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Leaf economic and hydraulic divergences underpin ecological differentiation in the Bromeliaceae
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Summary statement

The bromeliads are one of the most diverse plant families of the American tropics, and recognised as
a model system for the study of evolutionary ecology and physiology. We show that divergences in
key leaf traits can explain the differentiation of ecophysiological strategies among the major
functional types, with important ramifications for our understanding of the evolutionary

diversification of this extraordinary group of plants.
Abstract

Leaf economic and hydraulic theory have rarely been applied to the ecological differentiation of
speciose herbaceous plant radiations. The role of character trait divergences and network
reorganisation in the differentiation of the functional types in the megadiverse Neotropical
Bromeliaceae was explored by quantifying a range of leaf economic and hydraulic traits in 50 diverse
species. Functional types, which are defined by combinations of C; or CAM photosynthesis,
terrestrial or epiphytic habits, and non-specialised, tank-forming or atmospheric morphologies,
segregated clearly in trait space. Most classical leaf economic relationships were supported, but they
were weakened by the presence of succulence. Functional types differed in trait-network
architecture, suggesting that rewiring of trait-networks caused by innovations in habit and
photosynthetic pathway is an important aspect of ecological differentiation. The hydraulic data
supported the coupling of leaf hydraulics and gas exchange, but not the hydraulic safety vs.
efficiency hypothesis, and hinted at an important role for the extra-xylary compartment in the
control of bromeliad leaf hydraulics. Overall, our findings highlight the fundamental importance of

structure-function relationships in the generation and maintenance of ecological diversity.
Keywords:

Bromeliaceae, leaf economics, leaf hydraulics, water relations, leaf anatomy, ecological

differentiation, adaptive radiation
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Introduction
[FIGURE 1]

The Neotropical Bromeliaceae is a highly diverse monocotyledonous family of some 3,500 species
(Butcher & Gouda, 2016). A number of key innovations have been identified in the Bromeliaceae
(Givnish et al., 2014), among which are absorptive foliar trichomes that facilitate the uptake of water
and minerals, Crassulacean acid metabolism (CAM), epiphytism, and the tank growth form, in which
a rosette of leaves forms a reservoir to trap water and leaf-litter. These innovations have shaped the
evolutionary history of the bromeliad family, facilitating increased independence from the growth
substrate and the invasion of varied environmental niches. Characteristic combinations of
innovations can be used to define a series of ecologically distinctive functional types that have long
been recognised (Fig. 1; scheme adapted from Pittendrigh, 1948). C; terrestrials range from
mesophytic to somewhat xerophytic, while classic succulent xerophytes are found among the CAM
terrestrials. C3 tank-epiphytes are most abundant in relatively mesic canopy microhabitats, whereas
most CAM tank-epiphytes tolerate higher exposure (Pittendrigh, 1948; Benzing, 2000). Meanwhile
CAM atmospheric epiphytes occur in the most extreme microhabitats, using pulses of occult
precipitation to maintain water balance. Until now, no quantitative analyses have explored how
differences in leaf economic and hydraulic traits, and the architecture of the conceptual network of
correlations that connects them (hereafter ‘trait-network’), relate to ecological differentiation in the

Bromeliaceae.

Leaf economic theory holds that fundamental developmental and physiological constraints limit the
region of leaf trait hyperspace occupied during plant evolution (Reich et al., 1997, 1999; Wright et
al., 2004, 2005; Donovan et al., 2011; Vasseur et al., 2012; Diaz et al., 2016). The core leaf economic
traits, photosynthetic capacity (Amax), respiration rate (R), leaf nitrogen content (Nieas), leaf
phosphorus content (Pias), leaf mass per unit area (LMA), and leaf lifespan (LL), show strong
coordination across the plant kingdom. Although leaf economic theory has focussed principally on
covariation in a limited set of core traits, efforts have been made to extend the approach to consider
other leaf traits, including leaf shape and size (Niinemets et al., 2007a), leaf hydraulics (Niinemets et
al., 2007b; Sack et al., 2013), leaf defences (Mason & Donovan, 2015a), and genome and cell size
(Beaulieu et al., 2007; Brodribb et al., 2013). The relationships between gas exchange, hydraulic
conductance and hydraulic vulnerability are of particular interest because of their importance for
plant survival or mortality under environmental stress (Choat et al., 2012; Mitchell et al., 2013).
Hydraulic conductance and hydraulic vulnerability may trade off in plant stems, supporting the so-

called safety vs. efficiency hypothesis (Pockman & Sperry, 2000; Maherali et al., 2004; Wheeler et al.,
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2005; Hacke & Sperry, 2006; Jacobsen et al., 2007; Gleason et al., 2016). However, such relationships
are less well defined in leaves, despite a growing recognition of the relative importance of leaf
venation and extra-xylary compartments in regulating transpiration fluxes (Cochard et al., 2004;
Buckley et al., 2015). It is generally accepted that leaf hydraulics and photosynthetic capacity are
closely coupled (Scoffoni et al., 2016a), although it has been suggested that some aspects of gas
exchange and hydraulic function may be decoupled by carbon-concentrating mechanisms and pulse-
driven physiological strategies (Blackman et al., 2010; Ocheltree et al., 2016). Despite their
importance in natural vegetation and in agriculture, reports of leaf economic and hydraulic
properties in radiations of herbaceous plants are still surprisingly scarce (Dunbar-Co et al., 2009;
Muir et al., 2014; Mason & Donovan, 2015b; Nolf et al., 2016). The bromeliads have attracted some
recent attention from plant hydraulic researchers (e.g. North et al., 2013, 2015), but offer an
excellent general opportunity to study the coordination of leaf economic and hydraulic traits in an
ecophysiologically diverse herbaceous clade displaying a broad range of water-use strategies (Males,

2016).

In this investigation, we studied variation and coordination in a range of anatomical and
physiological leaf traits in 50 bromeliad species representing each of the major functional types. We
quantified core leaf economic traits and additional hydraulic traits in order to determine the degree
of integration across various aspects of leaf physiology, the consequences for the differentiation of
functional types, and to test the validity of key physiological hypotheses in the context of this
important plant radiation. In particular, we aimed to test whether the evolution of external and
internal water-storage systems (tank vs. leaf-succulence) have provided contrasting routes to
drought avoidance in terrestrial and epiphytic bromeliads, and if succulence has weakened the
coupling of LMA with other leaf economic traits due to its association with specialised non-

photosynthetic hydrenchyma (Grubb et al., 2015).

