UC Riverside
UC Riverside Electronic Theses and Dissertations

Title

Disentangling Physiological Factors Contributing to Liana Success Over Trees in Tropical
Forests: Nutrient Limitation of Photosynthetic Processes and the Role of Phylogeny

Permalink
https://escholarship.org/uc/item/5598w1fgq
Author

Pasquini, Sarah Cecilia

Publication Date
2017

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/55g8w1fg
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA
RIVERSIDE

Disentangling Physiological Factors Contributing to Liana Success Over Trees in
Tropical Forests: Nutrient Limitation of Photosynthetic Processes and the Role of
Phylogeny

A Dissertation submitted in partial satisfaction
of the requirements for the degree of

Doctor of Philosophy

Plant Biology

by

Sarah Cecilia Pasquini

September 2017

Dissertation Committee:
Dr. Louis S. Santiago, Chairperson
Dr. Michael F. Allen
Dr. G. Darrel Jenerette



Copyright by
Sarah Cecilia Pasquini
2017



The Dissertation of Sarah Cecilia Pasquini is approved:

Committee Chairperson

University of California, Riverside



Acknowledgements
The text of this dissertation, in part or in full, is a reprint of the material as it
appears in Pasquini, S.C., and L.S. Santiago. 2012. Nutrients limit
photosynthesis in seedlings of a lowland tropical forest tree species. Oecologia
168:311-319; and Pasquini, S.C., S.J. Wright, and L.S. Santiago. 2015. Lianas
always outperform tree seedlings regardless of soil nutrients: Results from a
long-term fertilization experiment. Ecology 96:1866-1876. The co-author Louis S.
Santiago listed in those publications directed and supervised the research which
forms the basis for this dissertation. The co-author S. Joseph Wright was the
Principal Investigator of the Gigante Fertilization Project at the STRI. | would like
to thank my dissertation committee members Louis Santiago, Michael Allen,
Darrel Jenerette. | also thank Jim Sickman and Dee Lucero for help with stable
isotope measurements. | would also like to thank Ted Garland for assistance with
the phylogenetic analyses. Many people provided field help and commented on
manuscripts, including Caroline DeVan, Katia Silvera, Hailey Buckingham, Mark
De Guzman, Alex Pivovaroff, Juan Carrion, Eric Griffin, Walter Carson, George
Vourlitis, and John Wenzel. Steve Hovick and Jonathan Pruitt provided statistical
advice. | also thank Omar Hernandez, Rufino Gonzalez, and David Brassfield at
STRI for field help. This research was funded by the Dept. of Botany and Plant
Sciences, a STRI Short-Term Fellowship, a UC Regent’s Faculty Fellowship
(Santiago), NSF (DEB- 07706813 to Santiago), and the Smithsonian Scholarly

Studies program (Wright).



Dedication
This dissertation is dedicated to my parents Richard and Margaret, my brother

Vincent, and Walter Carson.



ABSTRACT OF THE DISSERTATION

Disentangling Physiological Factors Contributing to Liana Success Over Trees in
Tropical Forests: Nutrient Limitation of Photosynthetic Processes and the Role of
Phylogeny

by

Sarah Cecilia Pasquini

Doctor of Philosophy, Graduate Program in Plant Biology
University of California, Riverside, September 2017
Dr. Louis S. Santiago, Chairperson

Trees and lianas are growth forms that account for the vast majority of the
plant biomass in tropical forests. There is now compelling evidence that lianas
are increasing in abundance relative to trees, particularly throughout Neotropical
forests. The mechanisms that underlie this increase in lianas remain poorly
understood. To address this knowledge gap, | asked: 1) To what degree is the
physiological performance of tree seedlings limited by soil macronutrients
(nitrogen, phosphorus, and potassium) within the deeply shaded habitats that
characterizes tropical forest understories; 2) Are seedlings of lianas more limited
by these macronutrients than seedlings of trees; and 3) Are photosynthetic and

leaf trait differences that exist in trees versus lianas caused by inherent growth-
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form differences or are they due to phylogenetic relatedness? This research
demonstrated that the addition of two key soil resources, nitrogen and potassium,
increased the photosynthetic performance of seedlings of an abundant tree
species, Alseis blackiana, even in deep shade. Surprisingly, while seedlings of
lianas and trees were limited to a similar degree by soil nutrients, lianas always
out-performed trees in terms of their photosynthetic performance, regardless of
nutrient addition. Moreover, my analyses demonstrated that lianas, as a distinct
growth-form, had increased rates of photosynthesis and respiration versus trees.
Nonetheless, a suite of other traits that were thought to clearly distinguish the
liana growth-form from trees (low LMA and high foliar nitrogen), were determined
to be due to phylogeny. Together, these findings provide a potential mechanistic

basis for increases in liana abundance in the Neotropics.
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Chapter 1: Light and nutrient limitation of trees and

lianas

Background

It is generally assumed that woody plant species growing in the
understories of tropical forests are limited by light and not soil resources (Pearcy
1988, Hattenschwiler 2002). Evidence for this assumption is largely based on pot
studies where there is no belowground competition and pots may have affected
roots (Yavitt and Wright 2008). Oddly, this assumption has been tested in the
field only a few times, and any such generalization requires a rigorous
experimental evaluation. Whereas there is no doubt that light in the understory is
limiting to most of these plant species, the degree to which soil resources are
also limiting or co-limiting remains unknown. To date, the studies that have
evaluated the degree to which soil resources are limiting have focused on
resource limitation by entire communities, and in particular, those tree species
that are in the canopy. This focus on the canopy ignores the critical dynamics
that occur in the understory that ultimately determine which species make it to
the canopy. Currently, it remains unclear if the soil resources that limit growth for
trees in the canopy are the same soil resources that limit growth in the shaded
understory. To my knowledge there are only eight studies that have evaluated
soil resource limitation of photosynthesis or growth under low-light conditions

(<5% daylight photosynthetically active radiation; PAR) in situ within the



understory of tropical forests (Denslow et al. 1990, Denslow et al. 1991, Coomes
and Grubb 1998, Lewis and Tanner 2000, Hattenschwiler 2002, Newbery et al.
2002, Barberis and Tanner 2005, Yavitt and Wright 2008), and only two of these
considered resource limitation separately among the macronutrients (nitrogen:
Coomes and Grubb 1998, phosphorus: Newbery et al. 2002). Essentially this
means we do not know if macronutrients (i.e., nitrogen: N, phosphorus: P,
potassium: K) typically limit growth in the understory, more less which ones or
which combinations. Additionally, there are two major and contrasting life forms
in tropical forests that make up the bulk of community biomass: lianas and trees.
While it is well known that trees dominate tropical forests, it is less appreciated
that lianas can constitute 10% of total plant biomass and 10-45% of woody
individuals and species (Rollet 1969, Putz 1984, Schnitzer 2005, Gentry 2009).
Overall, we have little knowledge of whether soil resource limitation differs
between these two dominant groups. The goal of my research is to fill these
knowledge gaps by experimentally evaluating which soil resource or resource
combination limits plant growth in the understory. Furthermore, | will evaluate
whether resource limitation differs between the two plant growth forms that
dominate tropical forests.

Studies from around the world are demonstrating that lianas are
increasing in abundance in tropical forests worldwide (Phillips et al. 2002, Wright
et al. 2004, Wright and Calderdn 2006, Swaine and Grace 2007, Chave et al.

2008). This may be occurring at the expense of tree species. Understanding why



any species or group of species is increasing in abundance requires an
understanding of the resources that limit their growth. For example, the increase
in the abundance of lianas may be linked to the atmospheric deposition of N in
tropical regions, but this is likely to be true only if N limits plant growth.

Lianas parasitize trees and reduce their performance, and thus, any
increase in abundance of lianas is likely to reduce the abundance and potentially
the diversity of tree species. Indeed, in a tropical forest in Panama, Schnitzer and
Carson (2010) provided the first-ever experimental evidence in situ that lianas
reduce tree growth, density, and diversity. Their findings were consistent with
many previous correlative studies that provided evidence that lianas could out-
compete trees at least in some habitats and among the species studied. While
there is now compelling evidence that lianas are better competitors than trees,
our understanding of the physiological basis for this remains rudimentary. Thus,
there are a number of critical gaps in our understanding of the performance of
trees and lianas in the understories of tropical forests. These gaps in our
understanding lead to the following questions about the performance of woody
species in tropical forest understories:

1. Do resources other than light limit the growth of woody species, and if

so, which resources or resource combinations (e.g., N vs. P vs. K)?

2. Are lianas limited more, in terms of photosynthetic processes, by soil

resources than trees?



3. Is there a phylogenetic signal to physiological trait differences between

trees and lianas?

These questions address fundamental issues in tropical forest ecology
because it remains unknown whether resources other than light are limiting in
tropical forest understories, whether this limitation contrasts between key life-
forms (trees versus lianas), and whether we can identify physiological trade-offs
that promote liana growth over tree growth.

| address the first question (Do resources other than light limit the growth
of woody species, and if so which resources or resource combinations in very
low light?) in Chapter 2 where | present findings from a long-term, full-factorial
NPK fertilization experiment in lowland tropical forest in Panama. This study was
published in 2012 (Pasquini and Santiago 2012) in Oecologia and found that
even in low light, seedlings of the tree Alseis blackiana increased rates of various
photosynthetic processes in response to N, P, K, and a combination of P and K.

| address the second question (Are lianas limited more, in terms of
photosynthetic processes, by soil resources than trees?) in Chapter 3 where |
show that in the same NPK fertilization experiment in Panama, that liana
seedlings outperformed tree seedlings in terms of photosynthetic performance
regardless of nutrient addition. This study was published in 2015 (Pasquini et al.
2015) in Ecology.

The third question (/s there a phylogenetic signal to physiological trait

differences between trees and lianas?) is addressed in Chapter 4 where | show



that while lianas and trees differ in key photosynthetic and leaf traits, that when
phylogeny is incorporated into analyses, some differences between lianas and
trees are attributed to evolutionary history (i.e., plant families that lianas and
trees are found in) rather than inherent differences between the growth forms. A
subset of these data were published as a non-phylogenetic comparison between

trees and lianas in a 2015 book chapter (Santiago et al. 2015).
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Chapter 2: Nutrients limit photosynthesis in seedlings of

a lowland tropical forest tree species

Published as: Pasquini, SC and LS Santiago. 2012. Nutrients limit
photosynthesis in seedlings of a lowland tropical forest tree species. Oecologia

163:311-319.

Abstract

We investigated how photosynthesis by understory seedlings of the
lowland tropical tree species Alseis blackiana responded to 10 years of soll
nutrient fertilization with nitrogen (N), phosphorus (P), and potassium (K). We ask
whether nutrients are limiting to light and CO,, acquisition in a low light understory
environment. We measured foliar nutrient concentrations of N, P, and K, isotopic
composition of carbon (8'*C) and nitrogen (8'°N), and light response curves of
photosynthesis and chlorophyll fluorescence. Canopy openness was measured
above each study seedling and included in statistical analyses to account for
variation in light availability. Foliar N concentration increased by 20% with N
addition. Foliar P concentration increased by 78% with P addition and decreased
by 14% with N addition. Foliar K increased by 8% with K addition. Foliar §">C
showed no significant responses, and foliar 8'°N decreased strongly with N
addition, matching the low 8"°N values of applied fertilizer. Canopy openness
ranged from 0.01 to 6.71% with a mean of 1.76 £ 0.14 (x1SE). Maximum

photosynthetic CO,, assimilation rate increased by 9% with N addition. Stomatal



conductance increased with P addition and with P and K in combination.
Chlorophyll fluorescence measurements revealed that quantum yield of
photosystem Il increased with K addition, maximum electron transport rate
trended 9% greater with N addition (p = 0.07), and saturating photosynthetically
active radiation increased with N addition. The results demonstrate that nutrient

addition can enhance photosynthetic processes, even under low light availability.

Introduction

The understory environment in forests with tall trees and a thick canopy
are among the darkest habitats occupied by vascular plants. Within these
habitats, light availability is limited to low levels of diffuse light most of the time,
interspersed by short-duration, high-intensity lightflecks (Chazdon 1988, Pearcy
1988). Because the energy provided by lightflecks is one to two orders of
magnitude greater than the predominant diffuse light conditions, up to 65% of the
total photosynthetic carbon gain of understory plants can be achieved during
lightflecks (Pfitsch and Pearcy 1989). As a result, photosynthesis in forest under-
story environments is considered to be primarily limited by light (Pearcy 1988).
However, plant allocation to carbon gain capacity reflects total resource
availability (Field 1991), so belowground resources could co-limit photosynthesis,
even in low light. If nutrients were limiting to plant growth, and limitation were
alleviated by frequent fertilization, investment in plant organs to acquire limiting

resources could change, favoring allocation to enhance the light and CO,

acquisition capacity of leaves (Bloom et al. 1985, Giardina et al. 2003, Bucci et



al. 2006). This study addresses photosynthetic responses of seedlings of the
shade-tolerant pioneer tropical tree species, Alseis blackiana, to long-term
factorial fertilization with nitrogen (N), phosphorus (P), and potassium (K) in a
lowland tropical forest.

Leaf N is a strong determinant of photosynthesis (Field and Mooney 1986,
Wright et al. 2004), primarily because the proteins of the Calvin cycle and
thylakoids make up the majority of N in leaves. N addition in shade plants is
expected to increase N allocation toward proteins of the thylakoid membrane of
the chloroplast, including the pigment—protein complexes and components of the
electron transport chain (Evans 1989). N addition could also increase the

maximum rate of CO, assimilation (A__ ), because carboxylation capacity and

electron transport are tightly coupled (Wullschleger 1993). Leaf P is a component
of polyphosphates and phospholipids and is necessary for activity of the Calvin
cycle and rubisco regeneration (Marschner 1995), and thus P addition has been
shown to stimulate A__ , but reduce A__ per unit leaf P (Cordell et al. 2001),
because of the ability of leaves to sequester large amounts of P in vacuoles
(Sinclair and Vadez 2002, Ostertag 2009). K+ is the most abundant ion in plant
cells and is critical for numerous biochemical functions including osmoregulation,
photosynthesis, cell extension, oxidative phosphorylation and protein activation
(Evans and Sorger 1966, Morgan 1984, Marschner 1995, Santiago and Wright
2007). Therefore, K addition has the potential to increase photosynthesis through

efficient biochemistry and stomatal control. In addition, enhanced N, P and K

10



supply have all been linked to increased water use efficiency of plant productivity
(Raven et al. 2004). Therefore, nutrient addition has the potential to increase the
carbon gain capacity of understory plants by increasing efficient use of limited
light resources.

Limitation of plant growth by N and P is widespread, and has most often
been demonstrated experimentally as a positive growth response to nutrient
addition (Vitousek 2004). Relative to N and P, less is known regarding K-
limitation, but recent explorations suggest that the role of K in forest ecosystems
is unique, and has closer similarity to N than other base cations (Tripler et al.
2006). At the site of the study reported in this paper, seedlings primarily increase
height growth in response to K addition, and secondarily with N and P added in
combination (Santiago et al. 2012). Saplings (10-25 mm diameter) increase
diameter growth with N and K added in combination (Wright et al. 2011). The
growth response of seedlings and saplings to added nutrients suggests two
possibilities. The first possibility is that these plants grow more in response to
added nutrients by allocating less photosynthate to root growth, which causes an
increase in above-ground growth. Consistent with this hypothesis, at the site of
this study, seedling root-to-shoot biomass ratio decreases with K addition
(Santiago et al. 2012), and K addition decreases stand-level fine root biomass
(Yavitt et al. 2010, Wright et al. 2011). The second possibility is that increased
nutrient supply provides a resource that may be used to increase the uptake of

another limiting resource such as light (Fahey et al. 1998).
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In this paper, we investigate the second possibility. We present
photosynthesis data in response to long-term N, P, and K factorial fertilization in
lowland Panama to test the question of whether nutrient addition increases

acquisition of light and CO,, which are also limiting in the low light environment of

the tropical forest understory. We hypothesized that N, P, and K fertilization all
had the potential to limit aspects of photosynthetic carbon gain. The alternative
hypothesis is that plants would be unresponsive to nutrient addition in the
understory because there is not enough light energy to physiologically take

advantage of the increase in nutrient availability.

Materials and Methods
Study site and species

The study was conducted in mature (~200 years) lowland tropical forest
on the Gigante Peninsula (9°06°31” N, 79°50’ 37” W), within the Barro Colorado
Nature Monument (BCNM) in central Panamanian moist tropical forest (Appendix
A: Fig. A1). Annual precipitation averages 2,600 mm, less than 10% of which
falls during the 4-month dry season. The soils consist of Endogleyic Cambisols
and Acric Nitisols (Koehler et al. 2009), and are relatively fertile for lowland
tropical forest soils (Fyllas et al. 2009, Dieter et al. 2010, Wright et al. 2011).

The study species was A. blackiana Hemsl. (Rubiaceae), one of the most
common tree species at the site. Alseis is a medium-sized forest tree growing
just into the canopy and is one of the most common canopy species in

seasonally moist tropical forest in central Panama (Croat 1978). Alseis recruits

12



from tiny, wind-dispersed seeds exclusively in canopy gaps, but unlike other
pioneer tree species, it is able to persist in the shaded understory (Dalling et al.
2001).

Experimental design

The eight treatments of a 2 x 2 x 2 factorial NPK experiment were
replicated four times. The four replicates were arranged perpendicular to the 36-
m topographic gradient. Within each replicate, we blocked the N, P, K and NPK
treatments versus the NP, NK, PK and control treatments. This balanced,
incomplete-block design minimizes uncontrolled error associated with spatial
variation, enables evaluation of main effects and two-way interactions, but limits
power to evaluate the three-way interaction (Winer et al. 1991). The 32
experimental plots were 40 x 40 m and the minimum distance between plots was
40 m, with the exception of two plots separated by 20 m and located on opposite
sides of a stream.

Stand-level fertilization was initiated in 1998, with fertilizer added by hand
in four equal doses each wet season with 6—-8 weeks between applications (May
15-30, July 1-15, September 1-15 and October 15-30). Fertilizers are applied at
annual dosages of 125 kg N ha™ year™” (as urea), 50 kg P ha™ year™ (as triple
super-phosphate) and 50 kg K ha™ year™ (as KClI).

Photosynthetic traits
During the wet season of 2008 (July—August), photosynthetic gas

exchange and chlorophyll fluorescence were measured on 1-9 (median = 5)

13



individuals in each plot for a total of 146 plants. A total of 16—20 seedlings <0.5 m
height in each of the eight treatment combinations were measured. We
characterized photosynthesis with fluorescence-light curves (White and Critchley
1999, Rascher et al. 2000) simultaneously measured with CO, assimilation using
a portable infrared gas analyzer (Model LI-6400; Li-Cor Biosciences, Lincoln, NE,
USA) equipped with a leaf chamber chlorophyll fluorescence meter and red/blue
light source (Model LI-6400-40; Li-Cor Biosciences). Leaves were dark adapted
for 30 s before an initial measurement was taken at 0 umol m? s™ photon flux
density (PFD). Irradiance was then increased in a stepwise fashion (10, 50, 70,
100, 250, 500, 750, 1,000 umol m? s™" PFD). At each PFD, photosynthetic CO;
assimilation (A), stomatal conductance to water vapor (gs), leaf transpiration (E),
and chlorophyll fluorescence were recorded once leaves reached steady-state
values, defined as coefficients of variation of CO, and water vapor within the
chamber of <0.25% (Caruso et al. 2005).

Electron transport rate (ETR) was calculated based on chlorophyll
fluorescence data using the equation:

ETR=®ps - PFD - -

where ETR is electron transport rate, ®pg) is the effective quantum yield of PSII
measured during a 0.8-s saturating flash (2,000-3,000 umol m?s™), fis a factor
that accounts for the partitioning of energy between PSIl and PSI and is
assumed to be 0.5, indicating that excitation energy is distributed equally

between the two photosystems (Maxwell and Johnson 2000), and a is the
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proportion of light absorptance by photosynthetic tissue in decimal format and
was assumed to be 0.84 as a mean value for a wide variety of leaves (Bjorkman
and Demmig 1987, Stemke and Santiago 2011).

Following photosynthetic measurements, leaves were harvested, sealed in
plastic bags, and returned to the laboratory on Barro Colorado Island where their
area was recorded with an area meter (Model LI-3100; Li-Cor Biosciences).
Leaves were then dried for 48 h at 60°C and weighed to determine specific leaf
area (SLA; cm?/qg).

Leaf and fertilizer chemistry

Dried leaf samples were ground in a ball mill (8000D; Spex Sample Prep,
Stanmore, UK) to a fine powder. Samples of each of the four applications of urea
nitrogen fertilizer per year from 2004 to 2008 were pooled and ground with a
mortar and pestle. N concentration, as well as stable isotopic composition of N
(8"°N) and C (8"°C) were determined with an elemental analyzer (ECS 4010;
Costech, Valencia, CA, USA) interfaced with an isotope ratio mass spectrometer
(Delta V Advantage; Thermo Scientific, Bremen, Germany) at the University of
California Facility for Isotope Ratio Mass Spectrometry (FIRMS), Riverside, CA,
USA. Leaf P and K were determined on pooled samples from each plot using
inductively coupled plasma atomic emission spectroscopy after nitric acid

digestion at the University of California Analytical Laboratory, Davis, CA, USA.
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Light availability

Hemispherical photographs were used to quantify the light environment for
each plant measured for fluorescence-light response curves. Photographs were
taken using a digital camera (Coolpix 4500; Nikon, Japan) and a fisheye
converter lens (FC-E8; Nikon) with an exposure time of 1/125 s and aperture of
2.8 (Engelbrecht and Herz 2001). The camera was positioned at each
measurement plant at approximately the height of the measured leaf and
oriented toward magnetic north using a compass. All photographs were taken
with overcast skies, common during the wet season in Panama, to maximize
contrast between foliage and sky. Determination of percent direct and diffuse
light transmittance from hemispherical photographs was accomplished with the
Gap Light Analyzer program (Frazer et al. 1999) and used to calculate total light
transmittance (Tiota)-

Data analyses

The maximum A for each curve (Amax), the gs and E at Amax, the maximum
observed ETR (ETRmax), and ®pg; at 1,000 umol m? s™ PFD were used to
evaluate the effects of nutrient fertilization on photosynthesis. Saturating
photosynthetically active radiation (PFDsat) was calculated by evaluating ETR as
a function of PFD in Photosynthesis Assistant (ver. 1.1; Dundee Scientific,
Dundee, UK). Multiple regression analysis of photosynthetic parameters for
individual leaves was used to analyze responses to nutrient addition. Total

transmittance of each measurement leaf was included in the multiple regression
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model to account for variation in canopy openness above each leaf because
allocation to photosynthetic capacity responds strongly to light availability
(Montgomery and Givnish 2008) and because light is extremely heterogeneous
in tropical forest understory environments (Montgomery and Chazdon 2001).
Responses of foliar chemistry to nutrient addition were analyzed using ANOVA
on mean values for plots with nutrient main effects, two-way interactions, and

blocking effects.

Results
Photosynthetic traits
The multiple regression analysis revealed that all photosynthetic traits

except for gg and cj were significantly affected by Tita (Table 2.1). Mean SLA

decreased with N addition and increased with addition of N and P in combination
(Tables 2.1 and 2.2). Values of Anax increased significantly by 9% with N addition
(Fig. 2.1A; Table 2.1). Values of gs increased significantly by 14% with P addition
(Fig. 2.1B) and trended 9% greater with K addition (Table 2.1). There was also a
significant P x K interaction for gs (Table 2.1), indicating an increase in gs when P
and K were added in combination. There was a significant increase in ¢; with K
addition, and with P and K in combination (Table 2.1). P addition caused a
significant increase in E, but there was also an N x P interaction, indicating that N
and P in combination caused a decrease in E (Fig. 2.1C). The mean PFD at
which Amax Was observed was 832 umol m? s™, but there was no effect of

nutrient addition (P = 0.14).
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ETRmax trended 9% greater with N addition (P = 0.07) (Fig. 2.2A; Table
2.1). The mean PFD at which ETRmax Was observed was 436 umol m? s™, but
there was no effect of nutrient addition (P = 0.24). PFDs,t showed a significant
increase with N addition (Fig. 2.2B; Table 2.1). There was a significant increase
in dpg;; with K addition (Table 2.1), and a significant N x K interaction on ®pg;
because N and K added in combination caused a decrease in ®pg) (Fig. 2.2C).
There was significant correlation between Anax and ETRmax across all seedlings
demonstrating the functional interdependence of these two independently
measured variables (Fig. 2.3).

