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Introduction

Primary (e.g. budburst, foliage and shoot) growth and secondary
growth (e.g. cambium differentiation and xylem formation) of
plants play a vital role in sequestering atmospheric carbon. This
role is particularly highlighted in an era of increasing atmospheric
CO,. Empirical phenological observations have recorded early
budburst, shooting, leafing and flowering as a result of the recent
early spring warming and extended growing season length
(Chuine & Beaubien, 2001; Menzel efal, 2006). Studies on
cambium phenology have correspondingly revealed an early onset
of cambium activity and xylem cell production as well as a longer
duration of xylem formation (Huang ezal., 2011; Boulouf-Lugo
eral., 2012). Together these results suggest a potentially increas-
ing role for primary and secondary growth in fixing carbon with

climate warming,.

Phenological models usually use phenological stages (timing of
leafing, flowering, fruiting, and senescence) as model input
parameters to fit and then predict tree species distribution under
future climate change scenarios at a continental scale (Chuine &
Beaubien, 2001; Morin ez al., 2007). Forest ecosystem productiv-
ity modeling and carbon cycle modeling often use primary
growth (branch, foliage and root biomass) and secondary growth
(ring width or diameter, growth or yield curve, or aboveground
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Summary

e Primary (budburst, foliage and shoot) growth and secondary (cambium and xylem) growth
of plants play a vital role in sequestering atmospheric carbon. However, their potential rela-
tionships have never been mathematically quantified and the underlying physiological mecha-
nisms are unclear. We monitored primary and secondary growth in Picea mariana and Abies
balsamea on a weekly basis from 2010 to 2013 at four sites over an altitudinal gradient
(25-900 m) in the eastern Canadian boreal forest.

e We determined the timings of onset and termination through the fitted functions and their
first derivative. We quantified the potential relationships between primary growth and
secondary growth using the mixed-effects model.

e We found that xylem formation of boreal conifers can be modeled as a function of cam-
bium activity, bud phenology, and shoot and needle growth, as well as species- and site-spe-
cific factors.

e Our model reveals that there may be an optimal mechanism to simultaneously allocate the
photosynthetic products and stored nonstructural carbon to growth of different organs at dif-
ferent times in the growing season. This mathematical link can bridge phenological modeling,
forest ecosystem productivity and carbon cycle modeling, which will certainly contribute to an
improved prediction of ecosystem productivity and carbon equilibrium.

biomass) as inputs to assess and predict forest growth, ecosystem
productivity and carbon equilibrium at regional to continental
scales (Peng eral., 2002; Pan eral., 2011). However, it appears
that these domains are relatively independent despite primary
and secondary growth necessarily being connected. It is problem-
atic to integrate phenological models into forest ecosystem pro-
ductivity and carbon cycle modeling through parameterization
given that there is no model to link phenological stages or timing
with intra-annual cambium activity and xylem growth in the
stem as a consequence of technical difficulties in collecting these
data. Recent advances in wood anatomy made it possible to
bridge this data gap (Deslauriers ez al., 2003) and to mathemati-
cally quantify the potential relationships between primary growth
and intra-annual secondary growth. This quantification can link
phenological modeling and ecosystem productivity modeling,
which will certainly contribute to a more accurate assessment of
ecosystem carbon equilibrium over both long (decadal to centen-
nial) and short (seasonal to annual) time-scales, given a poten-
tially increasing role for primary and secondary growth in fixing
atmospheric carbon with climate warming.

Molecular biology has contributed to an improved under-
standing of the role of hormones in regulating cell division and
growth (Fukuda, 2004) and of the stored forms and role of non-
structural carbon in trees during both the growing and
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nongrowing seasons (Druart ezal., 2007; Carbone eral., 2013).
For example, it is generally assumed that the polar transport of
auxin (e.g. indole-3-acetic acid (IAA)), which is produced from
new buds, shoots and foliage in the canopy and translocated
down the stem, triggers cambium cell differentiation that signals
the onset of xylem formation and subsequently produces xylem
wood (Savidge, 1988; Aloni, 2013). Nonstructural carbon such
as stored starch, lipid or fat is considered to be the main source of
energy for the onset of wood formation in early spring (Druart
eral., 2007). Evidence from molecular biology may therefore
allow a better understanding and interpretation of the physiologi-
cal mechanism linking primary to secondary growth.

