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ABSTRACT

Large-fronded tree ferns are critical components of many tropical forests. We investigated frond and whole-plant allometries for Hawaiian keystone species Cibotium
glaucum, for prediction and to compare with global scaling relationships. We found that C. glaucum fronds maintain geometric proportionality across a wide range of
plant and frond sizes. These relationships result in strong allometries that permit rapid field estimation of frond size from simple linear dimensions. C. glaucum frond
allometries complied with intra- and interspecific global trends for leaf area versus mass established for much smaller-leafed species, indicating ‘diminishing returns’ in
photosynthetic area per investment in mass for larger fronds. The intraspecific trend was related to declining water content in larger fronds, but not to a significantly
larger investment in stipe or rachis relative to lamina. However, C. glaucum complied with the global interspecific trends for greater allocation to support structures
in larger leaves. Allometries for frond number and size versus plant height showed that as plants increase in height, frond production and/or retention progressively
declines, and the increases of leaf size tend to level off. These frond and whole plant-level relationships indicate the potential for estimating frond area and mass at

landscape scale to enrich studies of forest dynamics.
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TREE FERNS ARE KEYSTONE SPECIES IN MANY WET FORESTS INSIDE
and outside the tropics, often dominating the subcanopy layer
with tall caudexes (trunks) and crowns of large fronds (Walker
& Aplet 1994, Durand & Goldstein 2001b, Grubb 2003, Coomes
et al. 2005, Roberts er al. 2005). Cibotium glancum (Sm.) Hook
& Arn., one of four endemic Hawaiian Cibotium species (Ciboti-
aceae; Palmer 2003, Smith ez a/. 2006) can achieve densities of up
to 5000 mature individuals per hectare in Mezrosideros polymorpha
forest on Hawai‘i Island, constituting 77 percent of subcanopy cover
(Mueller-Dombois ez al. 1981, Drake & Mueller-Dombois 1993).

Quantification of tree fern frond area and mass in the forest
subcanopy would enrich studies of vegetation structure, dynamics,
and ecohydrology (e.g., Arens & Baracaldo 1998, Condit 1998,
Lehmann er al. 2002, Derroire et al. 2007, Jones et al. 2007).
However, direct measurements are a challenge for tree ferns such as
C. glaucum, which can reach heights of over 6 m, with individ-
ual fronds of 4 m? in area (Nelson & Hornibrook 1962, Wick &
Hashimoto 1971; Durand & Goldstein 2001a). We tested allome-
tries for the relationships among frond dimensions in plants of a
range of sizes. These allometries would enable simple field predic-
tion of frond area and mass and could thus be implemented in
studies of individual tree ferns and in plot censuses.

The large size of C. glaucum fronds additionally permitted test-
ing of global leaf scaling allometries. Studies of large sets of much
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smaller-leafed species established that, both intra- and interspecifi-
cally, leaf mass per area (LMA) is greater in larger leaves, leading to
‘diminishing returns’ in photosynthetic area (Milla & Reich 2007,
Niklas ez al. 2007). This trend arises in part due to increasing alloca-
tion to petiole and midrib (Howland 1962; Niinemets ez a/. 2007).
We assessed whether the very large fronds of C. glaucum complied
with these trends.

We additionally tested plant-level allometries to determine the
scaling of frond size and number versus plant height. These allome-
tries provide a quantitative description of the ontogenetic trajectory
of the growth form, and indicate the potential for predicting average
values for frond traits from measurements of caudex height.