Leaf structure and chemistry

Foliar nutrient concentration responded strongly to nutrient addition. Foliar
N concentration increased by 20% with N addition (Fig. 2.4A) and was not
affected by other elements (Table 2.3). Foliar P concentration increased by 78%
with P addition and decreased by 14% with N addition (Table 2.3; Fig. 2.4B).
There was also a significant N x K interaction on foliar P concentration (Table
2.3), indicating that N and K in combination decreased foliar P concentration by
11% below control values (Fig. 2.4B). Foliar K increased 8% with K addition
(Table 2.3; Fig. 2.4C). Foliar 8'>C showed no significant responses to nutrient
addition (Fig. 2.4D). Foliar 8"°N decreased strongly with N fertilizer addition
(Table 2.3; Fig. 2.4E), consistent with the low urea fertilizer 8'°N values of -1.86%
+ 0.10 (+1 SE), relative to soil 8"°N values of +4.86% + 0.52 at 0-5 cm depth in

control plots (Koehler et al. 2009).
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Discussion

The results of this long-term factorial nutrient fertilization experiment
indicate that multiple elements limit photosynthetic processes in seedlings of a
tropical tree species. There is a clear effect of added N on photosynthesis that
includes increased Amax and PFDsggt, and a parallel trend in ETRax. These results
suggest that increased N supply is allocated to enzymes of the light harvesting
complex and carboxylation reactions. Other significant responses of
photosynthetic processes to nutrient addition include a strong effect of P, and to
a lesser extent K, on gs indicating that stomatal function may be limited by
nutrient availability and important for maximizing carbon gain in light-limited
environments with rapidly changing light conditions (Chazdon and Pearcy 1986,
Valladares et al. 1997). Our results also indicate that enhanced photosynthesis
may play a role in the increased growth of tree seedlings, saplings and poles in
response to fertilization measured at this study site (Wright et al. 2011, Santiago
et al. 2012). The increase in height growth of seedlings in response to K
addition, and to N and P added in combination is consistent with limitation of
photosynthesis by multiple elements measured in this study. In addition to
decreased root biomass with K addition, the increased Amax with N addition and
increased gs with P addition may contribute to positive effects of N and P on
seedling height growth.

The larger increase in foliar P compared to foliar N with fertilization is

consistent with other fertilization experiments in tropical (Cordell et al. 2001,
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Campo and Dirzo 2003). In addition to increases in foliar nutrients that are
allocated to metabolic function, Chapin et al. (1990) recognize three types of
storage: accumulation, in which compounds do not directly promote growth,
reserve formation, which involves synthesis of storage compounds from
resources that might otherwise promote growth, and recycling, in which
compounds are broken down and may be mobilized for later growth. A greater
degree of accumulation is expected for elements stored primarily as inorganic
compounds such as P and K (Chapin et al. 1990). In contrast, reserve formation
is likely for elements stored primarily as organic compounds such as N, which is
not commonly stored as inorganic N in leaves but rather stored in forms such as
amino acids or proteins, thus incurring a metabolic cost for storage (Chapin et al.
1990, Ostertag 2010). Inorganic P on the other hand can be stored in vacuoles
and can make up substantial fractions of total plant P (Sinclair and Vadez 2002,
Ostertag 2009). Our results are consistent with these predictions for N and P;
increases in foliar P were much greater than increases in foliar N with addition of
the same element (Fig. 2.4A-B). Foliar P also decreased with N addition. N
addition in the same long-term fertilization experiment reduced soil pH by 0.5 pH
units (Yavitt et al. 2010), which may have affected the solubility of P or other
elements. Foliar K increased by 8%, which was more modest than expected for
an element that can be stored inorganically. Yet the significant effect of K on ®pg),
(Fig. 1.2C) and the combined effect with P on gs (Table 2.1), suggest that

increased foliar K was allocated to metabolic function. Our results indicate that
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substantial physiological changes accompany increases in foliar nutrient
concentration and that altered physiological function may be related to previously
reported growth responses of seedlings, saplings and poles, as well as changes
in litterfall productivity at this study site (Kaspari et al. 2008, Wright et al. 2011,
Santiago et al. 2012).

The response of Amax to nutrient addition is consistent with other studies
investigating fertilization effects on tropical tree seedlings in low light. For
example, seedlings of Flindersia brayleyana, an Australian tropical rainforest tree
species with broad tolerance to sun and shade, increase Amax and PFDgg in
response to nutrient addition (Thompson et al. 1988). In addition, nutrient
addition causes an increase in Amax in seedlings of two out of three shade-
tolerant tree species and one shade-intolerant tree species (Thompson et al.
1992). Furthermore, nutrient addition causes an increase in Amax in West African
tree seedlings (Riddoch et al. 1991). Although the studies by Thompson et al.
(1988, 1992) and Riddoch et al. (1991) showed similar results to our data, their
low light treatments (25-35 umol m? s PFD) likely had greater light availability
than our study plants, whose ambient irradiance during our measurements, as
recorded by the external PFD sensor on our infrared gas analyzer, was 6.7 umol
m?s” +0.5 (+1SE). Another difference between the studies by Thompson et al.
(1988, 1992) and Riddoch et al. (1991) and the current study is that they added

all elements together in nutrient treatments, limiting the potential to determine
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which elements affected photosynthetic processes. Our factorial design allowed
us to distinguish elemental effects and interactions.

We expected allocation of increased N supply to thylakoids to increase
ETR in N addition treatments (Evans 1989). Indeed, ETRax trended 9% greater
with N addition (Fig. 2.2A; Table 2.1), but the most noteworthy response of
photosynthesis to N addition was the increase in Amax (Fig. 2.1A). The positive
linear relationship between Amax and foliar N concentration has been well studied
(Field and Mooney 1986, Wright et al. 2004), and our measured response of Amax
to N addition demonstrates that even in a tropical forest with relatively high N
availability (Yavitt et al. 2009), plants can use more N to enhance photosynthetic
rates. The strong increase in gs in response to P addition and interaction with K
addition was also striking (Fig. 2.1B; Table 2.1), and suggests that the efficiency
of stomatal responses to changing light conditions are co-limited by P and K. The
role of K in guard cell control and osmoregulation is well documented (Morgan
1984, Marschner 1995), and consistent with increased gs and increased carbon
gain during short-duration high-intensity lightflecks. Detailed molecular
physiology studies are needed to sort out the precise mechanisms for the
observed photosynthetic responses to nutrient addition.

The responses of photosynthetic processes to N, P, and K are consistent
with the multiple limiting nutrients hypothesis (Bloom et al. 1985), which
postulates that the addition of any resource should increase plant growth

because plants adjust allocation of resources until growth is equally limiting by all
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resources. Interestingly, we observed relatively small effects of the +NPK
treatment, suggesting that although multiple resources limit photosynthetic
processes in this study system, individual processes often respond to specific
elements. Numerous studies have investigated the effects of nutrient addition on
ecosystem net primary productivity (Vitousek 2004 and references therein).
Incorporating a physiologically based view into these processes will improve our
ability to predict the effects of environmental change on ecosystem function.
Nutrient limitation of photosynthetic processes could be important for mediating
plant responses to global change and may represent an important constraint for
plant responses to increasing CO2 concentration and alterations of temperature

and precipitation regimes.
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Table 2.1. Multiple regression results of nitrogen (N), phosphorus (P), and
potassium (K) fertilization effects on leaf physiological parameters for Alseis
blackiana in lowland tropical forest in Panama.

Factor SLA Amax Os Ci E ETRmax PFDsat  ®pgy
Overall model <0.001 0.022 <0.005 <0.001 <0.001 <0.001 <0.001 <0.001
Tiotal 0.021 0.042 0.217 0.419 0.040 <0.001 <0.001 <0.001
N 0.039 0.054 0.512 0.242 0.916 0.070 0.054 0.706
P 0.920 0.091 =<0.001 0.077 0.018 0.852 0.741 0.961
K 0.364 0.241 0.075 <0.005 0.696 0.951 0.946 0.038
NxP 0.043 0.511 0.121 0.879 0.014 0.375 0.225 0.088
N x K 0.645 0.193 0.615 0.150 0.553 0.482 0.606 0.053
P xK 0.810 0.214 <0.005 0.022 0.293 0.768 0.619 0.848

P-values are presented for the overall model, as well as main effects and
interactions. Total canopy light transmission above seedling specific leaf area
(SLA), maximum photosynthetic CO, assimilation rate per area (Amax), stomatal
conductance at maximum photosynthesis (gs), internal CO2 concentration (c;),
transpiration at maximum photosynthesis (E), maximum electron transport rate
(ETRmax), saturating photon flux density (PFDsa), and quantum vyield of
photosystem Il (®ps);). Bold values are significant at P < 0.05.
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Table 2.2. Summary of significant effects of fertilization with nitrogen (N),
phosphorus (P), and potassium (K) on specific leaf area (SLA) for seedlings of
Alseis blackiana in lowland tropical forest in Panama.

Treatment SLA

+N 431.5+6.8
-N 451.5+6.8
+N and P 459.5 +16.1
-N and P 438.3+9.4

Treatments include all plots receiving N addition (+N), no N (-N), N and P in
combination (+N and P), and plots that did not receive N and P in combination (-
N and P). See Table 2.1 for complete statistical results.
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Figure 2.1. Responses of A maximum CO, assimilation per leaf area (Amax), B
stomatal conductance (gs) to water vapor at Amax, and C leaf transpiration (E) at
Amax Of seedlings of the tree species Alseis blackiana to factorial addition of
nitrogen (N), phosphorus (P), potassium (K), and control (C) treatments in the
understory of lowland tropical forest in Panama.
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Figure 2.2. Responses of A maximum electron transport rate (ETRmax), B
saturating photosynthetic photon flux density (PFDsat), and C effective quantum
yield of photosystem Il (®pg) ) at 1,000 umol m?s” PFD of seedlings of the tree
species Alseis blackiana to factorial addition of nitrogen (N), phosphorus (P),
potassium (K), and control (C) treatments in the understory of lowland tropical
forest in Panama.
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Figure 2.3. Maximum photosynthetic CO, assimilation per leaf area (Amax) as a
function of maximum electron transport rate (ETRmax) for 146 seedlings of the
tree species Alseis blackiana in a factorial fertilization experiment with nitrogen
(N), phosphorus (P), potassium (K), and control (C) treatments in the understory
of lowland tropical forest in Panama.
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Figure 2.4. Responses of foliar concentrations of A nitrogen (N), B phosphorus
(P), C potassium (K), and isotopic concentration of D carbon (8'°C) and E
nittogen (8'°N) of seedlings of the tree species Alseis blackiana to factorial
addition of N, P, K, and control (C) treatments in the understory of lowland
tropical forest in Panama.
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Chapter 3: Lianas always outperform tree seedlings
regardless of soil nutrients: Results from a long-term

fertilization experiment

Published as: Pasquini, SC, SJ Wright, and LS Santiago. 2015. Lianas always
outperform tree seedlings regardless of soil nutrients: Results from a long-term

fertilization experiment. Ecology 96:1866-1876.

Abstract

Lianas are a prominent growth form in tropical forests, and there is
compelling evidence that they are increasing in abundance throughout the
Neotropics. While recent evidence shows that soil resources limit tree growth
even in deep shade, the degree to which soil resources limit lianas in forest
understories, where they coexist with trees for decades, remains unknown.
Regardless, the physiological underpinnings of soil resource limitation in deeply
shaded tropical habitats remain largely unexplored for either trees or lianas.
Theory predicts that lianas should be more limited by soil resources than trees
because they occupy the quick-return end of the “leaf economic spectrum,”
characterized by high rates of photosynthesis, high specific leaf area, short leaf
life span, affinity to high-nutrient sites, and greater foliar nutrient concentrations.
To address these issues, we asked whether soil resources (nitrogen: N,
phosphorus: P, and potassium: K), alone or in combination, applied

experimentally for more than a decade would cause significant changes in the
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morphology or physiology of tree and liana seedlings in a lowland tropical forest.
We found evidence for the first time that P limits the photosynthetic performance
of both trees and lianas in deeply shaded understory habitats. More importantly,
lianas always showed significantly greater photosynthetic capacity, quenching,
and saturating light levels compared to trees across all treatments. We found
little evidence for nutrient x growth form interactions, indicating that lianas were
not disproportionately favored in nutrient-rich habitats. Tree and liana seedlings
differed markedly for six key morphological traits, demonstrating that architectural
differences occurred very early in ontogeny prior to lianas finding a trellis (all
seedlings were self-supporting). Overall, our results do not support nutrient
loading as a mechanism of increasing liana abundance in the Neotropics. Rather,
our finding that lianas always outperform trees, in terms of photosynthetic
processes and under contrasting rates of resource supply of macronutrients, will
allow lianas to increase in abundance if disturbance and tree turnover rates are

increasing in Neotropical forests as has been suggested.

Introduction

Lianas and trees are the two dominant plant growth forms in tropical
forests, and there is a growing body of evidence suggesting that lianas are
increasing relative to trees in Neotropical forests (Phillips et al. 2002, Benitez-
Malvido and Martinez-Ramos 2003, Wright, S.J. et al. 2004, Chave et al. 2008,
Foster et al. 2008, Schnitzer and Bongers 2011, Yorke et al. 2013, Schnitzer

2015). We are not sure why. Regardless, these increases in liana abundance will
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almost certainly have important consequences for forest biodiversity and global
carbon budgets (Bunker et al. 2005, Schnitzer and Carson 2010, Schnitzer and
Bongers 2011, Schnitzer et al. 2014). Indeed, Schnitzer and Carson (2010) and
Schnitzer et al. (2014) demonstrated unequivocally that when lianas increase in
abundance and displace trees, forest-wide aboveground carbon storage can be
reduced by as much as 18%. While exceptions exist, lianas are typically a fast-
growing, light-limited growth form associated with high light, nutrient-rich, and
disturbed habitats, including forest edges, canopy gaps, and logged forests (Putz
1984, Schnitzer et al. 2000, Schnitzer and Carson 2010). Moreover, they can
represent more than a third of all woody species in tropical forests (Pérez-
Salicrup et al. 2001, Gentry 2009, Schnitzer et al. 2012).

Lianas differ from trees in critical patterns of biomass allocation and other
key life-history traits. For example, in their climbing form, lianas rely on other
vegetation as trellises to gain access to the canopy, and thus they typically invest
proportionally less resources into woody stem tissue than trees, and
proportionally more resources toward leaves and roots (Putz 1983, Suzuki 1987,
Castellanos et al. 1989, Niklas 1994, Gerwing and Farias 2000, Hattenschwiler
2002, Santiago and Wright 2007). This biomass allocation pattern of canopy-
level lianas (lianas with at least partial foliage in the forest canopy) results in
lianas having greater specific leaf area (SLA) and photosynthetic rates (Amax)
than trees (Zhu and Cao 2009, Han et al. 2010, Zhu and Cao 2010, Asner and

Martin 2012, Santiago et al. 2015). The abundance of canopy-level lianas often
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increases with soil fertility (e.g., Proctor et al. 1983, Putz 1983, 1985, Putz and
Chai 1987, Balfour and Bond 1993, Bruijnzeel and Proctor 1995) and lianas
show higher foliar nutrient concentrations compared to trees (Cai and Bongers
2007, Kusumoto and Enoki 2008, Zhu and Cao 2010, Asner and Martin 2012).
This suggests that canopy-level lianas are far more nutrient-limited than trees,
yet the few in situ experimental nutrient enrichment studies available have found
either modest support for this (Hattenschwiler 2002) or no differences at all
between the life forms (Cai et al. 2008).

While canopy-level trees and lianas differ strongly in terms of leaf traits,
morphology, and physiology, the degree to which seedlings differ is unclear. In
early ontogenetic stages, lianas typically exist without a trellis and both trees and
lianas have to survive for years within deeply shaded understory habitats; under
these conditions they appear strikingly similar in terms of morphology and
architecture (Putz 1983). Thus, there appears to be broad overlap in the patterns
of growth, survival, and habitat preferences of the seedlings of both lianas and
trees (Gilbert et al. 2006). Consequently, contrasting resource uptake and
allocation may not occur in early developmental stages where light remains the
primary limiting resource, and most differences between trees and lianas may
only develop late in ontogeny.

While light may be the most limiting resource in tropical forest understory
habitats, it has recently become clear that seedlings of some woody species are

also co-limited by soil nutrients. Limitation varies among species (Denslow et al.
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1987) and among soil resources including nitrogen (N), phosphorus (P), or
potassium (K), and in some cases limitation is caused simultaneously by multiple
soil resources (Bloom et al. 1985, Ceccon et al. 2004, Holste et al. 2011, Wright
et al. 2011, Pasquini and Santiago 2012, Santiago et al. 2012). Indeed, recent
work on the tree seedling Alseis blackiana (Helms.; Rubiaceae) demonstrated
that photosynthesis, stomatal conductance, and photosynthetic yield were limited
by N, P, and K, respectively, even in deep shade (Pasquini and Santiago 2012).
In a separate study at the same site, K limited tree seedling growth (Santiago et
al. 2012). For liana seedlings, however, both the degree of nutrient limitation, as
well as whether liana seedlings are more or less limited by soil resources than
tree seedlings, remains unknown.

Here, we test in situ the hypothesis that nutrients limit photosynthetic
physiology of liana seedlings to a greater degree than tree seedlings. If lianas
and trees differ, we would demonstrate that, in spite of their apparent similarities
in seedling morphology, physiological divergence happens early in ontogeny, and
if not, then physiological differences must develop after they find a trellis and
begin ascending into the canopy. Furthermore, testing our hypothesis may
provide insight into the underlying mechanism for the increase in lianas in many
Neotropical forests. Nutrient deposition, particularly of nitrogen, is increasing
throughout the tropics (reviewed by Hedin et al. 2009, Hietz et al. 2011), and tree
turnover rates also appear to be increasing (Phillips et al. 2004), as are rates of

human disturbances and deforestation (e.g., reviewed by Laurance 2008, Wright
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2010). All of these are likely to favor lianas, particularly if they gain an advantage
early in ontogeny.

To test our hypothesis, we are using a fully factorial experiment where N,
P, and K have been added to large replicated forest plots for more than a
decade. We compare how soil resources impact the physiology and morphology
of seedlings of a phylogenetically diverse group of lianas and trees from 13 plant
families. We hypothesize that (1) lianas will show greater responses to soll
nutrients than trees because of their ability to allocate more to growth vs.
structural support, (2) lianas will be limited by different soil resources than trees,
and (3) lianas in very early developmental stages prior to acquiring a trellis will
have contrasting patterns of plant architecture (e.g., internode length and leaf
angle) compared to trees. Our goal is to determine whether liana and tree
seedlings are constrained by the same or different resources or combinations of
resources and link this to key aspects of photosynthetic physiology and seedling
architecture. Ultimately, we link our findings back to recent evidence that strongly
suggests lianas are not only increasing in abundance throughout the Neotropics,
but also altering patterns of carbon storage and sequestration (e.g., Schnitzer et

al. 2014, Schnitzer 2015).

Materials and Methods
Study site
We performed this research in seasonally moist, semi-deciduous, tropical

forest located on the Gigante Peninsula (9°063 N, 79°5037 W.) within the Barro

41



Colorado Nature Monument (BCNM) in central Panama (Appendix A: Fig. A1).
The dry season occurs between January and April, during which less than 10%
of the 2600 mm of average annual rainfall occurs. Our investigation took place
from March through April 2010. Soils on the Gigante Peninsula are Oxisols and
Inseptisols similar to Typic Eutrudox soils on adjacent Barro Colorado Island
(Turner et al. 2012, B. L. Turner personal communication). In terms of N, P, and
K availability, soils at this site are relatively fertile for lowland tropical soils (Yavitt
et al. 2009, Wright et al. 2011). Tree composition and stature (tree heights up to
45 m) in this forest are characteristic of mature (>200 years) tropical secondary
forest in central Panama (Wright et al. 2011).
Experimental design

We used a long-term nutrient addition experiment where N, P, and K have
been added in a full 2 x 2 x 2 factorial design with four replicates of each of eight
treatments (control, N, P, K, NP, NK, PK, and NPK). The four replicates were
placed perpendicular to a slight topographical gradient (36 m in elevation from
south-west to northeast corner of site), because tree distributions and soil
properties parallel this gradient (Yavitt et al. 2009, Wright et al. 2011). We used a
balanced, incomplete-block design, where N, P, K, and NPK treatments were
blocked vs. NP, NK, PK, and control treatments within each replicate (Wright et
al. 2011, Pasquini and Santiago 2012, Santiago et al. 2012). This design
minimizes uncontrolled error due to heterogeneity and allows evaluation of main

and two-way interactions, but limits power to evaluate the three-way interaction
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(Winer et al. 1991). Nutrients were added four times annually during the wet
season for a total of 125 kg N ha™ yr' as coated urea [(NH.).CO], 50 kg P ha™
yr' as triple super phosphate [Ca(H.PO4), H20], and 50 kg K ha™ yr' as
potassium chloride (KCI) starting in 1998 (12 years of nutrient addition). The 32
experimental plots were each 40 x 40 m in area and were separated by at least
40 m to minimize nutrient leaching into neighboring plots, with the exception of
two plots separated by 20 m and located on opposite sides of a 3-m deep
stream. In this same study site, long-term N fertilization led to increased soil
acidity (0.8 unit decrease in soil pH; Corre et al. 2010), which may affect
availability of P and other soil nutrients.
Species

We selected seven liana and six tree species from 13 plant families
because they were common in the study plots. The lianas were Bauhinia
guianenses Aubl. (Fabaceae: Caesalpinioideae), Coccoloba parimensis Benth.
(Polygonaceae), Doliocarpus dentatus (Aubl.) Standl. (Dilleniaceae), Maripa
panamensis Hemsl. (Convolvulaceae), Paullinia fibrigera Radlk. (Sapindaceae),
Phryganocydia corymbosa (Vent.) Bureau ex. K. Schum (Bignoniaceae), and
Prionostemma aspera (Lam.) Miers. (Celastraceae). The trees were Alseis
blackiana Hemsl. (Rubiaceae), Desmopsis panamensis (B. L. Rob.) Saff.
(Annonaceae), Heisteria concinna Standl. (Olacaceae), Oenocarpus mapora H.
Karst. (Arecaceae), Sorocea affinis Hemls. (Moraceae), and Tetragastris

panamensis (Engler) Kuntze (Burseraceae). Nomenclature follows Garwood

43



(2009). Individual seedlings were chosen haphazardly based on the first
sightings of the study species within each plot. All liana seedlings were self-
supporting (free-standing) and did not exhibit searcher shoots (sensu Putz and
Holbrook 2009).
Physiological measurements

Chlorophyll fluorescence measurements were used because they are
highly correlated with carbon assimilation rates (especially maximum electron
transport, Maxwell and Johnson 2000), and we confirmed this relationship for
one of our focal species (A. blackiana; Pasquini and Santiago 2012). We
measured chlorophyll fluorescence of mature, fully expanded leaves using a
photosynthesis yield analyzer (Mini-PAM, Heinz Walz GmbH, Effeltrich,
Germany). We sampled one leaf from one individual of the 13 species in each of
the 32 plots (mean leaves sampled per plot = 12.4, total leaves sampled = 397).
We constructed chlorophyll fluorescence-light response curves using photon flux
density (PFD) values of 0, 34, 97, 202, 324, 499, 700, 1067, and 1471 umol m™
s to slowly bring the light up to the highest level. We measured the electron
transport rate (ETR), which is an in vivo measure of overall capacity to provide
energy to photosynthetic carboxylation reactions. We also measured
photochemical quenching (q,); the proportion of open photosystem Il (PSII)
reaction centers and a proxy of the efficiency of PSIl. We obtained the maximum
electron transport rate (ETRmax) and gp at the highest light level (PFD = 1471

umol m?s™). ETR was determined as:
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where F., is maximal fluorescence measured by a saturation pulse at each light
level, F; is steady-state fluorescence, fis a factor that represents the partitioning
of photons between photosystems Il and | (PSIl and PSI) and is assumed to be
0.5, which indicates equal distribution of excitation energy between the two
photosystems (Maxwell and Johnson 2000), and o represents the fraction of
photons absorbed by a leaf and is assumed to be 0.84 as an average for a
variety of Cs leaves (Bjorkman and Demmig 1987, Stemke and Santiago 2011).
Photochemical quenching was determined as:

Frn - Fs
Fon-Fo

qp=

where F is minimum fluorescence of each illuminated sample determined during
a brief dark interval following a saturation pulse (see Fig. 3.1 for an example of a
fluorescence-light response curve).
Morphological measurements

We measured leaf angle, leaf thickness, internode length, and petiole
length to characterize seedling morphology. Crown depth, perpendicular crown
width, and seedling height were measured and used to calculate crown depth
and crown area, relative to height. Leaf angle was measured using a protractor
with a weighted thread as the angle of the leaf measured along the midvein from

petiole attachment to leaf tip where a 90° leaf angle is parallel to the ground and

45



perpendicular to the main stem (leaf angle > 90° indicates that leaf at an obtuse
angle relative to the ground). We measured leaf thickness on an area of the leaf
without major veins using a digital micrometer (IP 65; Mitutoyo, Mizonokuchi,
Japan). Additionally, one leaf from each seedling was collected and measured for
leaf area (leaf petiole was removed) using a leaf area meter (LI-3100; Li-Cor
Biosciences, Lincoln, Nebraska, USA). Leaves were then oven dried at 60°C for
48 h and weighed to determine SLA.
Light availability

Light availability in the tropical forest understory is heterogeneous due to a
mosaic of canopy gaps and branch falls of differing ages and sizes. Because
photosynthetic processes in the understory are primarily light-limited (Pearcy
1988), we estimated light availability directly above each of the 397 seedlings
using hemispherical canopy photographs taken with a digital camera (Coolpix
4500; Nikon, Tokyo, Japan) mounted with a fisheye lens (Fisheye Converter FC-
E8 0.213; Nikon).