In this study, we monitored primary and secondary growth in
two dominant species, balsam fir (Abies balsamea) and black
spruce (Picea mariana), at four sites along an altitudinal gradient
in the boreal forest of Quebec, Canada from 2010 to 2013. We
aimed to determine the timing of the onset and termination of
growth in different organs using a novel approach; to mathemati-
cally quantify the potential relationships between cambium activ-
ity, xylem formation and primary growth over the altitudinal
gradient; and to further elucidate the possible underlying mecha-
nisms. We hypothesize that xylem formation can be modeled as a
function of cambium activity and primary growth.

Materials and Methods

Field experiments and data collection

An uneven-aged natural boreal forest in the Parc National des
Monts-Valins, Quebec, Canada was selected for the study, in
which balsam fir (Abies balsamea (L.) Miller) and black spruce
(Picea mariana (Mill.) B.S.P.) are the dominant species. Other
species, such as white spruce (Picea glauca (Moench.)), birch
(Betula papyrifera Marshall.) and aspen (Populus tremuloides
Michx.), also occur, but with a reduced abundance toward high
elevations. The regional climate is dominated by dry polar and
moderate polar air masses in winter and by moist maritime and
moist tropical air masses in summer (Sheridan, 2002). The
1961-1990 climate data from Bagotville meteorological station
(159 m above sea level (a.s.l.); 10 km from the site) showed that
the mean annual temperature was 2.2°C, with a maximum of
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18°C in July and a minimum of —15.8°C in January. The mean
annual temperature drops 0.6°C per 100 m elevation.

Spruce and fir trees were monitored during the 2010-2013
growing seasons at four sites: Saguenay (SA), Cibro (CI), Lagacé
(LA) and Gaspard (GP), located from 25 to 900m as.l
(Table 1). Primary growth measurements included bud phenol-
ogy and needle and lateral shoot growth, while secondary growth
measurements included cambium activity and xylem formation
in the stem (Fig. 1). Three specimens per species/site were ran-
domly selected from healthy, dominant or co-dominant trees. We
excluded strongly suppressed trees and those with any signs of dis-
ease. Data were collected weekly from the beginning of May to
the end of September during each of the four growing seasons.
On each tree, four branches (two south-facing and two north-fac-
ing) were randomly selected from the canopy bottom and labeled
as the monitored branches. Bud phenology stages were recorded
weekly on each branch according to the seven-stage definition
(Dhont et al., 2010) but using a different numeration (closed bud
(0), open bud (1), elongated bud (2), swollen bud (3), translucent
bud (7), split bud (9) and exposed bud (10)) and a growing stage
(11) (Fig. 1). Five needles and a lateral shoot per branch were ran-
domly selected to measure weekly needle growth and shoot exten-
sion, respectively (Rossi et al., 2009). A micro-core was extracted
weekly from the stem at 1-1.3 m aboveground using Trephor
(University of Padova, Padova, Italy) (Rossi ez 4l., 2006a).

The micro-core was then prepared in the laboratory and cut
using a microtome to obtain a thin slice (7 pm thickness). Each
slice was stained with cresyl violet acetate to identify different
development phases of cambium cells and xylem cells (Fig. 1)
(Deslauriers et al., 2003). Three rows of cambium and xylem cells
in each slice were selected to count the total number of cambium
cells and xylem cells under the microscope.

Determination of onset and ending of primary and
secondary growth

Given that xylem formation and shoot and needle growth over
the growing season are characterized by an initial period of slow
growth followed by an intermediate period of fast growth and
then a final period of slow growth and can be well fitted by an
S-shaped Gompertz function (Deslauriers eral, 2003; Zhai

Table 1 Characteristics of the study sites (Lagacé (LA), Gaspard (GP), Saguenay (SA), and Cibro (Cl)) and black spruce (Picea mariana) and balsam fir

(Abies balsamea) stands

Latitude Longitude Elevation Stand age (yr) Height (m) Diameter at breast height (cm) Data
Species Site (°N) (°W) (ma.s.l.) (mean, SD) (mean, SD) (mean, SD) collection
Spruce LA 48.60 70.83 900 73 (20.3) 4.6 (1.04) 14 (0.03) 2010-13
GP 48.58 70.88 227 40 (3.7) 14.2 (1.6) 24.7 (1.4) 2010-13
SA 48.44 70.88 25 48 (6.2) 6.1(2.1) 10.3 (3.5) 2011-13

