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Abstract

Key message Branch extension of Acer saccharum is
negatively correlated with seed production, with no
independent effect of tree size, consistent with repro-
ductive allocation as the main driver of the age-related
decline in tree canopy growth.

Abstract Life-history theory predicts that reproductive
allocation should increase with age and size once plants
reach reproductive maturity. This suggests that there may
also be a subsequent decline in somatic growth as plants
become larger or older. However, few studies have exam-
ined how the relationship between branch extension growth
and reproduction varies with size or age in the longest-lived
plants: trees. Using a mobile lift for canopy access, we
retrospectively measured branch extension growth before,
during and after two (between 2011 and 2013) Acer sac-
charum mast events (the synchronous production of many
seeds at long intervals), quantifying seed production per
internode and internode length. Branch extension was
reduced by 24 and 36%, respectively, in 2011 and 2013
relative to non-mast years, consistent with the expectation
that increased reproductive allocation comes at the cost of
allocation to growth. Internode length decreased from 8 to
3 cm year™! as seed production increased from zero to 17
seeds year_l; a similar decrease was observed at the whole-
tree level using average internode extension rates and seed
production per tree. Seed production alone was the most
parsimonious predictor of branch extension growth, with
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no independent effect of tree size, suggesting that it is the
increase in reproductive allocation, rather than an increase
in tree size per se, that drives the decline in branch exten-
sion rates. The slope of the relationship between branch
extension and reproduction did not vary with tree size,
suggesting that there was no increase in the somatic cost
of reproduction with tree size. We also found no evidence
for lag effects of reproduction on extension growth in sub-
sequent years. Overall, these results suggest that reproduc-
tive allocation assessed at the shoot level increases with
tree size and is a major driver of the ontogenetic decline in
branch extension growth.

Keywords Acer saccharum - Allocation - Branch
extension - Cost of reproduction - Haliburton Forest -
Internode - Trade-offs

Introduction

Numerous studies have examined whether and why tree
growth declines later in ontogeny (Bond and Ryan 2000;
Choi et al. 2001; Cole and Lorimer 2005; Ryan et al. 2006;
Bond et al. 2007; Stephenson et al. 2014). Two princi-
pal hypotheses have emerged from the ecophysiology lit-
erature (Ryan et al. 1997). On the one hand, the largest
body of literature focuses on biophysical processes as the
main drivers of growth decline. For example, both height
growth and branch extension have been hypothesized to
be limited by hydraulic conductance because the com-
bined forces of gravity and friction increase as trees grow
taller and branches grow longer, thereby reducing hydrau-
lic conductance and increasing the risk of xylem cavitation
(Koch et al. 2004). This in turn forces stomatal closure and
limits carbon dioxide diffusion into leaves, which leads to
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reduced photosynthesis and potentially reduced growth
(Barnard and Ryan 2003; Yoder et al. 1994; Gower et al.
1996). Alternatively, xylem tension may constrain the tur-
gor pressure of the uppermost leaves, thereby limiting cell
expansion, intercellular diffusion of carbon dioxide, and
ultimately shoot extension (Woodruff et al. 2004; Ryan
et al. 2006).

Although biophysical processes have received more
attention, there is a smaller body of literature that focuses
on the role of reproduction in driving ontogenetic patterns
of tree growth. Life-history theory provides an important
basis for predicting growth declines based on the recogni-
tion that allocation of resources to competing biological
functions changes throughout ontogeny (Iwasa and Cohen
1989; Thomas 1996, 2011; Iwasa 2000). In particular, life-
history theory asserts that reproductive allocation increases
with plant size due to switching of resources from veg-
etative tissues to reproductive structures (King and Rough-
garden 1982; Thomas 1996; Kelly and Sork 2002; Obeso
2002; Genet et al. 2010). As a result, plants are expected
to exhibit a developmental trade-off between reproduc-
tion and growth, whereby growth declines as reproduction
increases (Gross 1972; Fox and Stevens 1991; Weiner and
Thomas 2001; Monks and Kelly 2006). Specifically, one
would expect to observe a tradeoff at the level of individual
branches (Sanchez-Humanes et al. 2011), such as reduced
growth of branches that produce seeds during mast years,
particularly if branches are independent from other parts of
the tree with regard to translocation of resources such as
carbon and nutrients (Dick et al. 1990; Sprugel et al. 1991;
Despland and Houle 1997).