Data analyses

We analyzed ETR-light response curves for saturating photon flux density
(PFDsat) using Photosyn Assistant (version 1.1; Dundee Scientific, Dundee, UK),
as described by Prioul and Chartier (1977). Hemispheric canopy photographs
were analyzed for total transmittance (Tiotal; proportion of above-canopy ambient
light transmitted through the canopy) using Gap Light Analyzer (Frazer et al.

1999). We used a general linear model in SAS (proc gim, version 9.2; SAS
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Institute, Cary, North Carolina, USA) to determine whether liana and tree
seedlings overall were found in differing light environments. Physiological and
morphological data were analyzed by mixed linear models in SAS (proc mixed).
The mixed linear model procedure was used rather than the general linear model
procedure to yield Akaike information criterion (AlIC) values for each model.
Models were run on individual leaf physiological and morphological measures
with fixed main effects of form (liana vs. tree), species nested within form, single
nutrient main effects (N, P, K), two-way nutrient interactions (N x P, N x K, P x
K), nutrient by growth form interactions (N x form, P x form, K x form), and Tiotal
(to control for heterogeneity of the light environment). Random effects were
statistical replicate (Rep) and block nested within replicate. For similar analyses,
see Pasquini and Santiago (2012) and Wright et al. (2011). Models that included
effects of species as well as growth form were compared using AIC values
(Appendix B: Tables B1-B6). Standard data transformations (natural log, square
root, and arcsine) were performed to meet the assumption of normality as
determined by the Shapiro-Wilk W-statistic. Ti.ta are proportional data and were
logit-transformed accordingly (Warton and Hui 2011). To control for Type | error
(a-error) in the multiple comparisons, we used False Discovery Rate (FDR)
corrections, as described by Pike (2011) to adjust significant P-values; FDR-

corrected P-values are reported in Results, Figs. 3.2-3.7, and Tables 3.1 and 3.2.
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Results
Model selection

Mixed linear models were performed in two different ways, with and
without species included. For all physiological and morphological variables, the
model including species was a better fit to the data as determined by comparing
AIC values (Appendix B: Tables B1-B6). Therefore, the findings based on the
model with species included are presented.

Physiological indices of performance

Lianas performed substantially better than trees for all physiological
metrics (14—21% greater; Table 3.1, Fig. 3.2A-C). As expected, seedling
photosynthetic performance was affected by light availability ( Tiota; Table 3.1),
and thus it is important to note that mean understory light availability did not differ
significantly between liana and tree seedlings (lianas, 6.0% + 0.6% [SE]; trees,
5.8% £ 0.7%; F1,395 = 0.08, P = 0.78; Appendix C: Fig. C1). In addition, species
within growth forms differed significantly in physiological performance (Table
3.1).

Nutrient additions, especially P alone, enhanced photosynthetic
physiology, whereas N or K addition never did. P addition increased ETRmax by
9.6% (Table 3.1, Fig. 3.3). P addition also caused a marginally significant
increase in qp (8.8%, P = 0.033; Table 3.1). Surprisingly, when K was added in
combination with P, it decreased the benefit to performance caused by adding P

alone, as indicated by consistent significant P x K interactions (Table 3.1, Fig.
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3.4A-C). Specifically, P and K together decreased the benefit of adding P alone
for ETRmax, PFDsat, and qp by 7.6%, 9.2%, and 10.2%, respectively (Table 3.1,
Fig. 3.4A-C). Nutrient additions enhanced the physiological performance of both
lianas and trees to a similar degree (i.e., no significant interaction between
growth form and nutrient addition). For the effects of all nutrient treatment
combinations on the physiological responses of trees vs. lianas, see Appendix C:
Fig. C2.
Plant architectural traits

Lianas and tree seedlings were significantly (P < 0.0115) different from
each other for all but one metric of plant architecture (Table 3.2, Fig. 3.5A—F).
Liana crowns were 32.0% deeper, their leaves were 10.5% thicker, their
internodes were 27.3% longer, and their petioles were 111.2% longer than trees
(Table 3.2, Fig. 3.5A-D). Tree leaf angles were 3.9% greater, and they had 9.2%
greater SLA than lianas (Table 3.2, Fig. 3.5E-F). Tree crowns were only
marginally larger than liana crowns (12.9%, P = 0.024; Table 3.2). Surprisingly,
light availability ( Tiotar) had little impact on seedling architecture, except for SLA
(Table 3.2). Species within growth forms differed significantly in seedling
architecture (Table 3.2). Liana seedlings averaged 28.2 + 0.9 cm in height and
tree seedlings averaged 29.6 + 1.0 cm in height (overall seedling height was 28.9
+ 0.7 cm).

Adding nutrients alone or in combination caused very few significant

changes in seedling morphology (Table 3.2, Fig. 3.6A, B). Specifically, adding K
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caused a significant but small increase (6.5%) in SLA, and P alone and K alone
caused marginally significant but fairly substantial increases in leaf angle (P,
10.6%, P = 0.046; K, 10.0%, P = 0.042; Table 3.2). If these results were additive
for P and K, then adding P and K together should have caused an even greater
increase in leaf angle; however this did not occur. Instead, leaf angles were close
to control levels when P and K were added together (significant P x K interaction;
Table 3.2, Fig. 3.6B). We did detect one case where nutrient additions caused
the opposite response between lianas vs. trees; P addition caused petiole length
to increase (15.6%) for lianas but decrease (15.7%) for trees (significant growth
form x P interaction; Table 3.2, Fig. 3.7). Nonetheless, the strong signal here is
that nutrient amendments had little impact on seven different metrics of seedling
morphology. For the effects of all nutrient treatment combinations on the

architectural traits of trees vs. lianas, see Appendix C: Figs. C3 and C4.

Discussion

To our knowledge, this is the first study to demonstrate that the early
seedling stages of common species of lianas substantially outperform (from 14%
to 21%) common species of trees for three key photosynthetic metrics regardless
of macronutrient availability. Increasing nutrient supply rates for P alone
increased the performance of both lianas and tree seedlings to a similar degree,
but adding K with P dragged this performance benefit down. Regardless, the take
home message here is that long-term nutrient amendments never benefited

lianas more than trees for any macronutrient or any macronutrient combination.
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Also, and somewhat surprisingly, N addition never caused any significant change
in any physiological or morphological metric. In addition, we were surprised that
lianas and trees were architecturally quite different from each other even during
the free-standing seedling stages when they appear morphologically quite similar
(Table 3.2, Fig. 3.5A-F; Putz 1983). Nutrient enrichment did not change this in
any way. Thus, these early morphological differences were robust and did not
change even under long-term and sharply contrasting soil nutrient supply rates.
We suggest that our findings are broadly applicable because we studied a
phylogenetically diverse array of 13 species from 13 families. Overall, our
findings demonstrate that liana seedlings growing in deep shade are always
capable of higher photosynthetic performance than tree seed-lings under
ambient light levels and under sharply contrasting levels of macronutrients (e.g.,
N vs. P vs. K) or under ambient nutrient levels. Thus, the advantage of having a
liana growth habit occurs very early ontogenetically prior to any use of a trellis for
support. Our results provide strong evidence that P limits photosynthetic
performance of seedlings of both trees and lianas in deeply shaded understory
habitats.
P limits photosynthetic performance but P and K together do not

Adding P caused a significant increase in one of three measures of
photosynthetic performance (ETRmax; Table 3.1, Figs. 3.3 and 3.4A) and a
marginally significant increase in a second measure (qp; Table 3.1, Fig. 3.4B).

Adding K also increased photosynthetic performance, but this increase was
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never significant (Table 3.1, Fig. 3.4A— C). Surprisingly adding P and K together
decreased photosynthetic performance relative to the addition of P alone
(significant P x K interaction) when it should have caused an increase in
performance if the effect of each macronutrient alone was additive (Table 3.1,
Fig. 3.4A-C). While the mechanistic basis of this is not clear, we suggest that it is
likely linked to alterations in stomatal control that occur with additions of K.

Our results build on past studies that demonstrated that soil resources
limit plant performance even in deeply shaded habitats (Cai et al. 2008, Kaspari
et al. 2008), but here we identify which macronutrients were limiting or co-
limiting. P addition enhanced ETRmax because P is known to increase
biochemical efficiency of the light reactions of photosynthesis and promote
enhanced carbon assimilation rates (Kirschbaum and Tompkins 1990,
Raaimakers et al. 1995). Previous studies at this site demonstrate unequivocally
that multiple soil resources co-limit trees in deep shade and we extend these
results to seedlings of lianas. Thus, even a growth form that is quite light
demanding and fast growing can still be limited by soil resources when light is at
very low levels. We could not detect any impact of N additions on physiological
performance. Nonetheless, N, P, K, P x K, N x P, and N x K all have been shown
at times to limit physiological performance, growth rate, or both, among woody
species (this study, Wright et al. 2011, Pasquini and Santiago 2012, Santiago et

al. 2012). Still, our results strongly point to P as the key limiting or co-limiting soil
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resource within the understory. Overall, we demonstrate that light can no longer
be considered the only limiting resource in deeply shaded tropical habitats.
Liana and tree seedling architectures are markedly different

Lianas are classified as a separate growth form from trees because they
are structural parasites and require trellises to reach the canopy. Nonetheless, it
was unknown whether key architectural traits contrast between seedlings of
lianas and trees prior to lianas acquiring a trellis and prior to sending up searcher
shoots. Here, counter to conventional wisdom, we show that liana seedlings
differ for a suite of architectural traits. Nutrient additions rarely caused changes in
any of these traits, at least while these seedlings were in deep shade. Thus,
differences in liana architecture are expressed before lianas have located a trellis
or before they rapidly increase growth rates under conditions of higher light
availability (Den Dubbelden and Oosterbeek 1995). The height at which lianas
begin to utilize external support is usually between 30 and 40 cm in lowland
tropical forests of Southeast Asia and Latin America (Putz and Holbrook 2009).
The average height of seedlings used in this study (29.1 cm) was close to this
range, but all study individuals were self-supporting.

We found that lianas had significantly lower SLA and thicker leaves
compared to trees (Table 3.2, Fig. 3.5B and F); in contrast, lianas that have
reached the canopy typically have significantly higher SLA and thinner leaves
than trees (Lambers and Poorter 1992, Cai et al. 2009, Zhu and Cao 2010, Asner

and Martin 2012, Santiago et al. 2015). Thus, ontogenetic trait shifts appear to be
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occurring for these important leaf structural traits. Leaves with low SLA are more
costly to build and high SLA is a characteristic of fast-growing plants (Lambers
and Poorter 1992, Baruch and Goldstein 1999). Low SLA is also associated with
both reduced susceptibility to herbivores (Poorter et al. 2009) and increase leaf
lifespan (Wright, 1.J. et al. 2004). Low SLA and thick leaves of liana seedlings
may allow them to persist for long periods in the understory until they can access
the canopy.

The physiology of lianas and their increase in Neotropical forests

There is compelling evidence that lianas are increasing in Neotropical

forests (e.g., Schnitzer 2015 and citations therein). Here, we demonstrate that a
phylogenetically diverse group of lianas had enhanced physiological performance
compared to a phylogenetically diverse group of tree species (Table 3.1, Fig.
3.2A—- C). Thus, our findings extend previous research that found greater
performance (Amax) by canopy-level lianas (Zhu and Cao 2009, Han et al. 2010,
Zhu and Cao 2010, Asner and Martin 2012, Santiago et al. 2015) to very early
seedling stages in the understory. We also demonstrated greater gp in liana
seedlings relative to tree seedlings (Table 3.1, Fig. 3.2B), which suggests that
lianas are able to maximize the amount of incoming solar radiation utilized for
photosynthesis. This would confer an advantage in photosynthetic carbon
assimilation to lianas in rapidly changing light conditions seen in the understory
due to short, high-intensity sunflecks (Chazdon 1988, Pearcy 1988). Overall our

results suggest that any changes in fertility, whether natural or anthropogenic,
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will not disproportionally favor lianas because lianas already outperform trees
regardless of fertility, and lianas and trees responded similarly to nutrient
additions (only one significant growth form by nutrient interaction; Tables 3.1 and
3.2). Thus our results do not support nutrient loading as a mechanism of
increasing liana abundance in the Neotropics. Rather, our finding that lianas
always outperform trees under sharply contrasting rates of resource supply of
macronutrients or their combination will allow lianas to increase in abundance if
disturbance rates are increasing in Neotropical forests as some have suggested
(Phillips et al. 2004). Moreover, an increase in liana abundance will likely lead to
lower forest-wide storage of carbon because lianas often displace trees and only

replace 24% of the biomass (Schnitzer et al. 2014).
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Table 3.1. Mixed linear model results of nitrogen (N), phosphorus (P), and
potassium (K) fertilization effects on physiological traits for liana and tree
seedlings.

Factor ETRmax gr PFDgat
Form 0.0003 <0.0001 0.0006
Species (Form) <0.0001 <0.0001 <0.0001
Thotal 0.0012 <0.0001 0.0014
N 0.8286 0.3554 0.9483
P 0.0129 0.0333 0.3415
K 0.5808 0.1896 0.4405
NxP 0.0552 0.2328 0.1382
N x K 0.6880 0.9682 0.6790
P xK 0.0079 0.0112 0.0126
N x Form 0.1400 0.3081 0.4305
P x Form 0.6397 0.1915 0.7753
K x Form 0.9657 0.6398 0.9068
Sample size 394 393 394

Data presented are P-values for fixed effects. Bolded values are statistically
significant using the False Discovery Rate (FDR) corrected P-value (P < 0.0237).
Total light transmission (Tiwta; proportion of above-canopy ambient), maximum
electron transport rate (ETRmax; umol m2 s'1), photochemical quenching (gp;
unitless), and saturating photon flux density (PFDsa;; umol m? s™).
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Figure 3.1. Example chlorophyll fluorescence-light response curve generated by
the Mini-PAM photosynthesis yield analyzer showing electron transport rate
(ETR; solid line) and photochemical quenching (gp; dashed line), for increasing
levels of photon flux density (PFD).
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Figure 3.2. Significant main effects of growth form for A maximum electron
transport rate (ETRmax), B photochemical quenching coefficient (gp), and C
saturating photon flux density (PFDsat). Lianas and trees are represented by L
and black bars, and T and open bars, respectively. All nutrient treatments are
pooled. Bars represent means (+ 1 SE, N = 32 plots).
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Figure 3.3. Significant main effect of phosphorus (P) addition for maximum
electron transport rate (ETRmax). Liana and tree seedlings are pooled.
Treatments without P (control: C, nitrogen: N, potassium: K, and NK) and
treatments with P (P, NP, PK, and NPK) are also pooled. Bars represent means
(1 SE, N =16 plots).
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Figure 3.4. Significant phosphorus (P) x potassium (K) interactions for A
maximum electron transport rate (ETRmax), B photochemical quenching
coefficient (gp), and C saturating photon flux density (PFDsat). Liana and tree
seedlings are pooled. Treatments without P or K (control: C and nitrogen: N), P
treatments (P and NP), K treatments (K and NK) and treatments with both P and
K (PK and NPK) are also pooled. Bars represent means (+ 1 SE, N = 8 plots).
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Figure 3.5. Significant main effects of growth form for A relative crown depth, B
leaf thickness, C internode length, D petiole length, E leaf angle, and F specific
leaf area (SLA). Lianas and trees are represented by L and black bars, and T
and open bars, respectively. Bars represent means (x 1 SE, N = 32 plots).
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Figure 3.6. Significant main effect of potassium (K) for A specific leaf area (SLA)
and B significant interaction of P x K for leaf angle. Lianas and tree seedlings are
pooled and represented by L and T, respectively. Panel A represents a
significant main effect of K, where treatments without K (control: C, nitrogen: N,
phosphorus: P, and NP) and treatments with K (K, NK, PK, and NPK) are pooled
(N = 16 plots). Panel B represents a significant P x K interaction where
treatments without P or K (C and N), P treatments (P and NP), K treatments (K
and NK) and treatments with both P and K (PK and NPK) are pooled (N = 8

plots). Bars represent means (+ 1 SE).

70




25

15

10

Petiole length (mm)

5 . .
-P +P

Figure 3.7. Significant interaction of phosphorus (P) x growth form for petiole
length. Lianas and trees are represented by L and black bars, and T and open
bars, respectively. Treatments without P (control: C, nitrogen: N, potassium: K,
and NK) and treatments with P (P and PK, NP and NPK) are pooled by growth
form (N = 16 plots). Bars represent means (+ 1 SE).
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Chapter 4: Are lianas fundamentally different from trees
in key photosynthetic and leaf traits? A phylogenetic

and ecological evaluation

Abstract

Lianas and trees are the two most dominant growth form in tropical forests
and there is now compelling evidence that lianas are increasing in abundance
throughout the Neotropics, potentially displacing trees. Moreover, recent
evidence suggests that climate change may favor lianas over trees because
lianas are putatively characterized by highly efficient leaves with low leaf mass
area (LMA) and high rates of photosynthesis. What remains unknown is the
degree to which lianas are fundamentally different from trees in terms of
physiology and leaf traits. Here, we test the hypothesis that differences in leaf
and photosynthetic traits between trees versus lianas are due to unique traits
associated with their climbing habit rather than due to relatedness. To test this,
we compared leaf and photosynthetic traits between trees and lianas using a
large, phylogenetically diverse dataset (1115 species from 141 plant families)
using multiple statistical approaches. We found that lianas had both substantially
higher rates of photosynthesis (Amass) and respiration (Rarea and Rmass), as well as
foliar phosphorous (Parea) due to inherent differences between the contrasting
growth forms. Surprisingly, a suite of traits thought to characterize lianas as

distinct from trees did not differ once we accounted for relatedness. These
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included leaf lifespan (LL), leaf mass per unit area (LMA), foliar nitrogen (Narea
and Nmass), and partial pressure of CO, between atmosphere and intercellular
space (ca-Ci). These results run counter to previous conclusions that traits such
as leaf mass per unit area and foliar nitrogen are inherent characteristics that
distinguish the liana habit from trees. Nonetheless, lianas as a growth form have
much higher rates of photosynthesis, and this key trait alone may partially
underlie observed increases in liana abundance throughout the Neotropics. Our
findings also predict that lianas will thrive under predicted changes in

precipitation (e.g., reduce dry season precipitation) and increases in CO..

Introduction

Lianas (woody vines) are a growth form that characterize tropical forests
and evidence is accumulating that lianas are increasing in abundance relative to
trees in the Neotropics (Phillips et al. 2002, Benitez-Malvido and Martinez-
Ramos 2003, Wright, S.J. et al. 2004, Chave et al. 2008, Foster et al. 2008,
Schnitzer and Bongers 2011, Yorke et al. 2013, Schnitzer 2015). An explanation
for this increase may be that lianas have superior physiological performance
versus trees for key ecophysiological traits that very early in ontogeny (Pasquini
et al. 2015). Lianas also differ from trees in patterns of biomass allocation likely
because they rely on other vegetation as trellises to reach the canopy whereas
trees rely on support from their trunk. These differences allow lianas to invest
proportionally more resources into leaves and roots versus trees (Putz 1983,

Suzuki 1987, Castellanos et al. 1989, Niklas 1994, Gerwing and Farias 2000,
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Hattenschwiler 2002, Santiago and Wright 2007). In addition, studies to date
provide evidence that lianas and trees contrast in photosynthetic and leaf traits;
in particular, adult lianas appear to have greater specific leaf area (SLA), higher
photosynthetic rates (Amass), greater mass-based leaf nitrogen and phosphorus
(Nmass and Pmass), While trees have greater area-based leaf nitrogen and
phosphorus (Narea and Parea) (Salzer et al. 2006, Cai et al. 2009, Zhu and Cao
2009, Han et al. 2010, Zhu and Cao 2010, Asner and Martin 2012, Santiago et
al. 2015). Pasquini et al. (2015) demonstrated that these ecophysiological
differences, as well as morphological differences, occur very early
ontogenetically even before lianas reach a trellis.

While there is a growing consensus that lianas contrast both
morphologically and physiologically from trees, too few comparisons have been
made to draw firm conclusions and most findings are limited to a few major
tropical regions (primarily Panama and China). Asner and Martin (2012)
compared leaf traits between 778 lianas and 6496 trees and found that lianas
showed lower leaf mass area (LMA), higher mass-based nitrogen and
phosphorus (Nmass and Pmass), but lower area-based nitrogen and phosphorus
(Narea @and Parea), compared to trees. Their study and others neglected the degree
to which phylogenetic relationships account for observed morphological or
physiological differences. The most rigorous comparative studies require a
phylogenetic approach (Cavender-Bares et al. 2012). The lack of a phylogenetic

approach when comparing trees versus lianas is especially significant because
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lianas have evolved independently many times (Gentry and Dodson 1987).
Indeed, they occur in 133 plant families, occur in monocots and dicots, as well as
gymnosperms and angiosperms, and climbers occur in most major lineages of
Mesangiosperms (Isnard and Feild 2015).

Here, we compare photosynthetic and leaf traits of canopy-level trees and
lianas using a large and diverse dataset of 1115 species from 141 plant families
from Asia, the Americas, Australia, and Europe. We used standard comparisons
as well as two phylogenetically based approaches to determine to what degree
differences in leaf and photosynthetic traits between lianas and trees are
explained by their climbing habit versus relatedness. The two phylogenetically
based approaches have different assumptions; thus when in agreement, they
provide a rigorous evaluation of the degree to which lianas fundamentally differ
from trees. Overall, if lianas are fundamentally different from trees in critical
morphological and physiological traits then this will: (1) Provide a potential
mechanistic basis for why lianas are increasing in abundance throughout the
Neotropics, (2) Predict that lianas will likely increase pantropically, and (3)
Suggest that tropical forests worldwide will store substantially less carbon
because lianas competitively displace shade-tolerant tree species (Schnitzer and

Carson 2010, Schnitzer et al. 2014).
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Materials and Methods
Collection of trait data

We used the Glopnet database to obtain trait data (Wright, 1.J. et al. 2004)
for 839 species of trees and lianas (823 trees and 16 lianas from 123 plant
families). Because Glopnet was heavily weighted towards tree species we
conducted an extensive literature search and added an additional 276 taxa (142
trees and 134 lianas, 18 additional plant families; Appendix D: Table D1)
resulting in 1115 individual species with 965 trees and 150 lianas. These taxa
belonged to 141 different plant families and included 6 gymnosperm families. We
used only measures from canopy-level trees and lianas occurring in natural
forests or, in a few cases, botanical gardens. We excluded lianas and trees
growing in glasshouses, pots, or manipulative field experiments. We evaluated a
broad suite of 15 critical plant performance traits (Table 4.1). We calculated
photosynthetic nitrogen and phosphorus use efficiencies (PNUE and PPUE) from

these data as:

Aarea
PNUE =

Narea
PPUE — Aarea

Parea

Tree construction
We constructed a large phylogenetic tree using Phylomatic

(www.phylodiversity.net/phylomatic/phylomatic.html) with the angiosperm
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consensus tree (Davies et al. 2004) as the base tree and altered it to reflect the
most recent consensus tree from the Angiosperm Phylogeny Project (Stevens
2012). Resulting polytomies within the tree were then resolved using published
phylogenies, when available for inter-familial relationships (Soltis et al. 2011) and
intra-familial relationships (Appendix E: Table E1). We used Mesquite to
manipulate the tree (v. 2.75; Maddison and Maddison 2011). For maximally
resolved tree see Appendix F, for conservatively resolved tree see Appendix G.
Data analyses

Trait data were compared between trees and lianas using three multiple
regression models with the Regressionv2 program for Matlab (Garland et al.
2005, Lavin et al. 2008): ordinary least squares (OLS), phylogenetic generalized
least squares (PGLS), and Orstein-Uhlenbeck process (OU). The OLS is a
conventional, non-phylogenetic, least squares model where no hierarchical
structure is assumed in the phylogenetic tree (star phylogeny). The PGLS is a
least squares model using the constructed phylogeny. The OU process model is
a regression where the residuals are modeled has having evolved by an OU
process (a stochastic process related to Brownian motion). The OU process is
used to mimic stabilizing selection on the constructed phylogenetic tree, and can
be either an intermediate between a star phylogeny and the constructed
phylogeny, or be more hierarchical than the constructed tree (Garland et al.
2005). All phylogenetic comparisons were performed on both the maximally and

conservatively resolved phylogenetic trees, and on trees with branch lengths (BL)
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equal to one or with arbitrary BL (Pagel 1992). Analyses were performed on log
and square-root transformed data to meet assumptions of normality.

We used model selection to determine the most parsimonious model from
the three methods of regression (OLS, PGLS and OU), two trees (Con and Max),
and BL=1 versus arbitrary BL using Akaike Information Criterion (AIC). The
model yielding the lowest AIC value for a given trial is considered to be the best
match to the data.

