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Editorial

Two decades of sunfleck research: looking back to move forward
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The study of how plants make use of sunflecks, relatively short
duration but high-intensity patches of light in the understory
and shaded tree canopy, has been of interest for decades. The
potential ecological significance of sunflecks was recognized
early in the 20th century (Allee 1926, Evans 1956), and the
first few studies attempting to quantify the contribution of
sunflecks to carbon gain in understories were undertaken at
this time (Lundegardh 1922). However, the lack of suitable
methodologies for measuring photosynthetic responses or
even quantifying sunfleck light regimes hampered progress.
Gradually, techniques were developed for quantifying the
nature of sunfleck light regimes both in forest understories and
in crop canopies (Reifsnyder et al. 1971, Norman 1971). But
studies of the photosynthetic response to sunflecks lagged
because the plant response was confounded with the much
slower instrument response times: indeed, until the early
1980s, nearly all the focus was on steady-state photosynthetic
responses of understory plants to light. The instrument
response limitations were first overcome by mathematically
deconvoluting the plant response from the instrument response
(Pearcy et al. 1985). Later, the development of fast-responding
CO,/H,0 analyzers greatly accelerated research on the mecha-
nisms underlying sunfleck utilization.

Although the phenomena underlying dynamic responses of
photosynthesis to sunflecks (such as induction requirements)
were studied by physiologists and biochemists from the early
part of the 20th century (Osterhout and Hass 1918), their role
in sunfleck utilization was not recognized until the early 1980s.
Evidence for a role for the light activation requirement of the
primary carboxylating enzyme, Rubisco, in photosynthetic
induction was first uncovered in the 1960s (see Walker 1973).
Since induction was evident in algae and aquatic plants lacking

stomata, their role in the induction response of terrestrial plants
was initially questioned. This led to research on the relative
roles of stomatal versus Rubisco limitations for induction gain
(Kirschbaum and Pearcy 1988a). In the course of these stud-
ies, a fast induction requirement not directly related to Rubisco
regulation was identified (Kirschbaum and Pearcy 1988b), and
subsequent physiological/biochemical studies identified this
as a limitation imposed by the light regulation of enzymes in
the ribulose bisphosphate regeneration pathway (Sassenrath-
Cole and Pearcy 1992). Other studies revealed the contribu-
tion of post-illumination CO, fixation to sunfleck utilization and
its relationship to the buildup and utilization of metabolite
pools (Kirschbaum and Pearcy 1988c). These mechanistic
studies provided the basis for the development of dynamic
models applicable for understanding the limitations to sunfleck
utilization in contrasting environments and with contrasting
dynamic responses (Gross et al. 1991). In turn, application of
the models revealed the strong limitation imposed by the
induction requirement, but also that post-lightfleck CO, assimi-
lation makes no significant contribution to carbon gain in
understories (Pearcy et al. 1994).

From the mid-1990s to the present, attention has shifted
from laboratory-based mechanistic studies to more field-ori-
ented studies designed to elucidate the significance of sun-
flecks to the carbon gain of plants in forest understories and in
plant canopies (Ogren and Sundin 1996). Comparative work
sought to identify species differences in induction gain and
loss, and to relate these differences to successional status,
habitat preferences and growth conditions. Additionally,
research has increasingly focused on environmental limitations
constraining sunfleck use, such as excessive light (Barker et al.
1997) and leaf temperatures (Leakey et al. 2003) and the
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photo- and thermal-protective mechanisms that are important
in coping with these stresses.

The accompanying virtual issue consists of 12 sunfleck-
themed papers published in Tree Physiology over the past 17
years. One (Way and Pearcy 2012) is a recent review that
briefly covers research on the mechanism of sunfleck utiliza-
tion, modeling of sunfleck use and stress effects, and the phys-
iological traits that facilitate coping with high temperatures and
excess light occurring in sunflecks. A main conclusion of the
review is that canopy models should incorporate dynamic
responses to photosynthesis to accurately estimate forest car-
bon uptake. This point is illustrated in the paper by Naumberg
and Ellsworth (2002) who show that using static photosyn-
thetic light responses to predict daily tree carbon fixation yields
overestimations of carbon gain by as much as 42%. Porcar-
Castell and Palmroth (2012) expand on the need to move from
steady-state models to dynamic models for addressing large-
scale questions and advocate using plant decision-making
logic to make this happen.