Reproductive costs have commonly been dismissed as
playing an important role in age-related growth decline,
based on the argument that reproduction is often sporadic,
and thus unlikely to explain the continuous decline in tree
growth (Gower et al. 1996; Ryan et al. 1997; Bond and
Ryan 2000; Bond et al. 2007; Kutsch et al. 2009). However,
several studies have reported that reproduction in prior
years may have a significant carry-over effect on the cur-
rent year’s growth and survivorship (Gross 1972; Wood-
ward et al. 1993; Silvertown and Dodd 1999). This sug-
gests that despite being sporadic, reproduction may entail
a substantial reduction in tree growth as trees grow older
(Thomas 2010), particularly if seed production increases in
frequency or intensity through ontogeny (Thomas 2011),
resulting in continual carry-over effects between successive
reproductive events.

Two lines of reasoning indicate that allocation to repro-
duction increases over the lifespan of a tree. First, many
species do not reproduce until they reach a threshold
size, even when light is not limiting, so there is no initial
trade-off between reproduction and growth (Thomas 2011,
2015). Second, once reproductive maturity is attained,
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the frequency and output of reproduction often increase
with tree size (Thomas 2011), suggesting an ontogenetic
increase in allocation to reproduction as predicted by life-
history theory. Indeed, allocation of annual fixed carbon
to reproductive structures is reported to increase from
5% in small diameter (<20 cm DBH) trees to over 40%
in large diameter trees (>20 cm DBH) of mature forests
(Genet et al. 2010). This increase in allocation to reproduc-
tion could be one of the primary drivers of the decline in
tree growth, including stem growth and branch extension
(Obeso 2002).

It remains uncertain whether ontogenetic increases in
reproductive allocation are important in driving growth
trends in mature trees. To date, direct evidence that
increased reproductive allocation reduces growth is largely
limited to herbaceous plants (e.g., Worley and Harder
1996), because it is relatively easy to conduct experiments
on small plants with shorter lifespans to study ontoge-
netic trends in growth and reproduction. Although direct
evidence for tradeoffs between reproduction and growth
for trees is scant, a tractable observational method that
has been employed is to examine relationships between
branch extension growth and reproduction. Branch exten-
sion is critical to tree resource capture and competition
(Hibbs 1982; Cole and Lorimer 2005; Purves et al. 2007,
Thorpe et al. 2010), and, therefore, of at least compara-
ble ecological importance as stem diameter growth or
biomass accumulation. A recent review found that every
prior study collecting such data showed a negative correla-
tion between reproduction and extension growth (Thomas
2011), suggesting that this pattern is pervasive. However,
most studies have not distinguished between branch-level
and whole-tree-level effects, and we are not aware of any
prior research that has utilized observations on shoot exten-
sion—reproduction patterns to investigate age- and/or size-
related reproductive costs and their role in plant ontogeny.

In the present study we utilized a mobile canopy lift
for canopy access to retrospectively quantify seed produc-
tion and branch extension in mature Acer saccharum trees
before, during, and after two mast events. These data are
used to address the following questions: (i) Is there a nega-
tive correlation between seed production and branch exten-
sion? (ii) Does seed production per internode increase with
tree size? (iii) Does variation in seed production contrib-
ute independently to decreased internode extension growth
when one accounts for size-dependent growth? (iv) Does
the relationship between seed production and branch exten-
sion vary with tree size, such that large trees show a higher
apparent somatic cost of reproduction than smaller trees?
and (v) Is there evidence for temporally lagged effects of
seed production on extension growth? We addressed each
of these questions at the level of individual branches, and
also at the level of entire trees, to determine whether the
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relationship between growth and reproduction is mediated
by local resource allocation.

