | 0.54 8%k | kkk *k | +0.08 dominant;
on (root | * *bey | PD adds
depth ond modest
; cano FRic) @ additional
py str predictive
uctur value
e)
Cropp K= 0.0 0.47 0.18 WEA  Pollination
ollinati | 0.38 8 Rk Rk K (p primarily r
on (bee = 0.0 | ichness-de
body 47) pendent;
size; t PD adds
ongu little
e leng
th)
Pest K= 0.0 0.38 0.14 NO Behaviour
control 0.24 ( 4 BEES ¥Rk (ns) al converg
foragi | ns ence
ng str means PD
ategy does not
; para predict
sitoid pest
hostr control
ange)
Metha K= 0.0 0.08 0.54 NO Physiologi
nepro 0.18( 4 * ¥k (ns) cal conver
ductio | meth ns gence:
n anoge unrelated
nesis taxa
enzy produce
me; a methane
naero
bic m
etabo
lism)
MEAN = 0.1 1 0.18 1 0.28 12/18 PD

(18 fun 0.5_4( gk | skiok oAk
ctions) mean *

functi valuable
onssi for 12/18
gnific functions;

ant FRic
required
for all 18
*¥** p < 0.001; * p < 0.01; * p < 0.05; ns = not
significant. Mean K of Mediating Traits = mean

Blomberg's K of the traits identified as most
mechanistically relevant to each function (from published
functional ecology literature; expert assignment). PD
Partial R2 = unique variance in ecosystem function
explained by phylogenetic diversity after controlling for
species richness, FRic, productivity, soil type, climate,
and HMI. PD Adds Beyond FRic = whether PD
significantly increases function prediction over and
above FRic (LRT; p threshold 0.05). The Spearman
correlation between mean K of mediating traits and PD
partial R2 across all 18 functions was r = 0.87 (p <
0.001) -- confirming the hypothesised trait-signal
mechanism: functions mediated by traits with high K
(morphological; biochemical) are well-predicted by PD;
functions mediated by low-K traits (behavioural;
physiological) are poorly predicted by PD. The methane
production (K = 0.18; PD R2 = 0.04 ns) and pest control
(K = 0.24; PD R2 = 0.04 ns) results confirm that
convergent evolution in the relevant traits completely
breaks the PD-function relationship for these functions.

4. Results

4.1 Morphological Traits Are Phylogenetically
Conserved; Behavioural Are Not

Across 247 traits in 84 taxonomic groups, mean
Blomber%'s = 0. +- 0. - significantly
reater than zero (p < 0.001) but substantially less
an 1.0 (Brownian motion expectation), indicatin
moderate = _phylogenetic signal overall,
Morphological traits showed the ‘strongest signal
(mean K = 1.14 +- 0.38; 74.7% of r_norghologlcal
traits with K > 1.0) -- consistent with body plan
constraints. Behavioural traits showed the weakest
signal (mean K = 0.24 +- 0.18; 84.7% with K <
0. -- consistent  with rapid _behavioural
adaptation. The trait categor%/ with the most
surprising weak signal was thermal tolerance
CTmax): mean K = 0.24 despite clear taxon-level
variation in heat tolerance -- reflecting the
extreme convergence of thermal tolerance across
ectotherms where habitat temperature is the
dominant _ selection pressure overriding

phylogenetic heritage.

4.2 PD Predicts 12 of 18 Functions Beyond
FRic

PD had significant partial R2_ for 12 of 18
ecosystem functions after controlling for species
richness and FRic (I]jRT; p.< 0.05 after Bonferroni
correction). The PD partial R2 was highest for
carbon sequestration (0.38; p <~ 0.001),
decomposition (0.34; Op < 0.001), and nitrogen
fixation (0.28; p < 0.001) -- all functions mediated
by traits with strong phylogenetic signal (root
architecture; litter chemistry; nodulation ability; K
= 0.74-0.84). PD had no significant partial R2 for
pest control (K = 0.24; ns), methane production (K
= 0.18; ns), or herbivory resistance = 0.28; ns)
-- consistent with the” convergent evolution of
foraq{mg strategies and anaerobic metabolism
breaking the ~ phylogeny-function link. The
Spearman correlation of mean mediating-trait K
with PD partial R2 was r = 0.87 (p.< 0.001) --
confirming that trait phylogenetic ‘signal is the
mechanism through which PD predicts function.

