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1. INTRODUCTION
The fossil spore record suggests that non-vascular plants appeared in
wet tropical and temperate areas on the terrestrial surface some 450 million years ago [1-3]. Since that time, plants increased their efficiency of capturing sunlight and photosynthesizing by vertically distributing chlorophyll
and photosynthetic machinery, packaged mostly in leaves, along crowns.
More sparsely distributed foliage can utilize light more efficiently than
compactly arranged foliage, an arrangement in which a small proportion of
the foliage receives an oversupply of light while a large proportion of the
foliage must do with very low light level. Moreover, in forest settings, positioning leaves above those of the neighbors’ is a common strategy for
increasing light harvesting and photosynthesis. Thus, since plants moved to
land, some species developed crowns that attained great lengths and are
positioned at great heights. For species that rely on wind dissemination of
pollen and seed, attaining height increases the dispersal distance. Further
increase in dispersal distance is gained when attaining height brings a plant
crown above those of its neighbors, because of the effect of canopy leaf area
on the flow of air. However, not all species rely on height to obtain sufficient
photosynthates to grow and reproduce, and not all species rely on height to
increase dispersal distance of wind disseminated pollen and seeds. Species
that rely on height to support photosynthesis and dispersal must make
adjustments to overcome the limitations to water flow between the soil and
leaves, so leaves can keep stomata open enough to permit a reasonable rate
of photosynthetic CO2 uptake.
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Operating in a desiccating atmosphere, terrestrial plants must maintain
photosynthetic tissues at the proper state of hydration. As height increases,
the delivery of water to leaves becomes more difficult because of the longer
transport path and greater loss of energy for moving water. Thus, attaining
height to support photosynthesis and dispersal requires a hydraulic transport system that can adjust as trees grow taller and deliver the necessary
amount of water to leaves. Such adjustments do not come without costs,
which may ultimately put a limit to height as a solution for increasing photosynthesis and dispersal distance. A trade-off must exist between carbon
uptake and water loss, with direct implication to the potential distance of
wind dispersal of pollen and seed. This study focuses on assessing the
trade-off and its impact on pollen dispersal distance.
Great advances have been made over the past century in understanding of (i) radiation attenuation, scattering, and absorption by leaves within canopies, [4-8] (ii) the relationship between leaf photosynthesis and its
inter-cellular CO2 concentration, [9-15] (iii) delivery of water from the soil
pores to the leaves or soil-plant hydrodynamics, [16-28] and (iv) dispersal
of seed and pollen [29-36]. These four research thrusts each produced a
set of radiative, physiological, hydraulic, and dispersal parameters that
can be considered independent. Here we concentrate on hydraulic, biochemical, and dispersal attributes of forest trees. In particular, we analyze
two inter-related questions: 1) whether hydraulic and biochemical properties of plants are independent of one another, or do they change in concert as tree height increases, and 2) whether the key attributes that
describe the relationship between hydraulic and biochemical properties
also explain seed and pollen dispersal. Preliminary experimental and theoretical work on the first question has received recent attention, [37,38]
and we use these preliminary findings as a starting point.

2. THEORY
We first identify the plausible functional parameters that link
hydraulic and biochemical properties of plants and then proceed to assess
their significance on seed and pollen dispersal. To establish the interdependency between hydraulic and physiological properties, the leaf
transpiration rate and leaf photosynthesis formulations are reviewed.
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2.1. Plant Hydraulics
Within forested ecosystems, the transport of water (per unit leaf area)
from the soil to the leaf may be described by Darcy’s law, given as
,