Cl 48.44 70.90 72 25 (4.1) 5.1(1.4) 6.6 (2.6) 2010
Fir LA 48.60 70.83 900 25(2.5) 7.6(0.7) 16.8 (4.0) 2010-13
GP 48.58 70.88 227 50 (3.7) 17.6 (2.6) 32.2(9.1) 2010-13
SA 48.44 70.88 25 49 (2.9) 10.7 (1.6) 14.7 (4.2) 2011-13

Cl 48.44 70.90 72 28 (2.5) 6.8(2.3) 8.0(1.5) 2010
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Fig. 1 lllustration of some stages of bud break with the corresponding status of xylem development in black spruce (Picea mariana) located at Gaspard
(GP). (a) At the end of May, a swelling bud is evident. The scales of the upper part of the bud are smooth and pale colored but no needles are visible. At
this time, cambium activity has already begun (indicated by an increase in the number of cells that compose the cambial zone) with no or very few xylem
cells in the enlargement phase. (b) At the beginning of June, the new shoot has undergone elongation but the needles are still tightly clustered in the buds.
The tops of the needles are apparent. In the meantime, some enlarging cells have undergone the cell wall thickening phase while new enlarging cells are
still produced by the cambium. (c) When the shoot is actively growing at the end of June, several cells have reached maturity (Mc) and the rate of wood
formation starts to decline. Ph, phloem; Cz, cambial zone; Ec, enlarging cells; WTc, wall thickening cells; Mc, mature cells. (Photos of budburst from Ms

Lorena Balducci).

etal., 2012), we first fitted xylem cell number, needle length,
shoot length, and bud phenology stages using the Gompertz
function to estimate the parameters (Supporting Information
Fig. S1 and Table S1). The 95% Wald confidence interval was
also calculated. The timing of the onset of growth of these
organs was then directly calculated from the Gompertz func-
tion, setting xylem cell number at 1, needle length at 0.1 mm,
shoot length at 0.1 mm, and bud phenology stage at 1. Given
their S-shaped behavior, the instantaneous growth rate on day ¢
of the year, that is, the first derivative of the Gompertz func-
tion, should be a normal curve. The instantaneous rate of
growth for xylem, shoot and needle at the timing of termina-
tion should be equal to that at the timing of onset. The time
of termination can therefore be determined as the day on which
the growth rate in the final growth period is approximately
equal to that on the day of growth onset (Methods S1).

© 2014 The Authors
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For the cambium, the active period was determined from the
first derivative of the Hugershoff function, which is a generalized
exponential function (Warren, 1980; Methods S1, Fig. S2, Table
S2). Theoretically, the activity of cambium cells (four cells on
average) remains constant in the dormant period during winter,
then increases in early spring and decreases in summer and
autumn, and the cells once again enter the dormant state in win-
ter (Rossi ezal., 2006b). We therefore expected to determine the
timing and duration of increased cambium activity in early
spring, which is potentially related to its capacity to gather auxin
and divide cells.

Mixed-effects model

We used a mixed-effects model to fit our hierarchical data, in
which an autocorrelation error structure in the repeated
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measurements over time was extended to level 1 (AR(1), first
order autoregressive errors) which was nested within the observa-
tions of the organs (level 2) and within trees (level 3), across spe-
cies (level 4) and sites or elevations (level 5) (Fig. S3). In
addition, there was a nested error structure, that is, correlation
among trees within species\sites. The mixed-effects model can
effectively deal with this nested error structure to account for cor-
relation associated with clustered data. Mixed-effects model tech-
niques estimate fixed and random parameters simultaneously and
give unbiased and efficient estimates of fixed parameters (Pinhe-
iro & Bates, 2000). In our mixed-effects model, fixed effects
included weekly cambium cell number, bud phenology stages,
needle growth and shoot growth, species, site or elevation, and
species X site interactive effects. Random effects included trees
and repeated observations over time. A conventional mixed-
effects model-building process (Singer, 1998) was used starting
from a null model and then gradually extending to the higher lev-
els (Fig. S4). We assumed that xylem formation in a tree during a
growing season may be modeled as a function of cambium activ-
ity, bud phenology stages, needle and shoot growth, species
effects, site effects, and site X species interactive effects, as well as
random effects. It can theoretically be expressed as