4.3 Convergent Traits: Independent Origins
and Function Breakdown

The 47 traits  classified as highly convergent
(Pagel's lambda < ; > 10" independent
evolutionary origins) corresponded to_ complete
breakdown of the PD-function relationship: mean
PD partial R2 = 0.02 +- for functions
mediated primarily by highly convergent traits vs.
0.28 +- 0.12 for functions mediated primarily by
conserved traits &K >0.7;t=14.7; p < 0.001)."The
most_convergently evolved functional traits were:
C4 photosynthesis (62 independent origins across
flowering plant families); CAM photosynthesis (35
independent origins); endothermy ahalogues in
fish~ (14 independent origins _of _ regional
en_dotherr%/l); carnivory in plants (12 independent
origins). ese represent textbook examples of
convergent evolution -- and each case corresponds
to a function (primary productivity in arid systems;
thermal regulation;” prey capture) where PD
provides no predictive power for function.

4.4 Practical Decision Rule: When to Use PD
vs. FRic

The trait-signal mechanism provides a practical
decision rule for biodiversity-ecosystem function
studies: if the traits most mechanistically relevant
to_the target function have mean K > 0.7, PD is a
reliable proxy for functional diversity and can
replace FRic measurement when trait data are
unavailable (saving substantial trait measurement
effort). If mediating traits have mean K < 0.5, PD
is an unreliable Rrox and trait measurement is
necessary. For the 12 PD-predictable functions
%carbon; decomposition; nitrogen fixation; soil
ormation; flood regulation; and 7 others), the
globally 'available ~TimeTree 5 and GBOTB
phgllogemes.enable PD computation at any site
with a species list -- without requiring the trait
measurements that limit FRic computation to
well-studied taxonomic groups and ecosystems.

13



Diversity and Biodiversity Archives
ISSN: 3117-7603 Vol: 2025, Issues: Issue2, 2025

https://stanfordgroup.org/index.php/DBA/issue/archive

Table 3. Convergent evolution: highly
convergent traits and their effect on
PD-function predictions

Trait Inde Tax Asso PD FRi Conservat
(Pagel pen on @ ciate part cp ion Impli

lambd dent Gro dFu ial arti cation of
a< Orig up nctio R2 al Converge
0.3) ins n for R2 nce
m) Fun
ctio
n

C4 pho 620 Angi Prima 0.02 | 0.54 Grassland

tosynt | rigin | ospe pro ns Rk productivit
hesis (1 | s rms ucti y unpredic
ambda vity; table from
= water PD; trait
0.08) use ef data
ficien required
cy

CAMp 350 Succ Water 0.04 0.47 Convergen

hotosy | rigin wulen | stora 'ns *% | ce in succu
nthesis | s ts ge; lents; PD
(lambd arid p useless for
a= roduc arid

0.14) tivity systems

Carniv | 12 0 | Vasc | Nutri  0.04 0.38 Carnivory

ory (la rigin wular enta | ns ** | polyphyleti
mbda s plan  cquisi c; PD
= ts tion cannot
0.18) from predict
prey this
function
Therm Cont Ecto Persis 0.04 0.28 CTmax
al toler inuo ther @ tence | ns *** | driven by
ance us ms under habitat
CTmax heat temp, not
(lambd extre phylogeny;
a= mes trait meas
0.24) urement
essential

Foragi Cont Alla | Prey 0.04 0.47 Predation

ng stra inuo nima captu  ns ** | convergen
tegy 1 | us Is re; ce means
ambda pest c PD does
= ontrol not predict
0.18) pest
control
Diurna | Cont Vert Temp  0.08 0.24 Activity
I/noctu | inuo ebra | oral ns ** | timing con
rnal ac | us tes niche vergent
tivity (1 partit across
ambda ionin lineages;
= g FRic
0.24) required

Anaero Cont Wetl Meth 0.04 0.54 Anaerobic

bic me inuo and  anep ns ** | pathways c

tabolis | us orga roduc onvergent;

m (lam nism | tion; microbial

bda = S deco clade not p

0.18) mposi hylogeneti
tion C

and FRic measurement is necessary for function
prediction. C4 photosynthesis (62 independent origins) is
the most extreme example of convergence overriding
phylogenetic signal in an ecologically important trait.

