DIGITAL ACCESS 10 -
SCHOLARSHIP sr HARVARD T e i Schotaty Communicatin

DASH.HARVARD.EDU

Understanding Whole-Plant Nonstructural
Carbohydrate Storage in a Changing World

Citation
Furze, Morgan E. 2019. Understanding Whole-Plant Nonstructural Carbohydrate Storage in a
Changing World. Doctoral dissertation, Harvard University, Graduate School of Arts & Sciences.

Permanent link
http://nrs.harvard.edu/urn-3:HUL.InstRepos:42029588

Terms of Use

This article was downloaded from Harvard University’s DASH repository, and is made available
under the terms and conditions applicable to Other Posted Material, as set forth at http://
nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA

Share Your Story

The Harvard community has made this article openly available.
Please share how this access benefits you. Submit a story .

Accessibility


http://nrs.harvard.edu/urn-3:HUL.InstRepos:42029588
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA
http://osc.hul.harvard.edu/dash/open-access-feedback?handle=&title=Understanding%20Whole-Plant%20Nonstructural%20Carbohydrate%20Storage%20in%20a%20Changing%20World&community=1/1&collection=1/4927603&owningCollection1/4927603&harvardAuthors=787f069f6c9ab8a4b89a2223ef980830&departmentBiology,%20Organismic%20and%20Evolutionary
https://dash.harvard.edu/pages/accessibility

A dissertation presented by
Motrgan E. Furze
to
The Department of Organismic and Evolutionary Biology

in partial fulfillment of the requirements
for the degree of

Doctor of Philosophy
in the subject of

Biology

Harvard University
Cambridge, Massachusetts
April 2019



© Morgan E. Furze 2019

All rights reserved



Dissertation Advisor: Dr. Noel M. Holbrook Morgan E. Furze

ABSTRACT

Nonstructural carbohydrates (NSCs) play a critical role in plant physiology and metabolism.
They serve as building blocks for growth, fuel for respiration, and solutes for cellular regulation, but
they can also be stored in the form of sugars and starch, with allocation timescales spanning minutes
to decades. When stored, this reserve acts as a “food pantry” that enables sessile, long-lived plants to
survive during unfavorable environmental conditions when their ability to make new NSCs is
impaired. While there is growing evidence linking NSCs with stress tolerance and survival, critical
questions about the size of the carbohydrate “food pantry” and how quickly it is used up and
replenished remain unresolved. This knowledge gap hinders our ability to predict plant resilience to
biotic and abiotic stress in a changing world, which has broader implications for understanding both
short-term and long-term C storage and cycling at the whole-plant and ecosystem levels.

In Chapter 1, I compared carbohydrate storage in temperate species at Harvard Forest
(Petersham, MA) to determine the size and seasonal dynamics of whole-tree NSC reserves over the
course of a year. These field-based NSC data were then scaled up to the forest ecosystem level and
compared to estimates from commonly used ecosystem and land surface models. In Chapter 2, 1
built upon this work by characterizing the radial patterns in the concentration and age of NSCs
within organs to gain insight into the availability of NSC reserves.

In Chapter 3, I combined a long-term warming expetiment with *C-CO, pulse labeling and

compound-specific isotope analysis to trace sugars throughout whole-trees in the field (Richmond,



NSW). This allowed for the assessment of carbon dynamics in response to warming representative
of future temperature predictions for Australia.

In Chapter 4, I quantified the seasonal dynamics of NSCs in boreal species at SPRUCE
(Bovey, MN), a large-scale global change experiment using open-top chambers. This initial work
explored shrubs and trees outside of the chambers and will inform long-term plant responses to
elevated CO; and temperature within the chambers.

Opverall, this dissertation provides insight into whole-plant carbon storage and allocation

under current and future climatic conditions.
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Adapted from Appendix A:

Furze, ME, Trumbore, S, Hartmann, H. 2018. Detours on the phloem sugar highway: stem carbon

storage and remobilization. Current Opinion in Plant Biology 43: 89-95.

Plants are organisms that can live for decades, centuries, and even millennia. This long lifespan
increases a plant’s risk of encountering stressful conditions where normal functioning is disturbed and
metabolism has to rely on stored resources (McDowell, 2011). Because plants are autotrophic
organisms, storage of primary metabolites like nonstructural carbohydrates (NSC) is particularly
important for survival during biotic and abiotic stress. These reserves are allocated to various organs
and processes operating on timescales ranging from minutes to decades, each contributing to the
plant’s overall carbon (C) balance (Hartmann & Trumbore, 2010).

NSCs exist in essentially all components of living vegetative tissues of the plant; they can be
found in vacuoles, plastids, and the cytosol of cells, as well as in the apoplast (Secchi & Zwieniecki,
2016). Large amounts of NSCs are stored long-term in amyloplasts of ray and axial parenchyma cells.
Because secondary growth in woody plants produces new cell layers interspersed with living
parenchyma cells every year, the resulting tissues provide storage capacities for different temporal
horizons: : small branches and fine roots are thought to serve as seasonal storage, while large branches,
coarse roots, and tree stems are used for decadal storage (Hartmann & Trumbore, 2016). Only the
heartwood, comprising the innermost region of woody organs, does not contain living cells and
therefore NSCs in the heartwood are presumed to be inaccessible (Spicer, 2005).

Supply and demand of NSCs is often asynchronous, for example, during leaf out in temperate

deciduous species or during more unpredictable events such as drought, pest outbreaks, and



disturbance. In such cases, plants must often allocate previously stored NSCs throughout their bodies,
both between and within organs, to main proper function. In trees, stems are the linkage between the
main photosynthetic source, the canopy, and one of its major heterotrophic sinks, the root system.
Secondary growth in stems produces layers of cells each growing season, divided into xylem, which
transports mainly water and nutrients from the soil to the canopy and transport phloem, which
redistributes recently fixed (younger) and previously stored (older) NSCs vertically between organs.
During the last decades, evidence has accumulated that the transport phloem is not an ‘express’
highway, but rather a leaky pipe where NSCs passively diffuse out and are actively loaded back into
companion cells during long distance vertical transport (De Schepper ez al., 2013).

These inverse flows are thought to serve as short term buffers for imbalances between sources
and sinks, but can also facilitate lateral exchange of NSCs between the phloem and stem parenchyma
(Minchin ez al., 1993; McQueen et al., 2005). Ray cells extend radially throughout the xylem and connect
to the phloem, allowing for both the lateral storage and remobilization of NSCs into and out of the
stem (Ziegler, 1964). Recently, radiocarbon signatures of sugars and starch have demonstrated lateral
storage by net inward mixing of younger NSCs into the stem in many temperate tree species
(Richardson ez al., 2015; Trumbore ¢ al., 2015). The use of mixed-aged NSCs for respiration or growth
of stem resprouts supports the idea of remobilization of previously stored reserves (Carbone e 4/,
2013; Muhr ¢z al., 2013).

However, processes regulating the exchange of NSCs along the transport pathway, and the
degree to which timescales of NSC storage result from physical transport and isolation (i.e. flow rates
into and out of rays) versus active regulation remain poorly understood. Coupling this with our limited
knowledge of the spatial and temporal distribution of NSCs throughout whole-trees yields an
incomplete picture of C storage and allocation, which hinders our ability to predict species’ resilience

and forecast forest ecosystem responses to global change (Le Roux ez 4/, 2001). Herein, I explore



whole-plant C storage and allocation, particularly in trees, by measuring the size, age, and seasonality
of NSCs in belowground and aboveground organs of various temperate, boreal, and subtropical
species using colorimetric analyses and isotopic techniques.

First, I compared carbohydrate storage in five temperate tree species at Harvard Forest
(Petersham, MA) to determine the size and seasonal dynamics of whole-tree NSC reserves and the
contribution of individual organs. (Chapter 1). NSC concentrations in the branches, stem, and roots
were measured over the course of a year. These concentrations were scaled up to the whole-tree and
whole-forest levels using allometric equations. I then compared my measurement of whole-forest NSC
storage to estimates of whole-forest NSC storage generated by ecosystem and land surface simulation
models. I found that the size of whole-tree NSC reserves differed between species based on traits like
leaf habit and wood anatomy. NSC reserves were minimally drawn down across the seasons at the
whole-tree level, but substantially drawn down at the organ level, particularly in the branches. By
comparing my measurement of whole-forest carbohydrate storage with those estimated by simulation
models, I found that simulation models generally overpredict NSC storage by 100%. Overprediction
of NSC reserves consequently makes trees appear more resilient to stress than they actually are.

Second, I built upon the work in Chapter 1 by investigating the distribution of NSCs within
individual organs to gain insight into the availability of reserves in deeper tissues to support plant
function (Chapter 2). I measured the radial patterns of NSCs in aboveground and belowground organs
over the course of a year, and estimated the mean age of sugars within and between different organs
in a subset of trees using the radiocarbon bomb spike approach. My results highlight the dynamic
nature of NSC pools, even in older stem rings.

Third, I explored how carbohydrate transport and utilization will respond to a warmer world.
I conducted a warming and isotopic pulse-chase experiment on an endemic Eucalypt species growing

in a whole-tree chamber system (Richmond, NSW) to test whether warming increases the speed of



carbohydrate dynamics (Chapter 3). Whole trees were pulse-labeled with “C-CO; to follow recently
assimilated C through different organs and sugars using compound-specific isotope analysis. I then
compared the concentrations and turnover rates of individual sugars between ambient and warmed
(+3°C) treatments. Trees dynamically allocated "C-labeled sugars from the leaves to the roots.
However, there was not a significant treatment effect on C dynamics, as sugar concentrations and
turnover rates were not altered by warming. My results suggest that an endemic Eucalypt was able to
acclimate to warming representative of future temperature predictions for Australia and provide
insight into the physiological and environmental controls on whole-tree C balance.

Then, I quantified the seasonal dynamics of NSC reserves in four woody boreal species at the
SPRUCE facility (Bovey, Minnesota), a global change ecosystem manipulation in which open-top
chambers are set in a boreal peat bog and receive various degrees of elevated CO, and temperature
(Chapter 4). My initial work quantified NSC storage in trees and shrubs growing outside of the
chambers, and these baseline data will inform long-term measurements within the chambers. The
overarching goal is to determine how different temperature (ambient to +9°C) and CO; (ambient and
2x ambient) treatments influence NSC storage and whether this varies between species. I found that
NSC storage dynamics differed between species as well as between shrubs and trees.

Finally, I reviewed our current knowledge of C storage and allocation in tree stems (Appendix
A). To date, research and models emphasize the role of tree stems as “express” sugar highways.
However, recent investigations using isotopic makers suggest that there is considerable storage and
exchange of phloem-transported sugars with older NSC reserves within the stem. We suggest that
stems play an important role not only in long-distance transport, but also in the regulation of the tree’s
overall C balance, and isotopic tools hold promise for improving our quantitative understanding of C

partitioning,



Taken together, this body of work advances our understanding of whole-plant C storage and
allocation. This knowledge is essential for highlighting the important role of NSCs in processes
ranging from the organism to ecosystem level. At the organism level, NSCs are not only critical for
plant physiology and metabolism, but also their storage may influence species’ resilience by serving as
a buffer against biotic and abiotic stress. At the ecosystem level, NSCs are an important component
of the global C cycle, and should be taken into consideration when modeling C fluxes and predicting
the C capture potential of forests. Thus, resolving how carbohydrates flow through plants contributes
to our basic understanding of C physiology and provides a foundation for improving our ability to

predict how forest ecosystem will respond to a changing world.
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Summary

¢ Despite the importance of nonstructural carbohydrates (NSC) for growth and survival in
woody plants, we know little about whole-tree NSC storage. The conventional theory sug-
gests that NSC reserves will increase over the growing season and decrease over the dormant
season. Here, we compare storage in five temperate tree species to determine the size and
seasonal fluctuation of whole-tree total NSC pools as well as the contribution of individual
organs.

® NSC concentrations in the branches, stemwood, and roots of 24 trees were measured
across 12 months. We then scaled up concentrations to the whole-tree and ecosystem levels
using allometric equations and forest stand inventory data.

¢ While whole-tree total NSC pools followed the conventional theory, sugar pools peaked in
the dormant season and starch pools in the growing season. Seasonal depletion of total NSCs
was minimal at the whole-tree level, but substantial at the organ level, particularly in
branches. Surprisingly, roots were not the major storage organ as branches stored comparable
amounts of starch throughout the year, and root reserves were not used to support springtime
growth.

e Scaling up NSC concentrations to the ecosystem level, we find that commonly used, pro-

cess-based ecosystem and land surface models all overpredict NSC storage.

Introduction

Existing primarily as nonstructural carbohydrates (NSCs), and to
a lesser degree as lipids and sugar alcohols, nonstructural carbon
(C) plays a critical role in the physiology and metabolism of
forest trees. NSCs are stored in essentially all living vegetative tis-
sues in the form of soluble sugars and insoluble starch and can be
subsequently drawn upon to maintain proper tree function. They
serve as building blocks for growth, fuel for respiration, and
solutes for osmoregulation and osmoprotection (reviewed in
Hartmann & Trumbore, 2016). As such, NSCs are allocated to
various functions and stored in various organs on timescales span-
ning minutes to decades, allowing trees to persist when respira-
tion exceeds photosynthesis during recurring annual events like
springtime leaf out in deciduous species as well as during more
unpredictable stressors like drought.

As trees rely on and replenish stored NSCs throughout the
year, seasonal variation in storage is driven by the balance
between sources and sinks. Depletion occurs when photosynthe-
sis is low or demands are high, and refilling occurs under the
reverse conditions (Chapin ezal, 1990). Based on the conven-
tional theory of annual NSC reserve dynamics in temperate forest

© 2018 The Authors
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woody plants, NSCs are expected to increase throughout the
growing season when photosynthesis is high and NSC reserves
accumulate as growth slows, and decrease throughout the dor-
mant season when photosynthesis is absent and NSC reserves are
drawn upon for respiration (Kozlowski, 1992). However, our
understanding of NSC storage — at the whole-tree level — remains
limited. Specifically, we lack a detailed understanding of how the
size and seasonal fluctuation of whole-tree total NSC storage as
well as the contributions of individual organs to these dynamics
differ among temperate forest trees.

While previous studies have estimated total NSC storage at the
whole-tree level (Gholz & Cropper, 1991; Barbaroux etal.,
2003; Hoch et al., 2003; Wiirth ez al., 2005; Gough et al., 2009;
Richardson eral, 2015; Smith etal, 2017), whole-tree total
NSC storage has not been assessed throughout the year with high
temporal resolution. Generating estimates of whole-tree total
NSC storage requires a detailed assessment in which NSC con-
centrations are frequently measured across organs, scaled up to
the whole-organ level, and then summed together. These esti-
mates are essential for understanding how C flows throughout
trees over time and will help to interpret NSC dynamics as a pro-
duct of the complex integration of source-sink functions, storage

New Phytologist (2018) 1
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strategies, and different biological roles of sugars and starch (re-
viewed in Martinez-Vilalta et al., 2016).

Moreover, previous work supports the need to measure a wider
range of both belowground and aboveground organs, as a single
organ is not a good indicator of NSC storage at the whole-tree
level (Richardson eral, 2013). NSC concentrations differ
between organs, making it impossible to estimate whole-tree stor-
age based on concentration measurements from a single organ.
Also, the seasonal dynamics may be different for each organ
(Hoch et al., 2003), reflecting an organ’s contribution to physio-
logical and metabolic processes at different times throughout the
year as well as its physiological specialization. For example, roots
may have a higher storage capacity due to a larger proportion of
ray and axial parenchyma cells (Lens ezal, 2000; Pratt etal.,
2007), with NSC reserves allocated towards new springtime
growth. Thus, some organs may preferentially store NSCs more
so than other organs, with this role shifting seasonally.