A recurring theme in the literature is that shade leaves (either
from species adapted to shaded habitats or from shade-
acclimated leaves in understories or within tree canopies)
should be more dependent on sunflecks to maintain a positive
carbon balance than sun leaves. Therefore, shade leaves could
be hypothesized to have mechanisms that enhance sunfleck
use, such as faster induction gain and/or slower induction loss.
Some studies in this virtual issue, such as Kippers et al. (1996),
have found support for this hypothesis with comparisons of late
successional tree species that reproduce in the shaded under-
story versus early successional species that regenerate in more
open, disturbed habitats. Wong et al. (2012) also found that an
early successional species had longer induction times than a
late successional tree, which could reduce the use of sunflecks
in an understory environment, limiting the early successional
species to a high light niche. In a third paper, Zhang et al.
(2012) grew early, mid- and late successional subtropical
Chinese tree seedlings at low light and then characterized their
ability to use sunflecks. The early successional species had the
slowest induction gain and showed rapid induction loss, while
the mid-successional species showed the fastest induction gain
times. Lastly, Chen and Klinka (1997) characterized photosyn-
thetic traits in Pseudotsuga menziesii (Mirb.) Franco seedlings in
an understory forest plot and an open clear-cut site and found
that, as predicted, shade branches had shorter induction times
than sun branches.

However, the story told by the papers collected here is
not as tidy as it may first appear. In contrast to the above stud-
ies, Urban et al. (2007) found no clear correlation between
shade tolerance and induction gain times between sun and
shade leaves or across shade-tolerant, mid-shade-tolerant and
shade-intolerant trees from a temperate European forest site.
Similarly, responses of induction kinetics to shade environment

can be species dependent. Han et al. (1999) measured natu-
rally occurring seedlings in a gap and a shaded understory site
and found that shade leaves of one species had shorter induc-
tion periods than gap leaves, another had similar induction
rates in both habitats, while a third had longer induction times
in shade than in gap sites. Taken together, these papers reveal
that there is no simple relationship between the speeds of
induction gain and loss, and either species or conditions where
efficient sunfleck use should be favored.

The components underlying induction, especially stomatal
behavior, are complex and are dependent on environmental
and developmental factors besides transient light changes.
Tang and Liang (2000) found that water stress reduced sto-
matal conductance in shade, but not sun, leaves of a Populus
species; drought also led to faster induction gain in shade-
grown, but not sun-grown leaves during simulated sunflecks.
Similarly, drought led to a greater reduction in photosynthesis
and leaf water status in leaves from shaded sites than those in
open sites (Abrams and Mostoller 1995). Another factor that
might affect our ability to detect generalizations across species
in sunfleck physiology is leaf age. Using three species of
Populus, Urban et al. (2008) showed that transient stomatal
limitations to sunflecks were more pronounced in older leaves,
highlighting the importance of considering physiological varia-
tion within a single tree.

While progress has been made in understanding the nature
and significance of sunfleck utilization it is also clear that many
questions remain. The limitations on sunfleck use imposed by
induction are a consequence of the regulatory properties of
the photosynthetic apparatus that appear to match supply and
demand among the various processes. Aside from the stomata,
whose role in meeting the compromise between water loss
and carbon gain is well documented, the advantage provided
by the other regulatory steps is little understood. Modeling
experiments in which time constants for the components are
varied could help to elucidate how each influences sunfleck
use in light regimes with different sunfleck frequencies and
durations. A better understanding of the role of sunflecks
within tree canopies is also needed, as most research has con-
centrated on understory plants and tree seedlings, despite the
importance of fluctuating light in the canopy itself. The role of
other environmental constraints such as high temperatures,
reduced water potentials and excessive irradiance in sunflecks
needs to be better understood. Finally, we need to understand
how changes in the environment due to global climate change
will impact sunfleck use, and whether including sunfleck
dynamics will improve mechanistic models of ecosystem
carbon gain. By bringing these papers together, we hope to
stimulate research on these questions among tree physiolo-
gists and to emphasize the importance of incorporating realis-
tic, dynamic photosynthetic responses into current models of
forest systems.
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