To investigate to what extent relatedness is responsible for differences in
traits between trees and lianas, the phylogenetic signal of each trait was
calculated using the PHYSIG_LL program for Matlab following Blomberg et al.
(2003), which calculates the K-statistic, randomization tests for phylogenetic
signal based on mean squared error (2000 permutations), likelihood of trait
evolution based on the phylogenetic tree, and comparison of an assumed model
of Brownian motion trait evolution versus the likelihood of a star phylogeny. The
K-statistics were calculated using the most parsimonious phylogenetic tree, BL,
and phylogenetic model based on the AIC values (see above). The PHYSIG_LL
program prunes the specified phylogenetic tree to remove taxa showing missing
values for a given trait without re-adjusting BL.

To control for type | error (a-error), in multiple comparisons, we used false
discovery rate (FDR) corrections to adjust significant P-values (Benjamini and
Hochberg 1995). These FDR-corrected P-values are reported in Figs. 4.1 and

4.2, and Tables 4.1 and 4.2.
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Results
Non-phylogenetic comparisons

Non-phylogenetic (OLS) comparisons between trees and lianas showed
significant differences in nine of the fourteen traits. For photosynthetic traits,
lianas exhibited 39% greater Amass, 320% greater Rarea, and 42% greater Rmass
than trees (Table 4.1, Fig. 4.1A-C). Trees showed 241% greater c,-c; than lianas
(Table 4.1, Fig. 4.1D). There were no significant differences between lianas and
trees for Aarea OF gs (Table 4.1). For leaf traits, lianas exhibited 43% greater Nimass
than trees (Table 4.1, Fig. 4.2A). Trees had 100% greater LL, 69% greater LMA,
10% greater Narea, and 46% greater Pgrea than lianas (Table 4.1, Fig. 4.2B-E).
Lianas and trees did not differ in Pmass Or nutrient use efficiencies (PNUE and
PPUE; Table 4.1).

Phylogenetic comparisons

We used AIC values to determine which of the phylogenetic regression
models was a best match to our data. The OU model was the best match for all
of the traits, except for Rarea (Table 4.1; Appendix H: Table H1). Additionally, the
phylogenetic OU model results yielded identical significant differences in traits
between trees and lianas as the non-phylogenetic (OLS) models (Table 4.1).
However, traits did differ in which phylogenetic tree was a best fit to the data. The
maximally resolved tree with BL=1 was the best fit for Amass, Aarea, and PNUE,
and with arbitrary BL for c,-¢i and Pnass (Table 4.1). The more conservatively

resolved tree with BL=1 was the best fit for gs, LL, LMA, Narea, Nmass, and Parea,
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and with arbitrary BL for PPUE and Rmass (Table 4.1). Raea Was best modeled by
the non-phylogenetic (OLS) model, but of the phylogenetic models, OU was the
best fit with all trees and BLs being equally parsimonious (Table 4.1). Overall,
these results mean that our dual approach came to the same conclusion,
providing us with confidence in these findings.
Phylogenetic signal
We found significant phylogenetic signal for half (7) of the fourteen traits
(K-statistic, Table 4.2). For photosynthetic traits, only c,-¢i and gs, showed
significant phylogenetic signal (Table 4.2). For leaf traits, LL, LMA, Narea, Nmass,
and Pnass showed significant phylogenetic signal (Table 4.2). Since, Raea Was
best modeled non-phylogenetically and all of the tree/BL combinations were of
equally good fit, K-statistics ranged from 0.19-0.25 with P-values of 0.0145-
0.0690 depending on the tree and BL (Appendix |: Table 11). For Raea, averages
were reported for K, K-star, and P-value (Table 4.2). We found no significant
phylogenetic signal for either of the nutrient use efficiencies (PNUE and PPUE;
Table 4.2).
Synthesis of phylogenetic comparisons and phylogenetic signal
When results of phylogenetic comparisons are combined with
phylogenetic signal we found that we could categorize the photosynthetic and
leaf traits into three categories: (1) Traits that differed significantly between trees
and lianas, and showed significant phylogenetic signal. These traits were

considered to be due to relatedness; (2) Traits that differed significantly between
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trees and lianas, but did not have significant phylogenetic signal. These traits
were considered to be due to differences between growth forms; and (3) Traits

that did not significantly differ between trees and lianas (Table 4.3).

Discussion

We demonstrate unequivocally that key traits are unique to lianas.
Specifically, lianas had much higher rates of photosynthesis (Amass), respiration
(Rarea and Rmass) and lower Paeq compared to trees. Our phylogenetic analyses
demonstrate that these differences are not due to relatedness and thus are
inherent to the liana growth form. Counter to our expectations, differences
between lianas and trees for a suite of key traits including c,-¢i, LL, LMA, Narea,
and Nnass Were different between lianas and trees, however these differences
were due to relatedness (cf., Asner and Martin 2012). To our knowledge, this is
the first study to clearly identify traits that are inherently unique to the liana habit.

Numerous traits were thought to differ between lianas and trees. For
example, low LMA (or its inverse, high specific leaf area: SLA) has often been
identified as a characteristic trait of lianas (Zhu and Cao 2009, Han et al. 2010,
Asner and Martin 2012, Santiago et al. 2015), however, our results do not
support this conclusion. Similarly, lianas have been characterized as having high
foliar tissue nutrients concentrations. (Cai and Bongers 2007, Kusumoto and
Enoki 2008, Zhu and Cao 2009, 2010, Asner and Martin 2012). Nonetheless, we
found no support for this for Narea @and Npmass Or Pmass. We also found no evidence

that lianas uniquely had shorter leaf life spans or differences cs-ci. Our results
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suggest that lianas may have a wide range of life-history strategies, just like
trees, that reflect their evolutionary histories as much as their climbing habit. This
may be due to how many times the liana habit evolved in so many different
families. It is important to point out, however, that we did not evaluate any plant
defensive traits or belowground traits. There is strong evidence that lianas have
deeper roots than trees (Restom and Nepstad 2004, Schnitzer 2005) and future
work may well show that lianescence differs in key traits we did not measure.
There is now compelling evidence that lianas are increasing in abundance
relative to shade-tolerant trees and are superior competitors and thus can
displace trees in forests throughout the world, but especially the Neotropics
(Phillips et al. 2002, Benitez-Malvido and Martinez-Ramos 2003, Wright, S.J. et
al. 2004, Chave et al. 2008, Foster et al. 2008, Schnitzer and Carson 2010,
Schnitzer and Bongers 2011, Yorke et al. 2013, Schnitzer 2015). Moreover,
lianas outperform tress for a suite of physiological traits regardless of soil nutrient
supply rates (Pasquini et al. 2015). Our findings here suggest that if physiological
traits underlie the increase in lianas that appear to be occurring, then higher rates
of photosynthesis and respiration may be partially responsible. Photosynthesis
was 39% greater in lianas versus trees and this fundamental difference may
underlie increases in liana abundances and explain why lianas compete so well
with trees in highly disturbed sites (Laurance et al. 2001, Schnitzer and Carson

2001, Granados and Korner 2002).
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COz is likely to continue to increase with climate change, and in the
Neotropics novel patterns of precipitation are likely to exacerbate the degree of
drought stress region-wide (Holm et al. 2017). Because lianas typically have
deeper roots than trees (Restom and Nepstad 2004, Schnitzer 2005) and thus
access to water unavailable to trees, lianas are poised to take advantage of
lower precipitation and higher CO, compared to trees (De Guzman et al. 2016).
Thus, lower rainfall combined with higher CO, would likely favor lianas over trees
(reviewed by Schnitzer 2015). Projected increases in liana abundance will be
coupled with decreases in forest-wide carbon storage because lianas that
replace trees only replace 24% of the tree biomass (Schnitzer et al. 2014). In
addition, and counter to convention, lianas did not have higher tissue nutrient
concentration, and for phosphorus, had lower tissue concentration. Trees had
higher (46%) Parea cOmpared to lianas that was attributable to the liana habit. A
potential consequence of lower foliar phosphorus may be lower rates of enemy
damage. Experiments have demonstrated that higher tissue phosphorus makes
woody species more vulnerable to herbivores (Santiago et al. 2012, Carate-
Tandalla et al. 2015, Griffin et al. 2017). Thus, lianas appear to be drought-
tolerant, have high rates of photosynthesis, and at least for phosphorus, lower
tissue nutrient concentrations; thus a suite of traits that may benefit them as

rising atmospheric CO, continues to alter global climate.
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Table 4.2. Phylogenetic signal (K-statistics) of leaf and photosynthetic traits of
lianas and trees using Ornstein-Uhlenbeck model (OU).

Trait N K K-star P
Aarea 439 0.7795 0.8332 0.2890
Anmass 408 0.7282 0.8017 0.2535
CaCi 166 0.9581 0.9828 0.0175
gs 222 1.0074 0.9899 0.0135
LL 334 0.9212 0.9507 <0.0001
LMA 998 0.8920 0.9237 <0.0001
Narea 838 0.9668 0.9541 0.0100
Nmass 897 0.8409 0.9133 <0.0001
Parea 451 0.8758 0.9059 0.1850
Pass 448 0.9926 0.9989 <0.0001
PNUE 367 0.8585 0.8664 0.1050
PPUE 173 0.9750 0.9864 0.1105
Rarea 164 0.2114* 0.2788* 0.0500*
Rimass 160 0.9331 0.9578 0.0705

Values in boldface are statistically significant K-statistics using the false
discovery rate (FDR) corrected P-value (P < 0.0250). Photosynthesis per unit
area (Aarea; umol m? s™') and per unit mass (Amass; umol g™ s-'), CO, difference
between atmosphere and intercellular space (cs-ci; ppm), stomatal conductance
(gs; mmol m™ s, leaf lifespan (LL; mo™), leaf mass area (LMA; g/m?), leaf
nitrogen and phosphorus per unit area (Narea and Parea; g/m?) and per unit mass
(Nmass and Pmass; %), photosynthetic nitrogen and phosphorus use efficiencies
(PNUE and PPUE; umol mol N s™), respiration per unit area (Rarea; umol m™ s
and per unit mass (Rmass; Nmol g™ s™). *For Rawea, all four OU models were
equally parsimonious (Appendix |, Table 11) and values for K, K-star and P-
values are averages of values for the four OU models.
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Table 4.3. Summary of results phylogenetically based comparisons combined
with phylogenetic signal (K) for leaf and photosynthetic and traits.

Trait Differences between lianas
and trees due to?

CO,, difference between atmosphere and intercellular space (c,-c;) Relatedness
Leaf lifespan (LL) Relatedness
Leaf mass per unit area (LMA) Relatedness
Foliar nitrogen (Ngrea) Relatedness
Foliar nitrogen (Nmass) Relatedness
Photosynthesis (Amass) Growth form
Foliar phosphorus (Pgarea) Growth form
Respiration (Rarea) Growth form
Respiration (Rmass) Growth form
Photosynthesis (Aarea) NS
Stomatal conductance (gs) NS

Foliar phosphorus (Ppmass) NS
Photosynthetic nitrogen use efficiency (PNUE) NS
Photosynthetic phosphorus use efficiency (PPUE) NS

Photosynthesis per unit area (Aarea; wmol m? s™) and per unit mass (Amass; umol
g’ s-"), CO; difference between atmosphere and intercellular space (ca-ci; ppm),
stomatal conductance (gs; mmol m™ s™), leaf lifespan (LL; mo™), leaf mass area
(LMA; g/m?), leaf nitrogen and phosphorus per unit area (Narea and Parea; g/m?)
and per unit mass (Nmass and Pmass; %), photosynthetic nitrogen and phosphorus
use efficiencies (PNUE and PPUE; umol mol N s™), respiration per unit area
(Rarea; umol m™ s™) and per unit mass (Rmass; nmol g™ s7™).
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Figure 4.1. Significant differences in photosynthetic traits between trees and
lianas using the false discovery rate (FDR) corrected P-value (P < 0.0321) for A
maximum photosynthetic rate per leaf mass (Amass), B CO2 difference between
atmosphere and intercellular space (cs-ci), and C respiration rate per leaf mass
(Rmass) and D per leaf area (Rarea)- Bars represent means (+ 1 SE).
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Figure 4.2. Significant differences in leaf traits between trees and lianas using the
false discovery rate (FDR) corrected P-value (P < 0.0321) for A foliar nitrogen
per leaf mass (Nmass) and B per leaf area (Narea), C foliar phosphorus per leaf
area (Parea), D leaf lifespan (LL), and E leaf lass per area (LMA). Bars represent
means (+ 1 SE).
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Chapter 5: Conclusion

In the preceding three chapters | addressed the following questions: 1) Do
resources other than light limit the growth of woody species, and if so which
resources or resource combinations? 2) Are lianas limited more, in terms of
photosynthetic processes, by soil resources than trees? and 3) Is there a
phylogenetic signal to physiological trait differences between trees and lianas? In
Chapter 2, | tested the hypothesis that tree seedlings are limited by nutrients in
very low light. The results demonstrated that even in low light environments,
understory plants still respond to increases in nutrient availability with increases
in photosynthetic processes. Seedlings of Alseis blackiana increased maximum

photosynthetic CO, assimilation rate with nitrogen (N) addition, stomatal

conductance with phosphorus (P) addition and with P and potassium (K) in
combination, quantum yield of photosystem Il with K addition, maximum electron
transport rate trended 9% greater with N addition, and saturating
photosynthetically active radiation with N addition. Additionally, foliar N
concentration increased by 20% with N addition. Foliar P concentration increased
by 78% with P addition and decreased by 14% with N addition. Foliar K
increased by 8% with K addition. Foliar "C showed no significant responses,
and foliar '°N decreased strongly with N addition (Pasquini and Santiago 2012).
These results demonstrate that increased nutrient availability can enhance

woody species performance, even in very low light, which challenges idea that
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plants only respond to increases in the most limiting resource (Leibig’s Law of the
Minimum)

In Chapter 3, | tested the hypothesis that nutrients limit photosynthetic
physiology of liana seedlings to a greater degree than tree seedlings. The
findings showed that lianas and trees were similarly limited by nutrients, but
seedlings of lianas always out-performed seedlings of trees regardless of nutrient
addition. Lianas always showed significantly greater photosynthetic capacity,
quenching, and saturating light levels compared to trees across all treatments.
We found little evidence for nutrient x growth form interactions, indicating that
lianas are not more nutrient limited than trees. Tree and liana seedlings also
differed in morphology early in ontogeny (Pasquini et al. 2015). Thus there is no
evidence that nutrient loading is a mechanism favoring lianas. Our finding that
lianas always outperform trees may partially underlie the increase in liana
abundance in Neotropical forests.

In Chapter 4, | tested the hypothesis that differences in photosynthetic and
leaf traits between trees and lianas are due to inherent differences between the
climbing and self-supporting habit versus relatedness. These results demonstrate
that important traits did not significantly differ once relatedness was taken into
account. Based on the phylogenetic analyses, lianas had greater mass-based
photosynthesis and respiration (both area- and mass-based) than trees. These
trait differences were found to differ due to inherent properties of the growth-

forms. Surprisingly, a suite of traits thought to epitomize the liana growth-form as
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distinct from trees were found to be due to relatedness rather than the liana habit
(low leaf mass per unit area [LMA] and high foliar N). These results run counter
to previous conclusions that traits such as LMA and foliar N are inherent
characteristics that distinguish the liana habit from trees. Regardless of whether
differences between lianas and trees are due to relatedness or growth-form,
lianas have much higher rates of photosynthesis, and this key trait alone may
partially underlie observed increases in liana abundance throughout the
Neotropics. Our findings also predict that lianas will thrive under predicted
changes in precipitation (e.g., reduce dry season precipitation) and increases in
CO..

These three empirical chapters provide important findings that help to form
a mechanistic basis for the increase in liana abundance in tropical forests
worldwide. This is significant because as lianas replace trees, they store much
less carbon in their biomass, and this may have important implications to global

carbon budgets.
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Appendix A: Map of study site
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Figure A1. Map of study area showing A the topography of the site and B the
placement of nutrient treatments within the site. Treatments are represented by
the combination of added nutrients: nitrogen (N), phosphorus (P), and potassium
(K). Control plots (C) and micronutrient plots (M) are also shown. The
micronutrient treatment is not addressed in this study. The dashed lines separate
four replicates of the full-factorial NPK experiment.
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Appendix C: Average of total transmission of light
above liana and tree seedlings used in study, and
responses to full-factorial nitrogen, phosphorus, and
potassium addition compared to unfertilized controls for

physiological and morphological traits

0.08

0.00 .
L T

Figure C1. Total transmission of light (Tietal; proportion of above-canopy ambient)
over study seedlings. Liana and tree seedlings are represented by L and black
bars, and T and open bars, respectively. All nutrient treatments and controls are
pooled. Bars represent means (+ 1 SE). There was no significant difference
between Tiu for liana and tree seedlings (7395 = 0.60, P = 0.44).
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Figure C2. Responses of liana and tree seedlings to full-factorial nitrogen (N),
phosphorus (P), potassium (K) addition, and unfertilized controls (C) for A
maximum electron transport rate (ETRmax), B photochemical quenching
coefficient (gp), and C saturating photon flux density (PFDsat). Liana and tree
seedlings are represented by black bars and open bars, respectively. Bars
represent means (+ 1 SE; N = 4 plots per treatment).
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Figure C3. Responses of liana and tree seedlings to full-factorial nitrogen (N),
phosphorus (P), potassium (K) addition, and unfertilized controls (C) for A
relative crown depth, B relative crown area, C leaf thickness, and D leaf angle.
Liana and tree seedlings are represented by black bars and open bars,
respectively. Bars represent means (x 1 SE; N = 4 plots per treatment).
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Figure C4. Responses of liana and tree seedlings to full-factorial nitrogen (N),
phosphorus (P), potassium (K) addition, and unfertilized controls (C) for A
internode length, B petiole length, and C specific leaf area (SLA). Liana and tree
seedlings are represented by black bars and open bars, respectively. Bars
represent means (+ 1 SE; N = 4 plots per treatment).
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Appendix D: Additions to Glopnet database used in

phylogenetic analyses

Table D1. Additional sources of liana and tree leaf and photosynthetic data for

phylogenetic analyses.

Reference Location Lianas Trees

Avalos and Mulkey (1999) Parque Natural Metropolitano, 1 0
Panama

Avalos et al. (2007) Parque Natural Metropolitano, 2 0
Panama

Cai (2007) Xishuangbanna Tropical Botanical 29 30
Garden, Yunnan, China

Cai and Bongers (2007) Xishuangbanna Tropical Botanical 12 14
Garden, Yunnan, China

Castellanos et al. (1989) Estacion de Biologia Chamela of the 28 0
Universidad Nacional Autonoma de
México, Jalisco, Mexico

Domingues (2005) Floresta Nacional do Tapajos, Brazil 6 29

Feild and Balun (2008) Kau Wildlife Preserve, Papua New 4 9
Guinea

Hegarty (1988) Brisbane Forest Park, Queensland, 39 42
Australia

Ichihashi et al. (2010) Yakushidake National Forest, Japan 5 0

Kippers (1984) Northern Bavaria, Germany 1 0

Molina-Freaner and Tinoco- Centro Ecolégico de Sonora, Sonora, 4 0

Ojanguren (1997) Mexico

Salzer et al. (2004) Rio San Francisco valley, Ecuador 4 26

Santiago and Wright (2007) Parque Nacional San Lorenzo, 11 21
Panama

Selaya and Anten (2008) Bolivian Amazon, Bolivia 1 7

Tay et al. (2007) Pasoh Forest Reserve, Malaysia 1 0

Zhu and Cao (2010) Xishuangbanna Tropical Botanical 7 5
Garden, Yunnan, China

Zotz and Winter (1993) Barro Colorado Island, Panama 1 4

Totals 156 187

Literature Cited

Avalos, G., and S.S. Mulkey. 1999. Photosynthetic acclimation of the liana
Stigmaphyllon lindenianum to light changes in a tropical dry forest canopy.
Oecologia 120:475-484.

108



Avalos, G., S.S. Mulkey, K. Kitajima, and S.J. Wright. 2007. Colonization
strategies of two liana species in a tropical dry forest canopy. Biotropica
39:393-399.

Cai, Z.-Q. 2007. Lianas and trees in tropical forests in south China. Ph.D.
Dissertation. Wageningen University, Wageningen, The Netherlands.

Cai, Z.-Q., and F. Bongers. 2007. Contrasting nitrogen and phosphorus
resorption efficiencies in trees and lianas from a tropical montane rain
forest in Xishuangbanna, south-west China. Journal of Tropical Ecology
23:115-118.

Castellanos, A.E., H.A. Mooney, S.H. Bullock, C. Jones, and R. Robichaux.
1989. Leaf, stem, and metamer characteristics of vines in a tropical
deciduous forest in Jalisco, Mexico. Biotropica 21:41-49.

Domingues, T.F. 2005. Photosynthetic gas exchange in eastern Amazonian
primary rain forest and pasture ecosystems. Ph.D. Dissertation. University
of Utah, Salt Lake City, UT, USA.

Feild, T.S., and L. Balun. 2008. Xylem hydraulic and photosynthetic function of
Gnetum (Gnetales) species from Papua New Guinea. New Phytologist
177:665-675.

Hegarty, E.E. 1988. Canopy dynamics of lianes and trees in subtropical
rainforest. Ph.D. Dissertation. University of Queensland, St. Lucia,
Australia.

Ichihashi, R., H. Nagashima, and M. Tateno. 2010. Biomass allocation between
extension- and leaf display-oriented shoots in relation to habitat
differentiation among five deciduous liana species in a Japanese cool-
temperate forest. Plant Ecology 211:181-190.

Klppers, M. 1984. Carbon relations and competition between woody species in a
central European hedgerow Il. Stomatal responses, water use, and
hydraulic conductivity in the root/leaf pathway. Oecologia 64:344-354.

Molina-Freaner, F., and C. Tinoco-Ojanguren. 1997. Vines of a desert plant
community in central Senora, México. Biotropica 29:46-56.

Salzer, J. 2004. Structural and nutritional differences between climbers and their

supporting trees in a montane rainforest in South-Ecuador. Dr. rer. nat.
Dissertation. University of Ulm, Ulm, Germany.

109



Santiago, L.S., and S.J. Wright. 2007. Leaf functional traits of tropical forest
plants in relation to growth form. Functional Ecology 21:19-27.

Selaya, N.G., and N.P.R. Anten. 2008. Differences in biomass allocation, light
interception and mechanical stability between lianas and trees in early
secondary tropical forest. Functional Ecology 22:30-39.

Tay, A.C., A.M. Abdullah, M. Awang, and A. Furukawa. 2007. Midday depression
of photosynthesis in Enkleia malaccensis, a woody climber in a tropical
rainforest. Photosynthetica 45:189-193.

Zhu, S.-D., and K.-F. Cao. 2010. Contrasting cost-benefit strategy between
lianas and trees in a tropical seasonal rainforest in southwestern China.
Oecologia 163:591-599.

Zotz, G., and K. Winter. 1993. Short-term photosynthesis measurements predict

leaf carbon balance in tropical rain-forest canopy plants. Planta 191:409-
412.

110



Appendix E: Plant families in phylogenetic analyses

Table E1. Plant families included in phylogenetic analyses with numbers of tree
and liana species, and references (if any) used to resolve tree.

Family Code Trees Lianas Total References

Acanthaceae AC 1 0 1

Achariaceae AH 1 0 1

Actinidiaceae AT 0 1 1

Aextoxicaceae AX 1 0 1

Altingiaceae AL 1 0 1

Alzateaceae A2 1 0 1

Anacardiaceae AN 21 0 21 Pell (2004), Yi et al. (2004b), Pan et
al. (2008)

Annonaceae AO 13 5 18 Bakker and Gerritsen (1992), Doyle et

al. (2004), Mols et al. (2004),
Richardson et al. (2004), Pirie et al.
(2006), Chatrou et al. (2009), Zhou et
al. (2010); L.W. Chatrou personal
communication

Apocynaceae AP 13 10 23 Bolzani et al. (1987), Potgieter and
Albert (2001), Livshultz et al. (2007),
Simoes et al. (2007)

Aquifoliaceae AQ 6 0 6 Cuénoud et al. (2000), Manen et al.
(2002)

Araceae AR 0 1 1

Araliaceae AA 10 1 11 Wen et al. (2001), Yi et al. (2004a),

Plunkett et al. (2005), Fiaschi and
Plunkett (2011)

Araucariaceae AU 1 0 1

Arecaceae AE 8 1 9 Gunn (2004), Asmussen et al. (2006),
Baker et al. (2011)

Aristolochiaceae A3 0 1 1

Asteraceae AS 7 4 11 Goertzen et al. (2003), Panero and
Funk (2008)

Atherospermataceae AM 2 0 2

Berberidaceae BE 1 0 1

Betulaceae BT 23 0 23 Chen et al. (1999), Yoo and Wen
(2002), Chen and Li (2004), Jarvinen
et al. (2004), Schenk et al. (2008)

Bignoniaceae BG 11 8 19 Lohmann (2006), Olmstead et al.
(2009)

Bixaceae Bl 2 0 2

Boraginaceae BO 6 0 6 Gottschling et al. (2005), Weeks et al.
(2010)

Burseraceae BU 7 0 7 Weeks et al. (2005)
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Table E1 (continued)

Family Code Trees Lianas Total References

Buxaceae BX 1 0 1

Cactaceae CA 1 0 1

Calophyllaceae CL 5 0 5 Gustafsson et al. (2002)

Cannabaceae CN 6 0 6 Sattarian (2006)

Capparaceae CP 7 0 7 Stern et al. (1963), Hall et al. (2002),
Rankin Rodriguez and Greuter (2004),
Hall (2008)

Caprifoliaceae c7 1 2 3

Cardiopteridaceae = CR 2 1 3

Caryocaraceae CcYy 1 0 1

Casuarinaceae CS 1 0 1

Celastraceae CE 6 5 11 Stlrglm(oz%s:l ?;d Hedin (1999), McKenna

Cercidiphyllaceae CcC 1 0 1

Chloranthaceae CH 1 0 1

Chrysobalanaceae = CB 5 0 5 Chappill (1992)

Clethraceae CT 2 0 2

Clusiaceae Cl 7 0 7 Sweeney (2008), Abdullah et al. (2012)

Combretaceae CcoO 15 1 16 Maurin et al. (2010)

Connaraceae C1 1 0 1

Convolvulaceae cv 0 4 4 Stefanovic et al. (2002)

Cornaceae co 6 0 6 I(:Zaonog;d Xiang (2003), Xiang et al.