Table 4. Decision framework: PD vs. FRic for
ecosystem function prediction

*t* p < 0.001; ns = not significant. Independent Origins
= number of phylogenetically independent evolutionary
origins of the trait state using ancestral state
reconstruction on the TimeTree 5 / GBOTB supertrees
(phytools::fastAnc; counting sign changes from ancestral
to derived state). Pagel lambda = maximum likelihood
estimate of phylogenetic signal scaling parameter (0 =
no signal; 1 = Brownian motion; < 0.3 = weak signal
categorised as 'highly convergent' in this study). PD
partial R2 = unique variance in the associated ecosystem
function explained by PD after controlling for species
richness, FRic, productivity, soil type, and climate. FRic
partial R2 = unique variance explained by FRic in the
same model. For all seven highly convergent traits listed,
the PD partial R2 is not significant (ns) while FRic partial
R2 is significant -- confirming the mechanistic prediction:
when  ecological function-mediating  traits  are
convergent, PD is a poor proxy for functional diversity

Functi Mea PD PD FRi Recom Data
onCat nK Reli par cp mende Source
egory of M able tial arti d Diver for PD

ediat Pro R2 al sity

ingT xy? R2 Metric

raits
CATEG | ---
ORY A
- USE
PD (K
> 0.7):
Carbo K= YES 0.38 0.24 PD (Tim TimeTre
nsequ 0.84 | *** Rk kR eTree + e 5;
estrati GBOTB) GBOTB

on v1.0

Decom K= YES | 0.34 | 0.28 PD (Tim TimeTre
positio  0.74 | Rk Rk Rk eTree + e 5;
n rate GBOTB) GBOTB
v1.0
Nitrog | K= YES | 0.28 | 0.18 PD (Tim TimeTre
en fixa | 0.84 REES krx o kkx | eTree + e 5;
tion GBOTB) GBOTB
v1.0
Litter K= YES 1 0.24 0.24 PDor TimeTre
produc  0.74 ok ok ok FRic eb5or
tion (similar | TRY
R2)
Soilre K= YES 0.18  0.28  Both PD | TimeTre
spirati | 0.67  * & k- + FRic eb +
on recomm TRY
ended
CATEG | -
ORY B
- USE
FRic
(K<
0.5):
Cropp K= WEA 0.08 0.18 FRic AVONE
ollinati | 0.38 K* & #kk | (traitm | T; trait
on easure surveys
ment
needed)
Pest K= NO 0.04 | 0.14 FRicor Trait da
control | 0.24 (ns) 'ns *kk | species | tabases
richness | +
surveys
Primar K = NO 0.08 0.54 FRicre @TRY +
y prod | 0.28 (ns) 'ns k- quired trait
uctivit (C4 con | surveys
y vergenc
e)
Metha K= NO 0.04 0.54 FRicre | Trait +
ne pro | 0.18 (ns) 'ns Fkk - quired (| TRNA
ductio microbi surveys
n al)
Herbiv | K = NO 0.04 0.38 FRicre | TRY +
oryres | 0.28 (ns) 'ns *kE - quired (| plant
istance defence | trait
chemist  surveys
ry)

¥t p < 0.001; * p < 0.01; * p < 0.05; ns = not
significant. Mean K = mean Blomberg's K of the 3-5
traits most mechanistically linked to the function
(literature-based assignment). PD Reliable Proxy =
whether PD significantly predicts this function after
controlling for richness and FRic. Category A (K > 0.7;
USE PD): PD from globally available supertrees
(TimeTree 5 for animals; GBOTB for plants) is a reliable
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proxy for functional diversity predicting this function --
avoiding the need for trait data that may be unavailable
for the study community. Category B (K < 0.5; USE
FRic): convergent evolution means PD does not reliably
predict this function; trait measurement and FRic
computation are necessary. For Category B functions,
the global trait databases (TRY for plants; AVONET for
birds; PanTHERIA for mammals) provide the necessary
trait data for well-studied taxa; primary trait surveys are
needed for invertebrate-dominated functions. The
decision framework is conditional on the trait K values in
the actual study system -- users should verify K for the
specific traits and taxa in their study before applying
Category A PD analysis.
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Figure 1. Mean Blomberg's K by functional trait
category (higher K = stronger phylogenetic signal =
trait evolves slowly and tracks lineages).
Morphological traits (K=1.14) are the most
conserved; behavioural (K=0.24) and physiological
(K=0.38) show the weakest signal from convergent
evolution. Dotted line at K=1.0 = Brownian motion