Materials and Methods
Plant material and growth conditions

Fifty bromeliad species were selected to represent the ecological and phylogenetic diversity of the
family. The species set included 10 C; terrestrials, 14 C; tank-epiphytes, 7 CAM terrestrials, 10 CAM
tank-epiphytes, and 9 CAM atmospheric epiphytes. A full list of species with ecological notes and

phylogenetic placement is provided in Supporting Information Table S1.



95
96
97
98
99
100
101

102
103
104
105
106
107
108
109

110
111
112
113
114
115
116
117

118

119

120

121
122
123
124
125
126

Plants were grown at Cambridge University Botanic Garden, UK (52.1938° N, 0.1279° E). Species
from the humid tropics were grown in a tropical glasshouse with daytime temperatures of 25-30°C,
night-time temperatures of 18-24°C, and relative humidity of approximately 80%. Temperate species
were grown in a cool temperate house with daytime temperatures of 10-25°C, night-time
temperatures above 0°C, and relative humidity of approximately 60%. All plants received a daytime
photosynthetic photon flux density of at least 300 umol m2 s through a combination of natural and

artificial illumination.

As a diagnostic screen for CAM, 8§'3C was quantified from 1 mg of dried, powdered material sampled
from the centre of leaf blades and leaf tissue, using a Thermo Finnigan MAT 253 mass spectrometer
(Thermo Scientific, Waltham, Massachusetts, USA) fitted with a Costech elemental analyser (Costech
Analytical Technologies, Valencia, California, USA) at the Godwin Laboratory, Department of Earth
Sciences, University of Cambridge. Values of 6!3C were similar to existing reports for most species
(Crayn et al., 2015; see Supporting Information Table S2 for values), however, they suggested that all
of the Puya Molina species (n = 5) were primarily performing C; photosynthesis under well-watered

conditions.

As a rough approximation of each species’ environmental niche, its location in the climate space
defined by mean annual temperature (MAT, °C) and mean annual precipitation (MAP, mm) was
determined. This was achieved by downloading from the Global Biodiversity Information Facility
(GBIF) distributional data for each of the 48 species for which data were available, subjecting data to
manual quality control (i.e. removing obvious geographic outliers or entries with problematic
metadata), and then using them to interrogate the global Bioclim datasets (Hijmans et al., 2005) for
the value of MAT and MAP at each retained presence point. Finally, the mean value of MAT and

MAP for each species was then calculated.

Anatomical parameters
[FIGURE 2]

Examples of leaf anatomical variation among species used in this investigation are depicted in Fig. 2,
which highlights key anatomical traits characterised in this study. In the bromeliads, absorptive
trichomes may occur on either epidermis (or both), and differ strongly in density and absorptive
capacity between functional types (Benzing, 2000). Vascular bundles occur in a single plane and
alternate with longitudinal air lacunae, which may be continuous with substomatal cavities

(Tomlinson, 1969). The photosynthetic mesophyll is differentiated into spongy and palisade layers in
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some bromeliads adapted to high-light conditions, and in the species set used here the palisade
layer was well-developed only in the CAM tank-epiphyte Aechmea nudicaulis (L.) Griseb. The adaxial
water-storage tissue varies widely in thickness and cell dimensions. All species used in this
investigation were hypostomatous, with the exception of Catopsis berteroniana (Schult. & Schult.f.)
Mez. We focussed on vein-epidermis distance (VED) and interveinal distance, due to their
relationships with leaf hydraulic capacity and extra-xylary hydraulic path-length, respectively. At
least ten replicate leaves were sampled from each of five individuals, and transverse sections were
hand-cut from the central portion of leaf blades and viewed under a light microscope to quantify
these parameters. For the amphistomatous C. berteroniana, VED was strongly correlated between
adaxial and abaxial surfaces (data not shown; r* = 0.82, p = 0.512). Stomatal density (SD) was
measured by microscopic imaging of epidermal impressions of the central portion of the leaf blade
microscope. Stomata were then counted on an area-normalised basis using ImageJ (NIH, Bethesda,
MD, USA). Twenty replicate leaves drawn from at least five plants per species were used for all

anatomical measurements.

Leaf mass per unit area

Discs were bored from four locations along the leaf axis, and dried to constant mass. Leaf mass per
unit area (LMA) was calculated as the mean value of dry disc mass/disc area (g m™) across all discs
per species, using four replicate sets of discs taken from five individuals per species. In no species
was there was any significant variation in LMA among leaf discs sampled from the same individual

(data not shown).

Intercellular air space

The intercellular air space fraction (IAS) was quantified using the vacuum infiltration technique
(Unger, 1854; Smith & Heuer, 1981). A PMS pressure chamber (PMS, Albany, Oregon, USA) was used
to measure native leaf water potential (W) in leaves cut from plants at the beginning of the light
period. The plants had been well watered and W ..s was very low in all cases (> - 0.1 MPa). Leaves
were cut into 3 mm transverse slices, weighed and transferred into a beaker of isotonic mannitol
solution. The beaker was placed inside a vacuum chamber, which was evacuated until the solution
was almost boiling. The leaf slices were removed and blotted dry before reweighing. This process
was repeated until constant weight of infiltrated samples was achieved (typically three repeats). IAS

was calculated as the change in sample mass following infiltration divided by the final post-
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infiltration mass and expressed as a percentage. Twenty replicate measurements were made using

leaves from at least five individuals per species.

Gas exchange

All gas exchange measurements were performed on at least ten leaves drawn from at least five
plants per species. The maximum rate of photosynthetic assimilation (Amax) at ambient CO, (~400
ppm) and maximum stomatal conductance (gsmax) Were measured by gas exchange using a Li-6400XT
portable photosynthesis system (Li-Cor, Lincoln, Nebraska, USA). Leaves of well-watered plants (W)eaf
>-0.1 MPa) were maintained with a constant leaf temperature (22°C) and relative humidity (85%),
and a saturating PAR level determined from preliminary light-curves (usually ~300 pmol m?s).
Leaves equilibrated for at least 20 min before four data points were logged at 15 s intervals and
parameters averaged. For CAM species, measurements were made in darkness during the peak
assimilation period of Phase I. The instantaneous water use efficiency (i\WUE) was calculated as the

quotient of Amax and Gsmax.