In addition to contributions by individual organs, a species’
ecology also drives the seasonal dynamics of whole-tree total
NSC storage. Differences in NSC storage and allocation are
influenced by leaf habit (Hoch ezal., 2003; Palacio etal., 2007;
Richardson ez al., 2015) and wood anatomy (Barbaroux & Bréda,
2002). For example, past studies often report higher storage
requirements for deciduous than evergreen species (Dickson,
1989; Kozlowski, 1992; Hoch ez al., 2003). Similar differences in
storage are also evident based on wood anatomy, with larger
reserves for ring-porous compared to diffuse-porous species (Bar-
baroux & Bréda, 2002). These findings motivate the estimation

For 24 temperate trees,
major organs were sampled
over the course of a year and
subdivided into increments.

=

The biomass (kg) of each subdivision was
estimated using allometric equations.

Sugar and starch concentrations (mg g™')
were also measured for each subdivison.
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of whole-tree total NSC storage across multiple species, which in
turn fosters a more robust estimation of total NSC storage at the
ecosystem level.

Furthermore, our understanding of the seasonal dynamics of
whole-tree total NSC storage is limited (Wiirth ezal, 2005;
Smith ezal., 2017). While total NSC concentrations at the organ
level have been found to be only weakly seasonal (Hoch et al,
2003; Richardson ez al., 2013; Hoch, 2015), a detailed within-
year study is needed to assess seasonality at the whole-tree level.
By examining whole-tree total NSC pools during periods of vary-
ing supply and demand over the course of a year, we can resolve
the contribution of individual organs, as well as characterize sea-
sonal fluctuations of sugar and starch pools to determine both the
size and timing of annual minima/maxima. Although not yet
quantified, a minimum threshold of NSC storage may be
required to maintain proper tree function (Adams eral., 2013).
Thus, a detailed within-year study not only provides founda-
tional insights into the role of NSCs in whole-tree and ecosystem
C balance, but also informs future studies that seek to investigate
the influence of interannual variation and associated stressors (i.e.
drought) on storage dynamics.

Here we characterize whole-tree total NSC storage in five tem-
perate tree species. We collected belowground and aboveground
woody organs each month, measured their sugar and starch con-
centrations, and then scaled these data up to the whole-tree level
(Fig. 1). Our objective was to quantify whole-tree total NSC stor-
age over the course of a year to test the conventional theory,
which suggests that NSC reserves will increase over the growing

NSC concentrations (mg g~') for each
subdivison were multipled by the
biomass (kg), and then summed across
all tree components to estimate
whole-tree NSC storage (kg) for each

Leaves Time points Subdivisions time point.
When present; [ ]
see supporting ‘.
information Leaf disc or
need|e fascicle
Branches
Every month
throughout
2014
Multi-year branch
«3-5yr
Stemwood
Every month [ |
throughout Stemwood core
2014 +0-1,1-2,2-3,3-4cm
+4-8cm
-8 cm-pith
Roots
Jan, Apr, Jun, 11
Aug, Oct, Dec Root core
2014 <0-1cm
«1 cm-pith

Fig.1 Summary of field sampling and allometric scaling from nonstructural carbohydrate (NSC) concentrations to whole-tree NSC pools.
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season and decrease over the dormant season. Specifically, we
addressed the following questions: (1) How big are whole-tree
total NSC pools? (2) Do these pools vary across the seasons and
if so, what is the degree of seasonal fluctuation? (3) What is the
contribution of individual organs to whole-tree storage? (4) Do
the above storage dynamics differ between coexisting temperate
tree species? Additionally, to understand the role of storage in the
context of ecosystem-level C fluxes and annual woody biomass
production, we estimated ecosystem-level total NSC storage
using forest stand inventory data and compared this with predic-
tions from a suite of commonly used, process-based ecosystem
and land surface models.

Materials and Methods

Study site

Harvard Forest, is an oak-dominated, mixed temperate forest
located in Petersham, MA, USA (42.53°N, 72.17°W). We
selected 24 mature trees for this study belonging to the following
species: red oak (Quercus rubra L., n=0), white pine (Pinus
strobus L., n=0), red maple (Acer rubrum, n=06), paper birch
(Betula papyrifera, n=3), and white ash (Fraxinus americana L.,
n=3). These trees represent the dominant species in this area of
Harvard Forest and are broadly representative of the forests in
the northeastern USA. Importantly, they cover various forms of
leaf habit, wood anatomy, and shade tolerance. White pine is an
evergreen conifer, whereas the other species are deciduous
broadleaf trees. Of the deciduous broadleaf species, red oak and
white ash are ring-porous, and red maple and paper birch are
diffuse-porous. White ash and paper birch are shade-intolerant
species, while the others are of intermediate shade tolerance.

Throughout the study year 2014, phenological observations
(O’Keefe, 2015) as well as environmental conditions (Boose,
2018) were recorded at Harvard Forest and provide context for
NSC dynamics reported herein. In brief, our study species exhib-
ited 50% budburst by mid-May. In the autumn, leaves began to
drop by the start of October and deciduous species were barren
by mid-November. A comprehensive analysis of phenological
events across tree species and over time at Harvard Forest is pro-
vided in Richardson & O’Keefe (2009). Furthermore, Harvard
Forest has a mean annual temperature of 7.1°C and a mean
annual precipitation of 1100 mm. Air temperature and precipita-
tion data recorded by an on-site meteorological station in 2014
as well as for the period 2002-2017 are displayed in Supporting
Information Fig. S1.

Field collection

In January 2014, we measured diameter at breast height (DBH)
and tree height (Table S1) for all sampled trees. Each month
throughout 2014, a stemwood core to the pith was collected from
cach tree with a standard 4.3-mm increment borer (Haglof Com-
pany Group, Langsele, Sweden), starting at breast height on the
south or southwest face of each tree with each subsequent core
collected in a zigzag pattern (c.7.5 cm over, 7.5 cm up; 18 cm

© 2018 The Authors
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average core depth). In addition to a monthly stemwood core, we
collected sunlit branches from the top of the canopy, which was
accessed using a bucket lift. Sunlit leaves were also gathered when
present, but were not necessarily taken from the sampled branch.
We collected coarse root cores in January, April, June, August,
October, and December 2014. The first root sample was taken at
20 cm along the root from the base of the tree, and subsequent
cores were taken in a zigzag pattern. Samples were kept on dry ice
in the field during each collection and then stored at —80°C.

Laboratory preparations and NSC analyses

It has been shown that NSC concentrations often decline with
increasing stem depth (Hoch ez al., 2003), yielding NSC concen-
trations in the heartwood that are generally very low. Therefore,
scaling to the whole-stem requires that this variation be
accounted for. Although other work has scaled up by differentiat-
ing between sapwood and heartwood (Wiirth ezal, 2005), we
subdivided the stemwood cores into smaller pieces to obtain a
finer resolution. Coarse roots were also subdivided, and branch-
wood was homogenized across multiple years of growth. There-
fore, across trees, we consistently subdivided organs for NSC
analysis (Methods S1).

Importantly, NSCs were measured in both ‘inactive’ and ‘ac-
tive” tissues due to our approach of subdividing entire organs.
Given the diameter of the sampled roots (¢. > 5 cm diameter) and
branches (c. 1-1.5 cm diameter, multi-year 35 yr old), ‘inactive’
heartwood may have been present in the roots, but perhaps
absent or minimal in the branches depending on the species. Less
than 20% of NSCs in the stem and 10% of NSCs in the whole
tree were stored in the stem heartwood. Inclusion of the heart-
wood in pool estimates did not affect the seasonal dynamics of
NSC storage in the stem (Methods S2).

Samples were freeze-dried (FreeZone 2.5; Labconco, Kansas
City, MO, USA, and Hybrid Vacuum Pump, Vacuubrand,
Wertheim, Germany) and ground (mesh 20, Thomas Scientific
Wiley Mill, Swedesboro, NJ, USA; SPEX SamplePrep 1600;
MiniG, Metuchen, NJ, USA). To measure sugar concentrations
(adapted from Chow & Landhiusser, 2004), 10 mg of previously
freeze-dried and ground tissue was freeze-dried overnight and
then extracted with 80% hot ethanol followed by colorimetric
analysis with phenol—sulfuric acid. The resulting bulk sugar
extract was read at 490 nm on a microplate reader (Epoch
Microplate Spectrophotometer; Bio-Tek Instruments, Winooski,
VT, USA) or a spectrophotometer (Thermo Fisher Scientific
GENESYS 10S UV-Vis, Waltham, MA, USA). Sugar concentra-
tions (expressed as mg sugar per g dry wood) were calculated
fromal:1:1 glucose—fructose—galactose (Sigma Chemicals, St
Louis, MO, USA) standard curve.

To determine starch concentrations, the remaining tissue was
solubilized in NaOH and then digested with an o-amylase/
amyloglucosidase digestive enzyme solution. Glucose hydrolysate
was determined using a PGO-colour reagent solution (Sigma
Chemicals) and read at 525 nm. Starch concentrations (expressed
as mg starch per g dry wood) were calculated based on a glucose
(Sigma Chemicals) standard curve. When conducting NSC
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analyses, we included at least one internal laboratory standard (red
oak stemwood, Harvard Forest, Petersham, MA, USA) per analysis.
Additional information about NSC measurements are provided in

Methods S1.

Allometric scaling from sugar and starch concentrations to
whole-organ and whole-tree pools

We estimated the dry wood biomass of each organ (branch, stem-
wood, and root; Table S2) and organ subdivisions using allomet-
ric scaling theory (Jenkins ez al., 2004; see Methods S2 for details
of calculations). The species-specific allometric equations used
were developed for North American trees > 2.5 cm DBH, which
made them appropriate for the species and size range of trees in
this study. To reiterate, subdividing organs allowed us to account
for variation in NSC concentrations within an organ (i.e. radial
decline of NSCs in stemwood). We then paired the sugar and
starch concentrations for each sample (i.e. subdivisions of each
organ) with the estimate of that component’s woody biomass.
This was done for each sample per tree, and then the amounts
were summed to estimate whole-tree total NSC storage for each
month. In this case, the whole-tree total NSC pool is the sum of
coarse root, stemwood, and branch reserves.

Jenkins ezal. (2004) does not provide equations and coeffi-
cients for distinguishing between coarse and fine roots. Thus,
only coarse roots were sampled and coarse root biomass was esti-
mated in this study (Methods S2). A lack of partitioning of roots
into different diameter size classes may ultimately lead to under-
estimation or overestimation of NSC storage in the root system.
Uncertainty estimates for fine roots are provided in Richardson
etal. (2015).
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Fig. 2 Relationship between tree biomass and mean annual whole-tree
total nonstructural carbohydrate (NSC) pools for 24 trees sampled at
Harvard Forest in 2014. Strength of association was evaluated using
Pearson'’s correlation, o.=0.05.
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For a subset of trees, we also included the NSC pool in foliage,
but our calculations indicated that this was a minor portion of
the whole-tree total NSC pool (Methods S3). Additionally, trees
in our sample were all of similar DBH and ultimately biomass
based on allometric equations. Therefore, biomass did not signifi-
cantly differ between species (Fig. S2) and storage differences
reflect NSC concentrations. However, there was a positive corre-
lation between individual tree biomass and whole-tree total NSC
pool size (Fig. 2), so biomass was included as a covariate in our
statistical analyses. Data from this project are available for down-
load and public use (Furze ez al., 2018).

Estimating ecosystem-level total NSC storage

In 2014, a biomass inventory of the Prospect Hill Tract at Har-
vard Forest was conducted for live trees >10cm DBH in 34,
10 m radius plots (Munger & Wofsy, 2018). Using these data
and  species-specific allometric equations, we estimated the
biomass of each tree and its organs (foliage, branch, stemwood,
and root) for over 600 trees from 14 deciduous broadleaf and
evergreen conifer species (Methods S4). Measured total NSC
concentrations from our five study species were used as estimates
for the most similar tree species and paired with woody biomass
to obtain whole-tree total NSC storage. We then summed
together whole-tree total NSC storage of individual trees to esti-
mate total NSC storage per unit ground area for this temperate
forest, and examined this value in the context of annual woody
biomass production, eddy flux tower measurements, and model-
based predictions of total NSC storage at Harvard Forest. See
caption of Fig. 6 for process-based model assumptions. When
comparing results, assume that NSCs are ¢. 40% C to convert

from kg NSC m” to kg C m”.

Statistical analyses

While stemwood and branches were sampled every month, roots
were sampled in January, April, June, August, October, and
December 2014. Therefore, statistical analyses were conducted
for these 6 months when whole-tree total NSC, sugar, and starch
pools were complete and represent the sum of root, stem, and
branch reserves. Statistical analyses for organ-level dynamics used
6-month data for roots and 12-month data for stemwood and
branches. All statistical analyses were performed in R v.3.3.2 and
linear mixed-effects (Ime) models were fit by maximum-
likelihood using the NLME package. All models contain fixed
effects (specified below), individual tree as a random effect, and
whole-tree or whole-organ biomass as a covariate. For significant
mixed-effects models, differences between pairs of means were
evaluated with Tukey’s honest significant difference (HSD),
o= 0.05.

To compare whole-tree total NSC pool size between our five
temperate species, as well as to determine if whole-tree total NSC
pools varied across seasons according to the conventional theory,
we used a linear mixed-effects (Ime) model to analyze whole-tree
total NSC (sum of sugar and starch pools) pool size among sam-
pling months and species (month X species; Fig. 3). The same
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analysis was repeated for both whole-tree sugar and starch pools
(month X species; Fig.4). For significant interaction effects,
whole-tree total NSC, sugar, and starch pools were assessed across
sampling months for each individual species (month; shaded
bands in Figs 3, 4; Table S3).

Next, we sought to determine if pool size and seasonal patterns
differed at the organ level by assessing total NSC, sugar, and
starch pools in the branches, stemwood, and roots (Fig. 5). For
each pool type, we used a Ime model to analyze pool size among
organs and species (organ x species, Table S4). For significant
interaction effects, total NSC, sugar, and starch pools were
assessed among organs for each individual species (organ;
Table S5). Finally, to determine if organ-level storage varied
across the seasons, we used a Ime model to analyze total NSC,
sugar, and starch pools for each organ among sampling months
and species (month x species; Table S6). Again, for significant
interaction effects, each pool type was assessed across sampling
months for each individual species and organ (month; Table S7).

Results

Whole-tree total NSC pools

The ranking of species from largest to smallest whole-tree total
NSC pool was red oak, white ash, red maple, paper birch, and
white pine, and pool size significantly differed between species
(P<0.0001; Fig. 3). These results support the idea that species
fall along a gradient according to leaf habit and wood anatomy,
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Fig. 3 Seasonal dynamics of whole-tree total nonstructural carbohydrate
(NSC) pools for five temperate tree species sampled at Harvard Forest in
2014. Error bars denote + 1 SE of the mean. Lowercase letters indicate
significance of differences among species. Shaded bands for individual
species represent the 95% confidence interval around the linear mixed-
effects (Ime) model estimated mean whole-tree total NSC pool.
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with deciduous ring-porous species (red oak and white ash)
having larger whole-tree total NSC reserves than both deciduous
diffuse-porous (red maple and paper birch) and evergreen conifer
(white pine) species.

In general, whole-tree total NSC pools built up over the grow-
ing season and declined over the dormant season, which is in line
with the conventional theory (2<0.0001; Fig. 3). However, the
effect of sampling month on whole-tree total NSC pools
depended on species (P=0.047). The whole-tree total NSC pool
tended to peak in October for each deciduous species and in June
for evergreen white pine (Table S3). This finding suggests that
leaf habit may also influence seasonal dynamics as whole-tree
total NSC pools peak at different times of the year for deciduous
and evergreen species. However, while the timing of peak storage
at the whole-tree level may differ between species, the magnitude
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Fig. 4 Seasonal dynamics of whole-tree sugar (top) and starch (bottom)
pools for five temperate tree species sampled at Harvard Forest in 2014.
Error bars denote + 1 SE of the mean. Lowercase letters indicate
significance of differences among species. Shaded bands for individual
species represent the 95% confidence interval around the Ime model
estimated mean whole-tree sugar or starch pool.
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of seasonal NSC fluctuation was similar. During the growing sea-
son, deciduous species exhibited an ¢. 28% increase in whole-tree
total NSC pools from the mean minimum in April to the mean
maximum in October. This increase was comparable for white
pine from April to June (32%).