METHODS

SPECIES, STUDY SITES, AND MEASUREMENTS.— We measured C. glau-
cum in four wet M. polymorpha-dominated forests on Hawai‘i Is-
land at 1000-1200 m elevation: Honaunau Forest (HF; 19.48°
N, 155.87° W), Laupahoehoe Forest (LF; 19.80° N, 155.27° W),
‘Ola‘a Forest (OF; 19.48° N, 155.21° W), and Hawai‘i Volcanoes
National Park Thurston Tube Forest (TF; 19.42° N, 155.24° W).
The mean annual temperature, precipitation, and relative humid-
ity of the four sites are HF: 17.7°C, 1533 mm, 82.9 percent; LF:
14.3°C, 3725 mm, 80.0 percent; OF: 16.5°C, 3642 mm, 82.7 per-
cent; and TF: 15.7°C, 2545 mm, 81.7 percent (T. W. Giambelluca
& L. Cuo, unpubl. data.).
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FIGURE 1. Allometry for Cibotium glaucum frond area versus frond leaf index
(FLI), a linear dimension rapidly measured in the field, useful for prediction
(see Table 1 for parameters); inset: schematic showing the measurement of FLI.
Values are shown on log axes and fitted with the standard major axis (SMA).

Symbols: Black, ‘Ola‘a Tract Forest; White, Honaunau Forest.

We collected one representative frond for each of 8-10 tree
ferns of a range of caudex heights in OF and HF from Novem-
ber 2005 to October 2006. We sampled fully mature, unbrowsed
fronds, exposed to understory irradiance levels. We measured stipe
(petiole) diameter for each frond just above caudex insertion and
frond length index (FLI), a simple, rapid measurement of the dis-
tance from the caudex to the frond tip, parallel to the ground (Fig. 1,
inset). We harvested these fronds and measured linear dimensions,
i.e., stipe, blade, and frond (stipe plus blade) lengths, and frond
maximum width; areal dimensions, i.e., the areas of whole blades,
and of detached pinnules (including their midveins) separated from
rachises (with a LI-3100C meter; LI-COR, Lincoln, Nebraska); and
the mass of components after drying at 70°C for 5 d. For fronds
sampled from another 10 tree ferns of a range of sizes at OF, we
measured stipe diameter and, after rehydration, water content at
saturation [WCS = (saturated mass — dry mass)/saturated mass]
for a segment of rachis and pinnules branching off the primary
rachis.

STATISTICS.—We tested for trait differences between forests using
t-tests (Minitab Releases 14 and 15; State College, Pennsylvania;
Sokal & Rohlf 1995). To test predictive allometries, i.e., which
could be used to estimate y from x, we fitted lines by least squares
to log-transformed data, determining regression coefficients and
parameters 2 and & for log y = a2 + & x log (x). We compared fits
among forests using analyses of covariance, comparing slopes and
intercepts (Genstat 6th Edition, VSN, Hemel Hempstead, UK).
To test functional allometries, iec., the intrinsic linkages be-
tween independent traits, we used standard major axes (SMA;
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Sokal & Rohlf 1995; Sack et al 2003) using SMATR in R
(htep://www.bio.mq.edu.au/ecology/SMATR/index.html; Warton
et al. 2006; Warton & Ormerod 2007; R Development Core Team
2007). The use of SMA treats both x and y as independent vari-
ables with natural variation and measurement error, and is thus
most appropriate for determining their functional interrelationship
(Smith 1980; Sokal & Rohlf 1995; Sack et al. 2003). We present
SMA parameters @ and B for log y = o + B x log (x). We tested
whether SMA slopes differed from those expected according to geo-
metric similarity, the scenario in which proportions are maintained
as leaf size increases; linear dimensions should scale with 8 of 1,
as should areal dimensions, and areal dimensions should scale with
linear dimensions with 8 of 2 (Niklas 1994; Sack et 2/. 2003).

In this study we sampled plants of a range of sizes, as we were
interested in testing allometries useful across that range. However,
we also wished to compare the intraspecific allometry of blade area
versus mass with published allometries that sampled leaves of differ-
ent sizes across individuals of a limited range of size. Thus, for the
scaling of blade area versus mass we tested the degree to which the
correlation between these traits might have derived only from both
variables scaling with tree fern size. Using partial correlation anal-
ysis (using Minitab Release 14, and formulas in Zar 1999; see also
Shipley 2004), we tested the bivariate relationships among frond
area, frond mass and caudex height, partialling out the third vari-
able. This analysis allowed us to determine whether blade area and
blade mass were correlated regardless of their linkage with plant
size.