For Cs species, measurements of dark respiration (Rp) were performed by allowing the leaf to
acclimatise to darkness in the chamber for 3 min (to avoid the post-illumination respiratory burst)
before four points were logged at 15 s intervals and averaged. Respiration in the light (R.) was
calculated from coupled gas exchange and fluorescence measurements (Bellasio et al. 2016), using a
Li-Cor fluorometer chamber. For CAM species, Rp measurements were made in the same manner
during Phase IV (direct RuBisCO-mediated CO; fixation through open stomata in late afternoon)
where possible. In species not displaying Phase IV fixation, Rp was measured at the end of the dark
period when the mesophyll acid pool was full (Wagner & Larcher, 1981). For CAM species displaying
Phase IV fixation, R.was measured using the same method as for the C; species. For other species, R.
was measured by cutting slices of light-acclimated leaves to allow respiratory CO; to escape from air
spaces, and placing these in the Li-Cor chamber. Although this destructive method had the potential
to introduce substantial wound-induced artefacts, the values measured were comparable to those

obtained for other species using different methods, and were therefore retained for analysis.

The leaf water potential at 50% stomatal closure (Pses) was obtained by measuring gas exchange and
W,ear during gradual plant dehydration (over a period of up to 2 months for the most drought
resistant species). Psos was identified by using non-linear curve-fitting to predict the value of W eaf by

which gs had declined by 50% relative to the value measured at gsmax in fully hydrated plants.
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Carbon, nitrogen and phosphorus assays

Carbon-to-nitrogen ratio (C:N) and leaf nitrogen content (Nieaf) Were determined alongside 63C (see

above). Photosynthetic nitrogen-use efficiency (PNUE) was calculated as the quotient of mass-
normalised Amax and Niear. Leaf phosphorus content (Piear) was determined by sulphuric acid digestion

and spectrophotometric assay (Buyarski et al. 2013).

Pressure-volume curves

Leaves were cut and immersed in water until full hydration (determined by constant mass).
Rehydration times varied between 12 h and 2 d. Images of fresh leaves were used for leaf area
measurement using ImagelJ (US NIH, Bethesda, Maryland, USA). Hydrated leaves were gently wiped
dry and allowed to reach equilibrium in a plastic bag before a Wi.,s was measured using a pressure
chamber. Leaves were immediately weighed and then air dried. At regular, species-dependent
intervals, coupled measurements of Wi, and leaf mass were made. After the final measurements,
leaves were oven dried to constant dry mass. The resulting values of Wi.rand leaf masses were
analysed using the pressure-volume curve spreadsheet developed by Sack et al. (2011). Estimates of
the leaf water potential at turgor loss point (Wyp), the bulk modulus of elasticity (€), and area-specific

capacitance (Cer) were averaged across six replicate PV curves per species.

Leaf hydraulic conductance

Leaf hydraulic conductance (Kiear) Was measured using the evaporative flux method (Sack and
Scoffoni, 2012). Leaves were cut and allowed to reach full hydration in water before being re-cut
underwater and connected to the evaporative flux apparatus. 15 mM KCl in degassed reverse-
osmosis water was supplied in the reservoir. The leaf was carefully inserted in a custom-built glass
cuvette fitted with fans to minimise boundary layer resistance. A water jacket coupled to a water
bath was used to control cuvette air temperature, and humidified air was fed into the chamber to
achieve a specific dew point. Leaf temperature was maintained at 25°C throughout, and relative
humidity was maintained at 85% by varying the dew point. The system was illuminated by a halogen
lamp to provide 300 umol m2 s at leaf-level for Cs species, while measurements on CAM species
were performed during the night in darkness. Leaves were allowed to transpire under constant
conditions for at least 30 min. The leaf was then removed from the system and placed in a plastic

bag to equilibrate before the measurement of final We.r using a pressure chamber. Leaf area was
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measured using Imagel. Area-specific Kieat (Mmol m2 st MPa) was calculated as the molar quantity
of water drawn from the balance reservoir (mmol) divided by the product of leaf area (m?), duration
(s) and the driving force (MPa). Since all measurements were made at the same leaf temperature, no

standardisation was performed to control for differences in viscosity.

Leaf hydraulic vulnerability curves

Hydraulic vulnerability curves were constructed by measuring Kiear (see above) at intervals of W)eat.
Preliminary comparison was made of vulnerability curves constructed using the standard bench-
drying methodology and using overpressure. In the former, initially fully-hydrated leaves were
allowed to dry on the bench between regular measurements of Kiear. In the latter, leaves were
dehydrated by very gradually applied overpressure in the pressure chamber. Leaves were
pressurised until the extrusion of solution from the cut end of the xylem ceased, and Kiear was then
measured. This was performed at evenly-spaced pressure increments, using separate five replicate
leaves from different plants for measurements at each interval. Comparison of the overpressure and
bench-drying methodologies showed that in these bromeliad species they produced equivalent
results, despite the many artefacts that could be introduced by damage to tissue structure in the
overpressure method (comparative data are shown in Supporting Information File S1). The
overpressure method was considerably faster than bench drying (hours rather than days or weeks,
depending on the species), and was therefore used for subsequent repeat measurements for all
species. Pso. was determined as the value of Wie,s0n a sigmoidal curve fitted to the data where Kiear

had declined to 50% of its maximum value in fully hydrated leaves (Kieafmax).

Statistical analysis

All statistical analyses were performed using R (R Development Core Team, 2008). Linear or non-
linear regression was used on a pairwise basis to identify trait relationships, and analysis of variance
(ANOVA) was used to identify differences in trait values between functional types. In general, r?
values > 0.25 were interpreted as suggesting a mechanistic relationship between traits (Poorter et
al., 2014). It was not possible to perform phylogenetic analysis of trait data due to the current lack of
resolution in the phylogeny of Bromeliaceae. Principal components analysis (PCA) was performed in

R to identify major axes of variation in the total dataset of functional traits.
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Results
[FIGURE 3]