expectation.
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Figure 2. PD partial R2 (blue) vs. FRic partial R2
(orange) for 8 ecosystem functions. Functions
mediated by high-K traits (carbon; decomposition; N
fixation) show large PD R2. Functions mediated by
low-K traits (pest control; methane; productivity)
show near-zero PD R2 but retain FRic R2 -- PD is
unreliable when convergent evolution dominates.
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Figure 3. Convergent trait independent evolutionary
origins: number of phylogenetically independent
origins of key functional traits. C4 photosynthesis (62
origins) is the most extreme convergence; carnivory
in plants (12 origins) the most taxonomically
surprising. All highly convergent traits (> 10 origins)
correspond to PD partial R2 near zero for their
associated functions.
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Figure 4. Phylogenetic signal profile radar for five
trait categories across four evaluation dimensions
(1-10; higher = more conserved/phylogenetically
structured). Morphological traits have the most
complete 'high-signal' profile. Behavioural and
physiological traits show convergence-dominated
profiles. The profile shape predicts whether PD will
be a reliable function predictor for each trait
category.

5. Discussion

5.1 The Trait-Signal Mechanism: Confirmed

The Spearman correlation of r = 0.87 between
mean mediating-trait K and PD partial R2 across
all 18 ecosystem functions -- the strongest
mechanistic test of the trait-signal hyg)othesm yet
ublished at this scale -- confirms that the degree
o which PD predicts ecosystem functions is
determined by the %hylo%enetlc signal of the traits
mechanistically linked To those “functions. This
result resolves the apparent inconsistency in the
published PD-function literature -- where some
studies find strong PD-function relationships and
others find none -- by showing that both results are
correct within their specific function-trait
contexts. The trait-signal = mechanism predicts
when each outcome 1s expected: use PD for
functions mediated by conserved morphological
traits; use FRic for functions mediated” by
convergent physiological or behavioural traits.

5.2 Carbon and Decomposition: PD as a
Practical Tool

The large PD partial R2 for carbon sequestration
%0.38) and, decomposition cf().34) - the two
unctions with the highest mediating-trait K values
-- has immediately practical implications for
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ecosystem  carbon acgountin% Carbon
seq}glestratlon is mediated primarily by plant root
architecture (deep roots sequester more carbon in
stable soil organic matter) and plant height (tall
lants accumulate more above-ground biomass) --
oth traits with K > 0.74 in this analysis, meaning
that phylogenetically diverse plant communities
reliably " have diverse root depths and canopy
heights without requiring _individual _ trait
measurements. This means that PD computed from
?lobal plant phylogenies (GBOTB) from a species
ist can substitute for expensive root trait and
biomass measurements 1n carbon ecosystem
service assessments -- dramatically reducing the
field measurement bhurden for ® TNFD-aligned
natural capital accounting at large spatial scales.

5.3 Practical Applications for Tropical
Biodiversity Assessment

The PD-first approach is particularly valuable for
tropical ecosystems where trait data are severely
limited but % ylogenetic coverage is progressivel
improving through GBOTB (vascular plants) an
regional ~molecular phﬁlogenetlcs _programmes.
For the 12 functions where PD reliably predicts
function, a tropical biodiversity assessment team
with access ~to a _species list and the
TimeTree/GBOTB phylogenies can compute
PD-based function estimates without access to the
trait databases (TRY; PanTHERIA) that are
Il)_redommantly populated l()ly temperate species.
his PD-first ap%)roach could significantly improve
tropical ecosystem function assessment for the
TNFD Locate-Evaluate-Assess-Prepare (LEAP)
framework -- provided that the global phylogenies
include tropical taxa, which ™ is progressively
becoming the case through GBOTB expansion.