Coulaceae C3 1 0 1

Cucurbitaceae Cu 0 4 4 Kocyan et al. (2007)

Cunoniaceae ca 5 0 5 ?ngg;o)rd and Barnes (2001), Bradford

Cupressaceae C5 9 0 9 Gadek et al. (2000), Mao et al. (2010)

Curtisiaceae C6 1 0 1

Dilleniaceae DI 2 1 3 Horn (2009)

Dioscoreaceae DO 0 1 1

Dipterocarpaceae DP 6 0 6 gﬁygggg)dan etal. (1999), Kamiya et

Ebenaceae EB 13 0 13 (Dz%%rég)Jal et al. (2009), Geeraerts et al.

Elaeagnaceae EL 1 0 1

Elaeocarpaceae EA 3 0 3

Ericaceae ER 120 12 ggg St gi'ngs?)?g Zr'fé'ir?o?”éf)?'o)

Erythroxylaceae EY 3 0 3 Emche et al. (2011)

Escalloniaceae ES 1 0 1
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Table E1 (continued)

Family Code Trees Lianas Total References

Euphorbiaceae EU 25 3 28  Wurdack et al. (2005), Kulju et al.
(2007), van Ee et al. (2008), Baier et
al. (2009), Riina et al. (2009), Sierra et
al. (2010)

Eupomatiaceae EP 1 0 1

Fabaceae FA 77 16 93  Zhi (1985), Bruneau (1996), Luckow
and Grimes (1997), Hu et al. (2000),
Bruneau et al. (2001), Kajita et al.
(2001), Pennington et al. (2001), Hao
et al. (2003), Herendeen et al. (2003),
Luckow et al. (2003), Pardo et al.
(2004), Wojciechowski et al. (2004),
Schrire et al. (2005), McMahon and
Sanderson (2006), Brown et al. (2008),
Bruneau et al. (2008), Sinou et al.
(2009), Sousa (2009), Bouchenak-
Khelladi et al. (2010), Mackinder and
Pennington (2011), Trytsman et al.
(2011), da Silva et al. (2012),
Manzanilla and Bruneau (2012)

Fagaceae FG 51 0 51  Manos et al. (1999), Ohyama et al.
(1999), Manos and Stanford (2001),
Manos et al. (2001), Denk (2003),
Cavender-Bares et al. (2004), Oh and
Manos (2008), Denk and Grimm
(2009), Pearse and Hipp (2009), Hipp
et al. (2010)

Flagellariaceae FL 0 1 1 Price (1996), Won and Renner (2006)

Gentianaceae GE 2 0 2

Gnetaceae GN 2 3 5

Goupiaceae GO 2 0 2

Griseliniaceae GR 1 0 1

Hamamelidaceae HA 2 0 2

Humiriaceae HU 1 0 1

Hydrangeaceae HY 0 1 1 Fan and Xiang (2003)

Hypericaceae HP 2 0 2

Icacinaceae IC 1 1 2

Ixonanthaceae IX 1 0 1

Juglandaceae Ju 9 0 9 Manos and Stone (2001), Aradhya et
al. (2007), Manos et al. (2007)

Lamiaceae LA 5 0 5  Steane et al. (2004), Bendiksby et al.
(2011)

Lardizabalaceae LR 0 1 1

Lauraceae LU 25 0 25  Chanderbali et al. (2001), Rohwer et al.

(2009)
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Table E1 (continued).

Family Code Trees Lianas Total References

Lecythidaceae LE 5 0 5 Mori et al. (2007)

Loganiaceae LG 4 0 4 Frasier (2008)

Loranthaceae LO 1 0 1

Lythraceae LY 3 0 3

Magnoliaceae MA 7 0 7 Azuma et al. (1999), Azuma et al.
(2001), Kim et al. (2001)

Malpighiaceae MP 1 7 8 Davis and Anderson (2010)

Malvaceae MV 39 1 40  Alverson et al. (1999), Bayer et al.
(1999), Whitlock et al. (2001), Tate et
al. (2005), Wilkie et al. (2006), Clark
(2009), Duarte et al. (2011)

Melastomataceae ME 15 1 16  Clausing and Renner (2001),
Michelangeli et al. (2004), Goldenberg
et al. (2008), Amorim et al. (2009)

Meliaceae ML 14 0 14  Muellner et al. (2003), Muellner et al.
(2008), Muellner et al. (2009)

Menispermaceae MN 0 9 9 Ortiz et al. (2007)

Monimiaceae MO 2 1 3 Renner (1998)

Moraceae MR 31 3 34  Datwyler and Weiblen (2004), Rgnsted
et al. (2008), van Noort and Rasplus
(2012)

Myricaceae MY 3 0 3 Steeves (2011)

Myristicaceae MI 4 0 4

Myrtaceae MT 55 0 55  Hill (2004), van der Merwe et al.
(2005), Wilson et al. (2005), Lucas et
al. (2007), Ochieng et al. (2007), Biffin
et al. (2010), Craven and Biffin (2010),
Soh and Parnell (2011), Steane et al.
(2011); E. Biffin personal
communication

Nothofagaceae NO 6 0 6 Swenson et al. (2001)

Nyctaginaceae NY 1 0 1

Ochnaceae ocC 2 0 2

Olacaceae oL 1 1 2

Oleaceae OE 16 0 16  Wallander and Albert (2000),
Wallander (2008), Besnard et al.
(2009)

Passifloraceae PA 2 4 6 Muschner et al. (2003), Stevens
(2012), Tokuoka (2012)

Penaeaceae PE 1 0 1

114



Table E1 (continued).

Family Code Trees Lianas Total References

Pennantiaceae PN 1 0 1

Pentaphylacaceae PT 4 0 4 Martinez-Millan et al. (2009)

Phyllanthaceae PH 15 2 17  Bodegom et al. (2001), Kathriarachchi
et al. (2005)

Pinaceae Pl 27 0 27  Eckert and Hall (2006), Ran et al.
(2006), Gernandt et al. (2008)

Piperaceae PP 1 1 2

Platanaceae PL 1 0 1

Poaceae PO 1 0 1

Podocarpaceae PD 10 0 10  Knopf et al. (2012)

Polygalaceae PG 1 1 2

Polygonaceae PY 1 1 2

Primulaceae PR 8 2 10  Stahl (1996)

Proteaceae PC 12 0 12 Mast and Givnish (2002), Barker et al.
(2007), Sauquet et al. (2009)

Putranjivaceae PU 2 0 2

Ranunculaceae RA 0 3 3 Miikeda et al. (2006), Xie and Li (2012)

Rhamnaceae RH 6 3 9 Richardson et al. (2000), Islam and
Simmons (2006), Li et al. (2010)

Rhipogonaceae RI 0 2 2

Rhizophoraceae Rz 6 0 6 Setoguchi et al. (1999)

Rosaceae RO 21 4 25  Alice and Campbell (1999), Potter et al.
(2007), Chin et al. (2010), Wang et al.
(2011)

Rubiaceae RU 28 5 33  Persson (1996), Nepokroeff et al.
(1999), Paz et al. (1999), Andreasen
and Bremer (2000), Faivre and
McDade (2001), Bremer and Eriksson
(2009), Kainulainen et al. (2010),
Manns and Bremer (2010)

Rutaceae RT 16 0 16 Poon et al. (2007), Trinder-Smith et al.
(2007), Groppo et al. (2008), Martyn et
al. (2009)

Salicaceae SA 24 0 24  Eckenwalder (1996), Argus (1997),
Chase et al. (2002), Cervera et al.
(2005), Williams (2012)

Santalaceae SN 2 0 2

Sapindaceae SP 28 3 31 Suh etal. (2000), Harrington et al.

(2005), Li et al. (2006), Renner et al.
(2007), Buerki et al. (2009)

Sapotaceae SO 20 0 20 Bartish et al. (2005), Smedmark et al.
(2006), Swenson et al. (2008),
Armstrong (2010), Petersen et al.
(2012)
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Table E1 (continued).

Family Code Trees Lianas Total References

Schisandraceae SC 1 1 2

Scrophulariaceae SR 2 0 2

Simaroubaceae Sl 2 0 2

Smilacaceae SM 1 4 5  Chen et al. (2006)

Solanaceae SL 1 1 2

Staphyleaceae ST 2 0 2

Styracaceae S1 1 0 1

Symplocaceae SY 1 0 1

Taxaceae TA 1 0 1

Theaceae TH 3 0 3

Thymelaeaceae TY 1 1 2

Ulmaceae UL 9 0 9  Wiegrefe et al. (1994), Sytsma et al.
(2002), Hipp et al. (2008)

Urticaceae UR 9 0 9  Sytsma et al. (2002), Hadiah et al.
(2008)

Verbenaceae VE 1 1

Violaceae VI 4 0 4  Tokuoka (2008)

Vitaceae VT 2 10 12  Rossetto et al. (2002), Wen et al.
(2007), Trondle et al. (2010), Ren et al.
(2011)

Vochysiaceae VO 4 0 4

Winteraceae Wi 1 0 1

Xanthorrhoeaceae XA 0 1 1

Zygophyllaceae Y 2 0 2

Literature Cited
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Appendix F: Maximally resolved phylogenetic tree

Newick tree notation for maximally resolved phylogenetic tree.

(Cqeceeeee e er_Viburnum_sp.,(C7_Lonicera_periclymenum,C7_Lonicera_hispidula)) CAPRIF
OLIACEAE,(((AA_Cephalaralia_cephalobotrys,((AA_Cussonia_spicata,AA_Cheirodendron_trigyn
um),(((AA_Polyscias_elegans,AA_Polyscias_murrayi),AA_Arthrophyllum_diversifolium),((AA_Sch
efflera_morototoni,AA_Schefflera_macrocarpa,AA_Schefflera_vinosa),AA_Dendropanax_arboreu
s,AA_Oreopanax_xalapensis))))ARALIACEAE,GR_Griselinia_littoralis),PN_Pennantia_cunningha
mii)),ES_Polyosma_cunninghamii),(((((AS_Pentacalia_sp.,((AS_Baccharis_angustifolia,AS_Bacc
haris_macrantha),((AS_Bidens_reptans,AS_Lasianthaea_ceanothifolia),AS_Ageratina_dendroide
s))),(AS_Sinclairia_caducifolia,AS_Piptocarpha_rotundifolia)),AS_Brachylaena_neriifolia),AS_Go
chnatia_floribunda),AS_Dasyphyllum_diacanthoides) ASTERACEAE),((AQ_llex_canariensis,(AQ
_llex_opaca,(AQ_llex_mitis,(AQ_llex_anomala,(AQ_llex_aquifolium,AQ_llex_perado)))))AQUIFO
LIACEAE,(CR_Citronella_moorei,(CR_Leptaulus_daphnoides,CR_Gonocaryum_sp.))CARDIOPT
ERIDACEAE)),((((((SR_Freylinia_lanceolata,SR_Myoporum_sandwicense)SCROPHULARIACEA
E,((BG_Pandorea_pandorana,(BG_Jacaranda_copaia,((BG_Chilopsis_linearis,(((BG_Kigelia_afri
cana,BG_Markhamia_lutea),(BG_Mayodendron_igneum,BG_Spathodea_campanulata)),((BG_A
mphitecna_tuxtlensis,BG_Crescentia_cujete),(BG_Handronathus_chrysanthus,BG_Handroanthu
s_billbergii)),BG_Tabebuia_rosea))),((BG_Adenocalymma_tanaeciicarpum,BG_Memora_sp.),((B
G_Fridericia_schumanniana,BG_Fridericia_prancei),(BG_Pleonotoma_variabilis,(BG_Mansoa_v
errucifera,BG_Bignonia_corymbosa)))))))BIGNONIACEAE,(AC_Avicennia_marina,((((LA_Aegiphi
la_costaricensis,LA_Aegiphila_lhotzkiana),(LA_Gmelina_leichardtii,LA_Tectona_grandis)),LA_Vit
ex_pinnata)LAMIACEAE,(VE_Citharexylum_macradenium,VE_Lantana_camara)VERBENACEA
E)))),(((((OE_Olea_paniculata,(OE_Olea_europaea,(OE_Olea_woodiana,OE_Olea_capensis))),(
OE_Chionanthus_virginicus,OE_Chionanthus_peglerae)),(OE_Phillyrea_angustifolia, OE_Picconi
a_excelsa)),((OE_Fraxinus_americana,OE_Fraxinus_pennsylvanica),(OE_Fraxinus_ornus,(OE_
Fraxinus_nigra,(OE_Fraxinus_mandshurica,(OE_Fraxinus_angustifolia, OE_Fraxinus_excelsior)))
))),OE_Nyctanthes_arbortristis\ OLEACEAE),(BO_Bourreria_cumanensis,((BO_Cordia_caffra,BO
_Cordia_dichotoma),(BO_Cordia_bicolor,BO_Cordia_megalantha,BO_Cordia_alliodora)))BORA
GINACEAE),((((CV_Bonamia_trichantha,CV_Maripa_panamensis),(CV_Convolvulus_nodiflorus,
CV_Merremia_quinquefolia)) CONVOLVULACEAE,(SL_Solanum_refractum,SL_Solanum_stramo
niifolium)SOLANACEAE), ((((((((AP_Wrightia_natalensis,(AP_Wrightia_pubescens,AP_Wrightia_a
rborea)),(((AP_Urceola_rosea,AP_Beaumontia_grandiflora),(((AP_Marsdenia_lanata,AP_Pergula
ria_rostrata),AP_Polystemma_guatemalense),(AP_Parsonsia_fulva,(AP_Parsonsia_lilacina,AP_
Parsonsia_ventricosa)))),AP_Funtumia_africana)),(AP_Cerbera_manghas,AP_Cascabela_theveti
a)),(AP_Melodinus_australis,AP_Melodinus_cochinchinensis)),((AP_Stemmadenia_donnellsmithii
,(AP_Kopsia_arborea,AP_Rauvolfia_vomitoria)),((AP_Aspidosperma_desmanthum,AP_Aspidosp
erma_album),(AP_Aspidosperma_tomentosum,AP_Aspidosperma_megalocarpon))))APOCYNA
CEAE,((LG_Strychnos_nuxvomica,(LG_Strychnos_decussata,LG_Strychnos_madagascariensis)
),LG_Strychnos_henningsii)LOGANIACEAE),(GE_Fagraea_fragrans,GE_Macrocarpaea_sidiroan
a)GENTIANACEAE),((((RU_Faramea_occidentalis,RU_Faramea_platyneura),RU_Coussarea_al
bescens),(RU_Coprosma_ochracea,(RU_Morinda_jasminoides,((RU_Palicourea_guianensis,((R
U_Psychotria_faxlucens,RU_Psychotria_chiapensis),RU_Palicourea_sp.)),(RU_Psychotria_cape
nsis,(RU_Psychotria_simiarum,RU_Psychotria_flava)))))),(((RU_Pittoniotis_trichantha,(RU_Haldi
na_cordifolia,(RU_Mitragyna_parvifolia,(RU_Neolamarckia_cadamba,(RU_Uncaria_guianensis,R
U_Uncaria_tomentosa,RU_Uncaria_macrophylla,RU_Uncaria_rhynchophylla))))),RU_Remijia_m
orilloi),(((RU_Chimarrhis_turbinata,RU_Alseis_blackiana),RU_Macrocnemum_roseum),((RU_Reti
niphyllum_concolor,RU_Retiniphyllum_truncatum),(RU_Scyphiphora_hydrophylacea,(RU_Diplos
pora_malaccensis,(RU_Hyperacanthus_amoenus,(RU_Rothmannia_globosa,(RU_Gardenia_latif
olia,(RU_Tamilnadia_uliginosa,RU_Tocoyena_formosa))))))))))RUBIACEAE))),(IC_Apodytes_dim
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idiata,IC_lodes_vitiginea)lCACINACEAE)),((((((AT_Actinidia_arguta,((CT_Clethra_mexicana,CT_
Purdiaea_nutans)CLETHRACEAE,((((((ER_Chamaedaphne_latifolia,(ER_Kalmia_angustifolia,ER
_Kalmia_polifolia)),ER_Bejaria_aestuans),(ER_Hymenanthes_maxima,ER_Erica_arborea)),ER _
Oxydendrum_arboreum),(ER_Vaccinium_floribundum,ER_Vaccinium_sp.)),(ER_Arbutus_menzie
sii,(ER_Arbutus_canariensis,ER_Arbutus_unedo)))ERICACEAE)),(S1_Styrax_camporum,SY_Sy
mplocos_sumuntia)),(TH_Camellia_japonica,(TH_Schima_brevifolia, TH_Schima_superba))THEA
CEAE),(PT_Adinandra_dumosa,(PT_Cleyera_japonica,(PT_Eurya_japonica,PT_Visnea_mocane
ra)))PENTAPHYLACACEAE),((((PR_Jacquinia_pungens,PR_Jacquinia_armillaris),(PR_Parathes
is_amplifolia,(((PR_Myrsine_seguinii,PR_Myrsine_andina),(PR_Rapanea_lessertiana,PR_Rapan
ea_melanophloeos)),(PR_Heberdenia_bahamensis,(PR_Embelia_australiana,PR_Cybianthus_m
arginatus)))))PRIMULACEAE,((((((((EB_Diospyros_malabarica,EB_Diospyros_kerrii,EB_Diospyro
s_nutans,EB_Diospyros_melanoxylon),(EB_Diospyros_inhacaensis,EB_Diospyros_dendo)),EB_
Diospyros_cauliflora),(EB_Diospyros_natalensis,EB_Diospyros_hoyleana)),EB_Diospyros_penta
mera),EB_Diospyros_maingayi),EB_Diospyros_whyteana),EB_Euclea_divinorum)EBENACEAE),
(((SO_Madhuca_longifolia,SO_Madhuca_sp.),(SO_Sideroxylon_inerme,(SO_Inhambanella_henri
quezii,((SO_Mimusops_elengi,SO_Mimusops_obovata),(SO_Manilkara_hexandra,(SO_Manilkar
a_huberi,SO_Manilkara_bidentata)))))),(SO_Englerophytum_natalense,(((SO_Micropholis_sp.,S
O_Micropholis_maguirei),SO_Chrysophyllum_argenteum),((SO_Niemeyera_chartacea,SO_Planc
honella_obovata),(SO_Pouteria_venosa,SO_Pouteria_macrophylla,SO_Pouteria_reticulata,SO_
Pouteria_rhynchocarpa,SO_Pouteria_durlandii)))))SAPOTACEAE)),(((LE_Lecythis_sp.,LE_Lecyt
his_lurida),LE_Couratari_guianensis),(LE_Barringtonia_macrostachya,LE_Planchonia_careya))L
ECYTHIDACEAE)),((((C2_Alangium_chinensis,C2_Alangium_villosum),((C2_Cornus_controvers
a,C2_Cornus_alternifolia),C2_Cornus_florida)),C2_Nyssa_sylvatica) CORNACEAE,(C6_Curtisia_
dentata,HY_Schizophragma_hydrangeoides))),((CA_Pereskia_guamacho,NY_Neea_obovata),(P
Y_Antigonon_flavescens,PY_Coccoloba_hondurensis)POLYGONACEAE)),AX_Aextoxicon_punc
tatum),(C3_Coula_edulis,((OL_Heisteria_scandens,OL_Strombosia_scheffleri)OLACACEAE,((S
N_Exocarpos_aphyllus,SN_Santalum_acuminatum)SANTALACEAE,LO_Nuytsia_floribunda)))),(
DI_Davilla_rugosa,(DI_Doliocarpus_dentatus,DI_Dillenia_indica))DILLENIACEAE),((((((((CP_Cla
dostemon_kirkii,(((CP_Capparis_odoratissima,CP_Morisonia_americana),(CP_Capparis_baducc
a,CP_Capparis_pachaca)),(CP_Capparis_linearis,CP_Capparis_flexuosa)))CAPPARACEAE,(((((
MV_Byttneria_aspera,MV_Kleinhovia_hospita),(MV_Commersonia_bartramia,((MV_Apeiba_glab
ra,MV_Apeiba_membranacea,MV_Apeiba_tibourbou),(MV_Heliocarpus_appendiculatus,(MV_Lu
ehea_seemannii,((MV_Trichospermum_mexicanum,MV_Trichospermum_pleiostigma),MV_Grewi
a_asiatica)))))),(((MV_Brachychiton_discolor,MV_Brachychiton_populneus,MV_Brachychiton_me
gaphyllus),((MV_Firmiana_colorata,MV_Pterygota_alata),(MV_Heritiera_actinophylla,MV_Heritier
a_trifoliolata))),(((MV_Tilia_maximowicziana,MV_Tilia_americana),(MV_Tilia_cordata,MV_Tilia_ja
ponica)),(((MV_Pterospermum_acerifolium,MV_Dombeya_kirkii),(MV_Cola_greenwayi,MV_Morto
niodendron_guatemalense)),((((MV_Quararibea_asterolepis,MV_Quararibea_yunckeri),((MV_Ha
mpea_nutricia,MV_Thespesia_populnea),MV_Robinsonella_mirandae),(MV_Hibiscus_sp.,MV_Hi
biscus_tiliaceus))),(MV_Catostemma_sp.,((MV_Pseudobombax_septenatum,MV_Ceiba_pentand
ra),(MV_Bombax_ceiba,(MV_Pachira_sordida,MV_Pachira_humilis))))),MV_Ochroma_pyramidal
e)))),(TY_Enkleia_malaccensis, TY_Ovidia_pillopillo)THYMELAEACEAE),((DP_Monotes_glaber,(
DP_Dipterocarpus_sublamellatus,((DP_Shorea_argentifolia,DP_Shorea_robusta),(DP_Parashor
ea_malaanonan,DP_Parashorea_chinensis))))DIPTEROCARPACEAE,(BI_Cochlospermum_fras
eri,BI_Cochlospermum_vitifolium)BIXACEAE))),(((((ML_Toona_australis,(ML_Carapa_guianensis
,(ML_Soymida_febrifuga,ML_Swietenia_mahagoni))),(ML_Azadirachta_indica,(ML_Ekebergia_ca
pensis,((ML_Trichilia_cipo,ML_Trichilia_martiana),(((((ML_Guarea_guidonia,ML_Guarea_glabra),
ML_Dysoxylum_rufum),ML_Amoora_rohituka),ML_Synoum_glandulosum),ML_Anthocarpa_nitidu
la)))))MELIACEAE,(((((((RT_Pelea_sp.,RT_Acronychia_pedunculata),((RT_Vepris_undulata,RT_
Vepris_nobilis),(RT_Teclea_gerrardii,RT_Teclea_natalensis))),(RT_Tetradium_trichotomum,(RT_
Geijera_parviflora,(RT_Zanthoxylum_capense,(RT_Zanthoxylum_kellermanii,(RT_Zanthoxylum_
ekmanii,RT_Zanthoxylum_panamense)))))),RT_Calodendrum_capense),(RT_Aegle_marmelos,R
T_Clausena_anisata)),RT_Ptaeroxylon_obliquum)RUTACEAE,(SI_Eurycoma_longifolia,SI_Simar