Whole-tree sugar and starch pools

Whole-tree sugar and starch pools differed between species (both
P<0.0001; Fig. 4). Whole-tree sugar pools were largest for the
ring-porous species red oak and white ash. In most cases, whole-
tree starch pools for deciduous species were larger than that of

New
Phytologist

white pine. In general, NSCs were more often stored as sugars
rather than starch throughout the year, but most deciduous
species retained substantial reserves in the form of starch by the
end of the growing season.

In general, whole-tree sugar pools decreased over the first half
of the year and replenished during the second half of the year,
peaking in the winter; whereas whole-tree starch pools slowly
increased throughout the year reaching a peak in October (both
P<0.0001; Fig. 4). However, the effect of sampling month on
whole-tree sugar and starch pools depended on species (sugar
P=0.001; starch P=0.0001). Whole-tree sugar pools followed
the expected pattern for all species, whereas whole-tree starch
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Fig. 5 Seasonal dynamics of whole-organ total nonstructural carbohydrate (NSC) (left), sugar (middle), and starch (right) pools for five temperate tree
species (rows) sampled monthly at Harvard Forest in 2014. Error bars denote + 1 SE of the mean. Note the difference in y-axis scale between columns.
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pools tracked the patterns for total NSC pools, specifically the
peak in October for the deciduous species and in June for ever-
green white pine (Fig. 4; Table S3).

Storage and seasonality in organs

The distribution of total NSCs, sugars, and starch differed
between organs (all <0.0001; Fig. 5; Table S4). Despite stem-
wood having the largest biomass, branches were the largest reser-
voir of total NSCs and sugars, followed by roots, and then
stemwood. For starch, branches and roots had comparable stor-
age which was larger than that of stemwood. However, the parti-
tioning between organs depended on species (Table S4), and
starch storage did not always differ between organs, particularly
for paper birch (Table S5).

The seasonal patterns of sugar and starch pools (Table S6)
often differed between organs, possibly reflecting different func-
tional roles of sugars and starch in each organ and/or different
organ contributions to processes occurring at different times of
the year. In general, sugar pools were lower in the growing season
than in the dormant season, particularly in aboveground organs.
By contrast, while branch and stem starch pools tended to peak
at the onset of the dormant season in deciduous species, root
starch, and root total NSC pools in general, remained fairly stable
throughout the year. However, root total NSC and starch pools
declined between June and August for red maple, and root sugar
pools declined between January and April for red oak and red
maple (Table S7).

The percentage of sugars and starch in each organ relative to
whole-tree total NSCs varied throughout the year (Table S8). As
noted above, whole-tree total NSC pools tended to peak in Octo-
ber for each deciduous species and in June for white pine. At
these times of maximal storage, organ contributions to the whole-
tree total NSC pool were ¢. 25% root, 25% stemwood, and 50%
branch for deciduous species and 20% root, 25% stem, and 55%
branch for white pine. However, the distribution of sugars and
starch differed across these woody organs. Between 70% and
90% of whole-tree sugar was in aboveground organs. The major-
ity of whole-tree starch was stored in the branches of deciduous
species in October (red oak 63%, white ash 57%, red maple

Table 1 Forest stand-level characteristics at Harvard Forest.

60%, and paper birch 77%), with far less in the roots (c. 30% in
red oak, white ash, and red maple, and 13% in paper birch).

Estimation of ecosystem-level total NSC storage and
seasonality

We estimated the belowground and aboveground tree biomass
of the site to be . 28.5 kg m ™%, which is in agreement with pre-
vious estimates conducted at Harvard Forest using multiple
allometry methods (Ahmed ezal., 2013). Combining this forest
biomass estimate with measured total NSC concentrations from
our five study species, we estimated average total NSC storage
across the year at the ecosystem level to be 0.41 kgCm > or
1.03 kg NSCm ™% Of this total, 0.59kgm > was sugars and
0.44 kg m ™ was starch. Partitioning total NSC storage across
organs showed that the majority of NSCs were stored in the
branches (0.40 kg m ), followed by stemwood (0.27 kg m 2
and roots (0.32 kg m ), with substantially less stored in foliage
(0.04 kgm ).

Additionally, estimated ecosystem-level total NSC storage was
in line with the allocation of assimilated C to various forest C
pools (Table I). Based on these estimates, stored NSCs at the
ecosystem level could support woody biomass production for an
entire year. Importantly, when comparing our results with pre-
dictions from ecosystem and land surface models, we find that all
process-based simulation models overpredict total NSC storage
and seasonal depletion of NSC reserves at the ecosystem level for
Harvard Forest (Fig. 6).

Discussion

Size of whole-tree pools, and differences among species

At the whole-tree level, the amount of NSCs stored differed
between species. In general, our results showed that whole-tree
total NSC storage fell along a gradient with larger pools for ring-
porous species compared with diffuse-porous and evergreen. This
finding is not surprising considering that deciduous species are
thought to rely on stored reserves for springtime growth (Kramer
& Kozlowski, 1979; Piispanen & Saranpaa, 2001), and more

Component Estimate From Reference

Total NSC 0.41+0.05kgCm2 2014 Furze et al. (2018); Munger & Wofsy (2018)
Sugar 0.24+0.05kgCm™2 2014 Furze etal. (2018); Munger & Wofsy (2018)
Starch 0.18+0.06 kg C m2 2014 Furze et al. (2018); Munger & Wofsy (2018)
Total NSC relative to forest biomass 3.6+0.4% 2014 Furze et al. (2018); Munger & Wofsy (2018)
Aboveground woody biomass increment 0.16+0.03kgCm 2yr ' 1994-2014 Munger & Wofsy (2018)

Belowground woody biomass increment 0.04kgCm2yr’ 2014 Furze etal. (2018); Munger & Wofsy (2018)
Total woody biomass increment 0.20kgCm2yr " 2014 Furze et al. (2018); Munger & Wofsy (2018)
Annual NEE of CO, —0.24+0.10kgC m~2 yr’1 1992-2004 Urbanski et al. (2007)

Growing season NEE of CO, —0.49+0.11kgCm 2yr ' 1992-2004 Urbanski et al. (2007)

Dormant season NEE of CO, 0.24+0.05kgCm2yr’ 1992-2004 Urbanski et al. (2007)

Total NSC accumulation from April to October 0.14kgCm? 2014 Furze et al. (2018); Munger & Wofsy (2018)

NEE, net ecosystem exchange; NSC, nonstructural carbohydrates.
Uncertainty values are + 1 SD of the mean.
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specifically, ring-porous deciduous species complete a large por-
tion of new xylem formation using stored reserves before leaf
expansion (Hinckley & Lassoie, 1981; Bréda & Granier, 1996).
Thus, differences in the amount of NSC stored between species
are expected based on these traits.

Throughout the year, whole-tree sugar pools were often
larger than starch pools. However, deciduous species had sub-
stantial starch reserves by October. Starch storage dominating
the onset of the dormant season is in agreement with previous
work that quantified whole-tree pools for red oak (Richardson
etal., 2015). Most studies, however, look at concentrations in
individual organs rather than whole-tree pools and have
reported that starch concentrations were higher than sugar con-
centrations throughout the growing season, particularly in the
branch sapwood (Hoch eral, 2003) and outer stem sapwood
(Hoch ezal., 2003; Richardson ezal., 2013) of several temper-
ate tree species. When examining the concentrations of indi-
vidual organs, our results are in agreement with these studies.
In the growing season, starch concentrations generally domi-
nated the coarse roots and branches, and to a lesser extent, the
outer 2 cm stemwood.

However, at the whole-tree level, our results disagree and
show support for sugar as the larger pool. This discrepancy is
due to the inclusion of stemwood xylem to the pith in our
whole-tree pool estimates which increased sugars, but not
starch. When taking the entire stemwood into consideration
rather than just the outer sapwood like in previous studies,
sugar concentrations generally dominated not only the growing
season, but also the entire year. As stemwood is the largest
biomass fraction, higher stemwood sugar concentrations con-
tributed to larger overall sugar storage than starch storage at the
whole-tree level. Additionally, if we had ignored the radially
varying concentrations of total NSCs and used those in the
outer 2 cm stemwood and outer 1 cm root as proxies for whole-
stem and root storage, then mean annual whole-tree total NSC
storage would have been overestimated by 75% for our sample
of 24 trees.

Seasonal patterns of whole-tree pools

Seasonal dynamics of whole-tree total NSC pools were in agree-
ment with the conventional theory of storage dynamics in which
NSC  reserves increase throughout the growing season and
decrease throughout the dormant season. Interestingly, this sea-
sonal pattern was not resolved when looking at the dynamics of
individual organs, sugars, or starch alone; only when these com-
ponents were combined did we find that whole-tree storage
dynamics aligned with the expected pattern despite seasonal
interconversion between sugars and starch and within-tree trans-
port between organs.

In general, whole-tree total NSC pools peaked in October for
the deciduous species and in June for evergreen white pine, and
then declined onward. The difference in timing of peak accumu-
lation and depletion may be explained by growth characteristics.
As white pine retains a majority of its needles throughout the
dormant season, it has an advantage for C gain earlier in the

New Phytologist (2018)
www.newphytologist.com

16

New

Phytologist
1.4
—_
o
e 12
o
2 10 ABR———
=<
°
£ os
& o
8 = PnET
Z 06 — C.I._M
= FGBAAR
==: FGBAAR (conifer)
04 L L L L
0 90 180 270 360
Day of Year

Fig. 6 Seasonal variation in the total size of the ecosystem-level
nonstructural carbohydrate (NSC) storage pool (kg C m~2), using two
ecosystem models (PnET, Aber et al., 1996; and FOBAAR, Keenan et al.,
2012) and a land surface model (CLM, Levis et al., 2004). Model runs are
assuming forest composition is 100% deciduous broadleaf tree species,
except for dotted blue line which shows FOBAAR run assuming forest
composition is 100% evergreen conifer species. Plotted values indicate
means calculated across 15-yr model run (1991-2004), using
environmental data from Harvard Forest to drive the model. For PnET,
uncertainty range illustrates interannual variation (4 1 SD) around the
mean.

growing season before new structural growth, leading to maximal
NSC pools in June, and continued activity later into the autumn
(Jurik eral, 1988). However, later bud break in evergreen
conifers (O’Keefe, 2015), lower photosynthetic rates (Reich
etal., 1995) and shoot apex development (Owston, 1969) along
with xylem formation/thickening (Murmanis & Sachs, 1969)
that both initiate later and continue well into the autumn may all
contribute to the post-June decline. Additionally, the decline
may indicate excess C being allocated to root exudation
(Abramoff & Finzi, 2016).

Even though NSCs cannot be translated into growth 1:1, for
instance, due to metabolic losses, we found that the require-
ments for annual biomass production were in line with the
magnitude of whole-tree total NSC pool depletion. For the
deciduous species, the annual production of foliage, branches,
stemwood, and roots required 4.4-7.9 kg C, leading to an ini-
tial 1.8-3.0 kg C decline in the whole-tree total NSC pool by
April/June. By contrast, white pine’s annual growth required
6.3 kg C, with an associated 2.2 kg C decline between June and
October. It is often assumed that deciduous species will show a
larger seasonal fluctuation in reserves than evergreen due to
their reliance on stored NSCs for leaf out and xylem formation
in the spring, (Kramer & Kozlowski, 1979; Piispanen &
Saranpdd, 2001). While our results suggest that evergreen
species may be relying less on stored NSCs for new growth,
seasonal fluctuations in whole-tree total NSC pools were sur-
prisingly similar. The mean minimum NSC storage in April
was ¢.75% of the maximum in October for each deciduous
species and 70% of the maximum in June for evergreen white
pine. Thus, larger pool size did not correlate with more pro-
nounced seasonal fluctuation, and our results agree with previ-
ous reports that showed seasonal fluctuations were not always
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greater for deciduous species compared with evergreen (com-
piled in Martinez-Vilalta ez al., 2016).

Storage dynamics at the organ level

We observed substantial differences in the amount of NSCs
stored between belowground and aboveground organs. Branches
were the largest reservoir of total NSCs and often sugars, and
were also an important store of starch, accounting for ¢. 30-40%
of total NSCs and 55-75% of starch stored throughout the
whole-tree at times of maximal NSC storage. Moreover, roots are
thought to specialize as storage organs more so than any other
organ (Loescher ezal., 1990; Kozlowski, 1992), so we hypothe-
sized that the largest starch pools would be found in the roots
serving a longer term storage function. Interestingly, our results
show that branches had a comparable starch pool throughout the
year. However, organ-level storage differed between species. For
instance, red oak had a particularly large starch pool in the roots
(mean annual 8 kg; effective mean concentration 44.0 mg gfl)
compared with that of white pine (1 kg; 8.0 mg gfl). In general,
deciduous species stored NSCs across organs, while white pine
primarily stored its reserves aboveground.

Furthermore, the functional roles of sugars and starch were
reflected in the seasonal patterns of each organ. Seasonal pat-
terns of sugar pools were more similar between organs than
starch pools. In general, sugar pools were higher in the dor-
mant season than in the growing season for all organs, sup-
porting an osmoprotective role for sugars throughout the tree
in the wintertime ((")gren, 1997). Notably, while branch
biomass represented ¢ 25% of aboveground biomass, sugar
pools in the branches (mean 7.5 kg; effective mean concentra-
tion 53.0mgg ') were equal to or larger than those in stem-
wood (7.5kg; 17.0 mggfl) during cold months, suggesting
that high sugar concentrations in the branches help to combat
cold temperatures experienced in the canopy. By contrast,
starch pools in aboveground organs generally increased over
the growing season, providing evidence for starch’s role in
maintaining photosynthesis and phloem transport throughout
the growing season (Paul & Foyer, 2001). Newly assimilated
C is exported as sucrose and converted to starch for longer
term storage to prevent inhibition of further transport, which
would lead to the downregulation of photosynthesis.

As previously mentioned, roots were expected to have a high
storage capacity, with reserves being used for annual growth
(Loescher ezal., 1990). Yet, total NSC pools in the roots of
deciduous species remained fairly stable throughout the year,
and accounted for 25-35% of whole-tree total NSC reserves.
In this way, roots may serve as a stable, longer term storage
pool that is only drawn upon in catastrophic situations (i.c.
loss of aboveground biomass), which would explain the older
C previously reported in roots (Carbone eral, 2013; Richard-
son etal., 2015).

By contrast, carly growing season declines were evident in the
branches. Specifically, sugar pools in the branches declined
between February and April, which is in accordance with
branches serving as the closest source organ to support leaf out
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(Landhausser & Lieffers, 2003). Our results suggest that declin-
ing branch reserves represent contributions to new leaf produc-
tion rather than conversion of antifreeze sugar compounds back
to starch because branch total NSC pools also declined indicating
movement out of branches rather than conversion from sugars to
starch within branches. For red oak, we estimated that new leaf
production would require 7.6 kg C, and observed that total NSC
pools in red oak branches declined by 70% (5.5 kg C) between
February and April. While stored NSCs support both new foliage
and wood production, elongation and thickening of foliage is to
some degree supported by concurrent photosynthesis (Keel &
Schidel, 2010).

As noted earlier, the seasonal fluctuation in total NSCs at the
whole-tree level was ¢. 30% for each species, suggesting minimal
drawdown of stored reserves throughout the year. Martinez-
Vilalta ez al. (2016) reported similar patterns and a suite of physi-
ological and evolutionary reasons have been proposed to explain
why trees maintain large reserves if they are rarely depleted by
seasonal demands (Kobe, 1997; Millard etal, 2007; Adams
etal., 2013; Carbone et al., 2013; O’Brien et al., 2014). However,
while total NSC reserves may not be substantially drawn down
across the seasons at the whole-tree level, our results challenge
this idea at the organ level. Notably, total NSCs in branches of
red oak and white ash had substantial seasonal fluctuations. The
total NSC pool in red oak branches declined by 70% during the
winter and spring, and was replenished by autumn. A similar pat-
tern was observed for white ash with a 50% decline.