Yy = Bo + (Bl + Hlj) Cirrry + (Bz + sz') Pk

+ (Bs + H3j> NiGry + <B4 + H4j) Sigrtr) + BsSpa)
+ BeEr + B7Spyy Bl + Hoj + Eigjun)
Eqn 1

(Yijuy> the 7th (7=1-3) observed xylem cell number in the jth
tree (j=1-3) of the kth species in the /h site on day 5 Py, the
overall mean; By, Bs,. .. and B, the corresponding fitted parame-
ters; Cyeys the 7th (i=1-3) observed cambium cell number in
the jth tree of the 4th species in the /h site on day # Pz, the
observed bud phenological stage in the ith (=1-4) branch on
the jth tree of the kth species in the /th site on day 4 Ny, the
#th (7= 1-20) measured needle length (mm) on the jth tree of the
kth species in the /h site on day % Sy, the measured length
(mm) of the 7th (i=1-4) shoot on the jth tree of the Ath species
in the /th site on day % Spy), the kth (£=1 for spruce or 0 for fir)
species in the /kh site; £ the elevation of the /h site (/=1 for CI,
2 for SA, 3 for GP and 4 for LA); Spy, x Ej the interactive
effects of the Ath species in the /th site; [y, random intercept; fy,
Mo, M3, and iy, random slopes,

My
sl e [~ 0)- (22 22

Too and Ty, the elements representing the variance compo-
nents for the intercept and slope, respectively; T;¢, the covariance
component representing correlation between the intercept and
slope.)

Eqn 2
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&(jky 1s the random error associated with the 7th observation
on the jth tree of the Ath species in the /h site on day # €, ~ N
(0, GgQ), where

1 p p2 pn—l
_ n E
T 1) , P 1 P R
pn—l pn—z pn—3 1

and p is the autocorrelation coefficient, Ipl <1.

Statistical analysis

Square root transformation of the number of xylem and
cambium cells was conducted to meet the assumption of
normality. Bud phenology stages also underwent square root
transformation for further modeling analysis. Note that hereinaf-
ter the transformed data were used in the mixed-effects model
analysis. Before the modeling analysis, variance inflation factors
(VIFs) (Belsley et al., 1980) were also calculated to detect multi-
collinearity among the predictors. The predictors included the
square root of cambium cell number, needle growth, shoot
growth, the square root of bud phenology stages, and elevation.
VIFs were generally lower (<3) than the accepted value of 4
(O’Brien, 2007).

The mixed-effects model was built according to the conven-
tional building process (Singer, 1998); the detailed mathemati-
cal or statistical approaches used can be found in Methods
S2.

To provide an absolute value for the goodness of fit of a
mixed-effects model as routinely reported in a generalized lin-
ear model, Nakagawa & Schielzeth (2013) recently reported a
marginal R, calculated on the fixed effects only, and a condi-
tional R, calculated on both fixed and random effects. We
therefore calculated them to assess the overall performance of a
mixed-effects model (Methods S3). To provide information
regarding the variance explained at each level, the proportion
change in variance (PCV; Mertlo eral, 2005) was calculated
(Methods S3). The assumption of normality of the residuals
was also verified. Sensitivity analysis (SA), which attempts to
provide a ranking of the model inputs based on their relative
contributions to the model output variability and uncertainty
(Cariboni etal, 2007), was conducted to determine which
parameters have the greatest effect on the model output. The
SA approach, in which the model parameters are varied one at
a time, was used and the model parameters were perturbed
with two standard deviations. In addition, decomposition of
variance (DOV) (Huang eral., 2013) was performed to further
quantify how much variance in the predicted square root of
xylem cell number can be attributed to different fixed-effects
predictors using sas Proc GLM (type III). All analyses were
conducted using sas (version 9.2; SAS Institute Inc., Cary,
NC, USA).