138



ouba_amara)SIMAROUBACEAE)),(((((((SP_Acer_negundo,(SP_Acer_pensylvanicum,((SP_Acer
_platanoides,SP_Acer_campestre),SP_Acer_mono))),SP_Acer_rubrum),((SP_Acer_saccharum,(
SP_Acer_opalus,SP_Acer_monspessulanum)),SP_Acer_palmatum)),SP_Acer_pseudoplatanus),
(SP_Aesculus_californica,SP_Aesculus_hippocastanum)),SP_Hippobromus_pauciflorus),(((SP_L
itchi_chinensis,(SP_Pancovia_golungensis,SP_Pancovia_turbinata)),(((SP_Diploglottis_cunningh
amii,SP_Elattostachys_nervosa),((SP_Cupania_dentata,SP_Cupania_rufescens,SP_Cupania_sy
Ivatica),SP_Mischocarpus_australis)),((SP_Sapindus_mukorossi,SP_Sapindus_saponaria),((SP_
Allophylus_camptostachys,SP_Allophylus_zeylanicus),(SP_Cardiospermum_halicacabum,(SP_S
erjania_brachycarpa,SP_Paullinia_fibrigera)))))),SP_Schleichera_oleosa))SAPINDACEAE),(((AN
_Spondias_pinnata,AN_Spondias_radlkoferi),((AN_Harpephyllum_caffrum,(AN_Tapirira_guianen
sis,(AN_Lannea_coromandelica,AN_Lannea_schweinfurthii))),((AN_Rhus_chirindensis,AN_Sear
sia_tomentosa),((AN_Buchanania_cochinchinensis,AN_Buchanania_obovata),(AN_Astronium_gr
aveolens,(((AN_Anacardium_excelsum,(AN_Mangifera_foetida,AN_Mangifera_indica)),(AN_Trich
oscypha_patens,AN_Semecarpus_anacardium)),((AN_Pistacia_lentiscus,AN_Pistacia_terebinthu
s),(AN_Toxicodendron_succedaneum,(AN_Rhus_typhina,AN_Rhus_sandwicensis)))))))))ANACA
RDIACEAE,((((BU_Protium_tenuifolium,BU_Protium_puncticulatum,BU_Protium_spruceanum),B
U_Tetragastris_panamensis),BU_Bursera_simaruba),(BU_Boswellia_serrata,BU_Trattinnickia_a
spera))BURSERACEAE))),(ST_Turpinia_insignis,ST_Turpinia_occidentalis)STAPHYLEACEAE),(
((((A2_Alzatea_sp.,PE_Olinia_ventosa),((ME_Mouriri_uncitheca, ME_Mouriri_brachyanthera),(((((
ME_Clidemia_sericea,(ME_Miconia_acinodendron,ME_Miconia_dispar,ME_Miconia_media,ME_
Miconia_rivetii,(ME_Miconia_albicans,((ME_Miconia_minutiflora, ME_Miconia_ligustroides),ME_M
iconia_argentea)))),ME_Graffenrieda_sp.),ME_Topobea_sp.),(ME_Macairea_rufescens,ME_Tibo
uchina_stenocarpa)),ME_Bellucia_grossularioides))MELASTOMATACEAE),(((VO_Qualea_dicho
toma,VO_Qualea_grandiflora),(VO_Vochysia_ferruginea,VO_Vochysia_guatemalensis))VOCHY
SIACEAE,((((((((MT_Campomanesia_aromatica,MT_Psidium_guajava),MT_Amomyrtus_luma),(
MT_Eugenia_mabaeoides,MT_Eugenia_casearioides,MT_Eugenia_woodii)),(MT_Myrceugenia_
planipes,MT_Luma_apiculata)),MT_Rhodamnia_cinerea),((MT_Tristaniopsis_clementis,MT_Trist
aniopsis_whiteana),((((((MT_Syzygium_crebrinerve,MT_Syzygium_jambos),MT_Syzygium_cumi
ni),MT_Syzygium_eucalyptoides,MT_Syzygium_suborbiculare),((MT_Syzygium_stapfianum,MT_
Syzygium_zeylanicum),MT_Syzygium_corynanthum)),MT_Syzygium_confertum,MT_Syzygium_h
outtuynii,MT_Syzygium_ingens,MT_Syzygium_megacarpum,MT_Syzygium_rugosum,MT_Syzygi
um_urophyllum),MT_Meterosideros_polymorpha))),((((MT_Corymbia_clavigera,MT_Corymbia_co
nfertiflora),(MT_Corymbia_nesophila,(MT_Corymbia_porrecta,(MT_Corymbia_gummifera,(MT_C
orymbia_terminalis,MT_Corymbia_foelscheana),MT_Corymbia_bleeseri))))),((MT_Eucalyptus_ba
xteri,MT_Eucalyptus_haemastoma,MT_Eucalyptus_obliqua,MT_Eucalyptus_umbra),((MT_Eucaly
ptus_brevifolia,MT_Eucalyptus_dumosa,MT_Eucalyptus_foecunda,MT_Eucalyptus_globulus,MT
_Eucalyptus_incrassata,MT_Eucalyptus_intertexta,MT_Eucalyptus_paniculata,MT_Eucalyptus_p
ruinosa,MT_Eucalyptus_socialis,MT_Eucalyptus_tectifica),(MT_Eucalyptus_miniata,MT_Eucalypt
us_tetrodonta)))),MT_Syncarpia_glomulifera)),(MT_Melaleuca_leucadendra,MT_Melaleuca_viridi
flora)),(MT_Lophostemon_lactifluus,MT_Xanthostemon_paradoxus))MYRTACEAE)),((LY_Lagers
troemia_parviflora,LY_Lagerstroemia_speciosa),LY_Sonneratia_alba)LYTHRACEAE),(CO_Lumn
itzera_littorea,(((CO_Combretum_apiculatum,CO_Combretum_fruticosum),CO_Combretum_latif
olium),(((CO_Terminalia_arjuna,CO_Terminalia_alata),(CO_Anogeissus_latifolia,CO_Terminalia_
chebula)),(CO_Pteleopsis_myrtifolia,(CO_Terminalia_bellirica,((CO_Terminalia_catappa,CO_Ter
minalia_arostrata,CO_Terminalia_microcarpa,CO_Terminalia_ferdinandiana,CO_Terminalia_can
escens),CO_Terminalia_sericea))))))COMBRETACEAE)), ((((((((((((((((BT_Alnus_incana,BT_Alnu
s_hirsuta),BT_Alnus_glutinosa),BT_Alnus_rhombifolia),BT_Alnus_japonica),BT_Alnus_maximowi
czii),(BT_Betula_nigra,(BT_Betula_alleghaniensis,(BT_Betula_maximowicziana,((BT_Betula_erm
anii,BT_Betula_davurica),(BT_Betula_pubescens,(BT_Betula_populifolia,((BT_Betula_pendula,B
T_Betula_platyphylla),(BT_Betula_pumila,BT_Betula_papyrifera))))))))),(BT_Corylus_avellana,(((
BT_Carpinus_caroliniana,BT_Carpinus_betulus),BT_Carpinus_cordata),(BT_Ostrya_japonica,BT
_Ostrya_virginiana))))BETULACEAE,CS_Allocasuarina_sp.),((JU_Engelhardtia_roxburghiana,((J
U_Carya_cordiformis,((JU_Carya_alba,JU_Carya_glabra),JU_Carya_ovata)),(((JU_Juglans_nigr
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a,JU_Juglans_cinerea),JU_Juglans_ailanthifolia),JU_Juglans_regia)))JJUGLANDACEAE,(MY_Co
mptonia_peregrina,(MY_Mpyrica_esculenta,MY_Myrica_faya))MYRICACEAE)),(((FG_Fagus_cren
ata,FG_Fagus_sylvatica),FG_Fagus_grandifolia),(FG_Trigonobalanus_verticillata,(FG_Lithocarp
us_havilandii,(((FG_Castanopsis_indica,FG_Castanopsis_sieboldii),(FG_Castanea_dentata,FG_
Castanea_sativa)),(((((((FG_Quercus_robur,FG_Quercus_faginea),FG_Quercus_mongolica),FG_
Quercus_petraea,FG_Quercus_pubescens,FG_Quercus_pyrenaica),((FG_Quercus_michauxii,(F
G_Quercus_stellata,(FG_Quercus_margarettiae,(FG_Quercus_austrina,FG_Quercus_chapmanii
))),(FG_Quercus_alba,FG_Quercus_lobata),FG_Quercus_douglasii,FG_Quercus_turbinella,FG_
Quercus_macrocarpa))Quercus,(FG_Quercus_virginiana,(FG_Quercus_geminata,FG_Quercus_
minima))Virentes),((FG_Quercus_incana,(((FG_Quercus_falcata,FG_Quercus_laevis),((FG_Quer
cus_nigra,FG_Quercus_hemisphaerica),FG_Quercus_laurifolia)),(FG_Quercus_shumardii,(FG_
Quercus_pumila,FG_Quercus_myrtifolia)))),(FG_Quercus_rubra,(FG_Quercus_velutina,(FG_Que
rcus_ellipsoidalis,FG_Quercus_coccinea))),FG_Quercus_agrifolia,FG_Quercus_kelloggii,FG_Qu
ercus_xalapensis)Lobatae),(((FG_Quercus_salicina,FG_Quercus_acuta),FG_Quercus_myrsinifol
ia)yclobalanopsisis,((FG_Quercus_llex,FG_Quercus_rotundifolia),(FG_Quercus_cerris,FG_Quer
cus_suber))Cerris_&_llex))))))FAGACEAE),(NO_Nothofagus_menziesii,(NO_Nothofagus_dombe
yi,((NO_Nothofagus_antarctica,NO_Nothofagus_pumilio),(NO_Nothofagus_betuloides,NO_Notho
fagus_nitida))))NOTHOFAGACEAE),(((CU_Dieterlea_fusiformis,CU_Doyerea_emetocathartica),
CU_Cayaponia_granatensis),CU_Nothoalsomitra_suberosa) CUCURBITACEAE),(((((((((MR_Arto
carpus_heterophyllus,MR_Artocarpus_lakoocha),MR_Clarisia_biflora),(MR_Trophis_mexicana,M
R_Morus_alba)),(((((MR_Castilla_elastica,MR_Poulsenia_armata),MR_Perebea_mollis),(MR_Ps
eudolmedia_laevis,MR_Pseudolmedia_glabrata)),(((((MR_Ficus_watkinsiana,(MR_Ficus_bengha
lensis,MR_Ficus_rumphii)),(MR_Ficus_obtusifolia, MR_Ficus_aurea)),MR_Ficus_fistulosa),(MR_
Ficus_religiosa,MR_Ficus_superba),((MR_Ficus_callosa,(MR_Ficus_racemosa,MR_Ficus_auricu
lata)),(MR_Ficus_carica,(((MR_Ficus_scobina,MR_Ficus_cyrtophylla), MR_Ficus_subulata),(MR_
Ficus_hirta,MR_Ficus_grossularioides)))))),MR_Ficus_yoponensis)),(MR_Cudrania_cochinchinen
sis,(MR_Alchornea_scandens,(MR_Trilepisium_madagascariense,((MR_Brosimum_alicastrum,M
R_Brosimum_utile),MR_Brosimum_lactescens))))))MORACEAE,(((UR_Cecropia_ficifolia,(UR_Ce
cropia_longipes,(UR_Cecropia_obtusifolia,UR_Cecropia_insignis))),(UR_Pipturus_albidus,UR_P
ourouma_bicolor)),(UR_Urera_caracasana,(UR_Dendrocnide_excelsa,UR_Dendrocnide_photinip
hylla)))URTICACEAE),(((CN_Celtis_africana,CN_Celtis_occidentalis),CN_Celtis_gomphophylla),(
CN_Trema_orientalis,(CN_Trema_micrantha,CN_Trema_tomentosa)))CANNABACEAE),(UL_Ch
aetachme_aristata,(UL_Holoptelea_integrifolia,(((UL_Ulmus_glabra,(UL_Ulmus_laciniata,UL_UI
mus_davidiana)),UL_Ulmus_rubra),(UL_Ulmus_thomasii,(UL_Ulmus_americana,UL_Ulmus_laevi
s)))))ULMACEAE),(EL_Elaeagnus_angustifolia,((RH_Frangula_dodonei,RH_Rhamnus_glandulos
a),((RH_Ventilago_viminalis,RH_Ventilago_denticulata),(RH_Hovenia_acerba,((RH_Ziziphus_att
opensis,RH_Ziziphus_glaberrima),(RH_Ziziphus_jujuba,RH_Ziziphus_mucronata)))))RHAMNAC
EAE)),((((((RO_Cerasus_vulgaris,RO_Padus_avium),RO_Prunus_pensylvanica),RO_Cerasus_s
achailnensis),(RO_Cerasus_lusitanica,(RO_Prunus_serotina,(RO_Padus_ssiori,RO_Padus_virgi
niana)))),(((((RO_Pyrus_bourgaeana,RO_Pyrus_pyraster),RO_Stranvaesia_davidiana),(RO_Mal
us_domestica,RO_Malus_sylvestris)),(RO_Crataegus_monogyna,RO_Amelanchier_sanguinea)),
((RO_Sorbus_alnifolia,RO_Sorbus_intermedia),(RO_Sorbus_commixta,RO_Sorbus_aucuparia),
RO_Sorbus_aria))),(((RO_Rubus_corylifolius,(RO_Rubus_hispidus,RO_Rubus_fruticosus)),RO_
Rubus_moluccanus),RO_Rosa_arvensis))ROSACEAE)),((PG_Securidaca_inappendiculata,PG_
Xanthophyllum_stipitatum)POLYGALACEAE,((((FA_Bauhinia_variegata,(FA_Bauhinia_multinervi
a,FA_Baubhinia_rufa)),(FA_Lysiphyllum_cunninghamii,(FA_Bauhinia_racemosa,FA_Bauhinia_gla
uca,FA_Bauhinia_yunnanensis))),(((((FA_Copaifera_duckei,(FA_Eperua_leucantha,FA_Eperua_
purpurea)),(FA_Colophospermum_mopane,FA_Hardwickia_binata)),FA_Prioria_copaifera),(FA_
Saraca_indica,(((((FA_Anthonotha_graciliflora,FA_Anthonotha_macrophylla),FA_Berlinia_auricul
ata),FA_Brachystegia_spiciformis,FA_Julbernardia_globiflora),FA_Librevillea_klainei),FA_Cynom
etra_retusa))),((FA_Dialium_guianense,FA_Dialium_schlechteri),((FA_Umtiza_listeriana,FA_Cera
tonia_siliqua),(((FA_Caesalpinia_granadillo,FA_Caesalpinia_scortechinii),(FA_Cassia_fistula,FA_
Cassia_grandis)),(((FA_Tachigali_versicolor,FA_Tachigali_myrmecophila),FA_Sclerolobium_para
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ense,FA_Burkea_africana),((((((((((FA_Acacia_holosericea,FA_Acacia_auriculiformis,FA_Acacia
_floribunda,FA_Acacia_mimula),(FA_Pithecellobium_dulce,FA_Pithecellobium_lanceolatum)),(FA
_Inga_punctata,FA_Inga_quaternata)),(FA_Chloroleucon_mangense,(FA_Albizia_saman,(FA_AI
bizia_adianthifolia,FA_Albizia_antunesiana)))),FA_Acacia_nigrescens),(FA_Mimosa_albida,FA_
Mimosa_micheliana)),(FA_Acacia_karroo,FA_Acacia_robusta)),(FA_Prosopis_glandulosa,FA_Pr
osopis_juliflora)),FA_Newtonia_hildebrandtii),((FA_Erythrophleum_chlorostachys,FA_Erythrophle
um_lasianthum)Caesalpinioideae,FA_Entada_polystachya))Mimosoideae))))))Caesalpinioideae, ((
((FA_Vatairea_lundellii,((FA_Nissolia_leiogyne,((FA_Pterocarpus_marsupium,FA_Pterocarpus_r
ohrii),(FA_Dalbergia_melanoxylon,FA_Dalbergia_armata,FA_Dalbergia_sisso0))),((((((((FA_Millet
tia_dielsiana,(FA_Millettia_leptobotrya,FA_Millettia_pachycarpa)),FA_Millettia_dura,FA_Pongami
a_pinnata),(FA_Derris_involuta,(FA_Lonchocarpus_dipteroneurus,(FA_Lonchocarpus_guatemale
nsis,FA_Lonchocarpus_heptaphyllus)))),FA_Galactia_acapulcensis),(FA_Mucuna_macrocarpa,((
(FA_Erythrina_excelsa,FA_Erythrina_caffra),FA_Erythrina_folkersii),(FA_Spatholobus_suberectu
s,FA_Butea_monosperma)))),FA_Craspedolobium_schochii),(FA_Callerya_cinerea,(FA_Courseti
a_ferruginea,FA_Robinia_pseudoacacia))),(FA_Poecilanthe_effusa,(FA_Laburnum_anagyroides,
(FA_Bowdichia_virgilioides,(FA_Bolusanthus_speciosus,(FA_Sophora_chrysophylla,FA_Maackia
_amurensis)))))))),FA_Andira_inermis),(FA_Dussia_mexicana,FA_Dussia_munda)),FA_Swartzia
_simplex)Papilioloideae)FABACEAE)),(ZY_Balanites_maughamii,ZY_Bulnesia_arborea)ZYGOP
HYLLACEAE),(((((((IX_Ixonanthes_reticulata,((((((((PH_Baccaurea_racemosa,PH_Baccaurea_pa
rviflora,PH_Baccaurea_ramiflora),PH_Baccaurea_reticulata),(PH_Aporosa_lunata,PH_Aporosa_
subcaudata,PH_Aporosa_microstachya)),PH_Protomegabaria_stapfiana),(PH_Hyeronima_alche
ornoides,PH_Hymenocardia_ulmoides)),PH_Uapaca_staudtii),PH_Bischofia_javanica),((PH_Acte
phila_lindleyi,PH_Phyllanthus_flexuosus),(PH_Cleistanthus_schlechteri,(PH_Bridelia_insulana,P
H_Bridelia_retusa))))PHYLLANHACEAE),(((EU_AIchornea_costaricensis,EU_Discoglypremna_c
aloneura),((EU_Ptychopyxis_caputmedusae,(((EU_Macaranga_heynei,(EU_Macaranga_hypoleu
ca,EU_Macaranga_triloba)),EU_Macaranga_lowii),(EU_Mallotus_nesophilus,(EU_Mallotus_panic
ulatus,EU_Mallotus_philippensis)))),(EU_Dalechampia_scandens,(EU_Acalypha_skutchii,EU_CI
aoxylon_indicum)))),((EU_Suregada_zanzibariensis,(((EU_Micrandra_sprucei,EU_Manihot_chlor
osticta),EU_Elateriospermum_tapos),(EU_Dodecastigma_uleanum,(((EU_Croton_billbergianus,E
U_Croton_schiedeanus),EU_Croton_steenkampianus),EU_Croton_draco)))),(EU_Omphalea_olei
fera,((EU_Dichostemma_glaucenscens,EU_Euphorbia_colletioides),(EU_Sapium_glandulosum,(
EU_Triadica_cochinchinensis,EU_Homalanthus_novoguineensis)))))) EUPHORBIACEAE),((((MP
_Cottsia_scandens,MP_Cottsia_linearis),MP_Gaudichaudia_macvaughii),MP_Stigmaphyllon_lind
enianum),(((MP_Heteropterys_palmeri,MP_Heteropteris_sp.),MP_Tetrapterys_sp.),MP_Mascagn
ia_macroptera))MALPIGHIACEAE),(HU_Humiria_balsamifera,(AH_Kiggelaria_africana,(((GO_Go
upia_glabra,GO_Iryanthera_sagotiana)GOUPIACEAE,(VI_Rinorea_neglecta,(Vl_Rinoreocarpus_
ulei,(VI_Amphirrhox_longifolia,VI_Orthion_oblanceolatum)))VIOLACEAE),((PA_Barteria_fistulosa
,(PA_Efulensia_clematoides,(((PA_Passiflora_edulis,PA_Passiflora_subpeltata),PA_Passiflora_f
oetida),PA_Passiflora_juliana)))PASSIFLORACEAE,(((SA_Casearia_arborea,SA_Casearia_sylv
estris),(((SA_Scolopia_mundii,SA_Scolopia_zeyheri),(SA_Pleuranthodendron_lindenii,SA_Dovya
lis_longispina)),(((((SA_Populus_maximowiczii,(SA_Populus_balsamifera,(SA_Populus_heteroph
ylla,SA_Populus_sieboldii))),SA_Populus_deltoides),SA_Populus_fremontii),(SA_Populus_alba,(
SA_Populus_tremuloides,SA_Populus_tremula))),((SA_Salix_glauca,(SA_Salix_caprea,SA_Salix
_planifolia)),(SA_Salix_laevigata,(SA_Salix_pentandra,(SA_Salix_fragilis,SA_Salix_alba))))))),(S
A_Zuelania_guidonia,SA_Lunania_mexicana))SALICACEAE))))),((((OC_Lophira_alata,OC_Ochn
a_natalitia)OCHNACEAE,((((CB_Hirtella_punctillata,CB_Hirtella_triandra),(CB_Licania_arborea,
CB_Licania_heteromorpha)),CB_Parinari_excelsa) CHRYSOBALANACEAE,(PU_Drypetes_argut
a,PU_Drypetes_natalensis)PUTRANJIVACEAE)),(CY_Caryocar_brasiliense,((((Cl_Garcinia_oval
ifolia,Cl_Garcinia_intermedia),(Cl_Garcinia_mannii,(Cl_Garcinia_bancana,Cl_Garcinia_malacce
nsis))),(Cl_Clusia_elliptica,Cl_Clusia_multiflora)) CLUCIACEAE,((((CL_Caraipa_heterocarpa,CL_
Kielmeyera_coriacea),(CL_Calophyllum_polyanthum,CL_Calophyllum_longifolium)),CL_Mamme
a_africana)CALOPHYLLACEAE,(HP_Vismia_japurensis,HP_Vismia_lauriformis)HYPERICACEA
E)))),((EY_Erythroxylum_densum,EY_Erythroxylum_cumanense,EY_Erythroxylum_orinocense)E