Estimation of ecosystem-level total NSC storage

We estimated average total NSC storage across the year in
a mixed temperate forest t be 1.03kgNSCsm > or
0.41kgC m 2, which falls within the 0.23-1.6 kg C m? range
previously reported for total NSC storage at the whole-forest level
(reviewed in Dietze etal, 2014). This estimate corresponds to
¢.4% of forest biomass compared to 8% revealed in the first
ecosystem-level estimate of total NSC storage in a semi-deciduous
tropical forest, which was 1.6 kg NSCs m 2 assuming a 20 kg m 2
woody biomass (Wirth ezal, 2005). The majority of total NSCs
were stored aboveground in both forest types. However, a direct
comparison is cautioned against due to differences between the
two studies such as the ratio of sapwood to heartwood in the tree
species studied as well as the biomass components used for
upscaled estimates of total NSC storage. In our trees, contribu-
tions to total NSC storage differed between organs: branches (40-
%), stemwood (25%), roots (30%), and foliage (5%).

Few studies have modelled and validated NSC pool dynamics
and C allocation to various sinks at the forest stand-level, and
when this validation has been done it has been with limited field
measurements (Cropper & Gholz, 1993; Sampson ezal., 2001;
Gough ezal., 2009). However, in this study, we combined high
spatio-temporal resolution field measurements of NSCs from
multiple species over the course of a year with eddy flux tower
and structural growth data to assess total NSC storage in the con-
text of whole-forest C balance at Harvard Forest. Over the course
of the year, Harvard Forest exhibited net C uptake in the growing
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season and release in the dormant season. The mean annual rate
of net ecosystem exchange (NEE) of CO, was in substantial
agreement with the annual total woody biomass increment, sug-
gesting that most of the net C uptake was sequestered in long-
lived, woody biomass. However, during the growing season, there
was greater net C assimilation than allocation to new woody
biomass production, and ecosystem-level total NSCs increased by
0.14kgCm 2.

Estimates of total NSC pool size and seasonal dynamics were
generated for Harvard Forest (Fig. 6; Richardson eral., 2012)
using three process-based simulation models (PnET, Aber ez al.,
1996; CLM, Levis etal., 2004; FOBAAR, Keenan eral., 2012).
Model runs revealed 50% variation across models in estimates of
total NSC pool size, a drawdown of the total NSC pool in spring
and refilling over the summer, and similar pool size, but greatly
reduced seasonal fluctuation for conifers relative to deciduous
species. Notably, our results indicate that these process-based
models all overpredict the amount of stored NSCs, with twice as
much being stored than was estimated based on extensive field
measurements. While simulation models represent C assimila-
tion, allocation, and metabolism, they do not consider controls
on sink capacity and feedbacks between these processes, yielding
a ‘source-driven’ structure of C relations (Fatichi ezal, 2014),
and, ultimately, simpler dynamics than are expected for complex,
living plants like trees.

Our allometric scaling accounted for varying concentrations
between different organs and within individual organs, particu-
larly the radial distribution of NSCs that occurs in the stemwood;
this may explain the discrepancy between our scaled-up estimates
and process-based model predictions at the ecosystem level. Typi-
cally, total NSC concentrations in the outer sapwood of the stem
have been measured (Fajardo eral, 2013; Richardson ez al.,
2013). If we had scaled up based on concentrations in the outer
2cm stemwood and 1cm root, we would have estimated
0.72 kg Cm ™2 at the ecosystem level, which is closer to model-
based estimates, but 75% more than the value of 0.41 kg C m >
which we obtained using radially varying NSC concentrations. If
trees in the process-based models had full access to a total NSC
pool that was two times larger than was estimated based on field
measurements, then trees might appear more resilient to distur-
bance and stress, and modelled productivity might be less sensi-
tive to interannual variation in weather.

Conclusions

We have constructed the most detailed assessment of NSC stor-
age in temperate forest trees to date. We measured NSC concen-
trations in different organs, across multiple tree species, at a
monthly time step over the course of year. We used allometric
equations and forest inventory data to scale these concentrations
up to the whole-tree and whole-ecosystem levels. Our results
provide a picture of NSC storage in temperate forest trees in
which: (1) The size of whole-tree total NSC pools differed
between species. (2) Whole-tree total, sugar, and starch pools had
contrasting seasonal patterns. (3) NSC storage and seasonal pat-
terns differed between belowground and aboveground organs,
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with both (2) and (3) indicating different functional roles of sug-
ars and starch and different contributions by individual organs to
the overall whole-tree C balance.

Notably, we showed that: (1) Deciduous ring-porous species
had larger whole-tree total NSC pools than both deciduous dif-
fuse-porous and evergreen conifer species. (2)(a) The seasonal
patterns of whole-tree total NSC pools supported the conven-
tional theory, but whole-tree sugar pools were higher in the dor-
mant season than the growing season, and whole-tree starch
pools peaked later in the growing season for deciduous species
compared with evergreen white pine. (b) Although seasonal fluc-
tuation in total NSCs was minimal at the whole-tree level, with
comparable seasonal depletion for deciduous and evergreen
species, it was substantial at the organ level, particularly in the
branches. (3) Roots were not the major storage organ for starch,
as branches stored comparable amounts throughout the year, and
root reserves were not depleted to support new springtime
growth. Furthermore, we show that commonly used, process-
based ecosystem and land surface models all overpredict ecosys-
tem-level total NSC storage. Therefore, our results improve our
understanding of C dynamics at both the whole-tree and ecosys-
tem levels and, importantly, resolve how the dynamics of individ-
ual organs contribute to the overall C balance.
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Abstract

Nonstructural carbohydrates (NSCs) play a critical role in plant physiology and metabolism,
yet we know little about their distribution within individual organs. This leaves many open questions
about whether reserves deep in the stem and roots are metabolically active and available to support
functional processes. To gain insight into the availability of reserves, we measured radial patterns of
NSCs in the stemwood and coarse roots for temperate tree species over the course of a year. In a
subset of trees, we estimated the mean age of NSCs within and between different organs using the
radiocarbon (*C) bomb spike approach. NSC concentrations were highest and most seasonally
dynamic in the outer stemwood. Concentrations in deeper stemwood also often varied seasonally,
suggesting metabolic activity involving older reserves. By contrast, NSC concentrations in coarse roots
were more stable throughout the year. Radial patterns of "C in both stemwood and coarse roots
showed increasing sugar mean age from the cambium towards the pith. Our results highlight the
dynamic nature of NSC pools, even in older stem rings. This seasonal variability is indicative of
metabolic activity, casting doubt on the hypothesis that deeper reserves are sequestered and

metabolically unavailable.

Introduction

Forest trees allocate photoassimilates to growth and metabolism, but photoassimilates can also
be stored as nonstructural carbohydrates (NSCs) primarily in the form of sugars and starch (Dietze ez
al., 2014; Hartmann & Trumbore, 2016). When stored, this reserve acts as a “food pantry” that enables
stationary, long-lived trees to survive during unfavorable environmental conditions when NSC
production is impaired. While there is evidence linking NSCs with stress tolerance (Myers & Kitajima,
2007; Sala et al., 2012; Carbone et al., 2013), we lack a detailed understanding of carbon (C) relations

in trees, including the distribution and turnover of NSC reserves within both belowground and
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aboveground organs. This knowledge gap hinders our ability to predict how tree species will
physiologically respond to stress and has broader implications for understanding both short-term and
long-term C storage and cycling at the whole-tree and ecosystem levels.

Recent work quantified whole-tree NSC reserves and showed that the amount of NSCs stored
differed between organs (Smith ez al, 2017; Furze et al., 2018a). However, the distribution and
metabolic availability (as indicated by seasonal fluctuations) of NSCs within individual organs is less
understood. While previous studies have characterized within-organ NSC storage by measuring the
radial patterns of NSC concentrations, particularly in the stemwood (Barbaroux & Bréda, 2002; Hoch
et al., 2003; Gérard & Bréda, 2014; Zhang et al, 2014; Richardson ez al., 2015; Smith ez al., 2017),
relatively few studies have measured the radial patterns of NSC age to assess the degree to which
within-organ NSC storage represents a mix of older and newer NSCs (Richardson e# al, 2015;
Trumbore et al., 2015). Quantifying such within-organ NSC dynamics in concert is essential for
determining whether older reserves in deeper tissues become sequestered and metabolically
unavailable.

In the stemwood, NSC concentrations tend to decrease across the younger sapwood towards
the sapwood-heartwood boundary and then remain constant throughout the heartwood to the pith
(Hoch ez al., 2003). However, high levels of NSCs have also been observed deep in the xylem (Wirth
et al., 2005; Smith et al., 2017). Furthermore, younger NSCs dominate the outermost growth rings of
the stemwood, with limited “mixing in” of younger NSCs to older growth rings (Richardson ez 4/,
2015; Trumbore ez al., 2015). Despite these efforts, how NSCs are distributed within belowground
organs like coarse roots, and, in general, how radial patterns within organs vary between species and
across seasons have largely been ignored due to sampling and cost limitations. Without these data, the
estimation of NSC pool sizes and turnover times will remain biased (Gaudinski ez a/, 2009; Muhr ez

al., 2013) and our understanding of reserve availability will remain limited.
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To improve the representation of NSC storage and allocation processes in current C-cycling
models and to assess the availability of reserves to support tree function, we provide a detailed
accounting of the spatial and temporal variation of NSCs within belowground and aboveground
organs. This study builds upon our previous work (Richardson ez al, 2015; Furze et al, 2018a) by
characterizing within-organ NSC storage in temperate trees. We collected stemwood and coarse root
samples across the seasons, divided these samples into radial increments from the cambium to the
pith, and measured their sugar and starch concentrations. In a subset of trees, we estimated the mean
age of sugar within and between different organs. Our objective was to quantify the radial patterns in
the concentration and age of NSCs across organs, species, and seasons to test the prediction that outer

tissues contain dynamic, young reserves, while older reserves are sequestered in deeper tissues.

Materials and Methods
Study site

Field sampling (2014-2015) was conducted at Harvard Forest, an oak-dominated, mixed
temperate forest located in Petersham, Massachusetts, USA (42.53°N, 72.17°W). We selected mature
trees belonging to the following species: red oak (Quercus rubra L., n=0), white pine (Pinus strobus L.,
n=0), red maple (Acer rubrum L., n=0), paper birch (Betula papyrifera Marshall, n=3), white ash (Fraxinus
americana L., n=5), and American beech (Fagus grandifolia Ehrh, n=3). These trees represent the
dominant species in the Prospect Hill Tract of Harvard Forest, and reflect diversity in leaf habit, wood
anatomy, and shade tolerance. White pine is an evergreen conifer, while the other species are
deciduous broadleaf trees. Of the deciduous broadleaf species, red oak and white ash are ring-porous,
and red maple, paper birch, and American beech are diffuse-porous. White ash and paper birch are

shade intolerant species, while the others are of at least intermediate shade tolerance.
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Field collection

Monthly samples were collected from 24 trees along Prospect Hill Rd throughout 2014. A
subset of these trees (n=7), as well as 5 additional trees, were sampled for '*C analyses in November
2015 (n=12); yielding 29 total trees in this study.

Each month throughout 2014, a stemwood core to the pith was collected from each of 24
trees (red oak n=06, white ash n=3, red maple n=6, paper birch n=6, and white pine n=0) with a
standard 4.3-mm increment borer (Haglof Company Group, Langsele, Sweden). The initial core was
collected starting at breast height on the south or southwest face of each tree and each subsequent
core was collected in a zigzag pattern (approximately 7.5 cm over, 7.5 cm up). Coarse root cores (c. =
5 cm diameter) were collected in January, April, June, August, and October 2014. The first root sample
was taken at 20 cm along a root from the base of the tree, and subsequent cores were taken in a zigzag
pattern similar to the stemwood on the same root. Samples were kept on dry ice in the field during
each collection and then stored at -80°C until NSC analysis.

In November 2015, we selected 12 trees (red oak n=3, white ash n=3, red maple n=3, and
American beech n=3) for radiocarbon (**C) analysis of bulk sugars. Approximately half (n=7) of these
trees had also been sampled in 2014 for NSC measurements. A sunlit branch (c. 1-1.5 cm diameter,
multi-year 3-5 yrs old), stemwood core, coarse root core, and fine roots were collected from each tree

and were kept on dry ice in the field and then stored at -80°C until *C analysis.

NSC analysis

Stemwood and coarse root cores collected throughout 2014 were subdivided into increments
from the cambium (designated as 0) to the pith to determine the radial distribution of sugar and starch
concentrations. Stemwood cotes wete divided into 6 increments: 0-1 cm, 1-2 cm, 2-3 cm, 3-4 ¢cm, 4-

8 cm, 8 cm-pith. Coarse root cores were divided into 2 increments: 0-1 cm and 1 cm-pith. Subdivisions
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were freeze-dried (FreeZone 2.5, Labconco, Kansas City, MO USA, and Hybrid Vacuum Pump,
Vacuubrand, Wertheim, Germany) and ground (mesh 20, Thomas Scientific Wiley Mill, Swedesboro,
NJ, USA; SPEX SamplePrep 1600 MiniGG, Metuchen, NJ USA). NSC analyses were conducted for all
stemwood increments with the exception of the deepest heartwood (8 cm-pith). This region was
sampled in January and July 2014, and due to similar NSC concentrations, they were averaged together
and applied across the entire year (see Methods S1 in Furze e al., 2018a).

To measure sugar concentrations (adapted from Chow & Landhiusser 2004), 10 mg of tissue
was freeze-dried and extracted with 80% hot ethanol followed by colorimetric analysis with phenol-
sulfuric acid. The resulting bulk sugar extract was read at 490 nm on a microplate reader (Epoch
Microplate Spectrophotometer, Bio-Tek Instruments, Winooski, VI' USA) or spectrophotometer
(Thermo Fischer Scientific GENESYS 10S UV-Vis, Waltham, MA, USA). Sugar concentrations
(expressed as mg sugar per g dry wood) were calculated from a 1:1:1 glucose-fructose-galactose (Sigma
Chemicals, St. Louis, MO USA) standard curve.

To determine starch concentrations, the remaining tissue was solubilized in NaOH and then
digested with an a-amylase/amyloglucosidase digestive enzyme solution. Glucose hydrolysate was
determined using a PGO-color reagent solution (Sigma Chemicals, St. Louis, MO USA) and read at
525 nm. Starch concentrations (expressed as mg starch per g dry wood) were calculated based on a
glucose (Sigma Chemicals, St. Louis, MO USA) standard curve. When conducting NSC analyses, we
included at least one internal laboratory standard (red oak stemwood, Harvard Forest, Petersham, MA,
USA) per analysis. A standardized version of the protocol we used is fully described in Landhdusser
et al., 2018. Additionally, the NSC concentrations presented herein were used for estimating whole-

tree NSC pools using allometric equations in Furze ¢f a/. 2018a.
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Radiocarbon (*C) analysis

We used the *C ‘bomb spike’ to estimate the mean age of sugars within and between different
organs sampled in November 2015. The cost of conducting '“C analyses precluded the measurement
of starch and additional tissues, so we focused on radial patterns of sugars in the outer 2 cm of
stemwood and coarse roots where we expected sugars to be the most dynamic (Richardson e a/, 2013,
2015). These organs were subdivided into 4 increments starting from the cambium: 0-0.5 cm, 0.5-1
cm, 1-1.5 cm, and 1.5-2 cm. In addition to quantifying these radial patterns, the mean age of sugars
was also determined in multi-year sunlit branches and bulk fine roots to compare between organs.

In the late 1950s, above-ground thermonuclear weapons testing doubled the amount of "“CO;
in the atmosphere (Levin & Kromer, 2004), and since then this content has slowly declined over time
due to dilution by "*C-free CO; sources and exchange with land and ocean tresetvoirs. Because of this
dilution, the C in sugars represents the '*C content of the atmospheric COy in the year it was fixed by
photosynthesis, and thus, the "C content of a sample can be directly compared to the "“CO,
atmospheric record to estimate the mean '*C age of sugars. The resulting age estimate is the mean age
of Cin the sugars in the sample (or sugar mean age).

