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Abstract

To explain the rise of angiosperms during the Cretaceous, Berendse & Scheffer (Zevl.
Lett., 12, 2009, 865) invoke feedbacks between leaf litter, soil nutrients, and growth,
overlooking other factors affecting resource acquisition by Cretaceous plants. We
evaluate their hypothesis, highlight alternative explanations, and emphasize use of a
broader framework for understanding the angiosperm radiation.
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The expansion of angiosperms during the Cretaceous period
has invited much speculation on its causes. Berendse &
Scheffer (Ecol. Lett., 12, 2009, 865) offer another ‘ecological
explanation’ for the angiosperm rise to dominance (with
respect to abundance and distribution). They posit that
ancient gymnosperms produced leaf litter with low nutrient
concentrations and slow decomposition, resulting in nutri-
ent-poor soils upon which angiosperms were poor compet-
itors. They suggest angiosperms, after a limited expansion
driven by other factors, rose to dominance via a positive
feedback on soil nutrient status and growth through
production of leaf litter with higher nutrient concentrations
and enhanced decomposition. Our question is ‘is the
hypothesis well-supported?’

The examples of leaf litter feedbacks provided by
Berendse and Scheffer lack gymnosperms, leaving their
hypothesis without direct support. Instead, they suggest
contrasting feedbacks of angiosperms and gymnosperms are
expected based on well-documented differences in leaf traits
and leaf litter decomposition between living angiosperms
and gymnosperms. However, fine root traits, particularly
nitrogen concentration, can have greater impacts on soil
nutrients than leaf litter (Hobbie ef a/. 2007; Parton et al.
2007) and can be uncorrelated with aboveground traits
(Withington e# /. 2006; Hobbie ez al. 2010). Also, as living
angiosperms and gymnosperms generally dominate in
contrasting soil types and climates, leaf and root trait

vatiation among these plant groups is not independent of
climate or pre-existing soil variability. Thus correlations of
litter traits with nutrient availability (e.g. litter lignin:nitrogen
vs. nitrogen mineralization; Binkley & Giardina 1998) or of
leaf traits with root traits (Newman & Hart 2000) across
sites are confounded by variation in edaphic factors.
Common garden experiments, though rare, control for
climate and soil variability and offer direct, empirical
evaluation of plant feedbacks. These experiments show
woody gymnosperms often have equivalent or higher soil
nutrient availability as compared to woody angiosperms
(Table 1). Equivalent soil nutrient availability is also
frequently observed in natural stands of angiosperms and
gymnosperms on similar soils (e.g. Reich e al 1997).
Therefore, soil nutrient availability is not a simple function
of leaf litter traits (Knops ez a/. 2002) and is not typically
higher in angiosperm-dominated stands when compared
with gymnosperm stands on similar soils — making Berendse
and Scheffet’s hypothesis tenuous.

Berendse and Scheffer emphasize positive litter feedbacks
on soil nutrient availability, but neglect other mechanisms of
increasing nutrient supply to fast-growing angiosperms,
including large-scale disturbances (e.g. pest/pathogen out-
breaks, fire, volcanism) that likely accompanied the fluctu-
ating climatic and tectonic conditions of the Cretaceous
(McElwain e al. 2005; Tylianakis ef a/. 2008). Angiosperm
dominance may also have been facilitated by evolution of

© 2010 Blackwell Publishing Ltd/CNRS



Technical Comment

E2 K. E. Mueller et al.

110
U B ppiz9g 3OPUN ISOYSIY PUL 2IIS DUO JT
swrodsouwAS sopun JoyuSiy sem A7 (5991S
poq e suradsouwds uey) Fydy sem

pyigag Fopun FON7 ((Wd 9—()) [10S [EIUIA
N
103 uroned Swes 911 FYIOUE 1€ LA FopUN
159U31Y pue 211s U0 1t swiradsouwis ueyy

6 IOUSIY sem pyugag Jopun A7 FU0ZHoY O
sorads Suowre Fe[ruurs

8 30/ PON7 pue UAJ (WD ()]—() [I0S [BIUTA
L 39
SHUIXPL] PUE SHong) GEY) IOUSIY PUL
juoreambo A[eonsnels sem ssp pue ‘swuig