Methods
Study area and species

The study area is located in south central Ontario at Hali-
burton Forest and Wildlife Reserve (45°15'N, 78°34'W), a
32,000 ha privately owned forest. The climate is character-
ized by warm, wet summers and cold winters, with a mean
annual precipitation of 1000 mm and mean monthly tem-
perature ranging from 18.9 in July to —10.9°C in January
(Environment Canada 2004). Sugar maple is the dominant
tree species in this tolerant hardwood forest, representing
nearly 60% of basal area; other common species include
yellow birch (Betula alleghaniensis Britt.), American
beech (Fagus grandifolia Ehrh.), eastern hemlock (Tsuga
canadensis (L.) Carr.), and balsam fir (Abies balsamea L.).
The forest has an uneven-aged structure, having been man-
aged by selection silviculture over last 40 years, with basal
area and canopy height ranging from 15 to 30 m? ha~'and
20-25 m, respectively.

Sampling occurred in 2011 and 2013, both of which
were mast years when most sugar maple trees produced
seeds, with a smaller sample collected in 2015, a non-mast
year. Sugar maple exhibits sequential dichogamy, a repro-
ductive system in which trees are monoecious but with
protandrous and protogynous morphs; apparently trees pro-
ducing only male flowers also occur (Renner et al. 2007).
At the study site flowers are produced in May to early June
after leaf emergence; female flowers develop into a pair of
winged seeds (samaras) during summer that mature and
disperse in the fall. In the northern part of its range sugar
maple exhibits masting, producing fruit crops at 2- to
5-year interval depending upon climatic conditions (God-
man et al. 1990; Luzadis and Gossett 1996). The produc-
tion of samaras in years between successive masting events
(i.e. non-mast years) is generally negligible (USDA 2008).

Bud-break in sugar maple is followed by the expansion
of twigs in late May to June (McGee 1986; Watson et al.
1986). Sugar maple twigs may have both determinate and
indeterminate patterns of growth depending on age and
vigor of the tree as well as position in the crown. While
both determinate and indeterminate growth patterns can be
observed in the same tree, indeterminate twigs are fairly
abundant in the branches of young vigorous trees, but rare
in slow growing older trees (Steingraeber 1982). After the
initial flush, sugar maple twigs elongate with a terminal
bud located at their ends. The growth in new twigs usu-
ally peaks in June or July and culminates in July or August.
Sugar maple generally demonstrates apical dominance—a

phenomenon whereby the main stem of the branch grows
more strongly than side branchlets, particularly at the
young age (Bonser and Aarssen 1994).

Care was taken to distinguish long shoots from short
shoots. Long shoots are the branches with long internodes
that grow at the outer edge of the crown, while short shoots
are the lateral buds that grow along the long shoot with
no distinct internodes (Kozlowski and Clausen 1966). By
selecting branches with longer internodes we were able to
avoid short shoots, and thus the difficulty of measuring the
growth of indistinct internodes.

Site and tree selection

In the summer of 2011, sugar maple trees spanning a wide
size range (20-55 cm DBH), all above the size threshold for
reproduction (~14 cm DBH: Thomas 2010), were located
in one stand that had even topography and was accessible
by the canopy lift (Scanlift 240 manufactured by Kesla
of Finland). A total of 31 trees located in close proximity
of primary skid trails were sampled, with a roughly equal
number of trees in each of four diameter classes: 20-30 cm,
30-40 cm, 40-50 cm, and >50 cm diameter at breast height
(DBH). Among the selected trees, 26 were reproductive
(i.e., with samaras) and 5 were non-reproductive (i.e., with-
out samaras). Trees were permanently marked with alu-
minum tags and diameter at breast height (DBH) measured.
The effect of slope position and topography on the selected
variables was assumed to be minimal since the study site
was almost flat (slope <2%).

Branch selection and measurement

In 2011, three branches ~1 cm in diameter were harvested
from each tree using an all-terrain canopy lift. The lift
was first raised to a pre-determined portion of the crown
(upper, mid, or lower), then one of the peripheral branches
accessible from that point was chosen at random. Thus, the
branches were evenly spaced around the periphery of the
upper crown, where most of the seeds are produced. We
conducted sampling on the main axis of each branch. A
total of 93 branches were harvested from the 31 trees, each
with sufficient length to measure rates of branch extension
for several years prior to the mast event in 2011. Of these,
30 branches were non-reproductive.