RESULTS

SCALING OF FROND DIMENSIONS: GEOMETRIC SIMILARITY, AND
PREDICTION.—The tree ferns sampled at OF and HF ranged in
heights from 0.21 m to 2.8 m (mean % SE 0f 0.96 & 0.18 m), and
the sampled plants from the two forests did not differ statistically
in caudex height or in the measured frond traits (#-tests; P values
> 0.15). Fronds varied 17-fold in blade area, 42-fold in blade dry
mass, and threefold in frond mass per area (see ranges in Table 1).
Values for WCS ranged 60-79 percent.

The scaling of frond dimensions (z.e., those listed in Tables S1
and S2) supported geometric similarity. All linear frond dimensions
generally scaled isometrically (» = 0.82-0.98; P < 0.016; N = 10—
20). The relationships among stipe diameter and the lengths of stipe,
blade and frond had 8 0f 0.80-1.25, with 95% Cls including unity;
only frond width scaled nonisometrically with stipe diameter, with
B = 0.60 and 95% ClIs 0.38-0.94, although it scaled isometrically
with other linear dimensions—the average B for these relationships
was 1.03 £ 0.055 (V = 20; common SMA slopes for HF and
OF). Areal dimensions also scaled isometrically, with 8 of 0.98—
1.02 (r = 1.0; P < 0.001; NV = 18), with 95% Cls including
unity; the average 8 was 1.00 £ 0.0063 (/V = 6). Linear and areal
dimensions scaled with 8 of 1.69-3.21 (r = 0.72-0.94; P < 0.044;
N = 8-18), with 95% Cls including 2; the average 8 was 2.23 +
0.16 (N=12).
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TABLE 1. Allometries for prediction of individual frond blade and pinnule area
in Cibotium glaucum from an easy-to-measure frond length index (see
Fig. 1). Values in square brackets following traits are the ranges of values
sampled to develop the allometries, with mean value in bold; note large
maximum frond sizes. Parameters fitted for log (Frond length index)
= a + b x log (x), by ordinary linear regression (OLS; parameters
reported £ SE, with R* and significance level, and n in parentheses).
For all relationships, the lines fitted by OLS for Ola‘a Tract Forest (OF)
and Honaunau Forest (HF) were coincident in slopes and intercepts
(ANCOVA; P-values for differences > 0.05). ***P < 0.001. TOnl)/
data from HF were available.

Frond length index
[1.0-2.3-3.4]

x-variable

Blade area (m?)

[0.26-2.2-3.9]

b=2.13 & 0.244;
a=-0.466 £ 0.089
R2 = 0.82%** (18)
b =2.134 £ 0.246;
2 =—0.480 =+ 0.0896;
R? = 0.81*** (18)
b=2.38 £ 0.366;
a=1.72 £ 0.140;
R = 0.87*** (7)
b=2.5140.416;
2=138+0.152
R? = 0.72%%* (15)
b=2.36 4 0.368;
a=1.3340.134;
R> =0.70"** (18)

Pinnule area (m?)

[0.25-2.1-3.8]

Frond dry masst (g)
[56-486-1134]

Blade dry mass (g)
[16-244-671]

Pinnule dry mass (g)
[14-188-575]

We found that FLI provided an allometric basis for predicting
area and dry mass for frond, blade, and pinnules (R* =0.70-0.87;
P < 0.001; Fig. 1; Table 1). Frond lengths, blade lengths, and stipe
diameter also had predictive potential (R* =0.56-0.98; P < 0.001;
Tables S1 and S2).