Dot 3PpUN UA7 (WD H—() [1OS [EIUIN
(9 3oy ‘paIsar 10U smauang)
pue suuzxvs) swrddsouwis3 ropun 1omo[

L9 42777 39pUN 189YSIY sem W7 1fUoziroy O
211s FyIoue 18 (359
-MO|) $13v,] pue (ISIUSIY) §#2a1) UIMIdq
eIpowlUl  o¥om  swirodsouwds (s
-MO] DU SEM p271) TS JAYIOUE 1 $919ads
Suowe Jeruirs 911s oUO e swradsouwds

o [Te Fopun JoysIy sem A7 wozmoy O
2)1s FYIoUE
Ve vINsopHasg  FOPUN 1SAYSBIY NS QU0

¥ 1€ vasi] JOPUN 1SAYSIY sem A7 wozmoy O
DSOUISU " DU “Vast ‘Snauan() FOPUN (Fe[TuUrs
PUE) JOMO[ Xup] PUT Suqois g Iopun

¢ 1s9y3Iy sem A7 :([eFoutwy pue ) wod (g doT,
SHUIXPL] FIPUN 1SIMO]
Dol IOPUN NVIPIWINUL $/q047s ‘g Iopun

C 389ySHy sea M7 (WD ¢1—() [0S [ERUIN
DSOUISaL "] FOPUN ISIMO] Vasi PUC vynpog
U2L7 JOPUN DIBIPIWIIUL ‘§/qodss ‘] Fopun

I 389ySy seas M7 (WD (1—() [0S [ERUIN

Sugsaals snui Saqy vag

SUpsayAs snus Sa1qv v

vSOUISAL SHUI ‘S91GD D]

SISUGIFIS VO]
5100 VN USHXUI VIISOPHIS
2820 UIM VINISOPNIS “Sa1qy Dl
vSouIsoL SHule] ‘S1qodis
SHULT So1qv DIt VPP Xuv [
SHGOAIS SHUL] 591Gy v

$11G0415 St
vsoussas Sl ‘vanjs vang

vympuad vingsg

vmpuad vjngag

WAL SHUINC)
VUDIAIUD SHUIXDL] UIIDGIIVS 42T}

QoL SHNC) vonpals suav,

QoL SHUINC) Vonpals suav,J

v SHAUINC)

votuvap(sunad snurxvl,J

vasfuldod pgag winavqavs sy

(09~) pueur]

(y2—€2) puruL]

(os [esout $H—gy) (vozwoy O
8¢—9¢) VSN “WHOX MON

(0g~) sprewuaq

(82) yrewua(q

(82) VSN ‘wIsuodsiy

(09) VSN 9noBEuo)

(6¢~) VSN “UIsuodsIn

0U2IJY (FON + YHN 9[qeoenxa = ™7

CUONEZI[EIOUNW TISONTT = “AJ) SINSIY

soods wiradsouwin

sopads wiradsorduy

(reof ‘uopenp) voneso|

Jswradsouwds pue swiadsoidue Apoom yroq apnppur 3eyd syuswradxs uopses vowwod It L AIiqereat uaSonu 10§ | 3|qel

© 2010 Blackwell Publishing Ltd/CNRS



Explaining the rise of angiosperms E3

Technical Comment

(yuoreambo Aqres
-OSORIS DI UDIYM) S/l PUC SHUDID]
UBY) sundo PUe Suaang) FOpUN IoU3dTy
1 seas A7 (WD (1)) [0S [EIRUIN
(¢1 3oy ‘parrodax 10U s pue smuang))
SHIp,J FOPUN ISAYSTY SeA "N (7] JOY)
erpowINul swiradsouwdS qim suiongy
JOpUN ISIMO[ PUB /5v,] JIPUN ISIYSIY
€1zl sean M7 §(wd 6—() 1o erauy
uozIoy y
U UT gyupag 32pUN 12ySIy
nq voziroy 2yl Ul soads
Suowre Feruurs sem N7 g pue
pynpag ¥2pUN (FE[IWS PUE) I2MO[
9SoUSIY SeA S7zst1] FOPUN PONT
:(suozmoy f pue ) [1OS [eIUIA
JoLe]
JOMO[ DU UT Zy47ag FIPUN IOYSITY
pue szofe] 1ead opprw pue
3oddn ur sopoads Suowe Jeruurs
Sem A7 9SIMO[ oY) vzl I
YR[IWTS QJOM SHUl PUC v]1jag
Z1 Jopun A7 :(1ead) wozioy O
WAy 03 uzoned owes
DG PUC SMpsaa)(s g IOPUN 1SIMO] puE
‘supndo PUe pjnjag FOPUN 1RIPIWINUT
Dadaqls g PUC Xur] IIpun 1soysy
) sea FON7 (WD 0[—() [0S [eIUIN
pyngag FOPUN 1SAYSTY seas N7
pue A (WD Z1—() [10S [V
SHUIg FIPUN 1SIMO]
PUE “wyijag FIPUN DIBIPIWINUL
DINISOpHIsT FOPUN 1SIYBIY
01 sem PN pue MA7 tfuozioy O