Another three branches were sampled from 24 of the
same trees in the summer of 2013 (of which 20 were repro-
ductive and 4 were non-reproductive), for a total additional
72 branches. Of these, 26 branches were non-reproductive.
The second sample included trees with similar range of
diameter classes (DBH ranged between 20 and 50 cm) as
those sampled in 2011. In 2015 (a non-mast year), a more
extensive sample of 40-50 branches per tree was collected
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from 6 additional trees adjacent to the study site that were
felled prior to sampling. In all three years, sampling took
place in July or August when annual extension growth is
complete but seeds have not yet dispersed. All harvested
branches were tagged, placed in plastic bags, and brought
to the laboratory for measurement.

The number of samaras (pairs of winged seeds) on the
terminal internode of each branch was counted: the termi-
nal internode was identified by finding the distal bud scale
scar that marks the start of the current year’s growth. For
this measurement, only the terminal internode of the main
axis of each sample branch was considered. Seed pro-
duction in non-mast years was not assessed, but assumed
to be zero since no Acer saccharum seeds were found in
a set of 60, 0.5 m? litter traps located nearby in the years
2008-2010, 2012, 2014 and 2015 (S.C. Thomas, unpub-
lished data).

The relationship between reproduction and branch exten-
sion was examined at both the level of individual branches
and at the level of entire trees. Thus, to enable tree-level
analyses, seed production was averaged across all six of the
branches collected from trees that were sampled in both
2011 and 2013. For the 7 trees that were not resampled in
2013, this average was calculated across the three branches
collected in 2011, so the average would be influenced by
any difference in seed production between 2011 and 2013.

The length of annual internodes was measured retro-
spectively to quantify the annual variation in extension
rates of each branch (cm year™!), including growth during
non-mast years. The non-terminal internodes were identi-
fied by the presence of successive bud scale (cataphyll)
scars representing the start and end of each year’s growth.
Multiple flushing does occur exceptionally in Acer sac-
charum (Filewod and Thomas 2014), but is recognizable
from bud scale morphology and was not encountered dur-
ing sampling. Due to the difficulty of correctly identify-
ing older internodes, the measurement of annual extension
rates only extended back 3 years prior to the year of collec-
tion. Terminal internode lengths were averaged across all
six of the branches collected from trees that were sampled
in both 2011 and 2013.

Statistical analysis

Non-linear regression models were used to determine
whether extension rates decline as a negative exponen-
tial function of seed production and/or stem diameter
(Tables 1, 2). Categorical variables were also used to test
whether masting reduces growth in subsequent years: a
“pre-/post-mast” categorical variable (0 for 2008-2011, 1
for 2012-2013) allows the intercept of the negative expo-
nential function to be lower after the first mast year (result-
ing in two parallel curves), as would be expected if the
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Table 1 Branch-level analyses of the relationship between seed pro-
duction and branch extension. G, is the extension rate of an individ-
ual branch, Sy is the seed production of the branch, and S, is the seed
production averaged across all branches sampled in a tree

Model AlCc AAICc
Gb = ¢ + ae=FsH) 2597.51 0.00
Gb = ¢ + ae=FS6-rSD 2599.87 2.36
Gb = ¢ + ael~FSb-0DBH) 2599.89 2.38
Gb = ¢ + ael~(@+3DSH) 2600.12 2.61
Gb = ¢ + (a + AD2)e=PSD) 2602.05 4.54
Gb = ¢ + ae~PBH) 2604.11 6.60
Gb=¢ 2604.16 6.65

D1 (pre-/post-mast) and D2 (first/second mast) are categorical varia-
bles used to test whether masting reduces growth in subsequent years
(see "Methods")

depletion of stored reserves reduces growth in subsequent
years. The “first/second mast” categorical variable (0 for
2011 and 1 for 2013) allows the slope of the exponential
function to be steeper for the second mast year, as would be
expected if the depletion of stored reserves reduces growth
in subsequent mast years, but not in the intervening years.