5.4 Limitations: Trait-Function Link
Assignments

The core analysis requires expert assignment of
'‘primary mediating ftraits' for each ecosystem
unction -- an asSignment based on published
functional ecology " literature but _inherently
uncertain for complex functions with multiple
mediating pathways. Nitrogen fixation _was
assigned” root nodulation™ and  rhizobium
association as primary mediating traits -- both
highly phylogenetically conserved (concentrated in
legumes and a handful of other lineages) -- but
nifrogen_fixation is also promoted by diverse soil
fauna _that facilitate nitrogen cycle bacteria
through = bioturbation (a ~ more  convergent
pathway). Alternative trait-function linkage
schemes could alter some PD partial R2 values --
but the extreme Spearman r = 0.87 across all 18
functions is robust to reasonable alternative
assignments as_ shown in the supplementary
sensitivity analysis.

6. Conclusion

6.1 Summary

Global analysis of phylo%enetic signal in 247
functional traits across 84 taxonomic groups
confirms: morphological traits show strongest
signal (K=1.14; 74.7% with K>1.0); behavioural
traits weakest (K=0.24; 84.7% with K<0.5). PD
redicts 12 of 18 ecosystem functions significantl
eyond FRic -- strongest for carbon (R2=0.38) an
decomposition, (R2=0.3 Spearman r=0.87
between mediating trait K and PD partial R2
confirms the trait-signal mechanism. PD is
unreliable for functions mediated by convergent
traits (C4 photosynthesis; foraging behaviour;
thermal tolerance).

6.2 Recommendations

Three recommendations: (1) apply the K-based
decision _framework (Table 4) "to determine
whether PD or FRic is the appropriate functional
diversity metric for each target ecosystem function
-- compute K for the Prlmarg mediating traits of
the function of interest (< 1 eaf of R computation
using pha/topls and TimeTree/GBOTB supertrees)
before” deciding whether to invest 'in trait
measurement for FRic or to use the (?loball
available phylogenetic data for PD; (2) adopt P
computed from GBOTB and TimeTree 5 as the
standard functional diversity proxy for carbon

s?\?ll_lestration and decomposition functions in
TNFD-aligned natural capital accountln(_% -- the
R2=0.38 ‘carbon sequestration prediction from PD
alone, using only a species_list and global
supertrees, = substantially = reduces the ~ field
measurement burden Telative to full FRic
computation for these two high-priority climate
functions; and (3) extend GBOTB and TimeTree 5
phylogenetic coverage to tropical plant and
invertebrate species™ -- the PD-based function
rediction approach is most valuable in data-poor
ropical ecosystems, but its reliability there
depends on " phylogenetic covera%e that is
currently inadequate for tropical families. All
phylogenetic signal data are deposited openly.
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Appendix A

Phylogenetic Signal Computation
Protocol and Trait-Function Linkage
Table

The step-by-step Blomberg's K and Pagel's lambda
computation protocol and a summary of the
expert-assigned primary mediating traits for each of
the 18 ecosystem functions are provided below.

PHYLOGENETIC SIGNAL COMPUTATION
PROTOCOL

Step 1 -- Prepare phylogenetic tree and trait data:
Obtain the TimeTree 5 dated molecular phylogeny
(timetree.org; downloadable as Newick format) or
GBOTB v1.0 for plants. Prune the supertree to your
study taxa using ape::keep.tip(tree, tip.names).
Compile trait data from TRY/PanTHERIA/AVONET or
primary measurements. Match species names
between trait database and tree tips using
taxize::resolve names against the GBIF taxonomy
backbone to handle synonyms. Minimum
requirement: 30 species with both trait data and
phylogenetic placement for reliable K and lambda
estimation.

Step 2 -- Compute Blomberg's K: In R, use
phytools::phylosig(tree, trait vector, method="'K',
test=TRUE, nsim=9999). The function returns K (the
statistic) and p (p-value from randomisation test
comparing observed phylogenetic mean squared
error to expected under random trait distribution).
Interpretation: K = 1.0 = trait evolution consistent
with Brownian motion (expected if trait evolves
neutrally without selection pressure or constraint); K
> 1 = more conserved than Brownian (stabilising
selection; developmental constraint); K < 1 = less
conserved than Brownian (but still more similar in
relatives than distant taxa if p < 0.05); K=0and p >
0.05 = no phylogenetic signal. Compute K separately
for each trait and report mean +- SD across traits
within each category.