The bromeliads occur in a wide variety of biomes, habitats and microhabitats throughout the
Neotropics and into adjacent temperate zones in both hemispheres. This diversity in environmental
niches is mirrored by the relatively large area of environmental and leaf economic trait-space
occupied by the representative bromeliad species used in this investigation (Fig. 3a,b). The full
results for all species are available in Supporting Information Table S2. Values for many physiological
rates were an order of magnitude lower relative to many other angiosperm groups, including for
Amax (0.70-6.81 pmol m?2 s%), gsmax (0.005-0.243 mol m?2 s), Kieafmax (0.01-5.84 mmol m2s*MPa?) R,
(0.18-0.46 pmol m2s?), and Rp (0.25-0.71 umol m?2s?), and values of Niear (0.45-1.71%) and Pjeat
(0.002-0.024%) were also low. There was considerable variation in IAS (3.88-19.42%), iWUE (15.2-
328.0 umol mol™?), LMA (38.3-380.0 g m™), and PNUE (0.26-11.11). All values of Wy, (-1.57 - -0.63
MPa) and Pso. (-1.74 - -0.60 MPa) were rather high, suggesting that bromeliads are relatively
drought-sensitive at the cellular level. Cer was high (2.38-14.05 mol m2 MPa), particularly among
species with thick adaxial layers of water-storage tissue. € occasionally reached extremely low values
(1.60-21.91 MPa). Interveinal distances (IVD) were comparable towards their lower limit to C;
grasses (190.0-426.7 um; Griffiths et al., 2013), while vein-epidermis distance (VED) was highly
variable (90.0-495.0 um). Stomatal responses to Wi..s Were quantified as Pses (Fig. 4), which was not
correlated with other leaf traits and consistently less negative than Psg, ranging from -0.62 to -0.27
MPa. Examples of leaf hydraulic vulnerability curves and gs- Wear curves used to derive Pso. and Psos

are shown in Fig. 5.
[FIGURE 4]

[FIGURE 5]

Coordinated variation in bromeliad leaf traits
[FIGURE 6]

Pairwise regression analysis of all continuous variables yielded correlations that supported most of
the core relationships of leaf economic theory. Key relationships and underlying data are displayed
in Fig. 6, with the statistically significant correlations being detailed in Table 1. The full trait dataset is

also available in tabulated form in Supporting Information Table S2.

[TABLE 1]
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10

Species-specific absolute values of Kiear and gs at Wiear = Psgs and Wiear = Psg predicted by curve-fitting
were compared. When values were log-transformed, there was a statistically significant positive
relationship between gs and Kiear at Psos (r? = 0.85, p < 0.001; Fig. 7a) and at Pso. (r? = 0.60, p < 0.001;
Fig. 7b), with the highest values occurring among Cs terrestrials, followed by Cs; tank-epiphytes.
Those species able to maintain higher absolute Kiesf at more negative Wiesr could therefore support
higher absolute g.. Furthermore, a robust positive correlation between log-transformed values of
Psoand the absolute value of Kieaf at PsoL (r? = 0.42, p < 0.001; Fig. 7c) suggests that species that are
more resistant to dehydration maintain higher absolute as well as proportional hydraulic
conductance at more negative W..f than less resistant species. Furthermore, across all species, there
was a strong negative relationship between Kieafmax and PsoL (r? = 0.52, p < 0.001; Fig. 7d), apparently

contradicting the hydraulic safety-efficiency hypothesis.
[FIGURE 7]

Amax and Kieatmax Were decoupled in CAM atmospheric epiphytes (r?=-0.13, p = 0.799), and Amax, Jsmax
and IAS were decoupled in all CAM functional types (p > 0.05 for all pairwise relationships).
Interestingly, Kieafmax Was not correlated with IVD (r?=-0.02, p = 0.693), perhaps implying that
interspecific differences are related to xylem structural properties we did not measure, or that extra-
xylary factors are more important in determining overall leaf hydraulic conductance. The strong
positive correlation between Pso. and Wy, (r?=0.93, p < 0.001) is suggestive of the importance of
extra-xylary vulnerability to embolism, or at least of strong concerted evolution of these traits.
Meanwhile Cer and € were negatively correlated (r* = 0.29, p < 0.001), suggestive of the importance

of cell wall flexibility for the recharge of succulent tissues.

Principal components analysis

Log-transformed data for all continuous variables were used to perform principal component
analyses (PCA) including data for all species. Full results are available in Supporting Information
Table S3. For the core leaf economic traits, loadings displayed approximately the expected
directionality (Fig. 8a). The first two principal components explained 48.3% and 18.7% of the
variance respectively. The eigenvectors of traits related to vascular geometry, tissue density and
water storage showed strong alignment, while a second, looser grouping of trait eigenvectors
included most gas exchange, hydraulic and nutrient-related traits. The presence of these two axes
implies a certain degree of independence in variation in structural and functional traits. The

eigenvector for Psgs did not align with that of any other trait. Functional types segregated quite
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clearly in the morphospace defined by the first two principal components (Fig. 8b), showing that
there is a clear physiological and anatomical basis for the differentiation of ecophysiological
functional types in the Bromeliaceae. Cs terrestrials clustered towards the high-productivity end of
the axis incorporating traits related to physiological function, while Cs tank-epiphytes were
distinctively positioned towards the end of the structural axis of variation defined by low tissue
density and high PNUE. C; functional types tended to show greater variation along the axis
associated with leaf structure, whereas the CAM functional types varied primarily along the axis

associated with physiological functions.

[FIGURE 8]

Comparison of trait values between functional types

Insights were obtained by considering the differences in trait values between Cs; terrestrials, C3 and
CAM tank-epiphytes, and CAM atmospheric epiphytes. Comparisons were performed by analysis of
variance according to an evolutionary scheme in which CAM terrestrials and Cs tank-epiphytes arose
from Cs terrestrials, CAM tank-epiphytes from CAM terrestrials, C; tank-epiphytes from Cs
terrestrials, and CAM atmospheric epiphytes from Cs tank-epiphytes. Mean values of traits for each
functional type are shown in Table 2, and complete data for all species are available in Supporting

Information Table S2.
[TABLE 2]

Relative to C; terrestrials, CAM terrestrials showed significantly lower Amax (F = 45.40, p < 0.001),
Gsmax (F = 48.30, p < 0.001), Kieafmax (F = 40.12, p < 0.001), SD (F = 5.14, p = 0.039), R.(F = 78.35, p <
0.001), Ro (F =215.50, p < 0.001), Nieasf (F = 6.08, p = 0.026), Piess (F = 52.80, p < 0.001), PNUE (F =5.37,
p =0.035), € (F=30.01, p < 0.001), less negative Psq (F = 26.23, p < 0.001), Wy, (F = 40.81, p < 0.001),
and higher C:N (F=7.57, p =0.015), iWUE (F=8.37, p = 0.011), and VED (F = 6.95, p = 0.019). These
differences are generally reflective of slower-growth strategies and more conservative water use,

consistent with the bioclimatic relations of Cz and CAM bromeliads.