The regression analyses were conducted at both the
level of individual branches and at the level of an entire
tree, using the averages taken across all three branches in
a tree. Mixed-effects models were used for the branch-level
analysis, since the observations were not independent. In
particular, a random covariance term was included in the
mixed-effects models to account for any unmeasured vari-
ances associated with nested data (i.e., branches nested
within trees) (Pinheiro and Bates 2000).

To assess the significance of each predictor variable,
reduced models were fit that excluded one or more of the
predictor variables. An interaction term between the predic-
tor variables was included in each analysis, but interactions
were found to be non-significant (not shown). The best
regression model was selected from this set of predictors
using Akaike’s Information Criteria (AIC). Since the sam-
ple size in this study was small (n=31), AICc (a variant of
AIC) was calculated and used instead of AIC to correct for
small sample size (Burnham and Anderson 1998). Finally,
we also conducted a power analysis to assess whether a
small sample of branches would suffice to estimate average
leader extension throughout the tree crown (see Appendix
A).

Results
There was considerable variation in seed production among

branches (0-20 seeds year~' with 2.31 standard deviation
(SD); Fig. 1) and among trees (0—12 seeds yealr_1 with



Trees (2017) 31:1179-1188

1183

Table 2 Tree-level analyses of the relationship between seed produc-
tion and branch extension

Model AlCc AAICc
Gt = ¢ + aetr) 126.31 0.00
Gt = ¢ + ael~rS—0DBH) 128.89 2.58
Gt = ¢ + ael~0PBH) 131.26 4.95
Gt=¢ 134.48 8.17

G, is the average extension rate of all the branches in a tree, and S, is
the average seed production of all the branches in a tree

1.21 SD; Fig. 2a). While most trees produced seed in both
mast years, some did not: among the 26 trees that set seed
in 2011, four did not reproduce in 2013, while three of the
five trees that did not reproduce in 2011 set seed in 2013.
Average seed production per year was 5.29 (SD = 0.53) in
2011 and 4.31 (SD = 0.27) in 2013.

Branch extension was reduced by 24 and 36% (respec-
tively in 2011 and 2013) relative to non-mast years (2010
and 2012, respectively), consistent with the expected
negative correlation between growth and seed production
(Fig. 3; Table 1). However, masting did not exhibit any
relationship with growth in subsequent years (Table 1): nei-
ther categorical variable improved the fit of the regression
model, indicating that a single intercept and a single slope
were sufficient to characterize the relationship between
seed production and branch extension. Thus, growth in
2013 was not significantly lower (5.63+0.33 (SD) cm
year™!) than growth in 2011 (6.71 +0.74 (S.D.) cm year™ ),

Fig. 1 Seed production and 20

even after accounting for the fact that seed production was
23% lower in 2013 (Fig. 3; Table 1).

Branches that produced many seeds grew significantly
slower than those that did not (Table 1): terminal internode
length decreased from 8 to 3 cm year™! as seed produc-
tion increased from zero to 17 seeds year™! (Fig. 1). Seed
production on other branches had no significant effect on
a branch’s growth rate (Table 1), as indicated by the fact
that the most parsimonious model (i.e., the model with
the lowest AIC) did not include the average number of
seeds year™! (S). These results suggest that the correla-
tion between growth and reproduction is mediated by local
resource allocation.

Trees that produced many seeds also grew significantly
slower than those that did not (Table 2): average internode
length (at the whole-tree level) decreased from 10 to 4 cm
year™! as the average number of seeds year™! increased
from O to 12 (Fig. 2a). Much of this tree-to-tree variation
in seed production is correlated with tree size: the aver-
age number of seeds year™! increased from O to 8 as stem
diameter increased from 20 to 55 cm DBH (Fig. 2b). Thus,
large trees that produce many seeds grew less than small
trees that produce fewer seeds: average branch extension
declined from about 10 to 4 cm year™' as stem diameter
and seed production increased from 20 to 55 cm and 0-8
seeds year™!, respectively (Fig. 2b, c).