141



RYTHROXYLACEAE,(RZ_Cassipourea_ruwensorensis,(RZ_Carallia_brachiata,(RZ_Bruguiera_c
ylindrica,(RZ_Ceriops_tagal,(RZ_Rhizophora_apiculata,RZ_Rhizophora_mucronata)))))RHIZOP
HORACEAE))),(C1_Connarus_suberosus,((C4_Pseudoweinmannia_lachnocarpa,(C4_Eucryphia
_cordifolia,(C4_Cunonia_capensis,(C4_Weinmannia_sp.,C4_Weinmannia_trichosperma))))CUN
ONIACEAE,((EA_Elaeocarpus_angustifolius,EA_Elaeocarpus_sylvestris),EA_Sloanea_woollsii)E
LAEOCARPACEAE))),(((((CE_Celastrus_orbiculatus,CE_Celastrus_paniculatus),(CE_Cassine_s
chinoides,CE_Euonymus_europaeus)),CE_Maytenus_magellanica),(CE_Maytenus_acuminata,C
E_Maytenus_oleoides)),(CE_Prionostemma_aspera,(CE_Tontelea_ovalifolia,(CE_Salacia_leptoc
lada,CE_Salacia_cordata))))CELASTRACEAE))),(VT_Leea_asiatica,((((VT_Cissus_antarctica,VT
_Cissus_hypoglauca),VT_Vitis_vinifera),(VT_Rhoicissus_tomentosa,(((VT_Cayratia_clematidea,
VT_Cayratia_eurynema),(VT_Tetrastigma_nitens,VT_Tetrastigma_planicaule)),(VT_Cissus_verti
cillata,VT_Cissus_producta)))),VT_Nothocissus_sterculiifolia))VITACEAE),((AL_Liquidambar_styr
aciflua,(HA_Trichocladus_crinitus,HA_Trichocladus_ellipticus)HAMAMELIDACEAE),CC_Cercidip
hyllum_japonicum))),BX_Buxus_macowanii),(PL_Platanus_occidentalis,((PC_Persoonia_linearis,
PC_Faurea_macnaughtonii),((PC_Brabejum_stellatifolium,PC_Gevuina_avellana),((PC_Banksia
_attenuata,PC_Banksia_menziesii),((PC_Xylomelum_pyriforme,PC_Helicia_glabriflora),(PC_Em
bothrium_coccineum,((PC_Hakea_arborescens,PC_Hakea_leucoptera),PC_Lomatia_hirsuta))))))
PROTEACEAE)PROTEACEAE),(((BE_Berberis_ilicifolia,((RA_Clematis_vitalba,RA_Clematis_las
iantha),RA_Clematis_glycinoides)RANUNCULACEAE),(((MN_Stephania_japonica,MN_Cissamp
elos_pareira),(((MN_Anomospermum_reticulatum,(MN_Abuta_rufescens,MN_Abuta_panamensis
)),MN_Cocculus_moorei),MN_Sarcopetalum_harveyanum)),(MN_Tinospora_sp.,MN_Tinomisciu
m_tonkinense))MENISPERMACECAE),LR_Akebia_trifoliata)),(AR_Pothos_longipes,(DO_Diosco
rea_transversa,(((RI_Rhipogonum_elseyanum,RI_Rhipogonum_album)RHIPOGONACEAE,(SM_
Smilax_australis,(SM_Smilax_aspera,(SM_Smilax_microphylla,(SM_Smilax_corbularia,SM_Smil
ax_hypoglauca))))SMILACACEAE),(XA_Geitonoplesium_cymosum,((AE_Calamus_muelleri,(AE_
Livistona_humilis,((AE_Socratea_exorrhiza,AE_Dictyocaryum_sp.),(((AE_Archontophoenix_cunni
nghamiana,AE_Oenocarpus_mapora),AE_Astrocaryum_mexicanum),(AE_Chamaedorea_alterna
ns,AE_Chamaedorea_pinnatifrons)))))ARECACEAE,(FL_Flagellaria_indica,PO_Bambusa_bamb
0s))))))),(CH_Hedyosmum_mexicanum,((((((((((AO_Polyalthia_longifolia,(AO_Guamia_sp.,AO_D
esmopsis_panamensis)),(AO_Polyalthia_pendula,AO_Miliusa_tomentosa)),AO_Monocarpia_mar
ginalis),((AO_Fissistigma_polyanthoides,AO_Fissistigma_polyanthum),AO_Melodorum_leichhard
tii)),((((AO_Annona_spraguei,(AO_Annona_coriacea,AO_Annona_squamosa)),AO_Monanthotaxi
s_caffra),(AO_Cymbopetalum_baillonii,(AO_Duguetia_furfuracea,AO_Duguetia_cadaverica))),(A
O_Guatteria_dumentorum,AO_Artabotrys_honkongensis))) ANNONACEAE,EP_Eupomatia_laurin
a),(MA_Liriodendron_tulipifera,((MA_Magnolia_fraseri,(MA_Magnolia_grandiflora,MA_Magnolia_
schiedeana)),(MA_Magnolia_obovata,(MA_Magnolia_nilagirica, MA_Magnolia_floribunda))))MAG
NOLIACEAE),(MI_Horsfieldia_sp.,((MI_Virola_sebifera,MI_Virola_elongata),MI_Virola_surinamen
sis))MYRICACEAE),((AM_Daphnandra_micrantha,AM_Laureliopsis_philippiana)ATHEROSPER
MATACEAE,((((LU_Cryptocarya_alba,LU_Cryptocarya_erythroxylon,LU_Cryptocarya_densiflora)
,(LU_Beilschmiedia_obtusifolia,LU_Endiandra_muelleri)),((((LU_Apollonias_barbujana,LU_Alseo
daphne_petiolaris),LU_Machilus_thunbergii),(LU_Persea_lingue,LU_Persea_indica)),((LU_Lauru
s_azorica,(LU_Litsea_panamanja,(LU_Actinodaphne_ambigua,(LU_Neolitsea_dealbata,LU_Neol
itsea_sericea)))),(((LU_Cinnamomum_oliveri,LU_Cinnamomum_tenuifolium),LU_Cinnamomum_
barbeyanum),(((LU_Ocotea_esmeraldana,(LU_Nectandra_ambigens,LU_Nectandra_purpurea)),(
LU_Licaria_brasiliensis,LU_Ocotea_aciphylla)),(LU_Ocotea_bullata,LU_Agathophyllum_persooni
anum))))))LAURACEAE,(MO_Palmeria_scandens,(MO_Xymalos_monospora,MO_Kibara_macro
phylla)) MONIMIACEAE))),(((PP_Piper_amalago,PP_Piper_novaehollandiae')PIPERACEAE,A3_
Aristolochia_taliscana),WI_Drimys_winteri)))),(SC_lllicium_anisatum,SC_Schisandra_repanda)S
CHISANDRACEAE),(((GN_Gnetum_costatum,GN_Gnetum_gnemon),((GN_Gnetum_latifolium,G
N_Gnetum_pendulum),GN_Gnetum_parvifolium))GNETACEAE,((((PI_Abies_alba,Pl_Abies_lasio
carpa),Pl_Tsuga_canadensis),((Pl_Pseudotsuga_menziesii,(Pl_Larix_decidua,PI_Larix_laricina))
,((P1_Picea_sitchensis,((Pl_Picea_glauca,PI_Picea_engelmannii),(Pl_Picea_abies,Pl_Picea_mar
iana))),(((((P1_Pinus_nigra,PI_Pinus_resinosa),Pl_Pinus_sylvestris),((PI_Pinus_pinaster,Pl_Pinus
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_canariensis),Pl_Pinus_halepensis)),(Pl_Pinus_banksiana,((Pl_Pinus_ponderosa,Pl_Pinus_jeffr

eyi),(PI_Pinus_palustris,(Pl_Pinus_rigida,Pl_Pinus_serotina))))),((PI_Pinus_monophylla,PI_Pinus
_edulis),(PI_Pinus_flexilis,Pl_Pinus_strobus))))))PINACEAE,((AU_Araucaria_araucana,(PD_Sax

egothaea_conspicua,(PD_Prumnopitys_andina,(PD_Dacrydium_beccarii,(PD_Afrocarpus_falcatu
s,((PD_Podocarpus_neriifolius,PD_Podocarpus_elatus),(PD_Podocarpus_salignus,(PD_Podocar
pus_nubigenus,(PD_Podocarpus_latifolius,PD_Podocarpus_elongatus))))))))PODOCARPACEAE
),(TA_Taxus_baccata,((((C5_Juniperus_communis,(C5_Juniperus_phoenicea,(C5_Juniperus_vir

giniana,(C5_Juniperus_osteosperma,C5_Juniperus_monosperma)))),C5_Thuja_occidentalis),(C5
_Callitris_columellaris,C5_Austrocedrus_chilensis)),C5_Taxodium_distichum)CUPRESSACEAE)

DK
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Appendix G: Conservatively resolved phylogenetic tree

Newick tree notation for conservatively resolved phylogenetic tree.

Cqeceeeee e er_Viburnum_sp.,(C7_Lonicera_periclymenum,C7_Lonicera_hispidula))CAPRIF
OLIACEAE,(((AA_Cephalaralia_cephalobotrys,((AA_Cussonia_spicata,AA_Cheirodendron_trigyn
um),(((AA_Polyscias_elegans,AA_Polyscias_murrayi),AA_Arthrophyllum_diversifolium),((AA_Sch
efflera_morototoni,AA_Schefflera_macrocarpa,AA_Schefflera_vinosa),AA_Dendropanax_arboreu
s,AA_Oreopanax_xalapensis))))ARALIACEAE,GR_Griselinia_littoralis),PN_Pennantia_cunningha
mii)),ES_Polyosma_cunninghamii),(((((AS_Pentacalia_sp.,((AS_Baccharis_angustifolia,AS_Bacc
haris_macrantha),((AS_Bidens_reptans,AS_Lasianthaea_ceanothifolia),AS_Ageratina_dendroide
s))),(AS_Sinclairia_caducifolia,AS_Piptocarpha_rotundifolia)),AS_Brachylaena_neriifolia),AS_Go
chnatia_floribunda),AS_Dasyphyllum_diacanthoides)ASTERACEAE),((AQ_llex_canariensis,(AQ
_llex_opaca,(AQ_llex_mitis,(AQ_llex_anomala,(AQ_llex_aquifolium,AQ_llex_perado)))))AQUIFO
LIACEAE,(CR_Citronella_moorei,(CR_Leptaulus_daphnoides,CR_Gonocaryum_sp.))CARDIOPT
ERIDACEAE)),((((((SR_Freylinia_lanceolata,SR_Myoporum_sandwicense)SCROPHULARIACEA
E,((BG_Pandorea_pandorana,(BG_Jacaranda_copaia,((BG_Chilopsis_linearis,(((BG_Kigelia_afri
cana,BG_Markhamia_lutea),(BG_Mayodendron_igneum,BG_Spathodea_campanulata)),((BG_A
mphitecna_tuxtlensis,BG_Crescentia_cujete),(BG_Handronathus_chrysanthus,BG_Handroanthu
s_billbergii)),BG_Tabebuia_rosea))),((BG_Adenocalymma_tanaeciicarpum,BG_Memora_sp.),((B
G_Fridericia_schumanniana,BG_Fridericia_prancei),(BG_Pleonotoma_variabilis,(BG_Mansoa_v
errucifera,BG_Bignonia_corymbosa)))))))BIGNONIACEAE,(AC_Avicennia_marina,((((LA_Aegiphi
la_costaricensis,LA_Aegiphila_lhotzkiana),(LA_Gmelina_leichardtii,LA_Tectona_grandis)),LA_Vit
ex_pinnata)LAMIACEAE,(VE_Citharexylum_macradenium,VE_Lantana_camara)VERBENACEA
E)))),(((((OE_Olea_paniculata,(OE_Olea_europaea,(OE_Olea_woodiana,OE_Olea_capensis))),(
OE_Chionanthus_virginicus,OE_Chionanthus_peglerae)),(OE_Phillyrea_angustifolia, OE_Picconi
a_excelsa)),((OE_Fraxinus_americana,OE_Fraxinus_pennsylvanica),(OE_Fraxinus_ornus,(OE_
Fraxinus_nigra,(OE_Fraxinus_mandshurica,(OE_Fraxinus_angustifolia,OE_Fraxinus_excelsior)))
))),OE_Nyctanthes_arbortristis\ OLEACEAE),(BO_Bourreria_cumanensis,((BO_Cordia_caffra,BO
_Cordia_dichotoma),(BO_Cordia_bicolor,BO_Cordia_megalantha,BO_Cordia_alliodora)))BORA
GINACEAE),((((CV_Bonamia_trichantha,CV_Maripa_panamensis),(CV_Convolvulus_nodiflorus,
CV_Merremia_quinquefolia)) CONVOLVULACEAE,(SL_Solanum_refractum,SL_Solanum_stramo
niifolium)SOLANACEAE), ((((((((AP_Wrightia_natalensis,(AP_Wrightia_pubescens,AP_Wrightia_a
rborea)),(((AP_Urceola_rosea,AP_Beaumontia_grandiflora),(((AP_Marsdenia_lanata,AP_Pergula
ria_rostrata),AP_Polystemma_guatemalense),(AP_Parsonsia_fulva,(AP_Parsonsia_lilacina,AP_
Parsonsia_ventricosa)))),AP_Funtumia_africana)),(AP_Cerbera_manghas,AP_Cascabela_theveti
a)),(AP_Melodinus_australis,AP_Melodinus_cochinchinensis)),((AP_Stemmadenia_donnellsmithii
,(AP_Kopsia_arborea,AP_Rauvolfia_vomitoria)),((AP_Aspidosperma_desmanthum,AP_Aspidosp
erma_album),(AP_Aspidosperma_tomentosum,AP_Aspidosperma_megalocarpon))))APOCYNA
CEAE,((LG_Strychnos_nuxvomica,(LG_Strychnos_decussata,LG_Strychnos_madagascariensis)
),LG_Strychnos_henningsii)LOGANIACEAE),(GE_Fagraea_fragrans,GE_Macrocarpaea_sidiroan
a)GENTIANACEAE),((((RU_Faramea_occidentalis,RU_Faramea_platyneura),RU_Coussarea_al
bescens),(RU_Coprosma_ochracea,(RU_Morinda_jasminoides,((RU_Palicourea_guianensis,((R
U_Psychotria_faxlucens,RU_Psychotria_chiapensis),RU_Palicourea_sp.)),(RU_Psychotria_cape
nsis,(RU_Psychotria_simiarum,RU_Psychotria_flava)))))),(((RU_Pittoniotis_trichantha,(RU_Haldi
na_cordifolia,(RU_Mitragyna_parvifolia,(RU_Neolamarckia_cadamba,(RU_Uncaria_guianensis,R
U_Uncaria_tomentosa,RU_Uncaria_macrophylla,RU_Uncaria_rhynchophylla))))),RU_Remijia_m
orilloi),(((RU_Chimarrhis_turbinata,RU_Alseis_blackiana),RU_Macrocnemum_roseum),((RU_Reti
niphyllum_concolor,RU_Retiniphyllum_truncatum),(RU_Scyphiphora_hydrophylacea,(RU_Diplos
pora_malaccensis,(RU_Hyperacanthus_amoenus,(RU_Rothmannia_globosa,(RU_Gardenia_latif
olia,(RU_Tamilnadia_uliginosa,RU_Tocoyena_formosa))))))))))RUBIACEAE))),(IC_Apodytes_dim
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idiata,IC_lodes_vitiginea)lCACINACEAE)),((((((AT_Actinidia_arguta,((CT_Clethra_mexicana,CT_
Purdiaea_nutans)CLETHRACEAE,((((((ER_Chamaedaphne_latifolia,(ER_Kalmia_angustifolia,ER
_Kalmia_polifolia)),ER_Bejaria_aestuans),(ER_Hymenanthes_maxima,ER_Erica_arborea)),ER _
Oxydendrum_arboreum),(ER_Vaccinium_floribundum,ER_Vaccinium_sp.)),(ER_Arbutus_menzie
sii,(ER_Arbutus_canariensis,ER_Arbutus_unedo)))ERICACEAE)),(S1_Styrax_camporum,SY_Sy
mplocos_sumuntia)),(TH_Camellia_japonica,(TH_Schima_brevifolia, TH_Schima_superba))THEA
CEAE),(PT_Adinandra_dumosa,(PT_Cleyera_japonica,(PT_Eurya_japonica,PT_Visnea_mocane
ra)))PENTAPHYLACACEAE),((((PR_Jacquinia_pungens,PR_Jacquinia_armillaris),(PR_Parathes
is_amplifolia,(((PR_Myrsine_seguinii,PR_Myrsine_andina),(PR_Rapanea_lessertiana,PR_Rapan
ea_melanophloeos)),(PR_Heberdenia_bahamensis,(PR_Embelia_australiana,PR_Cybianthus_m
arginatus)))))PRIMULACEAE,((((((((EB_Diospyros_malabarica,EB_Diospyros_kerrii,EB_Diospyro
s_nutans,EB_Diospyros_melanoxylon),(EB_Diospyros_inhacaensis,EB_Diospyros_dendo)),EB_
Diospyros_cauliflora),(EB_Diospyros_natalensis,EB_Diospyros_hoyleana)),EB_Diospyros_penta
mera),EB_Diospyros_maingayi),EB_Diospyros_whyteana),EB_Euclea_divinorum)EBENACEAE),
(((SO_Madhuca_longifolia,SO_Madhuca_sp.),(SO_Sideroxylon_inerme,(SO_Inhambanella_henri
quezii,((SO_Mimusops_elengi,SO_Mimusops_obovata),(SO_Manilkara_hexandra,(SO_Manilkar
a_huberi,SO_Manilkara_bidentata)))))),(SO_Englerophytum_natalense,(((SO_Micropholis_sp.,S
O_Micropholis_maguirei),SO_Chrysophyllum_argenteum),((SO_Niemeyera_chartacea,SO_Planc
honella_obovata),(SO_Pouteria_venosa,SO_Pouteria_macrophylla,SO_Pouteria_reticulata,SO_
Pouteria_rhynchocarpa,SO_Pouteria_durlandii)))))SAPOTACEAE)),(((LE_Lecythis_sp.,LE_Lecyt
his_lurida),LE_Couratari_guianensis),(LE_Barringtonia_macrostachya,LE_Planchonia_careya))L
ECYTHIDACEAE)),((((C2_Alangium_chinensis,C2_Alangium_villosum),((C2_Cornus_controvers
a,C2_Cornus_alternifolia),C2_Cornus_florida)),C2_Nyssa_sylvatica) CORNACEAE,(C6_Curtisia_
dentata,HY_Schizophragma_hydrangeoides))),((CA_Pereskia_guamacho,NY_Neea_obovata),(P
Y_Antigonon_flavescens,PY_Coccoloba_hondurensis)POLYGONACEAE)),AX_Aextoxicon_punc
tatum),(C3_Coula_edulis,((OL_Heisteria_scandens,OL_Strombosia_scheffleri)OLACACEAE,((S
N_Exocarpos_aphyllus,SN_Santalum_acuminatum)SANTALACEAE,LO_Nuytsia_floribunda)))),(
DI_Davilla_rugosa,(DI_Doliocarpus_dentatus,DI_Dillenia_indica))DILLENIACEAE),((((((((CP_Cla
dostemon_kirkii,(((CP_Capparis_odoratissima,CP_Morisonia_americana),(CP_Capparis_baducc
a,CP_Capparis_pachaca)),(CP_Capparis_linearis,CP_Capparis_flexuosa)))CAPPARACEAE, (((((
MV_Byttneria_aspera,MV_Kleinhovia_hospita),(MV_Commersonia_bartramia,((MV_Apeiba_glab
ra,MV_Apeiba_membranacea,MV_Apeiba_tibourbou),(MV_Heliocarpus_appendiculatus,(MV_Lu
ehea_seemannii,((MV_Trichospermum_mexicanum,MV_Trichospermum_pleiostigma),MV_Grewi
a_asiatica)))))),(((MV_Brachychiton_discolor,MV_Brachychiton_populneus,MV_Brachychiton_me
gaphyllus),((MV_Firmiana_colorata,MV_Pterygota_alata),(MV_Heritiera_actinophylla,MV_Heritier
a_trifoliolata))),(((MV_Tilia_maximowicziana,MV_Tilia_americana),(MV_Tilia_cordata,MV_Tilia_ja
ponica)),(((MV_Pterospermum_acerifolium,MV_Dombeya_kirkii),(MV_Cola_greenwayi,MV_Morto
niodendron_guatemalense)),((((MV_Quararibea_asterolepis,MV_Quararibea_yunckeri),((MV_Ha
mpea_nutricia,MV_Thespesia_populnea),MV_Robinsonella_mirandae),(MV_Hibiscus_sp.,MV_Hi
biscus_tiliaceus))),(MV_Catostemma_sp.,((MV_Pseudobombax_septenatum,MV_Ceiba_pentand
ra),(MV_Bombax_ceiba,(MV_Pachira_sordida,MV_Pachira_humilis))))),MV_Ochroma_pyramidal
e)))),(TY_Enkleia_malaccensis, TY_Ovidia_pillopillo)THYMELAEACEAE),((DP_Monotes_glaber,(
DP_Dipterocarpus_sublamellatus,((DP_Shorea_argentifolia,DP_Shorea_robusta),(DP_Parashor
ea_malaanonan,DP_Parashorea_chinensis))))DIPTEROCARPACEAE,(BI_Cochlospermum_fras
eri,BI_Cochlospermum_vitifolium)BIXACEAE))),(((((ML_Toona_australis,(ML_Carapa_guianensis
,(ML_Soymida_febrifuga,ML_Swietenia_mahagoni))),(ML_Azadirachta_indica,(ML_Ekebergia_ca
pensis,((ML_Trichilia_cipo,ML_Trichilia_martiana),(((((ML_Guarea_guidonia,ML_Guarea_glabra),
ML_Dysoxylum_rufum),ML_Amoora_rohituka),ML_Synoum_glandulosum),ML_Anthocarpa_nitidu
la)))))MELIACEAE,(((((((RT_Pelea_sp.,RT_Acronychia_pedunculata),((RT_Vepris_undulata,RT_
Vepris_nobilis),(RT_Teclea_gerrardii,RT_Teclea_natalensis))),(RT_Tetradium_trichotomum,(RT_
Geijera_parviflora,(RT_Zanthoxylum_capense,(RT_Zanthoxylum_kellermanii,(RT_Zanthoxylum_
ekmanii,RT_Zanthoxylum_panamense)))))),RT_Calodendrum_capense),(RT_Aegle_marmelos,R
T_Clausena_anisata)),RT_Ptaeroxylon_obliquum)RUTACEAE,(SI_Eurycoma_longifolia,SI_Simar
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ouba_amara)SIMAROUBACEAE)),(((((((SP_Acer_negundo,(SP_Acer_pensylvanicum,((SP_Acer
_platanoides,SP_Acer_campestre),SP_Acer_mono))),SP_Acer_rubrum),((SP_Acer_saccharum,(
SP_Acer_opalus,SP_Acer_monspessulanum)),SP_Acer_palmatum)),SP_Acer_pseudoplatanus),
(SP_Aesculus_californica,SP_Aesculus_hippocastanum)),SP_Hippobromus_pauciflorus),(((SP_L
itchi_chinensis,(SP_Pancovia_golungensis,SP_Pancovia_turbinata)),(((SP_Diploglottis_cunningh
amii,SP_Elattostachys_nervosa),((SP_Cupania_dentata,SP_Cupania_rufescens,SP_Cupania_sy
Ivatica),SP_Mischocarpus_australis)),((SP_Sapindus_mukorossi,SP_Sapindus_saponaria),((SP_
Allophylus_camptostachys,SP_Allophylus_zeylanicus),(SP_Cardiospermum_halicacabum,(SP_S
erjania_brachycarpa,SP_Paullinia_fibrigera)))))),SP_Schleichera_oleosa))SAPINDACEAE),(((AN
_Spondias_pinnata,AN_Spondias_radlkoferi),((AN_Harpephyllum_caffrum,(AN_Tapirira_guianen
sis,(AN_Lannea_coromandelica,AN_Lannea_schweinfurthii))),((AN_Rhus_chirindensis,AN_Sear
sia_tomentosa),((AN_Buchanania_cochinchinensis,AN_Buchanania_obovata),(AN_Astronium_gr
aveolens,(((AN_Anacardium_excelsum,(AN_Mangifera_foetida,AN_Mangifera_indica)),(AN_Trich
oscypha_patens,AN_Semecarpus_anacardium)),((AN_Pistacia_lentiscus,AN_Pistacia_terebinthu
s),(AN_Toxicodendron_succedaneum,(AN_Rhus_typhina,AN_Rhus_sandwicensis)))))))))ANACA
RDIACEAE,((((BU_Protium_tenuifolium,BU_Protium_puncticulatum,BU_Protium_spruceanum),B
U_Tetragastris_panamensis),BU_Bursera_simaruba),(BU_Boswellia_serrata,BU_Trattinnickia_a
spera))BURSERACEAE))),(ST_Turpinia_insignis,ST_Turpinia_occidentalis)STAPHYLEACEAE),(
((((A2_Alzatea_sp.,PE_Olinia_ventosa),((ME_Mouriri_uncitheca, ME_Mouriri_brachyanthera),(((((
ME_Clidemia_sericea,(ME_Miconia_acinodendron,ME_Miconia_dispar,ME_Miconia_media,ME_
Miconia_rivetii, ME_Miconia_albicans,ME_Miconia_minutiflora,ME_Miconia_ligustroides,ME_Mico
nia_argentea)),ME_Graffenrieda_sp.),ME_Topobea_sp.),(ME_Macairea_rufescens,ME_Tibouchi
na_stenocarpa)),ME_Bellucia_grossularioides))MELASTOMATACEAE),(((VO_Qualea_dichotom
a,VO_Qualea_grandiflora),(VO_Vochysia_ferruginea,VO_Vochysia_guatemalensis))VOCHYSIA
CEAE,(((((((((MT_Campomanesia_aromatica,MT_Psidium_guajava),MT_Amomyrtus_luma),(MT_
Eugenia_mabaeoides,MT_Eugenia_casearioides,MT_Eugenia_woodii)),(MT_Myrceugenia_plani
pes,MT_Luma_apiculata)),MT_Rhodamnia_cinerea),((MT_Tristaniopsis_clementis,MT_Tristaniop
sis_whiteana),((MT_Syzygium_crebrinerve,MT_Syzygium_jambos,MT_Syzygium_cumini,MT_Sy
zygium_eucalyptoides,MT_Syzygium_suborbiculare,MT_Syzygium_stapfianum,MT_Syzygium_z
eylanicum,MT_Syzygium_corynanthum,MT_Syzygium_confertum,MT_Syzygium_houttuynii,MT_
Syzygium_ingens,MT_Syzygium_megacarpum,MT_Syzygium_rugosum,MT_Syzygium_urophyllu
m),MT_Meterosideros_polymorpha))),((((MT_Corymbia_clavigera,MT_Corymbia_confertiflora),(M
T_Corymbia_nesophila,(MT_Corymbia_porrecta,(MT_Corymbia_gummifera,(MT_Corymbia_ter
minalis,MT_Corymbia_foelscheana),MT_Corymbia_bleeseri))))),((MT_Eucalyptus_baxteri, MT_Eu
calyptus_haemastoma,MT_Eucalyptus_obliqua,MT_Eucalyptus_umbra),((MT_Eucalyptus_brevif
olia,MT_Eucalyptus_dumosa,MT_Eucalyptus_foecunda,MT_Eucalyptus_globulus,MT_Eucalyptu
s_incrassata,MT_Eucalyptus_intertexta,MT_Eucalyptus_paniculata,MT_Eucalyptus_pruinosa,MT
_Eucalyptus_socialis,MT_Eucalyptus_tectifica),(MT_Eucalyptus_miniata,MT_Eucalyptus_tetrodo
nta)))),MT_Syncarpia_glomulifera)),(MT_Melaleuca_leucadendra,MT_Melaleuca_viridiflora)),(MT
_Lophostemon_lactifluus,MT_Xanthostemon_paradoxus))MYRTACEAE)),((LY_Lagerstroemia_p
arviflora,LY_Lagerstroemia_speciosa),LY_Sonneratia_alba)LYTHRACEAE),(CO_Lumnitzera_litt
orea,(((CO_Combretum_apiculatum,CO_Combretum_fruticosum),CO_Combretum_latifolium),(((
CO_Terminalia_arjuna,CO_Terminalia_alata),(CO_Anogeissus_latifolia, CO_Terminalia_chebula)
),(CO_Pteleopsis_myrtifolia,(CO_Terminalia_bellirica,((CO_Terminalia_catappa,CO_Terminalia_
arostrata,CO_Terminalia_microcarpa,CO_Terminalia_ferdinandiana,CO_Terminalia_canescens),
CO_Terminalia_sericea))))))COMBRETACEAE)), ((((((((((((((((BT_Alnus_incana,BT_Alnus_hirsuta
),BT_Alnus_glutinosa),BT_Alnus_rhombifolia),BT_Alnus_japonica),BT_Alnus_maximowiczii),(BT
_Betula_nigra,(BT_Betula_alleghaniensis,(BT_Betula_maximowicziana,((BT_Betula_ermanii,BT_
Betula_davurica),(BT_Betula_pubescens,(BT_Betula_populifolia,((BT_Betula_pendula,BT_Betula
_platyphylla),(BT_Betula_pumila,BT_Betula_papyrifera))))))))).(BT_Corylus_avellana,(((BT_Carpi
nus_caroliniana,BT_Carpinus_betulus),BT_Carpinus_cordata),(BT_Ostrya_japonica,BT_Ostrya_
virginiana))))BETULACEAE,CS_Allocasuarina_sp.),((JU_Engelhardtia_roxburghiana,((JU_Carya
_cordiformis,((JU_Carya_alba,JU_Carya_glabra),JU_Carya_ovata)),(((JU_Juglans_nigra,JU_Jug
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lans_cinerea),JU_Juglans_ailanthifolia),JU_Juglans_regia)))JJUGLANDACEAE,(MY_Comptonia_
peregrina,(MY_Myrica_esculenta,MY_Myrica_faya))MYRICACEAE)),(((FG_Fagus_crenata,FG_F
agus_sylvatica),FG_Fagus_grandifolia),(FG_Trigonobalanus_verticillata,(FG_Lithocarpus_havila
ndii,(((FG_Castanopsis_indica,FG_Castanopsis_sieboldii),(FG_Castanea_dentata,FG_Castanea
_sativa)),(((((FG_Quercus_robur,FG_Quercus_faginea,FG_Quercus_mongolica,FG_Quercus_pe
traea,FG_Quercus_pubescens,FG_Quercus_pyrenaica),(FG_Quercus_michauxii,FG_Quercus_s
tellata,FG_Quercus_margarettiae,FG_Quercus_austrina,FG_Quercus_chapmanii,FG_Quercus_a
Iba,FG_Quercus_lobata,FG_Quercus_douglasii,FG_Quercus_turbinella,FG_Quercus_macrocarp
a))Quercus,(FG_Quercus_virginiana,(FG_Quercus_geminata,FG_Quercus_minima))Virentes),(F
G_Quercus_incana,FG_Quercus_falcata,FG_Quercus_laevis,FG_Quercus_nigra,FG_Quercus_h
emisphaerica,FG_Quercus_laurifolia,FG_Quercus_shumardii,FG_Quercus_pumila,FG_Quercus_

myrtifolia,FG_Quercus_rubra,FG_Quercus_velutina,FG_Quercus_ellipsoidalis,FG_Quercus_cocc
inea,FG_Quercus_agrifolia,FG_Quercus_kelloggii,FG_Quercus_xalapensis)Lobatae),(((FG_Quer
cus_salicina,FG_Quercus_acuta),FG_Quercus_myrsinifolia)yclobalanopsisis,((FG_Quercus_llex,
FG_Quercus_rotundifolia),(FG_Quercus_cerris,FG_Quercus_suber))Cerris_&_llex))))))FAGACE