For "*C analysis, sugars were extracted by hot water, combusted to CO,, purified on a vacuum
line, converted to graphite, and then analyzed for '*C content at the W.M. Keck Carbon Cycle
Accelerator Mass Spectrometry facility at the University of California, Irvine (Xu e a/, 2007; Beverly
et al., 2010; Czimczik ef al., 2014). The analytical uncertainty for "*C is about 0.003 fraction modern for
modern samples, based on long-term measurements of secondary standards. '“C content was then
directly compared to the northern hemisphere atmospheric *CO; record (Levin ez al., 2008; X. Xu,
unpublished) to estimate sugar mean age. The background air at Harvard Forest has been previously
shown to be consistent with the atmospheric record (Richardson ez al., 2013; Carbone ¢z al., 2013). To

confirm, we collected the annual plant jewelweed (Impatiens capensis Meerb) at Harvard Forest to

27



quantify background atmospheric “*CO; and the signature of current year photoassimilates at the time
of sampling. Annual jewelweed samples were collected and processed for '*C content each year from
2011-2015, which includes our study years 2014-2015 (Table S1).

It is important to note that the C sugar extraction has limitations. Water is used for sugar
extraction in place of C-containing solvents (i.e. ethanol) to prevent contamination of samples prior
to "*C analysis. However, hot water extraction yields a soluble C pool that contains some compounds
beyond the expected sugars. We acknowledge this uncertainty and suggest that this method still
provides a reasonable estimate for the age of sugars (Trumbore ¢ a/., 2015).

The "*C data for each sample are reported in Table S2. NSC data from this project are available
for download and public use (Furze e al. 2019). The uncertainty in NSC and "*C measurements is

reported in Methods S1.

Statistical analyses

All statistical analyses were performed in R v.3.3.2 and analysis of variance (ANOVA) models
were fit using the function aov(). One categorical factor or the interaction between two categorical
factors was considered for each ANOVA (specified below). For significant ANOVAs, differences
between pairs of means were evaluated with Tukey’s honest significant difference (HSD), a. = 0.05.
Monthly NSC concentrations from 2014 were categorized by season for statistical analyses (Winter =
January, February, Spring = March, April, May; Summer = June, July, August; Autumn = September,
October, November).

To determine if NSC concentrations varied radially from the cambium to the pith within the
stemwood of five temperate species, and whether radial patterns differed between seasons, we used a
two-way ANOVA to analyze total NSC concentrations among increments and seasons (Increment x

Season; Fig. 1A). The same analysis was repeated for both sugar and starch concentrations (Fig. 1A).
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To resolve radial patterns of NSC concentrations for each species, total NSC, sugar, and starch
concentrations were assessed across stemwood increments and seasons for each individual species
(Increment x Season; Fig. 1B-F). For significant interaction effects, total NSC, sugar, and starch
concentrations were then assessed across stemwood increments for each individual season
(Increment; See Table S3).

Similarly, to determine if NSC concentrations varied radially from the cambium to the pith
within the coarse roots, and whether radial patterns differed between seasons, we used a two-way
ANOVA to individually analyze total NSC, sugar, and starch concentrations among increments and
seasons (Increment x Season; Fig. 2A). Radial patterns for individual species were further resolved
(Increment x Season; Fig. 2B-F).

Next, we sought to compare sugar mean age within organs as well as between different organs
by assessing the sugar mean age in multi-year branches, stemwood increments (S1-S4), coarse roots
increments (R1-R4), and bulk fine roots. We used a two-way ANOVA to analyze sugar mean age

among organ increments and species (Increment x Species; Fig. 3A).

Results
Radial patterns of NSC concentrations

In the stemwood, NSC concentrations were the highest near the cambium, declined radially
across the outermost increments, and then remained fairly constant to the pith. Although, the effect
of stemwood increment on total NSC, sugar, and starch concentrations depended on season
(Increment x Season, all P < 0.0001; Fig. 1A). Sugar concentrations were generally highest in the
winter and starch concentrations were highest in the autumn, particularly in the outermost increment.

However, the distribution of sugars and starch across radial increments differed between species.
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Figure 1 Radial patterns of total NSC, sugar, and starch concentrations (columns) in the stemwood of five temperate tree
species (rows A-F) in 2014. Symbols indicate mean concentrations for each season. Error bars denote = SE of the mean.
Radial increments (cm) were sampled from just inside the removed batk at the cambium (0-1) and continued to the pith
(8-pith). Gray vertical lines in the first column indicate the average increment in which the sapwood-heartwood boundary
was visually identified for each species (Table S4). P-values displayed are from two-way ANOVA testing for increment
(Incr), season (Seas), and their interaction (I x S). For non-significant interaction effects in F, lowercase letters represent
significant differences among organ increments evaluated with Tukey’s HSD, a = 0.05. For significant interaction effects
in A-E, additional testing was conducted and results are provided in Table S3. Note the difference in y-axis scale between

plots.
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The radial patterns of sugar concentrations differed between species based on wood anatomy
and leaf habit. In the deciduous ring-porous species red oak and white ash, sugar concentrations
declined over the outer 2 cm of stemwood and remained constant to the pith regardless of season
(Figs. 1B, 1C; Table S3). The decline was most pronounced in the winter, with sugar concentrations
decreasing by approximately 52% (£ 7 SE) between the outer two stemwood increments (0-1 cm and
1-2 cm). Conversely, in the deciduous diffuse-porous species red maple and paper birch, sugar
concentrations were relatively stable from the cambium to the pith within each season (Figs. 1D, 1E;
Table S3), with the highest concentrations in the winter. For evergreen white pine, sugar
concentrations declined by approximately 55% (£ 6 SE) across the outer increments in the winter like
in the ring-porous species, but were otherwise stable across increments for each season similar to the
diffuse-porous species (Fig. 1F; Table S3).

The radial patterns of starch concentrations in the stemwood were more consistent between
species. Starch concentrations were the highest near the cambium, declined over the outer increments,
and then remained constant to the pith with little or no starch present (Figs. 1B-F; Table S3). The
decline was most pronounced in autumn, when starch concentrations decreased by up to 91% (* 7
SE) between the outer two stemwood increments (0-1 cm and 1-2 cm) depending on the deciduous
species. Due to low starch levels beyond the outermost stemwood increments, sugars dominated
deeper stemwood tissues.

The degree to which the distribution of sugars and starch were related to the sapwood-
heartwood boundary (Barbaroux & Bréda, 2002) differed between species and seasons, making it
difficult to identify trends. However, when examining total NSCs, it became clear that concentrations
were high prior to the boundary and low thereafter in red oak, whereas concentrations reached low
levels prior to the boundary in the other species (Total column, Fig. 1). Notably, sugar concentrations
often varied between seasons in deeper stemwood increments, even those increments beyond the

sapwood-heartwood boundary. For each tree, the approximate number of rings in each stemwood
increment and the location of the sapwood-heartwood boundary are provided in Table S4.
In the coarse roots, sugar concentrations were higher in deeper tissues beyond the outer 1 cm

(Tukey’s HSD, P = 0.04) and were higher in the winter compared to other seasons (all, P = 0.02; Fig.
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2A). In contrast, starch concentrations were generally consistent across radial increments and did not
differ between seasons. However, these patterns differed between species.

Sugar concentrations tended to be highest in deeper tissues beyond the outer 1 cm for
deciduous species (Figs. 2B, 2E), whereas sugar concentrations were the lowest in this region for
evergreen white pine (Fig. 2F). Across species, starch concentrations did not vary by season and were
consistent across radial increments in the coarse roots. White ash was the only exception, with starch
concentrations lower in the outer 1 cm (Tukey’s HSD, P < 0.01). Overall, deciduous species had
higher total NSC, sugar, and starch concentrations in the coarse roots. For example, when taking into
consideration the biomass of each increment, the weighted mean total NSC concentration in the

coarse roots was 79.0 mg g (£ 5.9 SE) for red oak compared to 12.2 mg g (+ 1.4 SE) for white pine.

Radial patterns of sugar mean age, and differences between organs

The mean age of sugar varied radially within organs and also differed between organs (Fig.
3A). In the stemwood and coarse roots, the sugar mean age tended to increase radially across the outer
2 cm from the cambium towards the pith (Fig. 3A). In the outer rings near the cambium, the mean
age of sugar was 1.3 yr (* 0.4 SE) in the stemwood and 1.8 yr (1.1 = SE) in the coarse roots, whereas
it was 9.2 yr (+ 1.1 SE) and 9.6 yr (£ 2.6 SE) in the deepest increment measured for each organ (1.5
to 2 cm (R4 or S4); Fig. 3A). By comparison, branch sugar mean age was in line with cutrent/previous
year photosynthetic products and fine root sugars were nearly a decade old.

While the patterns of sugar mean age within and between organs were consistent across
species, sugar mean age differed between species (P < 0.001; Fig. 3A). Red oak and red maple had
older sugars than white ash and American beech (Figs. 3B, 3E), and this difference was not due to the
age of the tree from which the sugar was extracted. Tree age was not correlated with sugar mean age
in any organ increment, with the exception of fine roots (Pearson’s correlation, r = - 0.61, P = 0.04).
Notably, the oldest sugar mean age in this study was 32.5 yr, measured in deeper coarse root

increments (1 to 1.5 cm (R3)/1.5 to 2 cm (R4)) of red oak.
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Figure 3 Mean age of sugar interpreted from radiocarbon (1#C) content of extracted sugars from radial increments of
stemwood (§1-S4) and coarse roots (R1-R4) as well as bulk branches (BR) and fine roots (FR) of four temperate tree
species (panels A-E). Symbols indicate mean sugar age. Error bars denote + SE of the mean. Radial measurements were
taken in 0.5 cm increments for stemwood and coarse roots, with the first increments (S1/R1; 0-0.5 cm) taken just inside
the removed bark at the cambium and continuing across the outer 2 cm (S4/R4; 1.5-2 cm). Lowetcase letters in A represent
significant differences between organ increments evaluated with Tukey’s HSD, o = 0.05. Uppercase letters in B-E represent
significant differences between species evaluated with Tukey’s HSD, a = 0.05. Note the difference in y-axis scale between

plots.
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Discussion

By resolving the radial patterns in the concentration and age of NSCs within different organs,
our results provide insight into the availability of NSC reserves to support proper tree function.
Moving vertically from the canopy to the root system and moving radially from the cambium to the
pith, NSC reserves become older and less dynamic, suggesting that younger NSCs in the outermost
organ increments are preferentially used for growth and metabolism. While young NSC reserves
appear more accessible, we provide a picture of whole-tree NSC storage in which NSC pools -
belowground or aboveground, young or old, shallow or deep — are all dynamic to some degree.

The belowground NSC pool was dominated by decade-old or older reserves in deeper coarse
root tissues and fine roots, which is in agreement with previous reports that show older C is stored in
the root system (Carbone e al, 2013; Richardson ez al, 2015) and used to fuel root respiration
(Czimcezik e al., 2006; Schuur & Trumbore, 2000). Since coarse roots were not directly exposed to
cold temperatures in the dormant season due to snowpack insulation, they may have relied less on the
breakdown of starch into anti-freeze sugars than the stemwood (Ogren, 1997; Furze e al.,, 2018a). This
would help explain our observations of stable starch reserves across the seasons and less dynamic root
reserves than aboveground organs.

The aboveground NSC pool was dominated by highly dynamic, younger reserves in the
branches and outer stemwood. In the branches, younger NSCs likely resulted from fast turnover rates
and/or refilling of branch reserves with current year photoassimilates following leaf out (Schidel ez
al., 2009; Epron et al., 2012). In the stemwood, NSCs were the youngest and often the most dynamic
in the outermost increments, which follows from the metabolically active nature of the sapwood and
its exchange of NSCs with the phloem (Frey-Wyssling & Bosshard, 1959; Ziegler, 1964; Furze et al.,
2018b).

We expected that NSC reserves would become sequestered in deeper stemwood tissues,
especially in older rings located in the heartwood (Spicer, 2005). However, seasonal fluctuation in
deeper tissues may occur in diffuse-porous species where the heartwood is often absent or negligible
(Barbaroux & Bréda, 2002). Seasonal fluctuation may result from both regular sugar-starch
interconversions as well as NSC depletion and refilling and serves as an indicator of metabolic activity
and availability. We observed seasonal variation in deeper stemwood NSCs in diffuse-porous species.
Sugar concentrations decreased by approximately 47% (+ 5 SE) and 62% (% 5 SE) between the winter

and summer in the 4-8 cm stemwood increment for red maple and paper birch, respectively.
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By contrast, NSC concentrations were highly dynamic in the outermost rings for ring-porous
species. For example, sugar concentrations decreased by approximately 66% (+ 1 SE) between the
winter and summer in the outer lcm of red oak. Contrary to our expectation, seasonal variation in
deeper stemwood NSCs was also observed in ring-porous species, but to a far lesser degree. For
instance, the fluctuation in sugar concentration in the 4-8 cm increment was approximately one-
quarter of the fluctuation observed in the outer 1 cm for red oak. This fluctuation was surprising given
that the 4-8 cm increment was within the presumed inactive heartwood of ring-porous species.

The fact that NSCs were dynamic in deeper rings regardless of wood anatomy suggests that
older reserves are not fully sequestered, and they are at least partially available to support metabolic
functions. For example, sugar mean age in the deepest stemwood increment that we measured (1.5-2
cm) for red maple and red oak was approximately 12 yr (£ 4 SE) and 10 yr (£ 1 SE), respectively, and
corresponded to older growth rings (c. = 10 yr). Given that sugar mean age has been shown to increase
with tissue age (Richardson ez a/, 2015), we would then expect the 4-8 cm increment and beyond to
contain even older sugars, possibly decades old.

Our findings contradict the idea that older NSCs become sequestered and unavailable for use
(Millard e al., 2007). Instead, we provide evidence that older NSCs, even in older stem rings, are
available on seasonal timescales, even though younger NSCs in shallow tissues appear to be
preferentially used to support growth and metabolism (Lacointe e a/, 1993; Richardson ez al., 2015).
This finding would explain the contribution of older NSC reserves to stemwood and root respiration
(Czimczik et al., 2006; Muhr ez al., 2013; Trumbore e7 al., 2015). Given that refixation of respired CO,
in tree stems (Bloemen ez a/., 2013; Hilman ez 4/, 2019) has the potential to make NSCs appear older
than they actually are, future progress in this area should consider its influence on NSC storage and

availability.

Conclusions

By using repeat within-organ sampling and radiocarbon methods, this study provides unique
insight into the radial distribution of the concentration and age of NSCs within different tree organs,
and how these patterns contribute to the overall whole-tree NSC pool. Specifically, we show that (1)
seasonal variation in NSC concentrations was greater aboveground than belowground, (2) sugar
concentrations were often higher in deeper coarse root tissues, while starch concentrations were
consistent throughout coarse roots, (3) sugar and starch concentrations were the highest and most

dynamic in the outer stemwood, and (4) the mean age of sugar increased radially across increments in
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both the stemwood and coarse roots. Notably, we find seasonal variation of NSCs in deeper
stemwood, suggesting metabolic activity of older reserves. Thus, both younger and older NSC pools

are dynamic and remain at least partially available to temperate trees.

Acknowledgements

This work was supported by the National Science Foundation Graduate Research Fellowship under
Grant No. DGE1144152. ADR acknowledges additional support for research at Harvard Forest from
the National Science Foundation’s LTER program (DEB-1237491). This material is based upon work
supported by the U.S. Department of Energy, Office of Science, Office of Biological and

Environmental Research.

37



References

Barbaroux C, Bréda N. 2002. Contrasting distribution and seasonal dynamics of carbohydrate
reserves in stem wood of adult ring-porous sessile oak and diffuse-porous beech trees. Tree Physiology
22:1201-10.