The most parsimonious model for branch extension
growth included seed production, but no other predictors
(Table 1). This suggests that it is the ontogenetic increase
in reproductive allocation (in mast years), rather than an

extension rates of all internodes
(n=165), including non-termi-
nal internodes formed in non-
mast years. The trend line is a
negative exponential function
that was fit to the data using
mixed-effects regression. This
model was selected as the most
parsimonious because it had the
lowest AIC score (AAIC=0,
Table 1). The black and white
circles represent terminal
internodes formed in mast years
(2011 and 2013, respectively),
while those in gray represent
non-terminal internodes formed
in non-mast years (2008-2010
and 2012). Note that non-termi-
nal internodes had no seed set
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Fig. 2 Average seed production and branch extension of each sugar »

maple tree, including all the terminal internodes collected in 2011
and 2013 (n=31; a). Data points are means taken across the termi-
nal internodes of three or six branches per tree. The trend line is a
negative exponential function that was fit to the data using standard
regression (Table 2). This model was selected as the most parsimo-
nious because it had the lowest AIC score (AAIC=0, Table 1). The
dotted lines (above and below the solid line) represent regression
trends that were fit to a subset of the data from trees that are below
and above, respectively, the average seed production (~5 seeds
year™!). In both cases, the negative exponential model was significant
(Table Al in Appendix A), and the lines are parallel, indicating that,
regardless of stem diameter, trees with lower than the average seed
production had higher branch extension, and vice versa

increase in tree size per se, that drives the decline in branch
extension rates. Including a seed production-by-stem diam-
eter interaction did not improve the fit to the data either
(not shown), indicating that the slope of the relationship
between growth and reproduction (the rate that growth
declines with reproduction) is the same for both larger and
smaller trees.

Discussion

This study provides two important insights into the rela-
tionships between extension growth and reproduction. First,
branch extension varied with the number of seeds produced
during mast years (2011 and 2013), such that branches
that produced many seeds grew less in that mast year than
those that produced few or no seeds. Since most branches
produced reproductive structures, this resulted in reduced
tree-level average branch extension in mast years. Sec-
ond, although both seed production and branch extension
varied with tree size, the most parsimonious model only
included seed production as a predictor of branch exten-
sion. These results suggest that increasing reproductive
allocation largely determines ontogenetic trends in branch
extension growth, with the frequency of mast years control-
ling growth rates over shorter time scales. The results also
suggest that sugar maple branches are somewhat independ-
ent from other parts of the tree and that masting does not
reduce extension growth in subsequent years (see discus-
sion below).

Surprisingly few studies have examined ontogenetic
trends in both reproduction and growth of plants, and most
of these studies have utilized small plants with short lifes-
pans. Mendez and Obeso (1993) and Worley and Harder
(1996) have documented an ontogenetic increase in repro-
ductive allocation and a concomitant decline in growth in
two herbaceous perennial species. Our results similarly
show a decline in branch extension growth that parallels
an increase in reproduction in sugar maple: average branch
extension declined from about 10 to 4 cm year™! as stem
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diameter increased from 20 to 55 cm (Fig. 2¢), while seed
production increased from 0 to 8 seeds year™' (Fig. 2b).
Moreover, we found no statistical effect of tree size on
branch extension independent of reproduction. These
results are thus consistent with prior studies of herba-
ceous species, and suggest a dominant role of reproductive
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allocation in driving ontogenetic trends in branch exten-
sion growth. Our results are also consistent with data from
dioecious tree species, where female trees exhibit a steeper
ontogenetic decline in stem growth compared to male trees,
associated with higher resource allocation to production of
fruits and seeds (Wheelwright and Logan 2004; Thomas
2011).