© 2014 The Authors
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Results

Onset and termination of growth of different organs

Primary growth and xylem formation (except for some organs in
CI) were well ficted by the Gompertz function, as indicated by
high adjusted R (Fig. S1, Table S1). Cambium activity (except
in SA and CI) was also fitted by the Hugershoff function (Fig.
S2, Table S2). The failure of the model fit for the sites mentioned
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above was a consequence of a lack of sufficient data. The onset
and termination of growth of different organs were determined
(Table S1). As expected, growth rates of all organs, except for the
cambium, showed a normal curve during the growing season and
peaked around mid-June to the end of June (Fig.2). The cam-
bium showed a decreasing growth rate over the growing season.
Opverall, the general trend was that trees at lower sites started
growth earlier than those at higher sites. Correspondingly, the
growth rate peaked 2-3 wk earlier at lower sites than at higher

Fir
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Fig.2 Growth rate over time for different organs (xylem (V,, number of cells), bud phenology (V,,, stage), shoot (V;, cm), needle (V,,, cm), and cambium
(V¢, cell number)) for spruce (left column) and fir (right column) over the altitudinal gradient or sites (Lagacé (LA), Gaspard (GP), Saguenay (SA), and Cibro
(CI)). The solid line indicates the growth rate (V) when the xylem cell number equals 1. Growth rate data were not available for some organs in CI. The gray
line indicates the right half of the normal curve for bud phenology stages, which is meaningless (n equals df in Supporting Information Tables S1 and S2).
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sites. In terms of the growth order of different organs, the cam-
bium became intensively active in early spring, which triggered
the subsequent onset of xylem formation. Xylem formation gen-
erally preceded bud phenology, followed by shoot growth and
then needle growth (except in SA). Depending on the site, xylem
formation ended in mid-August to mid-September, after the ter-
mination of shoot growth, which occurred around the end of July
to mid-August. In addition, the maximum xylem growth rate for
both species occurred roughly a few days before or after the sum-
mer solstice. Fir generally started growth 1-3 wk earlier than
spruce at the same site, varying by organs. The maximum xylem
growth rate was generally higher for fir than for spruce. For the
duration of growth, bud phenology was shortest, followed by
needle, shoot and xylem.

Full model

As indicated by the intra-class correlation coefficient (ICC) in
Table2, 15.26% of the variability in xylem formation was
explained by the two-level random effects, emphasizing the
importance of accounting for the hierarchical structure of the
data. The full model was considered the best model in terms of
minimum Akaike Information Criterion (AIC) and Bayesian
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Information Criterion (BIC). It included both fixed effects and
random intercept effects. Random slopes (1, to 4 in Eqn1)
were excluded because they were statistically insignificant. The
full model demonstrated that xylem formation is a function of
cambium activity, bud phenology stages, needle and shoot
growth, species, elevation, and species X elevation interactive
effects, as well as random intercept effects and an autocorrelation
error term. It was given by

Yy = Bo + By \/ Ciery + B \/ Pigriry + B3 Niierr)
+ BaSigiutr) + BsSpaesy + BeLr + B7Sp Ei + Moj
+ €(jkkr)
Eqn 4

where the variables and parameters are described in Eqn 1, po; is
assumed to be normally distributed with mean of zero and vari-
ance of 62 .

Given that the onset of xylem formation preceded bud phenol-
ogy followed by shoot and needle growth, the full model was
conditional upon the square root of xylem cell number being
greater than zero. It performed well in explaining the total

variance in the square root of xylem cell number using both fixed

Table 2 Statistics for the null model and full model as well as the decomposition of variance (DOV) in the predicted xylem cell number using fixed effects

only
Model Null model (x10~2) Full model (x10~2) DOV (%)
Fixed effects

Intercept (o) 555.70 (34.16)*** —176.26 (36.82)%**

Cambium cell number (B4)

Bud phenology, stage (B>)

Needle length (B3)

Shoot length (B,)

Species (spruce) (Bs)

Species (fir)

Elevation (Bs)

Species x elevation (spruce) ($7)

Species x elevation (fir)
Random effects

Residuals 691.66 (28.28)***
Tree (species x site) 64.05 (37.39)*
Observation (tree) (AR(1)) 60.48 (1.64)***
ICC (observation) 7.41%

ICC (tree) 7.85%

PCV (observation)

PCV (tree)

PCV (residuals)

R?_marginal (spruce)
R?_conditional (spruce)
R?_marginal (fir)
R?_conditional (fir)