(2)

where El is the average transpiration rate per unit leaf area, ψl and ψs are
the leaf and soil water potential, hc is the canopy height and is used here
as a surrogate for the hydraulic path length from the soil to the leaf,  is
the density of water, g is the gravitational acceleration, ks is the soil-toleaf tissue specific hydraulic conductivity, As is the sapwood area, and Al
is the leaf area.
Since the interest is in deriving simplified expressions relating plant
hydraulic to physiological attributes, we adopt two simplifications:
1) 冨ψs冨Ⰶ冨ψl冨;
2) (⫺ψl ⫺ ghc)ks⬇c where c is a constant.
The first simplification assumes that the soil system is sufficiently hydrated (typical values of 冨ψl冨⬃1.5MPa while typical values for 冨ψs冨⬍100kPa even
at 50% the field capacity of the soil). [Care must be taken when extrapolating the low-dimensional model used in our analyses to cases when 冨ψs冨 is not
much smaller than 冨ψl冨 (e.g. during drought conditions). During drought
conditions, plant function and structure changes with the intensity and
duration of water deficit]. The second simplification is approximate
because it assumes that leaf pressure must adjust to counteract the extra
weight of water that must be pulled up to the leaf surface (i.e., ψl⫽ψR⫹ ghc
where ψR is a reference leaf pressure). Detailed xylem pressure measurements within redwood trees (Sequoia sempervirens), including the tallest
known tree on Earth (⫽112.7 m), collected in the wet temperate forests of
northern California supports the argument that ⭸ ψL Ⲑ⭸ z⫽ g [39].
With these two simplifications, we find that:
(3)
Several studies in forested canopies also reported that the ratio of the sapwood area to leaf area is approximately linear with hc so that: [40,41]
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,

(4)

although exceptions have been noted in some species [42]. The parameters A⬘ and B⬘ vary among species. Mathematically, for species that conform to eqn. (4) for a large portion of hc , A⬘⬃ a1Al . Hence, the leaf transpiration rate is given by
(5)

2.2. Photosynthesis
Leaf photosynthesis is given by the Farquhar et al. [11] model, which
assumes that photosynthesis is either limited by light or enzymatic properties (i.e. Rubsico), and can be represented as:
(6)
where Rd is dark respiration, ␣1⫽ ␣ p Q p e m and ␣2 ⫽⌫* for light-limited photosynthesis, and ␣1 ⫽Vcmax and

for Rubisco-limited photosynthesis. Here, ␣ p is the leaf absorptivity for
photosynthetically active radiation (PAR), em is the maximum quantum
efficiency for CO2 uptake, Q p is the PAR irradiance on the leaf, ⌫* is the
CO2 compensation point, Vcmax is the maximum catalytic capacity of
Rubisco per unit leaf area (mol m-2 s-1), c and o are the constants for
CO2 fixation and O2 inhibition with respect to CO2, respectively, and o i is
the oxygen concentration in air (⬃210 mmol mol-1).
2.3 Linking Hydraulics and Photosynthesis:
Noting that leaf-stomatal conductance is given by
(7)
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permits us to establish a relationship between ␣1 and the plant hydraulic
attributes:

(8)

The ratio C i /C a varies by about 20% (between 0.65 and 0.90 for C3
plants), and may be treated as a constant [37,43] when compared to variations in hc. In fact, a near-constant C i /C a approximation appears to be
valid across a wide range of species as can be inferred from the linear
relationship between maximum bulk conductance and maximum photosynthetic capacity per unit ground area [44] for tropical, temperate deciduous broadleaved forests, temperate evergreen broad-leaved forests, and
herbaceous tundra with an approximate slope consistent with
C i /C a ⫽0·82. Hence, with a constant C i /C a , we find that in the case of
Rubisco-limited photosynthesis, the maximum carboxylation capacity
can be related to the canopy height via
(9)
where, R⬘, A⬙, B⬙ can be readily computed from coefficients in equation
(8). Having shown that the maximum leaf photosynthetic rate is controlled by Al /hc (for a given atmospheric dryness) the next logical question
is whether Al /hc governs pollen spread.
2.4. Pollen Dispersal
To link the canopy attributes Al and hc to pollen dispersal, it becomes
necessary to show how these two variables impact pollen trajectory inside
and above canopies. These trajectories are difficult to describe because
complex turbulent processes govern them. However, using a low-dimensional turbulent transport model, Katul et al. [35] showed that the canonical shape of the dispersal kernel is a Wald distribution, given by:
,