COMPLIANCE OF FROND SCALING RELATIONSHIPS WITH GLOBAL
TRENDS FOR DIMINISHING RETURNS.—Cibotium glaucum fronds
complied with global intraspecific allometries, extending trends de-
rived for smaller leaves. Larger fronds showed lower area relative
to dry mass, i.e., a diminishing return in photosynthetic area with
increasing mass. For fronds, blades, and pinnules, the B values for
area versus dry mass were 0.75-0.83, with 95% Cls excluding unity
(r=0.94-0.98; P < 0.001; V= 7—-18). This trend was within the
range determined for 157 species of diverse angiosperms with leaves
< 0.03 m?, which had B values of 0.57-1.29 (Fig. 2), though the
diminishing return in our study was stronger than the average for
the species in that study, 8 = 0.91, and 95% Cls 0.88-0.92 (Fig. 2;
Milla & Reich 2007). Notably, the trend we studied for C. glau-
cum was an ontogenetic allometry, i.e., holding across plants of
different sizes. One concern might be that the relationship of blade
area and mass might be driven secondarily by their respective rela-
tionships with plant size. However, our partial correlation analysis

M W

0.25

Frond blade area (mz)
o
wn

0.25
100 300 800

10 25 50 100 200 400 800
Frond blade mass (g)

FIGURE 2. Allometries for Cibotium glaucum frond blade area versus mass,
and comparison with global trends for leaf design. The solid line represents the
standard major axis (SMA) for C. glaucum: log (area) = —1.57 + 0.814 X log
(mass), and the dotted line represents the global intraspecific trend for leaves
varying in size on mature plants of 157 angiosperm species with much smaller
leaves, < 0.03 m? (SMA slope from Milla & Reich 2007, with intercept of
C. glaucum used; see text for discussion); inset: square represents average value
for C. glaucum fronds, and solid and dotted lines represent the extrapolation of
global interspecific trends determined, respectively for much smaller leaves of 70
fern species up to 0.011 m?, and for 1943 vascular plant species up to 0.25 m?
(for ferns, log[leaf area] = 2.02 4+ 0.904 x log[dry mass]; for vascular plants,
log[leaf area] = 2.01 4+ 0.979 x log[dry mass]; Niklas ez a/. 2007). Symbols as

in Figure 1.

showed that this was not the case. We found partial » values of
0.82,-0.59, and 0.92 (P < 0.05) for, respectively, height and blade
mass (partialling out blade area), height and blade area (partialling
out blade mass), and blade mass and area (partialling out height).
Thus, larger plants have fronds of larger mass, but if that ontoge-
netic pattern were ‘removed’, then larger plants would in fact have
smaller fronds, because frond blade mass and area are intrinsically
allometrically linked, even at a constant plant size.

The diminishing returns observed in the intraspecific scaling
of blade area with blade mass did not arise from significantly greater
allocation to support structures in larger fronds. The scaling of stipe
and rachis mass with pinnule, blade, and frond mass did not differ
from isometry (8 = 0.99 to 1.42, with 95% ClIs including unity;
r = 0.88-0.99; P < 0.009; N = 7-15); the average B was 1.24 +
0.069 (N = 6). The greater LMA in larger fronds would arise from
a greater thickness or density, and the latter would be associated
with lower WCS (Sack et a/. 2003). Indeed, WCS declined with
increasing frond size (assessed using stipe diameter; 8 =-0.14; 95%
Cls = -0.078 to -0.25; » = -0.64; P = 0.048; N = 10).

Cibotium glaucum also complied with interspecific trends for
larger leaves to have higher LMA, greater allocation to support, and
lower WCS. Cibotium glaucum fell close to the extrapolated line for