Beverly RK, Beaumont W, Tauz D, Ormsby KM, von Reden KF, Santos GM, Southon JR. 2010.
The Keck Carbon Cycle AMS Laboratory, University of California, Irvine: status report. Radiocarbon
52: 301-309.

Bloemen J, Mcguire MA, Aubrey DP, Teskey RO, Steppe K. 2013. Transport of root-respired CO;
via the transpiration stream affects aboveground carbon assimilation and CO; efflux in trees. New
Phytologist 197: 555—5065.

Carbone MS, Czimczik CI, Keenan TF, Murakami PF, Pederson N, Schaberg PG, Xu X,
Richardson AD. 2013. Age, allocation and availability of nonstructural carbon in mature red maple
trees. New Phytologist 200: 1145-1155.

Czimczik CI, Trumbore SE, Carbone MS, Winston GC. 2006. Changing sources of soil respiration
with time since fire in a boreal forest. Global Change Biology 12: 957-971.

Czimczik CI, Trumbore SE, Xu XM, Catbone MS, Richardson AD. 2014. Extraction of
nonstructural carbon and cellulose from wood for radiocarbon analysis. Bo-protocol 4: e1169.

Dietze MC, Sala A, Carbone MS, Czimczik CI, Mantooth JA, Richardson AD, Vargas R. 2014.
Nonstructural carbon in woody plants. Awnnual Review of Plant Biology 65: 667—687.

Epron D, Bahn M, Derrien D, Lattanzi FA, Pumpanen J, Gessler A, Hogberg P, Maillard P,
Dannoura M, Gérant D, ez a/. 2012. Pulse-labelling trees to study carbon allocation dynamics: a
review of methods, current knowledge and future prospects. Tree physiology 32: 776—798.

Frey-Wyssling A, Bosshard HH. 1959. Cytology of the ray cells in sapwood and heartwood.
Holzforschung-International Jonrnal of the Biology, Chemistry, Physics and Technology of Wood 13:129—-137.

Furze ME, Huggett BA, Aubrecht DM, Stolz CD, Carbone MS, Richardson AD. 2018a. Whole-tree
nonstructural carbohydrate storage and seasonal dynamics in five temperate species. New Phytologist
221:1466-1477.

38



Furze ME, Trumbore S, Hartmann H. 2018b. Detours on the phloem sugar highway: stem carbon
storage and remobilization. Current Opinion in Plant Biology 43: 89-95.

Gaudinski B, Torn MS, Riley WJ, Swanston C, Trumbore SE, Joslin JD, Majdi H, Dawson TE,
Hanson PJ. 2009. Use of stored carbon reserves in growth of temperate tree roots and leaf buds:
analyses using radiocarbon measurements and modeling. Global Change Biology 15: 992—-1014.

Gérard B, Bréda N. 2014. Radial distribution of carbohydrate reserves in the trunk of declining
European beech trees (Fagus sylvatica 1..). Annals of Forest Science 71: 675—682.

Hartmann H, Trumbore S. 2016. Understanding the roles of nonstructural carbohydrates in forest
trees - from what we can measure to what we want to know. New Phytologist 211: 386—403.

Hilman B, Muhr |, Trumbore SE, Carbone MS, Yuval P, Joseph S. 2019. Comparison of CO, and
O fluxes demonstrate retention of respired CO; in tree stems from a range of tree species.
Biogeosciences 16: 177-191.

Hoch G, Richter A, Korner C. 2003. Non-structural carbon compounds in temperate forest trees.
Plant, Cell & Environment 26:1067-1081.

Holmes RL. 1983. Computer-assisted quality control in tree-ring dating and measurement. Tree-Ring
Bulletin 43, 69-78.

Lacointe A, Kajji A, Daudet FA, Archer P, Frossard JS, Saint-Joanis B, Vandame M. 1993.
Mobilization of carbon reserves in young walnut trees. ~Acta Botanica Gallica 140: 435—441.

Landhidusser SM, Chow PS, Dickman LT, Furze ME, Kuhlman I, Schmid S, Wiesenbauer J, Wild B,
Gleixner G, Hartmann H, e# 2/ 2018. Standardized protocols and procedures can precisely and
accurately quantify non-structural carbohydrates. Tree Physiology 38:1764-1778.

Levin I, Hammer S, Kromer B, Meinhardt F. 2008. Radiocarbon observations in atmospheric COx:

Determining fossil fuel CO; over Europe using Jungfraujoch observations as background. Sczence of
the Total Environment 391: 211-216.

Levin I, Kromer B. 2004. The tropospheric '“CO; level in mid-latitudes of the Northern
Hemisphere (1959-2003). Radiocarbon 46: 1261-1272.

39



Millard P, Sommerkorn M, Grelet GA. 2007. Environmental change and carbon limitation in trees: a
biochemical, ecophysiological and ecosystem appraisal. New Phytologist 175: 11-28.

Muhr J, Angert A, Negron-Juarez RI, Mufioz WA, Kraemer G, Chambers JQ, Trumbore SE. 2013.
Carbon dioxide emitted from live stems of tropical trees is several years old. Tree Physiology 33: 743—
752.

Myers JA, Kitajima K. 2007. Carbohydrate storage enhances seedling shade and stress tolerance in a
neotropical forest. Journal of Ecology 95: 383-395.

Ogten E. 1997. Relationship between temperature, respiratory loss of sugar and premature
dehardening in dormant Scots pine seedlings. Tree Physiology 17: 47-51.

Richardson AD, Carbone MS, Huggett BA, Furze ME, Czimczik CI, Walker JC, Xu X, Schaberg
PG, Murakami P. 2015. Distribution and mixing of old and new nonstructural carbon in two
temperate trees. New Phytologist 206: 590-597.

Richardson AD, Carbone MS, Keenan TF, Czimczik CI, Hollinger DY, Murakami P, Schaberg PG,
Xu X. 2013. Seasonal dynamics and age of stemwood nonstructural carbohydrates in temperate
forest trees. New Phytologist 197: 850-861.

Sala A, Woodruff DR, Meinzer FC. 2012. Carbon dynamics in trees: feast or famine? Tree Physiology
32: 764-775.

Schidel C, Bléchl A, Richter A, Hoch G. 2009. Short-term dynamics of nonstructural carbohydrates
and hemicelluloses in young branches of temperate forest trees during bud break. Tree Physiology 29:
901-911.

Schuur EAG, Trumbore SE. 20006. Partitioning sources of soil respiration in boreal black spruce
forest using radiocarbon. Global Change Biology 12: 165-176.

Smith MG, Miller RE, Arndt SK, Kasel S, Bennett LT. 2017. Whole-tree distribution and temporal
variation of non-structural carbohydrates in broadleaf evergreen trees. Tree Physiology 38:570-581.

Spicer R. 2005. Senescence in secondary xylem: heartwood formation as an active developmental
program. In: Holbrook NM, Zwieniecki MA, eds. Vascular transport in plants. Academic Press,
457—-475.

40



Stuiver M, Polach, HA. 1977. Reporting of *C data. Radiocarbon 19, 355-363.

Trumbore S, Czimczik CI, Sierra CA, Muhr J, Xu X. 2015. Non-structural carbon dynamics and
allocation relate to growth rate and leaf habit in California oaks. Tree Physiology 35: 1206-1222.

Wirth MKR, Pelaez-Riedl S, Wright SJ, Kérner C. 2005. Non-structural carbohydrate pools in a
tropical forest. Oecologia 143: 11-24.

Xu X, Khosh MS, Druffel-Rodriquez KC, Trumbore SE, Southon JE. 2010. Is the consensus value
of ANU sucrose (IAEA C-06) too high? Radiocarbon 52, 866-874.

Xu X, Trumbore SE, Zheng S, Southon JR, McDuffee KE, Luttgen M, Liu JC. 2007. Modifying a
sealed tube zinc reduction method for preparation of AMS graphite targets: Reducing background
and attaining high precision. Nuclear Instruments and Methods in Physics Research, Section B: Beam
Interactions with Materials and Atoms 259: 320-329.

Zhang H, Wang C, Wang X. 2014. Spatial variations in non-structural carbohydrates in stems of
twelve temperate tree species. Trees 28: 77-89.

Ziegler H. 1964. Storage, mobilization and distribution of reserve material in trees. In: Zimmermann
M, ed. The formation of wood in forest trees. Academic Press, 303—320.

41



Supplementary Materials for Chapter 2

Table S1 Annual plant radiocarbon data. The annual plant jewelweed (Impatiens capensis Meerb) was collected at Harvard
Forest and processed for “C content each year from 2011-2015. A14C was measured at the W.M. Keck Carbon Cycle
Accelerator Mass Spectrometry facility at UC Irvine. Values represent mean 1 SD of the analytical uncertainty as
described in Methods S1. Fraction modern equivalent is also provided.

Year A"™C (%o) Fraction modern
2011 41.0x£13 1.0488 £ 0.0013
2012 31.8 £1.3 1.0396 £ 0.0013
2013 27.6 £ 2.7 1.0355 £ 0.0027
2014 238+ 21 1.0320 £ 0.0021
2015 202% 1.6 1.0283 £ 0.0016

Table S2 Tree radiocarbon data. A14C was measured at the W.M. Keck Carbon Cycle Accelerator Mass Spectrometry
facility at UC Irvine. *C data were converted to mean age estimates using the bomb spike method as described in Methods.
Values represent mean 1 SD of the analytical uncertainty as described in Methods S1. Fraction modern equivalent is also
provided. S1= stem 0-0.5 cm, S2= stem 0.5-1, S3= stem 1-1.5 cm, S4= stem 1.5-2 cm, R1= root 0-0.5 cm, R2= root 0.5-
1, R3= root 1-1.5 c¢m, R4= root 1.5-2 cm, FR= fine root, BR= branch, QURU=red oak, FRAM=white ash, ACRU=red
maple, and FAGR=American beech.

Species Tree Organ A"C (%o) Fraction modern Mean age (yr)
QURU 104 S1 27.0%£ 1.9 1.0352 £ 0.0019 2.3
QURU 104 S2 29.1%£ 1.6 1.0373 £ 0.0016 2.7
QURU 104 S3 384 %106 1.0467 £ 0.0016 5.0
QURU 104 S4 64.0 £ 2.0 1.0725 £ 0.0020 11.6
QURU 104 R1 245+ 15 1.0327 £ 0.0015 1.4
QURU 104 R2 323118 1.0406 £ 0.0018 3.4
QURU 104 R3 36.6 £ 1.6 1.0449 £ 0.0016 4.5
QURU 104 R4 534+ 1.7 1.0618 £ 0.0017 8.8
QURU 104 FR 321 %16 1.0404 £ 0.0016 3.4
QURU 104 BR 26.0 £ 1.5 1.0342 £ 0.0015 2.1
QURU 107 S1 199+ 1.6 1.0281 £ 0.0016 0.0
QURU 107 S2 248+ 1.6 1.0330 £ 0.0016 1.5
QURU 107 S3 31.8 £1.6 1.0401 £ 0.0016 3.3
QURU 107 S4 513+ 1.8 1.0598 £ 0.0018 8.4
QURU 107 R1 73.8 £ 1.7 1.0824 £ 0.0017 13.3
QURU 107 R2 128.0 £ 2.0 1.1371 £ 0.0020 22.8
QURU 107 R3 2207+ 21 1.2305 £ 0.0021 32,5
QURU 107 R4 2214 %21 1.2312 £ 0.0021 32,5
QURU 107 FR 529+ 1.7 1.0614 £ 0.0017 8.7
QURU 107 BR 25.6 £ 1.6 1.0338 £ 0.0016 2.0
QURU 109 S1 231+ 1.7 1.0313 £ 0.0017 0.8
QURU 109 S2 86.7 £ 2.0 1.0954 £ 0.0020 15.3
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150
150
150
150
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167
167
167
167
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167
167
167
102
102
102
102
102
102

S3
S4
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R3
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S1
S2
S3
S4
R1

R3
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FR
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S1
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S3
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R1

R3
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FR
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S3
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R1

R3
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S1
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S3
S4
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Table S2 (Continued)

399+ 1.7
55.7%£ 1.6
242+ 1.7
26.1 £ 1.7
312+ 1.7
364+ 1.7
19.2+ 1.7
241+ 1.7
28.0 £ 1.5
369+ 1.5
4461 1.6
56.8 £ 1.4
204 £ 1.7
251+ 13
309+ 1.3
348+ 13
287+ 1.3
25.0* 1.6
185+ 1.4
30.1 £1.3
353+ 13
482+ 1.4
202% 1.5
282+ 13
424+ 1.3
70.8 = 1.4
56.5% 1.5
247+ 13
212+ 15
2727+ 1.6
36.7+ 2.0
43.0+ 1.6
133+ 1.6
181+ 13
239+ 14
279 £21
243+ 1.5
197+ 1.4
20.6 £ 2.0
21.5% 1.6
328 £ 1.7
325+21
240=* 1.6
439+ 1.7
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1.0483 = 0.0017
1.0641 £ 0.0016
1.0324 £ 0.0017
1.0343 = 0.0017
1.0394 = 0.0017
1.0447 = 0.0017
1.0274 £ 0.0017
1.0323 £ 0.0017
1.0363 = 0.0015
1.0453 = 0.0015
1.0530 = 0.0016
1.0653 = 0.0014
1.0286 £ 0.0017
1.0333 = 0.0013
1.0392 £ 0.0013
1.0431 £ 0.0013
1.0369 *+ 0.0013
1.0332 £ 0.0016
1.0267 £ 0.0014
1.0384 = 0.0013
1.0436 = 0.0013
1.0566 = 0.0014
1.0284 £ 0.0015
1.0364 = 0.0013
1.0507 = 0.0013
1.0794 £ 0.0014
1.0650 %+ 0.0015
1.0329 £ 0.0013
1.0294 £ 0.0015
1.0355 = 0.0016
1.0451 £ 0.0020
1.0513 £ 0.0016
1.0215 £ 0.0016
1.0262 £ 0.0013
1.0321 £ 0.0014
1.0362 £ 0.0021
1.0325 £ 0.0015
1.0279 £ 0.0014
1.0288 £ 0.0020
1.0296 £ 0.0016
1.0411 £ 0.0017
1.0407 £ 0.0021
1.0322 £ 0.0016
1.0522 £ 0.0017

5.5
9.8
1.2
2.1
3.2
4.4
0.0
1.2
25
4.6
6.9
10.2
0.1
1.7
3.1
4.0
2.6
1.6
0.0
3.0
4.1
7.7
0.0
25
6.2
12.8
10.1
1.5
0.3
23
4.5
6.4
0.0
0.0
1.1
25
1.3
0.0
0.1
0.4
3.5
3.5
1.1
6.7
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Table S2 (Continued)

628 £ 1.7
852+ 18
728 £ 1.8
352+ 1.6
346+ 1.7
593+ 1.7
743 £ 2.1
89.3+ 1.9
27.0% 1.6
533 % 1.7
74.6 £ 2.0
95.0+ 1.7
130.2 £ 1.8
30.8 £ 1.6
294+ 1.7
4951+ 1.6
71.1 £ 1.7
91.6 £ 1.7
265+ 1.9
392+ 1.6
519+ 1.6
725+t 1.7
359+ 1.6
302+ 1.6
23.6 £ 1.7
29.8 £ 1.7
36.6 £ 1.8
40.2% 1.6
18.8 £ 23
205* 1.6
272% 1.8
29.0 £2.0
644 % 1.6
271 % 1.6
241%1.06
285% 1.6
359+ 1.9
42.0 £ 1.7
209 1.6
19.6 £ 2.5
205* 1.6
21.6 £ 1.6
46.4 + 1.7
2337+ 1.6
227+ 1.6
320+23
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1.0713 £ 0.0017
1.0939 £ 0.0018
1.0814 £ 0.0018
1.0435 = 0.0016
1.0429 £ 0.0017
1.0678 = 0.0017
1.0829 £ 0.0021
1.0980 %+ 0.0019
1.0353 = 0.0016
1.0618 £ 0.0017
1.0832 £ 0.0020
1.1038 £ 0.0017
1.1392 £ 0.0018
1.0391 £ 0.0016
1.0377 = 0.0017
1.0579 £ 0.0016
1.0797 £ 0.0017
1.1004 £ 0.0017
1.0348 = 0.0019
1.0475 = 0.0016
1.0603 = 0.0016
1.0811 £ 0.0017
1.0442 £ 0.0016
1.0385 = 0.0016
1.0318 £ 0.0017
1.0381 £ 0.0017
1.0449 £ 0.0018
1.0485 = 0.0016
1.0270 £ 0.0023
1.0286 £ 0.0016
1.0355 £ 0.0018
1.0372 £ 0.0020
1.0729 £ 0.0016
1.0353 = 0.0016
1.0323 £ 0.0016
1.0367 = 0.0016
1.0442 £ 0.0019
1.0504 = 0.0017
1.0291 £ 0.0016
1.0278 £ 0.0025
1.0287 £ 0.0016
1.0298 £ 0.0016
1.0548 = 0.0017
1.0315 £ 0.0016
1.0309 = 0.0016
1.0403 = 0.0023