AE),(NO_Nothofagus_menziesii,(NO_Nothofagus_dombeyi,((NO_Nothofagus_antarctica,NO_Not
hofagus_pumilio),(NO_Nothofagus_betuloides,NO_Nothofagus_nitida))))NOTHOFAGACEAE),(((
CU_Dieterlea_fusiformis,CU_Doyerea_emetocathartica),CU_Cayaponia_granatensis),CU_Notho
alsomitra_suberosa) CUCURBITACEAE),(((((((((MR_Artocarpus_heterophyllus,MR_Artocarpus_|

akoocha),MR_Clarisia_biflora),(MR_Trophis_mexicana,MR_Morus_alba)),(((((MR_Castilla_elasti
ca,MR_Poulsenia_armata),MR_Perebea_mollis),(MR_Pseudolmedia_laevis,MR_Pseudolmedia_
glabrata)),(((((MR_Ficus_watkinsiana,(MR_Ficus_benghalensis,MR_Ficus_rumphii)),(MR_Ficus_
obtusifolia,MR_Ficus_aurea)),MR_Ficus_fistulosa),((MR_Ficus_religiosa,MR_Ficus_superba),((M
R_Ficus_callosa,(MR_Ficus_racemosa,MR_Ficus_auriculata)),(MR_Ficus_carica,(((MR_Ficus_s
cobina,MR_Ficus_cyrtophylla),MR_Ficus_subulata),(MR_Ficus_hirta,MR_Ficus_grossularioides))
)))).MR_Ficus_yoponensis)),(MR_Cudrania_cochinchinensis,(MR_Alchornea_scandens,(MR_Tril
episium_madagascariense,((MR_Brosimum_alicastrum,MR_Brosimum_utile),MR_Brosimum_lact
escens))))))MORACEAE,(((UR_Cecropia_ficifolia,(UR_Cecropia_longipes,(UR_Cecropia_obtusif
olia,UR_Cecropia_insignis))),(UR_Pipturus_albidus,UR_Pourouma_bicolor)),(UR_Urera_caracas
ana,(UR_Dendrocnide_excelsa,UR_Dendrocnide_photiniphylla))) URTICACEAE),(((CN_Celtis_af
ricana,CN_Celtis_occidentalis),CN_Celtis_gomphophylla),(CN_Trema_orientalis,(CN_Trema_mic
rantha,CN_Trema_tomentosa))) CANNABACEAE),(UL_Chaetachme_aristata,(UL_Holoptelea_int
egrifolia,(((UL_Ulmus_glabra,(UL_Ulmus_laciniata,UL_Ulmus_davidiana)),UL_Ulmus_rubra),(UL
_Ulmus_thomasii,(UL_Ulmus_americana,UL_Ulmus_laevis)))))ULMACEAE),(EL_Elaeagnus_ang
ustifolia,((RH_Frangula_dodonei,RH_Rhamnus_glandulosa),((RH_Ventilago_viminalis,RH_Ventil
ago_denticulata),(RH_Hovenia_acerba,((RH_Ziziphus_attopensis,RH_Ziziphus_glaberrima),(RH

_Ziziphus_jujuba,RH_Ziziphus_mucronata)))))RHAMNACEAE)),((((((RO_Cerasus_vulgaris,RO_

Padus_avium),RO_Prunus_pensylvanica),RO_Cerasus_sachailnensis),(RO_Cerasus_lusitanica,
(RO_Prunus_serotina,(RO_Padus_ssiori,RO_Padus_virginiana)))),(((((RO_Pyrus_bourgaeana,R
O_Pyrus_pyraster),RO_Stranvaesia_davidiana),(RO_Malus_domestica,RO_Malus_sylvestris)),(

RO_Crataegus_monogyna,RO_Amelanchier_sanguinea)),(RO_Sorbus_alnifolia,RO_Sorbus_inte
rmedia,RO_Sorbus_commixta,RO_Sorbus_aucuparia,RO_Sorbus_aria))),(((RO_Rubus_corylifoli
us,(RO_Rubus_hispidus,RO_Rubus_fruticosus)),RO_Rubus_moluccanus),RO_Rosa_arvensis))

ROSACEAE)),((PG_Securidaca_inappendiculata,PG_Xanthophyllum_stipitatum)POLYGALACEA
E,((((FA_Bauhinia_variegata,(FA_Bauhinia_multinervia,FA_Bauhinia_rufa)),(FA_Lysiphyllum_cun
ninghamii,(FA_Bauhinia_racemosa,FA_Bauhinia_glauca,FA_Bauhinia_yunnanensis))),((((FA_C

opaifera_duckei,(FA_Eperua_leucantha,FA_Eperua_purpurea)),(FA_Colophospermum_mopane,
FA_Hardwickia_binata)),FA_Prioria_copaifera),(FA_Saraca_indica,(((((FA_Anthonotha_graciliflor
a,FA_Anthonotha_macrophylla),FA_Berlinia_auriculata),FA_Brachystegia_spiciformis,FA_Julber
nardia_globiflora),FA_Librevillea_klainei),FA_Cynometra_retusa))),((FA_Dialium_guianense,FA_
Dialium_schlechteri),((FA_Umtiza_listeriana,FA_Ceratonia_siliqua),(((FA_Caesalpinia_granadillo,
FA_Caesalpinia_scortechinii),(FA_Cassia_fistula,FA_Cassia_grandis)),(((FA_Tachigali_versicolo
r,FA_Tachigali_myrmecophila),FA_Sclerolobium_paraense,FA_Burkea_africana),((((((((((FA_Aca
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cia_holosericea,FA_Acacia_auriculiformis,FA_Acacia_floribunda,FA_Acacia_mimula),(FA_Pithec
ellobium_dulce,FA_Pithecellobium_lanceolatum)),(FA_Inga_punctata,FA_Inga_quaternata)),(FA_
Chloroleucon_mangense,(FA_Albizia_saman,(FA_Albizia_adianthifolia,FA_Albizia_antunesiana))
)),FA_Acacia_nigrescens),(FA_Mimosa_albida,FA_Mimosa_micheliana)),(FA_Acacia_karroo,FA
_Acacia_robusta)),(FA_Prosopis_glandulosa,FA_Prosopis_juliflora)),FA_Newtonia_hildebrandtii),
((FA_Erythrophleum_chlorostachys,FA_Erythrophleum_lasianthum)Caesalpinioideae,FA_Entada
_polystachya))Mimosoideae))))))Caesalpinioideae,((((FA_Vatairea_lundellii,((FA_Nissolia_leiogyn
e,((FA_Pterocarpus_marsupium,FA_Pterocarpus_rohrii),(FA_Dalbergia_melanoxylon,FA_Dalber
gia_armata,FA_Dalbergia_sisso0))),(((((((FA_Millettia_dielsiana,FA_Millettia_leptobotrya,FA_Mill
ettia_pachycarpa,FA_Millettia_dura,FA_Pongamia_pinnata),(FA_Derris_involuta,(FA_Lonchocar
pus_dipteroneurus,(FA_Lonchocarpus_guatemalensis,FA_Lonchocarpus_heptaphyllus)))),FA_G
alactia_acapulcensis),(FA_Mucuna_macrocarpa,(((FA_Erythrina_excelsa,FA_Erythrina_caffra),F
A_Erythrina_folkersii),(FA_Spatholobus_suberectus,FA_Butea_monosperma)))),FA_Craspedolob
ium_schochii),(FA_Callerya_cinerea,(FA_Coursetia_ferruginea,FA_Robinia_pseudoacacia))),(FA
_Poecilanthe_effusa,(FA_Laburnum_anagyroides,(FA_Bowdichia_virgilioides,(FA_Bolusanthus_
speciosus,(FA_Sophora_chrysophylla,FA_Maackia_amurensis)))))))),FA_Andira_inermis),(FA_D
ussia_mexicana,FA_Dussia_munda)),FA_Swartzia_simplex)Papilioloideae)FABACEAE)),(ZY_Ba
lanites_maughamii,ZY_Bulnesia_arborea)ZY GOPHYLLACEAE),(((((((IX_Ixonanthes_reticulata,((
((((((PH_Baccaurea_racemosa,PH_Baccaurea_parviflora,PH_Baccaurea_ramiflora),PH_Baccaur
ea_reticulata),(PH_Aporosa_lunata,PH_Aporosa_subcaudata,PH_Aporosa_microstachya)),PH_
Protomegabaria_stapfiana),(PH_Hyeronima_alcheornoides,PH_Hymenocardia_ulmoides)),PH_U
apaca_staudtii),PH_Bischofia_javanica),((PH_Actephila_lindleyi,PH_Phyllanthus_flexuosus),(PH
_Cleistanthus_schlechteri,(PH_Bridelia_insulana,PH_Bridelia_retusa))))PHYLLANHACEAE),(((E
U_Alchornea_costaricensis,EU_Discoglypremna_caloneura),((EU_Ptychopyxis_caputmedusae,((
(EU_Macaranga_heynei,(EU_Macaranga_hypoleuca,EU_Macaranga_triloba)),EU_Macaranga_lo
wii),(EU_Mallotus_nesophilus,(EU_Mallotus_paniculatus,EU_Mallotus_philippensis)))),(EU_Dalec
hampia_scandens,(EU_Acalypha_skutchii,EU_Claoxylon_indicum)))),((EU_Suregada_zanzibarie
nsis,(((EU_Micrandra_sprucei,EU_Manihot_chlorosticta),EU_Elateriospermum_tapos),(EU_Dode
castigma_uleanum,(((EU_Croton_billbergianus,EU_Croton_schiedeanus),EU_Croton_steenkamp
ianus),EU_Croton_draco)))),(EU_Omphalea_oleifera,((EU_Dichostemma_glaucenscens,EU_Eup
horbia_colletioides),(EU_Sapium_glandulosum,(EU_Triadica_cochinchinensis,EU_Homalanthus_
novoguineensis)))))) EUPHORBIACEAE),((((MP_Cottsia_scandens,MP_Cottsia_linearis),MP_Ga
udichaudia_macvaughii),MP_Stigmaphyllon_lindenianum),(((MP_Heteropterys_palmeri,MP_Hete
ropteris_sp.),MP_Tetrapterys_sp.),MP_Mascagnia_macroptera))MALPIGHIACEAE),(HU_Humiria
_balsamifera,(AH_Kiggelaria_africana,(((GO_Goupia_glabra,GO_Iryanthera_sagotiana) GOUPIA
CEAE,(VI_Rinorea_neglecta,(VI_Rinoreocarpus_ulei,(VI_Amphirrhox_longifolia,VI_Orthion_oblan
ceolatum)))VIOLACEAE),((PA_Barteria_fistulosa,(PA_Efulensia_clematoides,(((PA_Passiflora_e
dulis,PA_Passiflora_subpeltata),PA_Passiflora_foetida),PA_Passiflora_juliana)))PASSIFLORAC
EAE,(((SA_Casearia_arborea,SA_Casearia_sylvestris),(((SA_Scolopia_mundii,SA_Scolopia_zey
heri),(SA_Pleuranthodendron_lindenii,SA_Dovyalis_longispina)),(((((SA_Populus_maximowiczii,(
SA_Populus_balsamifera,(SA_Populus_heterophylla,SA_Populus_sieboldii))),SA_Populus_deltoi
des),SA_Populus_fremontii),(SA_Populus_alba,(SA_Populus_tremuloides,SA_Populus_tremula))
),((SA_Salix_glauca,(SA_Salix_caprea,SA_Salix_planifolia)),(SA_Salix_laevigata,(SA_Salix_pent
andra,(SA_Salix_fragilis,SA_Salix_alba))))))),(SA_Zuelania_guidonia,SA_Lunania_mexicana))SA
LICACEAE))))),((((OC_Lophira_alata,0C_Ochna_natalitia)OCHNACEAE,((((CB_Hirtella_punctilla
ta,CB_Hirtella_triandra),(CB_Licania_arborea,CB_Licania_heteromorpha)),CB_Parinari_excelsa)
CHRYSOBALANACEAE,(PU_Drypetes_arguta,PU_Drypetes_natalensis)PUTRANJIVACEAE)),(
CY_Caryocar_brasiliense,((((Cl_Garcinia_ovalifolia,Cl_Garcinia_intermedia),(Cl_Garcinia_mannii
,(Cl_Garcinia_bancana,Cl_Garcinia_malaccensis))),(Cl_Clusia_elliptica,Cl_Clusia_multiflora))CL
UCIACEAE,((((CL_Caraipa_heterocarpa,CL_Kielmeyera_coriacea),(CL_Calophyllum_polyanthu
m,CL_Calophyllum_longifolium)),CL_Mammea_africana)CALOPHYLLACEAE,(HP_Vismia_japur
ensis,HP_Vismia_lauriformis)HYPERICACEAE)))),((EY_Erythroxylum_densum,EY_Erythroxylum
_cumanense,EY_Erythroxylum_orinocense)ERYTHROXYLACEAE,(RZ_Cassipourea_ruwensore
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nsis,(RZ_Carallia_brachiata,(RZ_Bruguiera_cylindrica,(RZ_Ceriops_tagal,(RZ_Rhizophora_apicu
lata,RZ_Rhizophora_mucronata)))))RHIZOPHORACEAE))),(C1_Connarus_suberosus,((C4_Pse
udoweinmannia_lachnocarpa,(C4_Eucryphia_cordifolia,(C4_Cunonia_capensis,(C4_Weinmannia
_sp.,C4_Weinmannia_trichosperma))))CUNONIACEAE,((EA_Elaeocarpus_angustifolius,EA_Ela
eocarpus_sylvestris),EA_Sloanea_woollsi)ELAEOCARPACEAE))),(((((CE_Celastrus_orbiculatus
,CE_Celastrus_paniculatus),(CE_Cassine_schinoides,CE_Euonymus_europaeus)),CE_Maytenu
s_magellanica),(CE_Maytenus_acuminata,CE_Maytenus_oleoides)),(CE_Prionostemma_aspera,
(CE_Tontelea_ovalifolia,(CE_Salacia_leptoclada,CE_Salacia_cordata))))CELASTRACEAE))),(VT
_Leea_asiatica,((((VT_Cissus_antarctica,VT_Cissus_hypoglauca),VT_Vitis_vinifera),(VT_Rhoicis
sus_tomentosa,(((VT_Cayratia_clematidea,VT_Cayratia_eurynema),(VT_Tetrastigma_nitens,VT
_Tetrastigma_planicaule)),(VT_Cissus_verticillata,VT_Cissus_producta)))),VT_Nothocissus_sterc
uliifolia))VITACEAE),((AL_Liquidambar_styraciflua,(HA_Trichocladus_crinitus,HA_Trichocladus_
ellipticus)HAMAMELIDACEAE),CC_Cercidiphyllum_japonicum))),BX_Buxus_macowanii),(PL_Pla
tanus_occidentalis,((PC_Persoonia_linearis,PC_Faurea_macnaughtonii),((PC_Brabejum_stellatif
olium,PC_Gevuina_avellana),((PC_Banksia_attenuata,PC_Banksia_menziesii),((PC_Xylomelum
_pyriforme,PC_Helicia_glabriflora),(PC_Embothrium_coccineum,((PC_Hakea_arborescens,PC_
Hakea_leucoptera),PC_Lomatia_hirsuta))))))PROTEACEAE)PROTEACEAE),(((BE_Berberis_ilici
folia,((RA_Clematis_vitalba,RA_Clematis_lasiantha),RA_Clematis_glycinoides)RANUNCULACE
AE),(((MN_Stephania_japonica,MN_Cissampelos_pareira),(((MN_Anomospermum_reticulatum,(
MN_Abuta_rufescens,MN_Abuta_panamensis)),MN_Cocculus_moorei),MN_Sarcopetalum_harv
eyanum)),(MN_Tinospora_sp.,MN_Tinomiscium_tonkinense))MENISPERMACECAE),LR_Akebia
_trifoliata)),(AR_Pothos_longipes,(DO_Dioscorea_transversa,(((RI_Rhipogonum_elseyanum,RI_
Rhipogonum_album)RHIPOGONACEAE,(SM_Smilax_australis,(SM_Smilax_aspera,(SM_Smilax
_microphylla,(SM_Smilax_corbularia,SM_Smilax_hypoglauca))))SMILACACEAE),(XA_Geitonopl
esium_cymosum,((AE_Calamus_muelleri,(AE_Livistona_humilis,((AE_Socratea_exorrhiza,AE_Di
ctyocaryum_sp.),(((AE_Archontophoenix_cunninghamiana,AE_Oenocarpus_mapora),AE_Astroc
aryum_mexicanum),(AE_Chamaedorea_alternans,AE_Chamaedorea_pinnatifrons)))))ARECACE
AE,(FL_Flagellaria_indica,PO_Bambusa_bambos))))))),(CH_Hedyosmum_mexicanum, ((((((((((A
O_Polyalthia_longifolia,(AO_Guamia_sp.,AO_Desmopsis_panamensis)),(AO_Polyalthia_pendula
,AO_Miliusa_tomentosa)),AO_Monocarpia_marginalis),((AO_Fissistigma_polyanthoides,AO_Fiss
istigma_polyanthum),AO_Melodorum_leichhardtii)),((((AO_Annona_spraguei,(AO_Annona_coria
cea,AO_Annona_squamosa)),AO_Monanthotaxis_caffra),(AO_Cymbopetalum_baillonii,(AO_Dug
uetia_furfuracea,AO_Duguetia_cadaverica))),(AO_Guatteria_dumentorum,AO_Artabotrys_honko
ngensis)))ANNONACEAE,EP_Eupomatia_laurina),(MA_Liriodendron_tulipifera,((MA_Magnolia_fr
aseri,(MA_Magnolia_grandiflora,MA_Magnolia_schiedeana)),(MA_Magnolia_obovata,(MA_Magn
olia_nilagirica, MA_Magnolia_floribunda))))MAGNOLIACEAE),(MI_Horsfieldia_sp.,((MI_Virola_se
bifera,MI_Virola_elongata),MI_Virola_surinamensis))MYRICACEAE),((AM_Daphnandra_micranth
a,AM_Laureliopsis_philippiana) ATHEROSPERMATACEAE,((((LU_Cryptocarya_alba,LU_Cryptoc
arya_erythroxylon,LU_Cryptocarya_densiflora),(LU_Beilschmiedia_obtusifolia,LU_Endiandra_mu
elleri)),((((LU_Apollonias_barbujana,LU_Alseodaphne_petiolaris),LU_Machilus_thunbergii),(LU_P
ersea_lingue,LU_Persea_indica)),((LU_Laurus_azorica,(LU_Litsea_panamanja,(LU_Actinodaphn
e_ambigua,(LU_Neolitsea_dealbata,LU_Neolitsea_sericea)))),(((LU_Cinnamomum_oliveri,LU_Ci
nnamomum_tenuifolium),LU_Cinnamomum_barbeyanum),(((LU_Ocotea_esmeraldana,(LU_Nect
andra_ambigens,LU_Nectandra_purpurea)),(LU_Licaria_brasiliensis,LU_Ocotea_aciphylla)),(LU_
Ocotea_bullata,LU_Agathophyllum_persoonianum))))))LAURACEAE,(MO_Palmeria_scandens,(
MO_Xymalos_monospora,MO_Kibara_macrophylla))MONIMIACEAE))),(((PP_Piper_amalago,PP
_Piper_novaehollandiae)PIPERACEAE,A3_Aristolochia_taliscana),WI_Drimys_winteri)))),(SC_IIIi
cium_anisatum,SC_Schisandra_repanda)SCHISANDRACEAE),(((GN_Gnetum_costatum,GN_G
netum_gnemon),((GN_Gnetum_latifolium,GN_Gnetum_pendulum),GN_Gnetum_parvifolium))GN
ETACEAE,((((PI_Abies_alba,Pl_Abies_lasiocarpa),Pl_Tsuga_canadensis),((P|_Pseudotsuga_me
nziesii,(P1_Larix_decidua,Pl_Larix_laricina)),((Pl_Picea_sitchensis,((Pl_Picea_glauca,Pl_Picea_e
ngelmannii),(P1_Picea_abies,Pl_Picea_mariana))),(((((P1_Pinus_nigra,PI_Pinus_resinosa),PI_Pin
us_sylvestris),((Pl_Pinus_pinaster,Pl_Pinus_canariensis),PI_Pinus_halepensis)),(Pl_Pinus_bank
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siana,((P1_Pinus_ponderosa,PI_Pinus_jeffreyi),(Pl_Pinus_palustris,(Pl_Pinus_rigida,PI_Pinus_se
rotina))))),((P1_Pinus_monophylla,PI_Pinus_edulis),(PI_Pinus_flexilis,P1_Pinus_strobus))))))PINA
CEAE,((AU_Araucaria_araucana,(PD_Saxegothaea_conspicua,(PD_Prumnopitys_andina,(PD_D
acrydium_beccarii,(PD_Afrocarpus_falcatus,((PD_Podocarpus_neriifolius,PD_Podocarpus_elatu
s),(PD_Podocarpus_salignus,(PD_Podocarpus_nubigenus,(PD_Podocarpus_latifolius,PD_Podoc
arpus_elongatus))))))))PODOCARPACEAE),(TA_Taxus_baccata,((((C5_Juniperus_communis,(C
5_Juniperus_phoenicea,(C5_Juniperus_virginiana,(C5_Juniperus_osteosperma,C5_Juniperus_m
onosperma)))),C5_Thuja_occidentalis),(C5_Callitris_columellaris,C5_Austrocedrus_chilensis)),C
5_Taxodium_distichum)CUPRESSACEAE))))));
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