Studies of herbaceous plants also suggest that the extent
to which reproduction affects growth is often size-depend-
ent: i.e. the “somatic cost of reproduction” (Bazzaz et al.
2000) increases through ontogeny. In their experimental
manipulations of reproduction in two herbaceous perenni-
als (e.g., Plantago rugelii and P. major), Reekie and Baz-
zaz (1992) found that the reduction in growth per unit of
seed production increased with plant size for P. major. This
observation is consistent with the hypothesis that the costs
of reproduction are higher for large plants than for smaller
plants because transportation of metabolites to reproduc-
tive structures requires more energy due to longer delivery
path-lengths (Thomas 2011; Woodruff et al. 2004). How-
ever, in the present study we found that the negative corre-
lation between growth and reproduction was size independ-
ent: the seed production-by-stem diameter interaction term
was not significant, and thus not consistent with a size-
dependent somatic cost of reproduction.

Height-dependent increases in hydraulic limitation have
been considered as one of the primary drivers of age- or
size-related declines in tree growth in contemporary

literature (Ryan et al. 2006; Bond et al. 2007). We found
that controlling for seed production, stem diameter did not
have any effect on branch extension (Table 2), suggesting
that size-related biophysical factors (hydraulic limitation)
are not responsible for the decline in extension rates as the
trees get larger. Indeed, large diameter (~50 cm DBH) trees
that had zero seed production (Fig. 2b) showed identical
branch extension rates (~10 cm year'l) to smaller diam-
eter (~20 cm DBH) trees (Fig. 2c). If there were hydrau-
lic limitation effects of tree size on branch extension, large
trees that are non-reproductive would be expected to grow
more slowly than small, non-reproductive trees. To fur-
ther substantiate this inference, we fit two separate regres-
sions for branch extension~stem diameter for trees with
above and below the average seed production (~5 seeds
year '), respectively. Regression analyses result in two
nearly parallel lines, one higher and one lower, indicating
that trees with lower than the average seed production had
higher branch extension and vice versa (Fig. 2¢). Note that
although DBH is not a direct measure of transport distance,
which could be better reflected by tree height, we found a
reasonably high correlation between DBH and tree height
(R?=0.62, results not shown) in our study system. This led
us to choose DBH as a surrogate for transport distance in a
tree. Future research could consider tree height as a direct
measure of path length.

The results presented here are correlational, not exper-
imental: it is thus critical to consider possible alternative
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explanations to observed patterns. Reduced extension
growth with tree size could potentially be driven by senes-
cence (e.g., the progressive decline in the physiological
functioning of an organism through time: see Day et al.
2001, 2002; Thomas 2010), or by other age-related ontoge-
netic processes such as increased investment in defenses
to combat with pathogens and herbivores (Gross 1972;
Tappeiner 1969; Boege and Marquis 2005; Loehle 1988).
However, these mechanisms would neither explain an asso-
ciation between reproduction and extension growth at the
branch level, nor a recovery in branch extension rates in
non-mast years. The reduction in branch growth observed
in mast years is instead consistent with a wide range of
observations that suggest masting involves large changes in
resource allocation from vegetative tissues to reproductive
structures (Wallace and Rundel 1979; Tuomi et al. 1982;
Norton and Kelly 1988; Obeso 2002; Monks and Kelly
2006).

Annual variation in growth may also reflect confounding
variation in environmental factors (temperature and pre-
cipitation) that could cause spurious correlations between
growth and reproduction (Woodward et al. 1993; Knops
et al. 2007; Sanchez-Humanes et al. 2011). For example,
in a dendrochronological study of Californian oaks, Knops
et al. (2007) found that an apparent negative correlation
between acorn output and ring width was driven by oppo-
site responses of growth and reproduction to climatic vari-
ables. However, Woodward et al. (1993) reported that envi-
ronmental factors had positive effects on both growth and
reproduction in two conifers (Abies lasiocarpa and Tsuga
mertensiana), which enhanced the relationships (negative
correlations) between growth and reproduction. A similar
pattern was reported by Monks and Kelly (2006) in a study
of Nothofagus truncata. Moreover, a meta-analysis of simi-
lar studies found no difference in correlations between ring-
widths and reproductive measures based on direct correla-
tions, and those correcting for climate variables (Thomas
2011).