(10)
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where
,
x3,r is the release height, Vt is the pollen terminal velocity, x1 is the disᎏ and  are the mean longitudinal velocity
tance from the source, and U
and the flow velocity standard deviation that can be linked to the vertical
velocity standard deviation (w ) via
(11)
where d 僆 [0.3, 0.4] is qualitatively connected to the structure of turbulence inside the vegetation (i.e. the mixing length) but must be considered
as a semi-empirical parameter here because all the model assumptions
(including vertically homogeneous and low intensity flows, instant attainment of terminal velocity upon pollen release, zero inertia of the pollen
grain, and the negligible effects of vertical velocity correlation relative to
ᎏ and 
pollen settling time) are lumped into its numerical value. Both U
w
can be predicted from the leaf area density distribution and drag properties of the canopy using higher order closure principles [45-49]. Figure 1
(see over) illustrates how pollen disperses away from the source as a function of leaf area index (LAI) and release height (often proportional to tree
height) for a typical above canopy friction velocity of u*⫽0.5m s-1. It is
clear that a finite number of pollen grains can travel up to 10 km, and
with decreasing leaf area index the tails of the dispersal kernel become
‘heavier’. That is, the extreme long-distance events become more probable
with increasing height and decreasing LAI. We note that Al and LAI are
not the same quantity, but are directly related through the density of individual trees in a stand and are used interchangeably.
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Figure 1. Computed dispersal kernals for a forest with hc⫽35m, a typical friction velocity (u*=0.5m s-1), and LAI⫽5 m2 m-2 (top panels) and LAI⫽2m2 m-2 (bottom panels). The
lines indicate different pollen release heights starting with 0.25 hc (thinnest), 0.5 hc, and
0.75 hc (thickest). The semi-logarithmic (left) and log-log (right) plots demonstrate the
impact of variations in hc and LAI on the mode and the tails. The assumed terminal
velocity (Vt) is 0.05 m s-1.

3. RESULTS AND DISCUSSION
3.1. Linking Plant Hydraulics and Photosynthetic Potential
To explore whether equation (9) correctly predicts the relationship
between Vcmax and Al /hc, we used published data summarized in Table 1
(see over). As predicted, Vcmax varied linearly with LAI/hc for a wide range
of forest types (Figure 2, see over), including boreal conifers, temperate
broad-leaf forests, maturing loblolly pine forests, and young southern
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TABLE 1. Published values for canopy height (hc), leaf area index (LAI), and maximum
carboxilation capacity (Vcmax) at 25°C for a wide range of forested ecosystems.

hc(m)

Vcmax (mol m-2s-1)

LAI (m2 m-2)

Boreal Conifers [73]

14

46

2.04

Temperate Broadleaf Forest [73]

24

40

4.70

Maturing pine plantation [74]

16

59

3.80

6-year-old pine plantation,
control [75]

4.1

85

1.65

6-year-old pine plantation,
fertilized [75]

6.8

100

3.51

Ecosystem

Figure 2. Testing the predicted linearity in Vcmax with LAI/hc from equation (9) for the
forest canopies in Table 1.
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pine plantations (unfertilized and fertilized with nitrogen). Hence, based
on this finding, it is safe to state that canopy height and leaf area can
explain variations in the maximum carboxylation capacity (at a reference
temperature of 25°C), which is the upper limit for leaf photosynthesis.
Equation (9) is consistent with the linear relationship between photosynthetic capacity and plant hydraulic conductivity reported by Brodribb
and Feild [38] (their Fig. 2) who used a combination of chlorophyll fluorescence and hydraulic analysis on seven conifers and 16 angiosperm
rainforest species in New Caledonia and Tasmania (Australia). We are
unable to directly employ equation (9) with their results because they
reported the mean quantum yield of photo-system II electron transport
and provided no information about the other requisite variables. Equation (9) is also consistent with the field observations that photosynthetic
rates tends to decline with age even after stands reach a stage of approximately constant LAI [40,50-54].
3.2. Linking Plant Hydraulics and Dispersal Potential
It is difficult to test whether equation (10) correctly predicts the entire
dispersal kernel, including long-distance dispersal tails. Katul et al. [35]
tested the Wald predictions against seed dispersal data for a wide range
of species, release heights, terminal velocity, leaf area density, and u* conditions and noted good agreement (r2⫽0.89) between predictions and
measurements. However, the furthest seed distance reported in their comparison did not exceed 100 m.
It is possible to use the Wald model in equation (10) to predict the
probability of seed uplifting above the canopy, a necessary condition for
long-distance seed dispersal [33,35,36,55]. As shown in Katul et al., [35]
the probability of seed or pollen uplifting by the Wald model is given by