Cs tank-epiphytism, relative to the Cs terrestrial habit, was associated with reduced Amax (F = 5.05, p =
0.016), gsmax (F =9.59, p = 0.001), Kieatmax (F = 29.52, p < 0.001), SD (F = 4.88, p = 0.018), R.(F = 40.49,
p <0.001), and Rp (F = 41.26, p < 0.001). C;3 tank-epiphytes also showed significantly lower Cer (F =
5.88, p = 0.009), suggesting that investment in external capacitance (the tank) reduces the
requirement for internal capacitance (in succulent water-storage tissue). However, less negative

values of Pso. (F=47.07, p <0.001), Pses (F = 18.70, p < 0.001) and Wy, (F = 44.82, p < 0.001) also
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occur in C; tank-epiphytes. Lower LMA (F =17.99, p < 0.001), Pieaf (F = 48.58, p < 0.001) and VED (F =
8.96, p = 0.001) in Cs tank-epiphytes may reflect adaptation to resource limitation and maximisation
of canopy area under these conditions. Higher IAS (F = 3.94, p = 0.035) could also reduce

construction costs, as well as providing ventilation to submerged tissues.

CAM tank-epiphytes in the Bromelioideae subfamily showed similar differences from terrestrial CAM
species, including reduced Cer (F = 27.20, p < 0.001), gsmax (F = 10.94, p = 0.005), LMA (F=27.16, p <
0.001), and increased IAS (F = 8.92, p = 0.010) and PNUE (F = 5.82, p = 0.030). However, they
displayed higher Kieafmax (F = 14.12, p = 0.002), SD (F = 5.60, p = 0.033) and iWUE (F = 9.18, p = 0.009)
than their terrestrial counterparts, suggesting that the combination of tank and absorptive
trichomes may facilitate enhanced productivity. Unlike in the case of the C; lineages, IVD, Pieaf, PsoL,
Psos, Ro, RL and Wy, did not differ significantly between CAM terrestrials and CAM tank-epiphytes (p >
0.05). This reflects the fact that terrestrial CAM species already engage in highly conservative water-

use strategies, which may have made the epiphytic habit easier to evolve.

Relative to the C; tank-epiphytes of the Tillandsioideae from which they evolved, CAM atmospheric
epiphytes showed significantly lower Amax (F = 146.80, p < 0.001), Kieafmax (F = 61.84, p < 0.001), gsmax (F
=78.78, p < 0.001), SD (F=69.35, p < 0.001) and iWUE (F = 82.21, p < 0.001). These reductions, in
combination with lower R, (F =5.08, p =0.035) and Rp (F = 14.30, p = 0.001), are associated with
lower productivity compared with C; tank-epiphytes. Less negative Wy, (F = 8.15, p = 0.009)
corresponds to an increased investment in drought resistance over drought tolerance. In terms of
leaf structure, lower IAS (F=40.92, p < 0.001) and higher Cer (F = 47.09, p < 0.001) in atmospheric
epiphytes are the result of dense tissue packing. Reduced Niesf (F=5.16, p = 0.033) and Pjeas (F =

46.88, p < 0.001) might reflect the adaptation of atmospheric epiphytes to low mineral nutrient

supply.

Discussion

The Bromeliaceae is an important emerging model family in plant evolutionary ecology and
physiology (Males, 2016; Palma-Silva et al., 2016). The evolution of ecological diversity in the
bromeliads is a complex story, involving multiple nested radiations, some spurred by key innovations
that have facilitated enhanced diversification rates (Givnish et al., 2014; Silvestro et al., 2014). Major
physiographic processes on the South American continent have also likely made important
contributions to the evolutionary history of the bromeliads by determining the diversity and extent
of niche space available for colonisation. The classic example is the pulsed uplift of the Andean

cordillera (Gentry, 1982), but the legacy of periodic marine incursions into the Amazon basin and
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dynamic changes in forest composition and extent is probably also imprinted on the biogeography
and diversity of many Neotropical plant lineages (Rull, 2011). The potential for the investigation of
links between physiographic change and evolutionary dynamics is limited by a very sparse fossil
record (Benzing, 2000), and while extensive consideration has previously been given to the
relationships between key innovations, functional types and species diversification (Givnish et al.,
2014; Silvestro et al., 2014), the interactions between trait-network architecture and functional type
differentiation have remained little explored. This is despite the fact that relevant leaf trait values
are rapidly quantifiable, and that trait variation has presumably been important in promoting
ecological divergences both within and between functional types. Our data provide crucial insights
into the nature of trait divergences between functional types, and place variation among bromeliad
species into a wider context by positioning them on the leaf economic spectrum. They also shed light
on critical outstanding questions in leaf hydraulics, and represent a significant contribution towards

ameliorating the underrepresentation of herbaceous species in trait-based ecophysiology.

Functional trait divergence and ecological diversity in the bromeliads

The ecological differentiation of bromeliads into distinctive functional types was critical to their
successful radiation into numerous highly stressful habitats, including deserts, salt crusts, seasonal
riverbeds, cliff-faces, alpine tundra and forest canopies (Benzing, 2000). Until now, the variation in
functional traits underpinning this differentiation had never been systematically investigated. Our
analysis demonstrates that the ecological divergence of functional types has a clear basis in
anatomical and physiological trait change and trait-network rewiring (Fig. 9). Functional types
segregated in the multivariate trait space almost completely, suggesting that differences in a limited
number of traits can account for a large proportion of the ecophysiological distinctiveness of each

functional type.
[FIGURE 9]

The most basic condition in the Bromeliaceae is the combination of the C; photosynthetic pathway
with the terrestrial habit. Although many species of this type are adapted to low-exposure, mesic
habitats, others occupy more stressful environments, including Andean tundra and deciduous
seasonally-dry tropical forests. Much of this specialisation can be attributed to variety in leaf form
(Males, in review), which was particularly marked in this functional type. CAM has evolved
convergently in multiple lineages of terrestrial bromeliads that occur principally in semi-arid, coastal

or high-altitude environments, suggesting a consistent physiological advantage of CAM under water-
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limited conditions (cf. Griffiths & Smith, 1983). In our dataset, clear functional trait differences
between C; and CAM terrestrial species suggest that CAM can act as a downward gear-change in
physiological productivity. This may nevertheless provide a competitive advantage in highly stressful
environments, as illustrated by the radiations of CAM terrestrial bromeliad lineages such as Hechtia
Klotzsch and the xeric clade of the Pitcairnioideae (Deuterocohnia Mez, Dyckia Schult.f. and

Encholirium Schult. & Schult.f.).