11.4
15.0
13.1
4.1
3.9
10.7
13.3
15.8
23
8.8
13.4
16.8
23.1
3.1
2.8
8.0
12.8
16.3
2.2
5.2
8.5
13.0
4.3
3.0
1.0
29
4.5
5.5
0.0
0.1
23
2.7
11.7
23
1.2
2.6
4.3
6.1
0.2
0.0
0.1
0.4
7.3
0.9
0.7
3.4
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100
100
100
100
100
100
100
100
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R1
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Table S2 (Continued)

42,5+ 1.7
534 =% 1.7
172+ 1.6
23.0% 1.9
28.7 % 1.6
284+ 1.6
527+ 21
19.8 £ 1.6

1.0509 = 0.0017
1.0618 £ 0.0017
1.0253 £ 0.0016
1.0312 £ 0.0019
1.0369 = 0.0016
1.0366 = 0.0016
1.0611 £ 0.0021
1.0280 £ 0.0016

6.3
8.8
0.0
0.8
2.6
2.6
8.7
0.0

Table S3 Tukey’s HSD results from one-way ANOVA models testing for the effect of stemwood increment (cm) on total
NSC, sugar, and starch concentrations for each season and species. NS= not significant, * = P < 0.05, ** = P < 0.01, ***
= P < 0.001, or ¥+ = P < (0.0001 in each white cell indicates if column month and row month ate significantly different
from each other or not based on the difference between their least squares means. Each light gray cell contains this
difference, calculated by row increment minus column increment. If the entire grid is shaded orange, then increment was
not a significant factor in the one-way ANOVA with P 2 0.05 and post-hoc testing was not conducted. If the entire grid
is shaded purple, then the interaction effect (I x S, Fig. 1) was not significant in two-way ANOVA testing with P = 0.05
and additional testing was not conducted below.

All species
Winter Spring
Total NSC Total NSC
0-1 1-2 |23 |34 |48 |8p 0-1 1-2 |23 |34 |48 |8p
0-1 -149 | -18.7 | -21.1 | -22.8 | -27.2 | 0-1 -2.5 9.6 -10.5 -8.1 —112.1
1-2 Hofotok -3.8 -6.2 79 | 123 | 1-2 NS -7.1 -8.0 -5.6 -9.6
2-3 Hofotok NS 2.5 4.2 8.6 | 2-3 Hofotok Hokok -0.9 1.5 2.4
34 | *= | NS | NS 17 | 61 | 3.4 | *= | = | NS 24 | 1.6
48 | = | * | NS | NS 44 | 4.8 | * | = | NS | NS 4.0
Sugar Sugar
0-1 1-2 |23 |34 |48 |8p 0-1 1-2 |23 |34 |48 |8p
0-1 -134 | -15.1 | -16.7 | -17.8 | -21.6 | 0-1 -1.9 34 -4.0 -3.0 -5.1
1-2 Hofotok -1.7 3.3 4.3 -8.1 1-2 NS -1.5 2.1 1.1 3.2
2-3 Hofotok NS -1.6 -2.6 -64 | 2-3 NS NS -0.6 0.3 -1.7
3.4 | *** | NS | NS 11 | 49 |34 * NS | NS 09 | 1.1
48 | * | NS | NS | NS 38 | 4.8 NS | NS | NS | NS 2.0
8p | | & * NS | NS 8p # | NS | NS | NS | NS
Starch Starch
0-1 1-2 |23 |34 |48 |8p 0-1 1-2 |23 |34 |48 |8p
0-1 -1.5 3.5 -4.4 -5.1 -5.7 0-1 -0.6 -6.2 -6.5 -5.0 -7.0
1-2 NS 2.1 -3.0 -3.6 -4.2 1-2 NS -5.6 -5.9 -4.4 -6.4
2-3 * NS -0.9 -1.5 2.1 2-3 Hofotok Hofotok -0.3 1.2 -0.8
3.4 * | NS | NS 0.6 | -12 | 3.4 | * | = | NS 14 | 05
4.8 ok * | NS | NS 06 | 4.8 | = | *= | NS | NS 2.0
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Table S3 (Continued)

Summer Autumn
Total NSC Total NSC
0-1 1-2 123 |34 4-8 | 8p 0-1 1-2 |23 |34 48 | 8p
0-1 -6.3 | -11.3 -8.0 -14.8 | -13.6 | 0-1 283 | 423 | -42.4 | -43.0 | -43.0
12 | = 50 | 17 | 84 | 73 |12 | = 140 | 141 | 147 | 147
23 | we | = 33 | 34 | 23 |23 | e | e 01 | 07 | 07
34 | %% | NS | NS 67 | 56 | 34 | o | &% | NS 0.6 | 0.6
4-8 okokok okokok NS *okk 1.2 4-8 Sokokok *okk NS NS -0.01
8—p okokok sokokok NS ok NS 8—p Sokokok *okk NS NS NS
Sugar Sugar
0-1 1-2 123 |34 4-8 | 8p 0-1 1-2 |23 |34 48 | 8p
0-1 3.2 -2.6 -3.2 -3.5 2.0 | 0-1 -4.4 -7.3 -7.4 -8.8 -8.0
1-2 * 0.56 | -0.02 -0.3 1.2 1-2 o -2.9 -3.0 -4.4 -3.6
2-3 NS NS -0.6 -0.9 0.6 2-3 ok NS -0.1 -1.5 -0.7
3.4 * NS | NS 03 | 12 |34 | »= | NS | NS 14 | 06
4.8 # | NS | NS | NS 15 | 4-8 ook | vk | NS | NS 0.8
8p NS | NS | NS | NS | NS 8p | | * NS | NS | NS
Starch Starch
0-1 1-2 123 |34 4-8 | 8p 0-1 1-2 |23 |34 48 | 8p
0-1 3.1 -8.7 -4.9 -11.2 | -11.6 0-1 -23.8 | -35.0 | -35.0 | -35.0 | -35.0
1-2 NS 5.6 1.7 -8.1 -8.5 1-2 oorok -11.1 | -11.1 | -103 | -11.1
2.3 Forokok Fokok 3.9 26 29 2.3 Forokok ok 1.7e14 0.8 -2.7e13
34 | NS * 64 | 67 | 3.4 | * | = | NS 08 | 29¢
13
4-8 *okkok *okkok NS *okkok 0.3 4-8 *okkok ok NS NS 0.8
Red Oak
Winter Spring
Total NSC Total NSC
0-1 1-2 123 |34 4-8 | 8p 0-1 1-2 |23 |34 48 | 8p
0-1 -39.2 | 455 | 442 | 437 | -45.2 | 0-1 -4.4 -18.1 | -18.7 | -16.2 | -17.5
120 | oo 63 | 50 | 45| 60 |12 NS 136 | 143 | -11.8 | -13.1
2.3 | oo | * 12 | 1.7 | 03 |23 ok | ok 07 | 18 | 05
34 | #* | NS | NS 05 | 09 | 3.4 | = | == | NS 24 | 12
48 | > | NS | NS | NS 14 | 4.8 | = | = | NS | NS 13
Sugar Sugar
0-1 1-2 123 |34 4-8 | 8p 0-1 1-2 |23 |34 48 | 8p
0-1 -34.7 | 413 | -39.5 | -39.5 | 404 | 0-1 -5.0 -9.9 -10.5 -8.3 9.3
1-2 Hokokok -6.6 -4.8 -4.8 5.7 11-2 NS -4.9 -5.4 -3.2 -4.2
2-3 ok NS 1.8 1.8 0.9 2-3 ok NS -0.5 1.6 0.6
34 | ** | NS | NS 001 | 09 | 3.4 | = | * NS 22 | 12
48 | ** | NS | NS | NS 09 | 4-8 #c | NS | NS | NS 1.0
8p | ™ | NS [ NS | NS | NS 8p | ™ | NS | NS | NS | NS




Table S3 (Continued)

Starch Starch
0-1 1-2 |23 |34 4-8 | 8p 0-1 1-2 |23 |34 48 | 8p
0-1 -4.5 -4.2 -4.8 -4.3 -4.8 0-1 0.6 -8.1 -8.2 -8.0 -8.2
1-2 o 0.4 -02 |03 -0.2 1-2 NS -8.7 -8.8 -8.6 -8.8
2-3 * NS -0.6 -0.01 | -0.6 2-3 * * -0.1 0.1 -0.1
34 * | NS | NS 05 | 13" | 3.4 * * NS 03 | 6.7¢%
4-8 * NS | NS | NS 05 | 4-8 * * NS | NS 0.3
8p # | NS | NS | NS | NS 8p * * NS | NS | NS
Summer Autumn
Total NSC Total NSC
0-1 1-2 |23 |34 4-8 | 8p 0-1 1-2 |23 |34 48 | 8p
0-1 -18.2 | -23.6 | -19.0 | -25.0 | -24.0 | 0-1 -30.4 | -45.7 | -45.1 | 447 | -45.6
1-2 Hokokok -5.4 -0.8 -6.8 54 11-2 ok -153 | -14.7 | -14.3 | -15.2
2-3 ok NS 4.6 -1.4 | -0.02 | 2-3 ok o 0.6 1.0 0.1
34 | ** | NS | NS 60 | 46 | 3.4 | = | = | NS 05 | 05
4.8 | ook | x NS | NS 14 | 4-8 week | % | NS | NS 0.9
8p | ™ | NS [ NS | NS | NS 8p | ™ | * | NS | NS | Ns
Sugar Sugar
0-1 1-2 |23 |34 4-8 | 8p 0-1 1-2 |23 |34 48 | 8p
0-1 -6.2 -5.1 -5.2 54 3.8 | 0-1 -129 | -16.3 | -158 | -17.1 | -16.2
1-2 Hofotok 1.2 1.1 0.8 2.4 1-2 Hofotok -3.5 -2.9 -4.2 3.4
2-3 ok NS -0.1 -0.4 1.3 2-3 ok NS 0.6 -0.7 0.1
3.4 wc | NS | NS 03 | 14 |34 | & | NS | NS 13 | 05
4-8 # | NS | NS | NS 16 | 4-8 wek | NS | NS | NS 0.8
8p * NS | NS | NS | NS 8p | ™ | NS | NS | NS | Ns
Starch Starch
0-1 1-2 |23 |34 4-8 | 8p 0-1 1-2 |23 |34 48 | 8p
0-1 -12.0 | -185 | -139 | -19.6 | -19.8 0-1 -18.0 | -29.3 | -29.3 | -27.8 | -29.3
1-2 ok -6.6 -1.9 -7.6 -7.9 1-2 Hofotok -11.8 | -11.8 | -10.1 | -11.8
2.3 Forokok NS 4.7 1.0 13 2.3 Forokok ok 2.9¢ 14 1.8 2.8
34 | % | NS | NS 57 | 60 | 3.4 | = | = | NS 18T | 187
48 | # | * | NS | NS 03 | 48 | | * | NS | NS 138
8p | ™ | * | NS | Ns | NS 8p | ™ | * | NS | NS | Ns
White ash
Winter Spring
Total NSC Total NSC
0-1 1-2 |23 |34 4-8 | 8p 0-1 1-2 |23 |34 48 | 8p
0-1 -22.8 | -28.8 | -34.4 | -409 | -48.2 | 0-1 -6.4 -15.8 | -20.5 | -20.9 | -28.0
1-2 * -6.0 -11.6 | -18.1 | 254 | 1-2 NS 94 -141 | -145 | -21.6
2-3 o NS -5.6 -121 ] -194 | 2-3 * NS -4.7 5.1 122
34 | ** | NS | NS 65 | 139 | 3.4 Hork * NS 04 | 75
48 | ** | NS | NS | NS 74 | 4-8 ohor * NS | NS 71
Sugar Sugar
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Table S3 (Continued)

0-1 1-2 123 |34 4-8 | 8p 0-1 1-2 |23 |34 48 | 8p
0-1 -159 | -16.3 | -21.9 | -284 | -35.8 | -1 -2.6 -6.3 -10.8 | -11.6 | -18.3
1-2 ok -0.4 -6.0 -12.5 | -19.8 | 1-2 NS -3.8 -8.2 -9.0 -15.7
2-3 o NS -5.6 -121 ] -19.5 | 2-3 NS NS -4.5 -5.3 -12.0
3.4 | %% | NS | NS 65 | -139 | 3.4 ¥ | NS | NS 08 | 75
48 | # | * | NS | NS 74 | 4-8 * | NS [ NS | NS 6.7
8—p Sokokok *okok *okok * NS 8—p Sokokok *okok *ok NS NS
Starch Starch
0-1 1-2 123 |34 4-8 | 8p 0-1 1-2 |23 |34 48 | 8p
0-1 0-1 38 | 95 | 97 | 92 | 9.7
1-2 1-2 NS -5.7 -5.9 -5.5 -5.9
2.3 23 | NS | NS 02 | 02 | 02
3.4 34 | NS | NS | NS 04 | 40c™
48 48 | NS | NS | NS | NS 04
8_p 8_p NS NS NS NS NS
Summer Autumn
Total NSC Total NSC
0-1 1-2 123 |34 4-8 | 8p 0-1 1-2 |23 |34 48 | 8p
0-1 -6.8 -9.6 -11.8 | -21.4 | -25.0 | 0-1 -435 | -67.4 | -68.5 | -73.9 | -76.5
1-2 NS -2.8 -4.9 -14.5 | -182 | 1-2 ok -23.8 | -25.0 | -30.4 | -33.0
2-3 NS NS 2.2 -11.8 | -154 | 2_3 ok NS -1.1 -6.6 9.1
3.4 NS | NS | NS 96 | -133 | 3.4 | & | NS | NS 54 | 80
4-8 * NS | NS | NS 37 | 4-8 Rk | % NS | NS 26
8p ox * NS | NS | NS 8p | 7 | ¥ NS | NS | NS
Sugar Sugar
0-1 1-2 123 |34 4-8 | 8p 0-1 1-2 |23 |34 48 | 8p
0-1 -1.3 0.1 -3.5 -6.8 | -10.5 | 0-1 -5.5 -143 | -154 | -20.8 | -23.5
1-2 NS 14 | 22 | 55| 92 |12 NS 88 | 99 | -153 | -17.9
2-3 NS NS -3.6 -6.9 | -10.6 | 2-3 ok * -1.1 -6.6 9.2
3.4 NS | NS | NS 33 | 7.0 | 3.4 | o | * NS 54 | 80
48 NS | NS | NS | NS 37 | 4.8 | % | &= | NS | NS 2.6
Starch Starch
0-1 1-2 123 |34 4-8 | 8p 0-1 1-2 |23 |34 48 | 8p
0-1 -5.5 -9.7 -8.2 -14.5 | -14.5 0-1 -38.0 | -53.0 | -53.0 | -53.0 | -53.0
1-2 NS -4.2 2.7 9.1 -9l 1-2 Hokok 15100 =150 - =150 | =151
2.3 NS NS 1.5 4.8 4.8 2.3 kokokok NS 25 -2.5¢1 | -1.8e
3.4 NS | NS | NS 63 | 63 | 3.4 | & | NS | NS S0ett | 27
4-8 * NS NS NS 9.8¢1> 4-8 kokokok NS NS NS 2.3e
8p * NS | NS | NS | NS 8p | ™ | NS | NS | NS | NS
Red maple
Winter ‘ Spring
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Table S3 (Continued)