Model fit
—2 log likelihood 10294.3
AIC 10302.3
AICC 10302.4
BIC 10294.3

65.18 (10.18)*** 7.06
83.54 (5.25)*** 43.07
9.90 (1.09)*** 13.89
3.13 (0.31)*** 16.99
104.37 (14.85)*** 8.74
0
0.11 (0.02)*** 0.08
—0.20 (0.03)*** 10.17
0

140.99 (7.29)***
0.25(0.82)
3.93 (4.04)

93.50%

99.61%

79.62%
0.71
0.72
0.74
0.75

2414.8
2436.8
24371
2414.8

AIC, Akaike Information Criterion; AICC, The corrected Akaike Information Criterion; AR(1), first order autoregressive errors; BIC, Bayesian Information

Criterion; ICC, intra-class correlation; PCV, proportion change in variance.
Standard error (SE) is given in brackets.
**% P<0.0001; *, P<0.05.
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and random effects as suggested by the evenly distributed residu-

als over zero (Fig. S5) and the high marginal and conditional R

(Table 2). Fixed effects alone explained the majority of the total
variability in the square root of xylem cell number (marginal
R=0.71 for spruce and 0.74 for fir), while the random effects

accounted for only minor variance (< 1%). The full model also
performed well in explaining the total variance at each level, as
indicated by high PCV (Table 2). Only 25% for spruce and 28%
for fir of the total variability in the square root of xylem cell num-
ber could not be explained. As shown in Fig. 3, xylem cell
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Fig. 3 Surface plot (after smoothed spline interpolation based on n =348 for spruce and n =406 for fir) showing the relationships between the predicted
xylem cell number (square root) and bud phenology stage (square root), shoot growth, needle growth, and cambium cell number (square root) for spruce
(left column) and fir (right column) during the growing seasons over the altitudinal gradient.
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number increased when the cambium became active, following
which bud phenology proceeded, with subsequent growth
extension of shoots and needles during the growing season.

SA showed that bud phenology (c. 29%) was ranked as the
most important and sensitive variable; shoot growth and needle
growth were in turn ranked as the second (¢. 26%) and third (c.
24%) most sensitive variables, respectively, while elevation
(10-12%) and cambium activity (10-11%) were the two least
sensitive variables (Fig. 4). This ranking was further confirmed by
the DOV results, in which 43% of the variability in the predicted
square root of xylem cell number could be explained by the
square root of bud phenology, followed by shoot (17%) and nee-
dle growth (14%), as well as elevation (¢. 10%) and square root
of cambium activity (7%) (Table 2).

Discussion

It has long been assumed that primary growth and secondary
growth are synchronized over the growing season (Larson, 1964).
In this study, we first mathematically quantified the potential
relationships between primary growth and secondary growth for
spruce and fir over the growing seasons in the Canadian boreal
forest. We found, however, that primary growth and secondary
growth are not synchronized at the beginning of wood formation,
whereas they become synchronized after budburst, as demon-
strated by the model. This implies that primary growth does not
regulate the onset of wood formation in boreal conifers. Budburst
appears to be a critical point separating the total period of wood
formation into two different phases, that is, before and after bud-
burst, during which the source of energy for wood formation
switches from carbon stored previously and produced by older

Bud phenology
stage
(square root)

Shoot (mm)

Needle (mm)

Elevation (m)

Cambium cell
number
(square root)

0 10 20 30 40 50
Percentage

Fig. 4 Ranking of the model input parameters (bud phenology stage,
shoot growth, needle length growth, elevation and cambium cell number)
based on the percentage contribution of each parameter to the total
variability in the square root of xylem cell number for spruce (light green)
and fir (dark green) when each parameter (base case) was disturbed by 2
standard deviations individually using sensitivity analysis.
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needles to carbon generated by the newly formed structures (see
later discussion).

Xylem formation is a complex process that is regulated by both
endogenous (i.e. hormones and sugars) and exogenous (i.e. pho-
toperiod, temperature, water availability and nutrients) factors.
Xylem cell formation results from cell proliferation within stem
cells, such as the procambium and cambium, contained in the
vascular meristem (Fukuda, 2004). This process is mediated by
phytohormones that are produced by developing buds, shoots,
foliage and roots. These compounds play a role in integrating
environmental signals and regulating cell development when
exogenous factors are not limited in spring (Matsumoto-Kitano
etal., 2008). We quantified this complex relationship through
modeling xylem formation as a function of cambium activity,
bud phenology, and shoot and needle growth, as well as species
and site-specific factors. That said, a direct mathematical link
between wood formation and primary growth was established
first, given that the majority of variance (74%) in the predicted
xylem cell production (conditional R*>0.72) was explained by
primary growth. This link can allow better integration of pheno-
logical modeling into forest growth, ecosystem productivity and
carbon cycle modeling through parameterization because primary
growth is the basic input variable for the former, whereas ring
growth is one of the basic input variables for the latter. It can also
provide more parameters describing the mathematical relation-
ships between wood formation and other tree organs for a better
understanding of tree growth processes to improve the definition
of process-based models such as the process-based standardization
(PBS) model (Melvin, 2004).