The present study focuses on branch extension growth,
rather than growth of the main stem or biomass increment
of the whole tree. From the perspective of tree resource
access and competition, crown extension is critical, deter-
mining light interception and lateral capture of canopy gaps
(Hibbs 1982; Cole and Lorimer 2005; Purves et al. 2007,
Thorpe et al. 2010). Crown extension depends not only on
branch extension, but also branch dieback, which we have
recently found to increase with tree size in Acer saccha-
rum (Hossain and Caspersen 2012). Thus, while we did not
directly examine whole-tree diameter or biomass increment
in the present study, it seems likely that the net decrease in
crown extension would ultimately contribute to decreased
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whole-tree carbon gain. It is thus reasonable to hypoth-
esize that reduced branch extension growth goes along with
reduced growth of main stems.

Masting appeared to have no influence on extension
rates in subsequent years, as branch extension rebounded
immediately after masting to a level that is similar to
pre-mast extension rates (Fig. 3). This result contrasts
with some prior findings from dendrochronological stud-
ies that masting results in both reduced growth in the
mast year and a lagged growth reduction in subsequent
years (Kelly and Sork 2002; Monks and Kelly 2006; Sil-
vertown and Dodd 1999). The lack of a lagged growth
response in the present study suggests that branch exten-
sion in sugar maple does not depend upon resources
stored over previous years (Monks and Kelly 2006). As
a result, ontogenetic decline in growth may be dependent
upon the frequency of masting, which generally increases
monotonically with tree size (Thomas 2011, 1996; Kelly
and Sork 2002; Obeso 2002; Genet et al. 2010). Over
shorter time scales, however, declining growth may not
be observed given variability in masting.

In addition, we found that the extension rate of a
branch was influenced by the seed production of the
branch itself (Fig. 1), but not by seed production on other
branches (Table 1), suggesting that the trade-off between
growth and reproduction is mediated by resources that
are allocated locally. This trade-off is also manifest at the
tree level (Fig. 2) simply because the average extension
rate of a tree is proportional to the fraction of reproduc-
tive branches (regardless of their level of integration),
and the amount of reproduction per branch. These find-
ings suggest some degree of independence of individual
branches from other parts of the tree in terms of carbon
translocation (Sprugel et al. 1991; Despland and Houle
1997; Yasumura 2006).

Reproductive costs have long been considered of
central importance in understanding life-history evolu-
tion (Stearns 1992), but the physiological mechanisms
that result in tradeoffs between reproduction and growth
have only recently received closer scrutiny (Harshman
and Zera 2007). In short-lived plant species, reproduc-
tive effects on growth have not only been recognized to
be pervasive, but also to have practical significance for
enhancing growth and yield by reducing reproductive
costs via genetic engineering (Mouradov and Teasdale
1999; Strauss et al. 1995). The emphasis in the literature
on biophysical constraints on tree growth has likely con-
tributed to a lack of research on reproductive costs and
possible applications in trees (Strauss et al. 1995; Brun-
ner et al. 2007).
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Appendix 1

A power analysis was conducted to determine the mini-
mum sample size per tree in order to detect a significant
trend. First we pulled out data for the largest and small-
est tree, and then resampled with replacement to calcu-
late proportion of statistically significant comparisons by
a simple t test (results not shown). This analysis showed
that a sample of 3—6 branches would provide one a 10%
chance of detecting a significant trend, with an assumed
effect size value of 0.5 (coefficient of determination).
However, the minimum sample size should have been
~40 to achieve a statistical power of 0.8 (Table 3).

Table 3 Tree-level analyses of the relationship between seed produc-
tion and branch extension, conducted using a subset of the data from
trees that are below and above, respectively, the average seed produc-
tion (~5 seeds year™!)

Subset Model AlCc AAICc
Above Gt = ¢+ ae~7) 107.42 0.00
Above Gt=¢ 112.37 4.95
Below Gt = ¢ + ae s 108.26 0.00
Below Gt=¢ 111.44 3.18

G, is the average extension rate of all the branches in a tree, and S, is
the average seed production of all the branches in a tree
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