ppavy suii

nusnXUIM

DINSOPHIS ‘011v] Snulg ‘Sarqy vasiJ

DLojnos Sniut] Q‘ ISUIIILS DIt

SUSIS Snus “vItaqes
SHUl “So1qv DI PIMIGIS XUYT]

1SILX UM VINISOPHIS “DLU0JU0I SHULT

SyvpuIpII0 SHUvIV][

vywapof snauangy ‘soproyap supndo

vovdgad suaon() ‘voypap(s suv.Jy

nuuvulld vjngg

pnuasy smndog ‘vinpuad vjngsg

vaafuldrd vpimag

(1) VSN ‘epHold

(Gg) @ouerg

(57) wop3ury] paun

(Te—1¢) TBaqIg

(67) epeuv) “Brqunjo) Yspirg

0UIIPIY (FON + YHN o[qeioenxo = “a7
CUONEZI[EIOUIW  TISONTU = WA7) SIMsay

soads wiradsouwdny

sopads wiradsorduy

(3eaf ‘vonenp) uvoneso|

ponumuod | Q_QN._.

© 2010 Blackwell Publishing Ltd/CNRS



Technical Comment

E4 K. E. Mueller et al.

8101666 01 Saapstsorry “(L00T) "d'd I % A emopdy, [ ‘vdsyo10 “y O “Prapey) “f Foaoroyd “W UepSO “H'S DIqOH,

THTI=9¢TT “9¢ s Fo.] [ "ue) *(9002) S 9sof B HM 9T,

TLL=E9L ‘€9 “ws uog s (9007) [ FSuwy 3 [ ‘urpymeg “O “Awe-semnpy [ Twnoynon

BSI=IST Y9 “wg o wup” *(L00T) "0 Pupquie [ HeSury “g Swreudlg “I ‘PurISPg-uo) “[ TWnoynoy “I 9zuny| g ‘snoxy “g P[P,

TOTI=9STT Ty “1S 110§ versengy “(6007) "A'O ‘Ofefuay

“90L1-8691 0 527 0.1 [ #rD (000T) "HD P02 R "I ‘SewoyT, |

"LL6—S96 “T¢ “mquorg o1 105 *(6661) TV IPPUY[OWS R "0 PR

1S=SYy YT o5 Gymang o *(L661) TV FOPUL[OWS 3 O BB,

"CIE1-T0ET ‘L8 “Goyorry “(9002) "[L “foyed » “dg ‘sdimud,

THOI=SC01 ‘¢ “wogorgg 7oig 1295 “(1661) "['S BURd 2 "IN ‘SHIeH,

THOT—IE0T 0§ “waqoorgg 1oi 1795 “(86G61) T “TePIASIA

TSE—SHE 691891 7208 1171 *(S661) 'H DHoA 2 "M ‘Uossnwsey-punmey,

99616561 “9¢ w208 wg 1195 “(T661) "A VOS R 'S FoMOD,

"ST¢1 ‘O “awpurpy joref o “(1661) " OURUILA ¥ " “Lopjuig,

1TT1 €1 g wo.g o ur) ~(€861) W[ OmPI ® Q@[ Fqv “[ ‘FpgoyppeN,

"JSOMO[ O} 292q pUE “A7 1s9ySIy o Suraey 2onids A ‘SINST JUSIIIJIP PIPRIA woneqnoul (skep G) 1roys e Supmp wonnpp adojost £q pajenored A7