Physiological mechanisms

Given that the total period of wood formation was divided into
two phases, that is, before and after budburst, we further eluci-
dated the physiological mechanisms underlying these two phases.
In terms of spring temperature, our results indicate different tem-
perature thresholds triggering the onset of primary and secondary
growth. This finding is in contrast to that of Aloni (2001), who
reported that budburst and foliage development are related to
cambial reactivation and xylem differentiation, but is consistent
with that of Begum ez /. (2013), who found that a close relation-
ship does not always exist between the timing of budburst and
cambial reactivation. The discrepancy may be attributable to
species and site differences.

Both cambium activity and the onset of xylem formation
occurred before budburst in the two species, which is consistent
with other boreal (Zhai eral., 2012) and European (Rossi ez al.,
2009) conifers. The start of wood formation before budburst thus
indicates an alternative source of energy and carbon skeletons dur-
ing this period (Begum ez al., 2013). The enzyme-mediated con-
version of the stored starch into sugars and the lipid droplets in
the cambium might be used as energy sources for cambial activity
and the inidation of wood formation (Begum eral, 2013).
Sucrose catabolism generates hexoses that can be metabolized via
glycolysis, while fats are metabolized via beta-oxidation and the
glyoxylate cycle during cambial reactivation in spring (Druart
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etal., 2007). In early spring, in addition to the stored energy, the
newly formed photosynthates in old needles also provide certain
sources of energy before the current-year needles develop (Oleksyn
etal., 2000). During this phase, auxin, which originates from the
dormant shoot tips or buds, is essential for cambium reactivation
and may supply positional information to the cambium, because
an extremely low auxin concentration can stimulate the reactiva-
tion of the cambium, as shown in ring-porous species (Aloni,
2001). Auxin is considered to be a spatial mediator for cambium
activity but a temporal regulator for xylem formation (Matsumot-
o-Kitano eral., 2008). Cytokinins, which are often produced in
meristematic zones such as roots, are also believed to be the central
regulators for cambial activity if the meristem is supplied with an
optimal concentration of auxin: both hormones control the activ-
ity of cyclin-dependent protein kinases (CDKs) regulating the cell
division cycle, especially progression through the G1-S and G2-
M phases (den Boer & Murray, 2000).

The model demonstrated that xylem formation after budburst
was positively associated with bud phenology, shoot growth, nee-
dle growth and cambium activity, suggesting that xylem forma-
tion was mainly determined by the development of primary
growth and cambium activity over the growing season. The effect
of primary growth was also seen in an approximate synchroniza-
tion in maximum growth rate between primary growth and
xylem formation (Fig.2). Growth peaks observed before or
shortly after the summer solstice, when day length was longest,
agree with Rossi eral. (2006b). This consistency suggests that
trees, regardless of site and species differences, must follow a bio-
logical clock to grow by perceiving the changes in day length dur-
ing the growing season. This self-control mechanism may allow
trees to complete growth within a limited growing season and to
be well prepared for the coming winter. Photoperiod or day
length is believed to be a key factor in regulating plant growth
(Jackson, 2008). Starch reserves in leaves are greater during the
longer days (Zeeman etal., 2007) which also favor transitory
starch degradation (i.e. starch stored during the day in chlorop-
lasts and broken down at night for export; Lu ez al., 2005), thus
providing a source of carbon to support sucrose synthesis, respira-
tion and growth at night.