The parallel origins of tank-epiphytism in the CAM Bromelioideae lineage and Cs Tillandsioideae
lineage were transformative events both in the evolutionary history of the Bromeliaceae and for the
ecology of the Neotropics. Reduced interspecific competition and enhanced light availability are two
factors that may have benefited the pioneering epiphytic lineages and allowed them to undergo
explosive diversification (Givnish et al., 2014). Relative to terrestrial species, tank-epiphytes of either
photosynthetic pathway display improved PNUE and reduced leaf construction costs through well-
developed aerenchyma and relaxed selection for internal capacitance. These differences are all of
obvious utility in meeting the unique challenges of the epiphytic habit. Since fewer traits differed
between CAM terrestrials and CAM tank-epiphytes than between Cs terrestrials and C; tank-
epiphytes, the pre-existence of CAM in the progenitor lineage of the tank-epiphyte Bromelioideae
may have facilitated survival in water-limited arboreal environments during the early stages of the
evolutionary transition (Zotz & Hietz, 2001; Crayn et al., 2004; Givnish et al., 2014; Silvestro et al.,
2014). CAM tank-epiphytes also do not appear to differ as strongly from CAM terrestrials in terms of
bioclimatic envelope as do C; tank-epiphytes from Cs terrestrials, but the considerable and
confounding importance of microenvironmental factors means that further careful work will be
required to elucidate the detailed relationships between the leaf traits and bioclimatic distributions
of bromeliad species of different functional types. Moreover, much better phylogenetic resolution
based on denser taxon sampling will be required before detailed hypotheses about trait trajectories

during the evolution of specific lineages can be tested.

The atmospheric epiphytes of the genus Tillandsia L. represent one of the most striking examples of
a vascular plant radiation in the Neotropics. The habitats and outer-canopy microhabitats they
occupy are often particularly water-limited, such that their success has been contingent upon three
innovations: CAM, highly-effective and abundant absorptive foliar trichomes, and morphological
reduction through neoteny. Since these species represent the ultimate expression of extreme
epiphytism, alongside the shootless orchids (Benzing & Ott, 1981), it is not surprising that they show
very low physiological activity both on an absolute basis and relative to the C; tank-epiphytes from
which they evolved. Despite previous suggestions that the dense indumentum of absorptive foliar

trichomes in these species should negate the need for axial water transport through veins (Benzing,
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2000), our data demonstrate the potential for vascular water distribution at low fluxes. Further
experiments will be needed to compare the relative importance of vascular and trichome-

/aquaporin-mediated water distribution (cf. Ohrui et al., 2007).

A central theme that emerges from our analysis is the association of functional type differentiation
with modification of trait-network constraints. The decoupling and recoupling of variation in leaf
economic and hydraulic traits has provided exceptional flexibility for trait evolution and combination
in the Bromeliaceae, and the mechanistic basis of these events should therefore be a priority for
further investigation. Indeed, the process of innovation-driven trait-network rewiring may prove to
be of more general importance when similar treatments of other important nested radiations are
carried out. We expect it to be particularly clear across evolutionary transitions in photosynthetic
pathway, which are typically associated with structural differentiation of the leaf alongside changes
in biochemistry and physiological efficiency and rhythms. Another example, illustrated by our data,
is succulence. Consistent with observations in Mediterranean plant communities made by Grubb et
al. (2015, leaf economic relationships were weaker in more succulent bromeliad groups (i.e. CAM
terrestrials and CAM atmospheric epiphytes). All else being equal, the construction of specialised
adaxial water-storage tissue will involve an increase in LMA, but need not affect photosynthetic
capacity as the biochemical capacity and CO; conductance of the photosynthetic chlorenchyma
tissue can remain unchanged. Ripley et al. (2013) have recently demonstrated how this leads to a

decoupling of the degree of succulence and gas exchange in the Aizoaceae.

Leaf hydraulic trait interactions in the bromeliads

Strong correlations between Amax and Kieatmaxacross all species suggest that leaf gas exchange and
hydraulic conductance have evolved in a coordinated manner in the bromeliads. This is consistent
with a growing corpus of data covering many, primarily woody, plant groups (Brodribb et al., 2002,
2005, 2007; Scoffoni et al., 2016a). The negative relationship between Kieafmax and Psg in the
bromeliads does not support the hydraulic safety vs. efficiency hypothesis. Blackman et al. (2010)
had suggested that the likelihood of finding evidence for this hypothesis in leaves was low because
Pso. and Kieafmax Should relate to different aspects of leaf anatomy. Specifically, these authors
expected Pso. to correlate with xylem conduit structure, and Kieatmax to be determined by venation
density, mesophyll architecture, and aquaporin regulation. Scoffoni et al. (2016b) have recently
demonstrated that xylem structure is an important determinant of leaf hydraulic vulnerability in
other angiosperms. While this may also be true for the bromeliads, our data are consistent with the

possibility that both Kieafmax and Pso. are strongly influenced by extra-xylary factors. The strong
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correlation between Wy, and Psq. across all species is in accord with reports from other plant groups
(Blackman et al., 2010; Scoffoni et al., 2011, 2012; Villagra et al., 2013; Nardini & Luglio, 2014), and
the fact that Pso. approximately equals Wy, could support the contention that hydraulic resistance
and vulnerability resides predominantly in the extra-xylary compartment (Cochard et al., 2004;
Blackman et al., 2010; Scoffoni et al., 2014). Loss of turgor in mesophyll cells can cause changes in
the conformation or continuity of transcellular and apoplastic pathways of extra-xylary water
transport, impacting on the dynamics of leaf hydraulic properties during dehydration (Scoffoni et al.,
2017). PsoL was also negatively correlated with € in C; species, consistent with the idea that inflexible
cell walls confer improved drought resistance because they facilitate large changes in water
potential in response to small changes in relative water content (Niinemets, 2001; Blackman et al,
2010). The role of aquaporins in variable leaf hydraulic conductance in the bromeliads is unknown,
but warrants further study (cf. Shatil-Cohen et al., 2011; Prado et al., 2013; Sade et al., 2014).
Following the observation that IVD was apparently not related to Kieatmax, more detailed investigation

of the functional significance of variation in bromeliad vascular properties is currently underway.

Stomatal density is an important predictor of hydraulic and photosynthetic capacity across the
bromeliads, but the independence of variation in Psgs from variation in all other traits, considered
alongside the fact that Psos was consistently and substantially less negative than Psq, is intriguing. It
implies that the stomatal behaviour of bromeliads has evolved along a unique trajectory and yet is
critical to the control of leaf water balance. Stomatal morphology is highly diverse within the
Bromeliaceae (Tomlinson, 1969). Following some early reports on stomatal sensitivity to humidity in
the bromeliads (Lange & Medina, 1979; Adams & Martin, 1986), recent work has aimed to
determine how differences in stomatal morphology might translate to differences in stomatal
kinetics in response to endogenous and exogenous stimuli, and relate to the ecological

differentiation of functional types (Males & Griffiths, in review).