area versus dry mass for fern species with pinnules or fronds up to
0.011 m? (Niklas ez 2. 2007; Fig. 2, inset). This trend predicted the
average frond in our sample should have an LMA of 173 g/m?; we
found 186 £ 19.8 g/ m?2. Notably, ferns have relatively high LMA;
the trend reported by Niklas ez 2/, (2007) for vascular plants with
leaves up to 0.25 m?* predicted 111 g/m?. The dry mass allocation
to stipe and rachis was also consistent with the trend for 122 species
with leaves up to 500 g fresh mass (Niinemets ez 2/. 2007) (fractional
allocation to petiole and midrib = 0.24 4- 0.0505 X In [leaf fresh
mass]). That trend predicted that the average frond in this study
would have 61 percent mass allocation to stipe and rachis; we found
59.7 £ 0.05 percent SE. Cibotium glaucum pinnules also complied
with the trend for leaf water content, determined for 666 vascular
plant species with leaf mass < 32 g (log[water content] = 0.299 +
0.982 x log [dry mass]; Niklas e 2/. 2007); that trend predicted that
the average frond in our study would have a WCS of 64 percent,
and we found 68.3 & 0.65 percent.

PLANT-LEVEL ALLOMETRIES: RELATIONSHIPS BETWEEN FROND NUM-
BER AND SIZE, AND TREE FERN HEIGHT.—The allometries of frond
number and size versus height indicated that as plants increase in
height, frond production and/or retention declines, and the in-
creases of leaf size eventually level off. The allometry of frond num-
ber versus height was significant for LF and TF (R* = 0.53-91; P
< 0.017; N=9-10), and the forests had similar slopes (ANCOVA,
P=0.71); B was 0.61 with 95% Cls 0.37-0.99 (Fig. 3A). However,
TF had an intercept higher by 0.090 £ 0.038 (P = 0.032), indi-
cating 23 percent more fronds at any height. The allometry of FLI
versus height was significant for HE LE and OF (R* = 0.47-0.75;
P =0.002-0.029; N = 7-10), but not TF (B> = 0.19; P = 0.21,
N =10) and the forests did not differ (? = 0.11-0.59); B was 0.48,
with 95% Cls = 0.39-0.60 (Fig. 3B).

DISCUSSION

We found strong scaling relationships at frond and plant level in C.
glaucum, with implications for leaf design. Further, these relation-
ships have potential for prediction of individual frond sizes and for
estimation of stand-level frond area and mass.

We found that the scaling of frond dimensions followed ge-
ometric similarity for linear as well as areal dimensions. Fronds
maintain their proportionality as they expand to different sizes,
apparently due to constraints in primoridum formation and expan-
sion. These relationships result in several possibilities for predicting
frond area from simple linear dimensions. In particular, we found
that FLI is useful for rapid, nondestructive assessment at ground
level of whole-frond area and mass, and can be implemented for
studies of individual tree ferns and for estimation of plot-level total
frond area.

We found that C. glaucum fronds complied with global in-
traspecific and interspecific allometries for diminishing returns of
frond area with increasing frond mass, extending trends derived for
smaller leaves. We found a 8 value of blade area versus mass within
the range reported for the 157 species with leaves up to 0.03 m?
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FIGURE 3. Whole-plant allometries for Cibotium glaucum, on log axes, and
fitted with standard major axes (SMA). (A) Mean frond number versus caudex
height (SMA equation: log[frond number] = 0.860 + 0.684 x log[height]; least-
squares equation: log[frond number] = 0.867 £ 0.0218 SE + 0.613 £ 0.0733
SE x log [height]). (B) Mean FLI versus caudex height (SMA equation: log [FLI]
= 0.417 + 0.481 x log [height]; least-squares equation: log [FLI] = 0.416 £
0.0167SE 4 0.371 £ 0.0526 SE x log [height]). ***P < 0.001. Symbols: Black,
‘Ola‘a Tract Forest; White, Honaunau Forest; Light gray, Laupahoehoe Forest;
Dark gray, Thurston Tube Forest.

in size, although the diminishing returns found for C. glaucum was
steeper than the average value in that study (Milla & Reich 2007).