Among the measured organs, bud phenology was ranked as the
most important variable, indicating that budburst may determine
much of wood formation through a continuous supply of
hormones when wood formation has already started. Although
developing shoots and foliage are hidden in developing buds at
this stage, these developing organs are the major source organs of
auxin, which can be basipetally transported to the cambium and
xylem to promote cambial cell division and xylogenesis (Aloni,
2001). Auxin is considered the primary hormonal signal among
those involved in the regulation of cambium activity and cell dif-
ferentiation. Given that the major path of auxin is located in the
cambium, the continuous polar transport of this compound
along the stem will induce vascular differentiation in coordina-
tion with other hormones and regulatory molecules (see review
by Sorce eral., 2013). Our results thus support the proposal that
xylem development can be used as an anatomical expression of
auxin transport and directly link to bud phenology.
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Developing shoots and needles, as the second and third most
important variables, respectively, might not only continuously
supply auxin at high concentrations, but also export more sucrose
for xylem growth during development. The mechanism of
growth requires sucrose for many processes (Muller ezal., 2011):
to supply energy for division, to generate water turgor pressure
during cell expansion and to produce polysaccharides during cell-
wall formation. The optimum allocation theory stipulates that
trees modify their allocation pattern to capture the resource that
most limits growth (Poorter & Navas, 2003). Shoot growth of
shade-tolerant species is critical to accommodate new needles and
maximize the photosynthetic apparatus and capacity to capture
light for growth, as observed in shade-tolerant boreal conifers
(Claveau ez al., 2005). Net photosynthetic rate in Picea sitchensis
was reported to increase more rapidly during needle expansion
than either chlorophyll concentration or the activity of ribulose-
1,5-bisphosphate carboxylase (Chandler & Dale, 1993). In addi-
tion, carbon allocation studies found that there is a preferential
use of newer nonstructural carbon (fast pool) for day-to-day
metabolism and growth, whereas, given other physiological con-
straints, the older nonstructural carbon (slow pool) remains
accessible to the tree (Carbone eral, 2013). A tree-ring isotope
(8"°C)-based study revealed that latewood was mainly composed
of photoassimilates formed during the current summer and
autumn (Kagawa ez al., 2006). These studies support our findings
of positive relationships between needle growth and xylem
formation reflected in the model.

The cambium is the meristem responsible for cell division and
is a sink organ of carbon. It may play a role in regulating xylem
formation, as indicated by its ranking. Cambium activity requires
a continuous supply of energy to produce xylem cells, and the
cambium can therefore be simply regarded as a ‘factory’. A previ-
ous study reported that the cambium growth rate is associated
with leaf biomass (Uggla ezal., 1998). However, we found that
this was not the case in our study because the cambium growth
rate peaked before the onset of xylem formation, whereas the
maximum rate of growth in needle length occurred in June and
therefore the needle biomass peak may lag behind as a result of
continuous growth in needle width and weight.

Species differences over the altitudinal gradient

Opverall, fir generally started growth earlier than spruce, which
might be attributed to genetic differences because species’ capac-
ity to perceive exogenous signals such as spring temperature is
mediated by hormones (Aloni, 2001). Earlier onset of growth
observed for trees at lower elevations than at higher elevations
was attributable to earlier spring warming at lower sites (Moser
etal.,, 2010). This trend is also consistent with that observed over
the latitudinal gradient (Huang ezal, 2011). The slower xylem
growth rate with an earlier peak, compared with needle and shoot
growth rates, for spruce at the highest site may be attributable to
both the harsher growing conditions and the presence of old
stands. Spruces on the mountain top are dwarf but old, and
foliage and branch losses were observed due to wind and snow
abrasion.
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In summary, based on a 4-yr experiment monitoring the
primary and secondary growth of spruce and fir on a weekly basis
over an altitudinal gradient in eastern Canada, we first mathemat-
ically quantified the potential relationships between primary
growth and secondary growth. A striking finding was that xylem
formation can be modeled as a function of cambium activity,
bud phenology, shoot elongation, needle growth, and site- and
species-specific factors. This finding also reveals that, after bud-
burst, primary growth and secondary growth were synchronous
over the growing season in boreal conifers, indicating that there
may be an optimal mechanism to simultaneously allocate photo-
synthetic products and stored nonstructural carbon to the growth
of different organs in trees. We foresee that this pioneer study will
initiate an era of quantifying the relationships between primary
growth and secondary growth, which will certainly contribute to
an improved prediction of forest ecosystem productivity and car-
bon cycling when phenological models are incorporated through
the parameterization between primary and secondary growth.
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