(12)

Predictions from equation (12) can be compared with uplifting probability estimates determined from vertically arrayed seed traps within and
above the canopy. Using the seed release height and terminal velocity data
reported in Nathan et al., [33] Figure 3 (see over) shows the comparison
between predictions from equation (12) and uplifting probability measure-
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Figure 3. Comparison between measured and modeled uplifting probability for 5 species
co-occurring in one 80-100 year-old second-growth mixed Oak-Hickory forest in the
Blackwood Division of Duke Forest, near Durham, North Carolina, USA. The ordinate is
the seed release height of the species normalized by the mean canopy height (data taken from Nathan et al., 2002, their Table 1). Inset: The time series of the friction velocity
and its mean value used in the model calculations.

ments (also in Table 1 in Nathan et al. [33]). The good agreement between
measurements and predictions, despite the uncertainty in the data, lends
confidence in the capability of the Wald model to reproduce the necessary
conditions leading to long-distance dispersal (LDD, the minimum distance
which 99% of the particles do not exceed).
The effect of variations in pollen release height (which is often proportional to tree height [56]) and LAI can be combined via simulations to
describe the LDD of pollen (Figure 4, see over). We use LDD as a ‘surrogate measure’ for the dispersal potential most relevant to rapid colonization. The analysis in Figure 4 clearly demonstrates that LDD dramatically decreases with decreasing release height and increasing LAI. That is,
the attributes that regulate maximum photosynthesis also regulate LDD.
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Figure 4. The dependence of normalized long-distance pollen dispersal (LDD) on leaf
area index (LAI) and pollen release height (x3, r). LDD is normalized by the overall mean
canopy height (hc). LDD is defined as the minimum distance for which 99% of the pollen
did not reach. In the simulations, the maximum Al⫽5 m2 m-2, and hc⫽35 m (typical for
a southern hardwood forest).
The dashed line is the regression

with r2⫽0.97.

The model calculations were conducted for Vt ⫽0.01⫺0.2 m s-1 (typical for pollen) and
u*⫽0.1⫺0.9 m s-1.

When combining Figures 2 and 4, we find that for a given LAI, as hc
increases, Vcmax decreases (and hence the ability of trees to accrue more height
diminishes) in proportion to hc-1 but the dispersal potential (measured via
LDD) increases in proportion to hc0.69 (see caption of Figure 4). It is clear from
the height exponents that for tall trees, the tradeoff between increasing dispersal potential and reductions in photosynthetic capacity favors the latter. That
is, photosynthesis is more sensitive to plant hydraulics than dispersal.
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4. BROADER IMPACT
The origin and early evolution of land plants was a significant event in
the history of life, with far-reaching consequences for the evolution of terrestrial organisms and global environments. By exploring the engineering
solutions that permitted plants to function in a dry atmosphere and, thus,
exist on land, we can begin asking about their adaptation and colonization
potential in future climates – likely to be warmer, enriched with CO2, and
experiencing higher stochasticity in rainfall. Advances in systematics of living plants, when coupled with low-dimensional ecological theories, may
hint at plausible future evolutionary strategies (or extinction).
It is well-worth quoting Lumley’s statement [57] about low-dimensional models in the context of turbulent flows: ‘in our present state of understanding, these simple models will always be based in part on good physics,
in part, on bad physics, and in part, on shameless phenomenology’. Exploring the relationship between the photosynthetic, hydraulic, and dispersal
strategies is fundamentally more challenging than turbulence; indeed, turbulence is only one element of the problem. However, recent advances in
theory and measurements make it a topic ripe for progress. Perhaps, the
recent advances in remotely sensed measurements of canopy vegetation
structure and function [58], the estimates of past vegetation spread from
the pollen record [59-67], and the advances in measurements and modeling
of photosynthesis and plant hydrodynamics [21,41,68-72] will allow us to
sieve out the bad physics and shameless phenomenology.
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