“JUNODDE OJUT

UM e} 9IOM SSEUW JOOY 3S9TOF UT SOIUIIDIFIP JT SPOOMPIEY JO JEU} O3 DANL[II 9SEIDUT 03 A[OYI] ST STOFIUOD JO A7 "ssewl [0S JO Joprw o1uesIo Jun 3od pajysodar arom A7 30 /pue “A7T
“(Surgump “3+9) JuowoFeurw 159307 Je[rwIs Sulary pue ‘sgunueld woiy paamop ‘Arwrxord osop ur ‘“Aydeisodor pue odA ros owes oy o SUIMOIF OFe Feurs

JO 9q ISNW SPUEIS :PIPN[IUT 2JOM LIILD [EUONIPPE SUIMO[O] dU3 19w Jey) spuels wirodsouwiis pue wirodsordue popnppul ey sarpis A[u() *((uoneziesour N, “8'9 ‘swio) Ariqe[reae
U2S0RIU AU} JO YdBI UT UaS0MU J0F Judwode[dor B se N, J91I] OU} PIsN OS[E A 7 2IEIS JO,| " UIPIES UOWWOD, PUL Snonpap, < Apoom, ‘swiiol usSontu oy jo swiro reanid Suraq
suondooxa) papniour a3om swiroy [eanyd 1sow YSnoyie ‘Wil YaIeas yoes Jo swiroy [eanid panrwo ey am £1A9Iq J0O,] 'SUORTWIOfSUEI) N[, J0 N 2[qEaSurydxa, 0 N 9[(EI0eNXI, JO
Liqerea N, 50 woneziesourw N, (INV [10S (INV ApPooa 30 901 (INV POOMPIEY JO J2JIU0D JO SNONPIdIP J0 U20335049 J0 wiradsouwAs 1o wiadsordue 1o saads 0 armmoouow
30 puels 3o vopeiue[d 10 UapIES vowwod, (7) ‘waSonu (INV [10S NV APooa 3O 2933 (JNIY POOMPIEY JO JOJJUOD JO SNONPIP JO UI2ISIAA Jo wiadsouwss o wiradsoridue
30 sapads (TN 23mmoouow 10 puels 3o uoneiue[d 10 Uapres uowwod, (1) :s9yd7eas aeredos M) UT S SUIMO[[OF o) SUISN SAIPNIS TULAI[DI PUY 03 90U JO qIA\ TST POsN o\ L
“K1Iqe[reA UoSOMNTU [10S JO SIIIPUT SE pasn a5am (EON] + "HN) U2S0MIU d[rIdLAXd Puk (SUONTANOUT MIs UT 30 AJ01eI0qP[ BIA) UONEZI[EIIUIU UISONIN 4

vaqns ()
IOpUN 1SOMO] wyjz] PUe ‘snurdiv’) Saqp”
vonpsopnasy  “ds  snur  xur qpesuaq

JOMO[ “nqos () PUE S#Ip] qeaUq 2BIp Xy Y

-QWIINUL Vi PUT pjnpag 3DPUN JOMO[ 121X UM O nqod smuang) vigvai(s suv.J

Apydns “ds uaps 3opun 1soySry sem vOISOpHas Sugsaais o ‘vAd Sl Supngoq  snurdivy  vppuad  vjngag
Sl A7 :([erouTwy pue () wo (g dog, 5190 v VHpLIp XUv] v $saqL” Snuviydopnasd - Saprouvipyd 4oy (¢¢—2¢) puerog
20U2I9J0Y (FON + YHN o2[qedenxo = ™57 soads wiradsouwdn sopads wradsorsuy (3eof ‘vopeinp) woneso|

SUONBZIPIdUI  UISONTT = A7) SISy

ponuzuod |, dlqer

© 2010 Blackwell Publishing Ltd/CNRS



Technical Comment Explaining the rise of angiosperms E5

Climate
N\
4 Photosynthesis \
+ Leaf-gas exchange
/- +1 60, + Hydraulic architecture
+ Stomatal sensitivity
Pollination & q
€ Seed dispersal + Insect/animal
5 facilitation g
S 2
) 3
£ G Seed gErMINAtion  e— k=2
s c
3 ©
3 T
> 7]
3 e Pests & pathogens m—————) g
E <
2 S
o < Herbivory ﬁ
— Chemical defenses -1CO,-|T

+ Leaf litter feedback?
+ Thin roots
+ Ectomycorrhizal fungi

Nutrient uptake & availability
+/— Root litter feedback?
Weathering rates?