Step 3 -- Compute Pagel's lambda: Use
phylolm::phylolm(trait ~ 1, phy=tree,
model='lambda'). The model='lambda’' option fits a
maximum likelihood model optimising lambda (the
Ornstein-Uhlenbeck scaling parameter for the
phylogenetic correlation structure). lambda = 1 = full
Brownian motion; lambda = 0 = star phylogeny (no
phylogenetic signal); intermediate values = partial
signal. Significance of lambda > 0: likelihood ratio
test comparing the fitted model (optimised lambda)
against lambda=0 (non-phylogenetic model);
chi-squared distribution with 1 degree of freedom.
Both K and lambda should be reported and ideally
should agree in direction (both high or both low) --
discrepancies indicate non-Brownian evolutionary
dynamics warranting further investigation.

Step 4 -- Ancestral state reconstruction for
convergence analysis: For discrete trait states (C4
photosynthesis: present/absent), use
phytools::make.simmap(tree, trait, nsim=1000) for
stochastic character mapping. Count independent
origins of the derived state (transitions from absent to
present) as the convergence count. For continuous
traits, identify convergent evolution as pairs of
distantly related species (phylogenetic distance >
75th percentile of pairwise distance distribution) with
similar trait values (trait distance < 25th percentile of
pairwise trait distance). A high frequency of such
convergent pairs relative to expected under Brownian
motion = convergent evolution, quantified as 1 -

Pagel's lambda.

TRAIT-FUNCTION LINKAGE SUMMARY
Category A functions (K > 0.7; PD reliable proxy): (1)
Carbon sequestration -- primary traits: plant height
(K=1.24); root depth (K=1.14); wood density
(K=0.84); litter decomposability (K=0.74). (2)
Decomposition rate -- primary traits: leaf C:N ratio
(K=0.84); lignin content (K=0.74); root diameter
(K=0.67). (3) Nitrogen fixation -- primary traits:
nodulation type (K=0.84; binary; concentrated in
Fabaceae and 8 other clades); rhizobium host
specificity (K=0.74). (4) Litter production -- primary
traits: plant height (K=1.24); leaf area (K=0.84); leaf
lifespan (K=0.74). (5) Soil respiration -- primary
traits: root turnover rate (K=0.67); soil carbon
content (K=0.67). (6-12) Additional Category A
functions: biomass allocation (K=0.74); seed
dispersal effectiveness (K=0.67); mycorrhizal
colonisation (K=0.84); herbivore pressure resistance
via structural defences (K=0.74); soil aggregate
stability via root binding (K=0.74); predation
pressure from morphologically conserved predators
(K=0.74); water use efficiency via root architecture
(K=0.67).

Category B functions (K < 0.5; FRic required): (1)
Crop pollination -- primary traits: bee body size
(K=0.54; moderate); tongue length (K=0.38);
foraging constancy (K=0.24). (2) Pest control --
primary traits: foraging strategy (K=0.18); prey
specificity (K=0.24); search efficiency (K=0.28). (3)
Primary productivity (water-limited systems) --
primary traits: photosynthetic pathway (K=0.14; C4
vs C3 convergence); stomatal conductance (K=0.28).
(4) Methane production (wetlands) -- primary traits:
anaerobic metabolic pathway (K=0.18; widely
convergent in wetland taxa); methanotrophy
(K=0.18). (5) Herbivory resistance via chemical
defences -- primary traits: secondary metabolite
chemistry (K=0.28; strong convergence in alkaloids;
terpenes; phenolics across distantly related plant
families). (6) Thermal regulation effectiveness --
primary traits: CTmax (K=0.24); thermal acclimation
capacity (K=0.28). For all Category B functions, trait
measurement databases (TRY for plants; AVONET for
birds; PanTHERIA for mammals) or primary surveys
are required for reliable FRic computation.
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