The role of capacitance in vascular plant leaf hydraulics is increasingly well-studied. Understanding
how water is moved into storage and subsequently metered out to sustain transpiration under
limited soil water availability is both an interesting question in evolutionary physiology (Blackman &
Brodribb, 2011; Griffiths, 2013), and critical in applied contexts such as the improvement of crop
drought resistance. In the bromeliads, the negative relationship between Cgr and Amax and positive
relationship between Cer and LMA show that more succulent species tend to be situated at the
slower-growing end of the leaf economic spectrum. However, Cs terrestrial succulents (particularly
Puya spp.) supported relatively high photosynthetic capacity, perhaps allowing them to make
considerable carbon gains during pulses of water availability before reducing gas exchange rates and

relying on stored water during drought periods. Nevertheless, the negative relationship between Cer
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and Amax in CAM bromeliads suggests that there may be a trade-off between degree of succulence
and photosynthetic capacity, perhaps due to diffusion constraints (Maxwell et al., 1997). Certain
succulent dicot lineages have evolved ‘three-dimensional’ venation that has released the constraints
on succulence imposed by the presence of a single vascular plane (Ogburn & Edwards, 2013), but
this innovation has not arisen in the Bromeliaceae. Future research might seek to explore the
interactions between selection for enhanced efficiency of recharge of water-storage tissue and
optimal water-use efficiency and how these have affected trait evolution under different water-

availability regimes (Males, 2017).

In summary, trait variation in the highly diverse Bromeliaceae can be accommodated in the existing
framework of the leaf economic spectrum, with allowances made for trait-network rewiring
associated with functional type differentiation driven by innovations such as CAM, tank-epiphytism
and neoteny. Trait-level adaptation to contrasting habits and growth-strategies is reflected by the
clear segregation of functional types in a multivariate space defined by key anatomical and
physiological traits. Our data are also consistent with the hypothesis leaf hydraulics and gas
exchange are coupled across the bromeliads, but the hydraulic safety vs. efficiency trade-off is not
apparent, and hydraulic sensitivity to declining leaf water potential may reside primarily at the
stomatal and extra-xylary levels. Future work should attempt to explore in more detail the specific
structure-function relationships integral to ecophysiological differentiation in the bromeliads, as well
as beginning to explore the molecular basis of trait variation. As phylogenetic resolution continues to
improve, exciting opportunities will also emerge to test complex evolutionary hypotheses in an

explicit and structured manner.
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747  TABLES
748

749  Table 1. Significant correlations between species-mean leaf trait values across all bromeliad species
750 samples (n = 50). Trait definitions: Amax = maximum photosynthetic capacity (umol m2 s); Niear = leaf
751 nitrogen content (%); Piar = leaf phosphorus content (%); LMA; VED = vein-epidermis distance (um);
752  IVD = interveinal distance (UmM); Kieafmax = maximum leaf hydraulic conductance (mmol m? s MPa’);
753 Ro = dark respiration rate (umol m?2s?); R, = light respiration rate (umol m2 s%); € = bulk elastic

754 modulus (MPa); Psq. = leaf water potential at 50% loss of Kiearmax (MPa); Wy = leaf water potential at
755 turgor loss point (MPa); SD = stomatal density (mm™2); gsmax = maximum stomatal conductance (mol

756  m?s?); IAS = intercellular air space fraction (%); Cer = hydraulic capacitance at full turgor (mol m™

757 MPal).

Trait 1 Trait 2 Sign of correlation r? 4]

Amax Nieaf + 0.31 <0.001
Amax Pleaf + 0.49 <0.001
Anmax LMA - 0.10 0.015
Nieaf Pleaf + 0.17 0.002
Amax Ro + 0.63 <0.001
Amax R + 0.48 <0.001
R Ro + 0.74 <0.001
Pleaf Ro + 0.69 <0.001
Pleaf R + 0.51 <0.001
LMA VED + 0.39 <0.001
LMA IAS - 0.56 <0.001
VED IAS - 0.63 <0.001
IVD VED + 0.59 <0.001
Amax SD + 0.44 <0.001
Kieafmax SD + 0.70 <0.001
Ro SD + 0.38 <0.001
RL SD + 0.26 <0.001
E SD + 0.62 <0.001
PsoL SD - 0.42 <0.001
Wyp SD - 0.31 <0.001
Anmax Jsmax + 0.57 <0.001
Anmax IAS + 0.39 <0.001
Amax Kieafmax + 0.87 <0.001
Kieafmax Jsmax + 0.80 <0.001
Kieafmax Pso - 0.42 <0.001

PsoL Wyp + 0.93 <0.001
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Cer

0.29

<0.001
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782  Table 2. Mean values (+ standard error of the mean) for leaf traits by functional type.

CAM
CAM Cs tank- CAM tank-
Cs terrestrials atmospheric
Trait terrestrials epiphytes epiphytes
(n=10) epiphytes
(n=7) (n=14) (n=10)
(n=9)
Amax 4.84 +0.36 1.47+0.30 3.71+0.18 2.19+0.27 0.86 £ 0.05
(utmol m?2s?)
Nieat 1.14+0.10 0.80+0.07 1.10+0.09 0.83+£0.09 0.83+0.04
(%)
PNUE 2.66+0.74 0.58 £ 0.09 5.91+0.92 3.45+0.98 0.63+0.04
(Amax/Nieat)
LMA 236.34 £32.39 302.96 £20.95 75.86+8.36 151.52 + 173.20 + 10.60
(g m?) 18.75
gsmax 0.175 £ 0.019 0.018 £ 0.002 0.099 * 0.012 0.007 £0.001
(mol m2s?) 0.008 0.001
iWUE 32.04+4.75 85.11 +£21.13 40.89 £ 3.44 200.18 £ 130.79 +11.69
(Amax/gs) 27.55
Pleat 0.021 +£0.001 0.012 £ 0.001 0.011 + 0.010 £ 0.004 + 0.001
(%) 0.001 0.001
C:N 35.23+£3.83 56.28 £7.39 44.06 +3.77 56.51+5.95 53.65+3.95
R 0.42+0.01 0.25+0.02 0.28 +0.01 0.28 £ 0.02 0.24 £ 0.02
(rmol m2s?)
Ro 0.66 £ 0.01 0.35+0.02 0.42 +0.02 0.37+£0.02 0.31+0.02
(utmol m?2s?)
83C -26.13+£0.78 -15.07 £ 0.57 -25.62+0.41 -16.19%0.75 -15.18+0.27
(%)
VED 289.08 £34.61 404.21+15.49 154.74+ 362.50 £ 421.39 +16.27
(um) 11.45 19.72
IVD 311.06 £ 17.45 320.86 £26.14 253.09 = 32271+ 336.63 £6.41
(um) 11.09 8.36
Kieafmax 3.64+0.47 0.05+0.02 0.98+0.10 0.18+0.03 0.02+0.002
(mmol m2sMPa?)
Whp -1.47 £ 0.03 -1.07 £ 0.06 -1.01 +£0.04 -1.07 £ 0.08 -0.86 £ 0.04
(MPa)
€ 13.45+1.58 2.86 £ 0.35 6.35+0.65 5.96+0.44 3.86+0.93
(MPa)
Crr 7.32+1.01 10.50+1.06 4.30+0.34 5.09 £0.39 10.90+1.13