+ Ectomycorrhizal
fungi (pinaceae)
— Leaf litter feedback?

+ Disturbance

Figure 1 A conceptual framework of the biotic and abiotic factors that influenced fitness and competitive interactions of Cretacecous
angiosperms and gymnosperms. Processes that have a positive impact on plant fitness are highlighted in blue and processes that have a
negative impact are highlighted in green. Differences in the width of arrows indicate where disproportionate effects of a given process on
Cretaceous angiosperms and gymnosperms are expected. Plant traits or abiotic factors controlling these disproportionate effects are labelled
next to the arrow of the relevant process; “+” or ‘-’ signs indicate the ditection of the modifying effect of those plant traits or abiotic factors.
Whete arrows have equal width, disproportionate effects are possible, but not currently hypothesized (to our knowledge). Climate and global
change can have direct, indirect, and unexpected effects on each aspect of plant fitness that are not shown. We highlight effects of the long-
term decline of CO, during the mid- to late-Cretaceous (as mediated by plant traits) as a more plausible explanation related to resource
acquisition than the nutrient feedbacks proposed by Berendse & Scheffer (2009). Decreasing CO, could directly favour non-basal
angiosperms via their higher leaf-gas-exchange capacity, which would reduce stomatal and CO, limitations on photosynthesis. Declining CO,
could also lead to increased leaf nitrogen concentrations and decreased temperature, both of which could reduce herbivory and indirectly
benefit angiosperms by releasing them from disproportionate top—down control by hetbivores. Other plant traits and their interactions with

environmental changes (e.g., climate change, tectonic activity, volcanism) were likely important but are not shown here.

root traits or fungal symbioses (Brundrett 2002). Thin, fast-
growing roots are more common within angiosperms and
can be superior for nutrient uptake relative to thick, slow-
growing roots of more ancient plants (Comas & Fissenstat
2009). Ectomycorrhizal fungi, which evolved independently
in the Pinaceae and several angiosperm lineages during the
Cretaceous, confer greater access to organic nitrogen than
the arbuscular mycorrhizal fungi of Jurassic and Cretaceous
gymnosperms (Brundrett 2002).

To justify their emphasis on nutrients, Berendse and
Scheffer suggest high atmospheric CO, during the Creta-
ceous would have reduced the role of water stress relative to
soil nutrients in limiting plant growth. Yet they do not
discuss the apparent long-term decline in atmospheric CO,
that dominates the Cretaccous and which may have
increased plant demand for water. To prevent reductions
in carbon assimilation under decreasing CO,, plants would
likely increase stomatal conductance and associated water
losses, favouring angiosperms with more responsive
stomata and greater capacity to conduct water (McElwain

et al. 2005; Brodribb & Feild 2010). Evolution of high leaf
vein density within non-basal angiosperms was likely a
critical step enabling increased carbon assimilation
(Brodribb & Feild 2010), particularly when coupled to
other advances in hydraulic atrchitecture and resource
acquisition by roots.

Given the abundance of hypotheses for the angiosperm
rise to dominance and the difficulty in testing them, each
hypothesis must be presented and evaluated in light of
alternatives and multiple aspects of plant fitness (Fig. 1). In
presenting their hypothesis, Berendse and Scheffer ignore
other factors that influence nutrient availability or uptake
and they overlook better-supported, competing hypotheses
(e.g. declining atmospheric CO, coupled with superior
angiosperm leaf-gas-exchange capacity), resulting in a
skewed perspective. As most hypotheses are based on trait
variation and competition among living plants, studies that
characterize the nature of Cretaceous plants are required,
including retrospective studies of the geologic record and
studies that map contemporary trait variation onto relevant

© 2010 Blackwell Publishing Ltd/CNRS
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branches and nodes of plant phylogenetic trees (Brodribb &
Feild 2010; Comas & Eissenstat 2009). Finally, as global
change has unexpected and variable consequences for biotic
interactions (Tylianakis e7 a/ 2008), future studies must
consider effects of Cretaceous global change (Brodtibb ez /.
2009), including the timing of global change events relative
to evolution of plant traits and community composition
(McElwain e al. 2005; Brodribb & Feild 2010).
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