We note that this study focused on onzogenetic allometry, i.e.,
trends across plants of different sizes, whereas the global study fo-
cused on static allometry, i.e., trends across mature plants of similar
size for each species. We focused on ontogenetic allometry here as we
aimed to predict relationships across size-classes of plants. Our find-
ings, and those of Milla and Reich (2007) suggest that both types
of allometries can be important sources of ‘diminishing returns’ in
photosynthetic area per mass allocation. More studies are needed for
whether the two allometries should be the same, or whether they
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differ; theory and studies of animals show that ontogenetic and
static allometries may be similar, or they may differ, depending on
the specific relationship considered (Smith 1980; Cheverud 1982;
Strauss 1993); we are not aware of any comparisons of the two
types of allometry for plant functional relationships. However, for
C. glaucum, our partial correlation analysis indicated that the onto-
genetic allometry for blade area versus mass was similar in direction
to the static allometry, independently of their linkage with plantsize.
Indeed, ontogenetic and static trends might be hypothesized to be
similar for leaf trait allometries, as these relate to disposable organs
of constrained design, and the differences between small and large
leaves expanded in similar environments might be roughly consis-
tent whether sampled across plants of a given size, or across plants
of different sizes. Specific studies are needed to address the question
of possible differences between static and ontogenetic intraspecific
allometries for leaf traits (¢f Milla ez /. 2008).

Notably, the intraspecific trend for diminishing returns in
frond area with increasing mass allocation did not arise from greater
allocation to stipe and rachis, but was associated with a declining
WCS, consistent with greater blade density. This finding indicates
that the modulation of traits to accommodate higher support re-
quirements in larger leaves is achieved by adjustments within the
lamina, rather than in midrib or petiole support. On the other hand,
C. glaucum also complied strongly with inzerspecific trends for larger
leaves to have higher LMA, greater allocation to support, and lower
WCS (Niinemets ez al. 2007, Niklas ez al. 2007). The compliance
of C. glaucum with the global interspecific trend indicates that the
larger-scale diminishing returns in leaf area with increasing mass
owe in part to increasing allocation to support, even to the large
frond sizes in this study (Niinemets ez /. 2006, 2007). We note
that the global allometries, developed for much smaller leaves, had
remarkable ability to predict area from dry mass, dry mass allocation
to stipe and rachis from mass, and leaf water content from mass.
Further study is needed of the scaling of other leaf traits, such as
photosynthetic rates per mass and leaf life span (¢ff Wright ez al.
2004, Karst & Lechowicz 2007), and of the possibility that these
traits might also show inter- and/or intraspecific trends with leaf
size.

Finally, we found strong plant-level allometries for C. glaucum,
i.e., the scaling of frond number and size with plant height. These
allometries showed forest-level variation. Still, in both forests, the
scaling trends indicated that as plants increase in height, frond
production and/or retention declines, and the increases of leaf size
eventually tend to level off; indicating a change in form consistent
with approach to a maximum leaf area.

We note that the allometries in this study have potential appli-
cations in frond- and plant-level studies. Further, the combination
of these allometries could have additional applications. For exam-
ple, one might combine allometries to estimate total frond area for
given tree ferns of known heights by multiplying predicted frond
number by average frond area, derived from predicted FLI (includ-
ing bias-corrections; Baskerville 1972, Sprugel 1983). For such data
generated from our allometries, the fitted least-squares line was log
(total area) = 1.31 + 1.40 x log (height), with 95% Cls fg?%’
(the Cls were asymmetric, as these were calculated for functions

fitted to log-transformed data; using the rnzorm function in R ver-
sion 2.6.1; R Development Core Team; Efron & Tibshirani 1993,
Manly 1997). The uncertainty was very large, as this equation was
derived by combining allometries for different forests, as we had
collected data to demonstrate general allometries, rather than for
site-specific predictions of total frond area. For precision in esti-
mating total area, one would construct each of the allometries for a
specific site (¢f Durand & Goldstein 2001a). This approach would
enable landscape-level estimates of frond biomass and area from
information of tree fern numbers and heights. Such future work
would clarify the roles and dynamics of tree ferns in wet forests
around the world.
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