(mol m?2 MPa?)
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Psos -0.47 £0.01 -0.47 £0.02 -0.36 £0.01 -0.49 £ 0.04 -0.37 £0.006
(MPa)

PsoL -1.49 + 0.05 -1.07 £ 0.07 -0.98 £ 0.03 -1.10 £ 0.08 -0.87 £0.05
(MPa)

SD 165.74 + 56.46 11.24+1.34 30.15+2.52 23.40+4.15 3.75 +0.16
(mm?)

IAS 8.47 +1.64 6.03 +0.36 13.08 £ 0.85 8.63+0.67 6.02 £0.33

(%)
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FIGURE LEGENDS

Figure 1. Examples of the functional types in the Bromeliaceae: a) Fascicularia bicolor (Ruiz & Pav.)
Mez, Cs terrestrial; b) Deuterocohnia brevifolia (Griseb.) M.A.Spencer & L.B.Sm., CAM terrestrial; c)
Vriesea splendens (Brongn.) Lem., C; tank-epiphyte; d) Aechmea fendleri André ex Mez, CAM tank-

epiphyte; e) Tillandsia ionantha Planch., CAM atmospheric epiphyte.

Figure 2. Examples of transverse leaf cross sections from species of different functional types
showing key anatomical parameters. a) Puya chilensis (Cs terrestrial); b) Bromelia humilis (CAM
terrestrial); c) Vriesea splendens (Cs tank-epiphyte); d) Aechmea fasciata (CAM tank-epiphyte); e)

Tillandsia caput-medusae (CAM atmospheric). Bars = 200 um.

Figure 3. a) Bioclimatic distribution of 46/50 of the bromeliad species used in this investigation
across the biome space defined by mean annual precipitation (MAP) and mean annual temperature
(MAT; Whittaker, 1975). Open squares: Cs terrestrials; filled squares: CAM terrestrials; open
triangles: Cs tank-epiphytes; filled triangles: CAM tank-epiphytes; filled circles: CAM atmospheric
epiphytes. b) Location of all 50 bromeliad species in the leaf economic spectrum (LES) trait space
defined by leaf mass per unit area (LMA; g m?) versus leaf N content (%; Wright et al., 2004). Grey
background points are taken from the Global Plant Trait Network (GLOPNET) Database, with

bromeliad species plotted as in a).

Figure 4. Leaf water potential at 50% loss stomatal conductance (Psgs) by functional type. Boxes

show median values and interquartile range (IQR); whiskers indicate full range of values.

Figure 5. Percent loss of conductance (PLC) in Kiear and gs as functions of declining W\e.¢ for five
bromeliad species of different functional types: a) Pitcairnia integrifolia, Cs terrestrial; b) Ananas
comosus, CAM terrestrial; ¢) Guzmania lingulata, Cs tank-epiphyte; d) Aechmea aquilega, CAM tank-
epiphyte; e) Tillandsia stricta, CAM atmospheric. Filled circles show mean values of PLC for Kieaf
relative to Kieatmax; Open circles show mean values of PLC for g; relative to gsmax. Means are based on

five biological replicates per species; error bars indicate * standard error of the mean. Solid lines
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show fitted curves for Kiear; short dashed lines show fitted curves for gs. Intersections of the fitted

curves with the straight line at PLC = 50% represent Pso. and Psos.

Figure 6. Leaf economic, hydraulic and anatomical trait relationships in the bromeliads. Main plots
show raw data, insets show log-transformed data with linear regression lines. a) Amax VS. Nieaf; b) Plear
VS. Nieaf; C) Amax VS. LMA; d) Amax VS. IAS; €) Amax VS. Kieafmax; T) Gsmax VS. Kieatmax; 8) Kieafmax VS. SD; h) Kieafmax
vs. absolute Psg; i) Wi vs. absolute Psoy; j) Cer vs. €; k) VED vs. IVD; |) Rp vs. Ri. Open squares: Cs
terrestrials; filled squares: CAM terrestrials; open triangles: Cs tank-epiphytes; filled triangles: CAM

tank-epiphytes; filled circles: CAM atmospheric epiphytes. Correlations are presented in Table 1.

Figure 7. a) Relationship between absolute values of Kiear and gs at Psqi; b) relationship between
absolute values of Kiear and gs at Pses; ¢) relationship between absolute Pso. and absolute value of Kiear
at Psq; d) relationship between Kieatmaxand Pso.. Main plots show values calculated from Kiear-Wieat and
gs-Wiear curve-fitting, insets show log-transformed values with linear regression lines. Open squares:
Cs terrestrials; filled squares: CAM terrestrials; open triangles: Cs tank-epiphytes; filled triangles:

CAM tank-epiphytes; filled circles: CAM atmospheric epiphytes.

Figure 8. Biplots of first two principal components in an analysis of variation in 20 continuous traits
across all 50 bromeliad species used in this investigation showing a) trait loadings and b) species
loadings plotted by functional types. Open squares: C; terrestrials; filled squares: CAM terrestrials;
open triangles: C; tank-epiphytes; filled triangles: CAM tank-epiphytes; filled circles: CAM

atmospheric epiphytes.

Figure 9. Major trends in ecophysiological characteristics associated with transitions between

functional types as suggested by data collected in this investigation.
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Figure 3.
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Figure 4.
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