Total NSC Total NSC
0-1 1-2 |23 |34 |48 |8p 0-1 1-2 |23 |34 |48 |8p
0-1 0.1 -5.7 | -10.8 | -193 | -26.2 | 0-1 -2.0 5.3 -6.6 1.1 -11.4
1-2 NS 5.7 | -10.8 | -194 | -26.2 | 1-2 NS 3.2 -4.5 1.0 9.3
2-3 NS NS -5.1 -13.7 | -20.5 | 2-3 NS NS -1.3 4.2 -6.1
34 | NS | NS | NS 86 | 154 | 3.4 NS | NS | NS 55 | 48
48 | = [ = [+ [ NS 69 |48 | NS | NS | NS | NS 103
8—p okokok okokok *okk ok NS 8—p ok * NS NS *
Sugar Sugar
0-1 1-2 123 |34 |48 |8p 0-1 1-2 |23 |34 |48 |8p
0-1 1.7 -4.6 -6.8 -124 | -17.3 | 0-1
1-2 NS 29 | 52 |-107 | 156 | 12
2-3 NS NS 2.2 -7.8 | -12.7 | 2-3
34 * NS | NS 56 | -105 | 3.4
4-8 okokok okokok ok NS 4.9 4-8
8—p okokok okokok okokok okokok NS 8—p
Starch Starch
0-1 1-2 |23 |34 |48 |8p 0-1 1-2 |23 |34 |48 |8p
0-1 1.7 1.1 -4.0 -7.0 -8.9 0-1 -0.6 -5.4 -6.2 2.4 -8.3
1-2 NS -2.8 5.7 | -8.7 -10.6 1-2 NS -4.8 -5.6 -1.8 -7.7
2-3 NS NS -2.9 -5.9 -7.8 2-3 NS NS -0.7 3.1 -2.8
3.4 NS NS NS -3.0 -5.0 3.4 NS NS NS 3.8 2.1
4-8 NS NS NS NS -2.0 4-8 NS NS NS NS -5.9
8p | NS | * | NS| NS | Ns 8p | * NS | NS | NS | NS
Summe Autumn
Total NSC Total NSC
0-1 1-2 |23 |34 |48 |8p 0-1 1-2 |23 |34 |48 |8p
0-1 -0.5 -8.5 -6.7 -13.8 | -11.6 | 0-1 -36.0 | -54.0 | -54.4 | -54.7 | -54.3
1-2 NS -8.0 -6.2 -13.2 | 111 | 1-2 Hofotok -18.0 | -18.4 | -18.7 | -18.3
2.3 * * 18 | 53 | 31 |23 | = | NS 04 | 07 | 03
34 | NS | NS | NS 71 | 49 |34 | ¥ | NS | NS 03 | 01
4.8 | *oet | ek | NS | NS 22 | 4.8 | ** | NS | NS | NS 04
8p | ™ | * | NS | NS | Ns 8p | ™ | NS | NS [ NS [ NS
Sugar Sugar
0-1 1-2 123 |34 |48 |8p 0-1 1-2 |23 |34 |48 |8p
0-1 1.7 -1.0 -1.3 1.1 1.3 0-1 -0.6 -3.1 -3.5 -4.6 3.3
1-2 NS 0.7 0.4 0.6 3.0 1-2 NS -2.5 -2.9 -4.0 -2.8
2.3 NS NS -0.3 -0.1 2.3 2.3 NS NS -0.4 -1.6 -0.3
34 | NS | NS | NS 02 | 26 |34 NS | NS | NS 12 | o1
4-8 NS | NS | NS | NS 24 | 4-8 * NS | NS | NS 13
8p | NS * | NS | NS | NS 8p NS | NS | NS | NS | NS
Starch Starch
0-1 1-2 123 |34 |48 |8p 0-1 1-2 |23 |34 |48 |8p
0-1 1.1 -7.5 54 | 127 | -129 0-1 -354 | -51.0 | -51.0 | -50.1 | -51.0
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Table S3 (Continued)

1-2 NS -8.7 -6.5 -13.8 | -14.0 1-2 Hofotok -15.5 | -15.5 | -14.7 | -155
2.3 NS * 21 | 51 | 54 | 2.3 | = | NS 21" | 0.8 | 7le®
34 | NS | NS | NS 73 | 75 | 3.4 | * | NS | NS 0.8 | lde®
4.8 | #* | =+ | NS | NS 02 | 48 | > | NS | NS | NS 0.8
8p | ™ | * | NS | NS | NS 8p | ™ | NS | NS | NS | NS
Paper birch
Winter Spring
Total NSC Total NSC
0-1 1-2 |23 |34 |48 |8p 0-1 1-2 |23 |34 |48 |8p
0-1 -0.2 -2.9 -5.8 3.2 | -13.0 | 0-1 0.1 -5.3 -5.4 -1.6 -7.5
1-2 NS 2.7 5.5 29 | -12.8 | 1-2 NS -5.4 -5.5 -1.7 -7.6
2-3 NS NS -2.9 -03 | -10.1 | 2-3 NS NS -0.04 3.7 2.2
34 | NS | NS | NS 26 | 72 | 3.4 NS | NS | NS 38 | 22
4.8 NS | NS | NS | NS 98 | 4.8 NS | NS | NS | NS 5.9
8p ox ox * NS * 8p NS | NS | NS | NS | NS
Sugar Sugar
0-1 1-2 |23 |34 |48 |8p 0-1 1-2 |23 |34 |48 |8p
0-1 16 | 18 | 08 | 1.9 | 80 | 01
1-2 NS 34 0.9 3.5 -64 | 1-2
2-3 NS NS -2.6 0.1 98 | 2-3
3.4 NS NS NS 2.6 72 | 324
4-8 NS NS NS NS 98 | 4-8
8_p Kk ES kkk Kk kkk 8_p
Starch Starch
0-1 1-2 |23 |34 |48 |8p 0-1 1-2 |23 |34 |48 |8p
0-1 1.4 -4.7 -5.0 -5.0 -5.0 0-1 -0.2 5.2 5.2 -3.6 5.2
1-2 NS -6.1 -64 | -64 -6.4 1-2 NS -5.0 -5.0 -3.5 -5.0
23 NS | NS 03 | 03] 03 | 23 | NS | NS 78¢5 | 16 | aleb
34 | NS | NS | NS 47ew | 20¢% | 34 | NS | NS | NS 1.6 | 47eb
48 NS | NS | NS | NS 67¢® | 4.8 | NS | NS | NS | NS 16
8p | NS | NS [ NS | NS [ NS 8p | NS | NS | NS | NS | NS
Summer Autumn
Total NSC Total NSC
0-1 1-2 |23 |34 |48 |8p 0-1 1-2 |23 |34 |48 |8p
0-1 -4.8 -7.0 -0.7 -7.7 -6.6 | 0-1 419 | 499 | -51.6 | -52.6 | -50.1
1-2 NS 2.2 4.1 -2.9 -19 | 1-2 Hok -8.1 9.8 -10.7 | -8.2
23 NS | NS 63 | 07 | 04 |23 ok | NS 17 | 27 | 02
34 | NS | NS | NS 70 | 60 | 3.4 wc | NS | NS 10 | 15
4.8 NS | NS | NS | NS 10 | 4-8 # | NS | NS | NS 25
8p | NS | NS [ NS | NS | NS 8p #k | NS | NS | NS | NS
Sugar Sugar
0-1 1-2 |23 |34 |48 |8p 0-1 1-2 |23 |34 |48 |8p
0-1 0-1 -0.7 -2.9 -4.6 -5.8 3.1
1-2 1-2 NS 2.2 -3.9 5.1 2.3
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Table S3 (Continued)

2.3 2.3 NS NS -1.7 -2.9 -0.2
3.4 3.4 NS NS NS 1.2 1.5
4-8 4-8 NS NS NS NS 2.8
8p 8p * | NS | NS | NS | NS
Starch Starch
0-1 1-2 |23 |34 |48 |8p 0-1 1-2 |23 |34 |48 |8p
0-1 0-1 412 | 470 | 470 | 468 | 47.0
12 12 | = 59 | 59 | 56 | 5.9
2-3 2-3 *okk NS -2.0e14 03 -2.0e14
3.4 3.4 ok NS NS 0.3 0.0
4-8 4-8 ok NS NS NS -0.3
8p 8p | © | NS | NS | NS | NS
White pine
Winter Spring
Total NSC Total NSC
0-1 1-2 |23 |34 |48 |8p 0-1 1-2 |23 |34 |48 |8p
0-1 0-1
1-2 1-2
2-3 2-3
3-4 3-4
4-8 4-8
8-p 8-p
Sugar Sugar
0-1 1-2 |23 |34 |48 |8p 0-1 1-2 |23 |34 |48 |8p
0-1 -8.6 -7.4 -9.2 -5.9 -6.7 | 0-1 0.1 -0.5 0.5 -0.4 2.4
1-2 Hofotok 1.2 -0.6 2.7 2.0 1-2 NS -0.6 0.4 -0.5 2.3
2-3 ok NS -1.8 1.5 0.7 2-3 NS NS 1.0 0.2 2.9
3.4 ok NS NS 33 2.5 3.4 NS NS NS -0.8 2.0
4.8 w | NS | NS | NS 08 | 4-8 NS | NS | NS | NS 2.8
8_p ok NS NS NS NS 8-P NS NS * NS *
Starch Starch
0-1 1-2 |23 |34 |48 |8p 0-1 1-2 |23 |34 |48 |8p
0-1 0-1 04 | 40 | 41 | 34 | -41
12 12 | NS 36 | 37 | 29 | 37
23 23 * * 201 | 06 | -01
34 3.4 | ** * | NS 0.7 | 53¢®
4.8 48 | NS | NS | NS | NS 0.7
8p 8p |~ * | NS | NS | NS
Summer Autumn
Total NSC Total NSC
0-1 1-2 |23 |34 |48 |8p 0-1 1-2 |23 |34 |48 |8p
0-1 0-1
1-2 1-2
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Table S3 (Continued)

2-3 2-3
3-4 3-4
4-8 4-8
8-p 8-p
Sugar Sugar

0-1 1-2 2-3 | 34 4-8 | 8p 0-1 1-2 |23 |34 |48 |8p
0-1 19 | 18 | 29 | 21 | 12 |01
12 NS 01 | 1.0 | 01 | 31 |12
23 NS | NS 11 | 03 | 30 |23
34 * NS | NS 08 | 41 |34
48 NS | NS | NS | NS 32 | 4-8
8—p NS *ok * *okok *ok 8—p

Starch Starch

0-1 1-2 |23 |34 |48 |8p 0-1 1-2 |23 |34 |48 |8p
0-1 1.3 3.1 2.6 3.7 -4.5 0-1 2.8 -9.5 -9.5 -9.0 -9.5
1-2 NS -4.3 1.4 -4.9 -5.7 1-2 NS -6.6 -6.6 -6.2 -6.6
2.3 NS | NS 57 | 06 | 14 | 23 | NS | NS 93¢ | 0.4 | Lle®
3.4 NS | NS * 63 | 71 | 34 | NS | NS | NS 04 | 20e
4-8 NS | NS | NS | ** 08 | 48 | NS | NS | NS | NS 0.4
8§p | NS * | NS | ** | NS 8p | NS | NS | NS [ NS | Ns

Table S4 Tree and stemwood characteristics. Diameter at breast height, height, age, start of heartwood year, and
approximate number of tings in each stemwood increment for individual trees (n=24) sampled throughout 2014. For each
tree, a stemwood cote for dendrochronology was collected 3 inches below the initial core collected for NSC analysis in
January 2014. A second stemwood core was collected perpendicularly to this core in June 2015. To determine ring width
measurements and tree ages, we mounted, dried, and sanded these cores. We measured ring widths with a resolution of
0.001 mm and accuracy of 0.010 mm m! using a sliding stage and linear encoder (T'A Tree Ring System, Velmex Inc.,
Bloomfield, NY, USA). The computer program COFECHA was used to cross-date cores (Holmes, 1983) and estimate
tree ages. The number of rings in each stemwood increment was estimated by ring widths from January 2014 cores.
Additionally, the sapwood-heartwood boundary was identified based on wood color and the heartwood start year is
indicated below. The corresponding number of rings is in bold to indicate the increment in which the heartwood started
for each tree; QURU=red oak, FRAM=white ash, ACRU=red maple, BEPA=paper birch, and PIST=white pine. Note:
Estimated ages for QURU 115, 117, and 118 were misreported in Furze ¢f al., 2018 Table S1 and were corrected above.
Further, for Fig. 2 in the main text — to determine placement of gray vertical bars which represent the average increment
in which the sapwood-heartwood boundaty was visually identified, we calculated the mean (£ SD) cumulative ring width
(cm) at the heartwood start year for each species: red oak 1.7 cm (* 0.4, n=06), white ash 7.6 cm (£ 1.2, n=3), red maple
9.0 cm (% 3.1, n=5), paper birch 9.8 cm (£ 1.0, n=2), and white pine 3.5 cm (£ 1.4, n=0). The sapwood-heartwood
boundary could not be identified for two trees as denoted by NA.

) DBH Ht Age Heartwood 0-1 1-2 2-3 34 48 8+
Species  Tree

(m)  (m) G  start(y)

FRAM 101 33.0 23.4 111 1937 21 15 6 9 34 27
ACRU 102 39.5 22.0 61 NA 5 5 5 4 16 24
ACRU 103 26.0 21.6 65 1974 8 11 4 4 13 20
QURU 104 43.0 23.2 96 2005 4 4 5 5 18 58
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Table S4 (Continued)

ACRU 105 29.0 20.7 86 1930 0 10 7 5 14 39
BEPA 106 26.5 19.3 74 1956 6 7 10 1 19 19
QURU 107 43.0 22.6 83 2007 5 5 5 5 15 42
FRAM 108 39.5 19.5 91 1966 6 7 7 24 38
QURU 109 46.0 18.6 108 2000 6 6 4 5 17 068
BEPA 110 40.5 19.5 104 NA 19 13 7 4 17 42

PIST 111 38.0 23.2 65 1992 6 4 6 4 16 27
ACRU 112 33.0 21.0 72 1980 9 5 4 4 15 35
BEPA 113 30.5 20.1 67 1965 15 7 5 4 11 21

PIST 114 34.5 20.1 66 1994 1 7 6 4 22 13
QURU 115 30.0 20.7 69 2007 5 6 6 5 20 26

PIST 116 31.0 19.8 75 1984 24 17 3 5 17 9
QURU 117 29.0 19.8 72 2004 5 6 g8 5 19 22
QURU 118 34.5 21.9 82 2004 6 7 6 6 16 35

PIST 119 50.0 20.3 67 1994 4 5 5 11 40
ACRU 120 34.0 21.7 97 1958 16 8 10 5 33 23

PIST 121 41.0 20.9 80 1993 7 7 6 6 18 27

PIST 122 44.5 21.3 87 1989 6 6 6 2 18 44
FRAM 123 28.0 18.7 75 1956 4 10 7 5 15 21
ACRU 124 30.0 19.8 68 1955 g§ 10 7 6 15 20

Methods S1 Uncertainty in NSC and radiocarbon measurements

For NSC concentration measurements, an internal laboratory standard (red oak stemwood,
Harvard Forest, Petersham, MA, USA) was run per NSC analysis to assess uncertainty. Measured
sugar and starch concentrations for the standard were within = 10% of the mean (+ SD) (sugar, 35.9
+ 3.8 mg g; starch, 24.5 2.1 mg g").

For radiocarbon measurements, we assessed uncertainty in a few ways. First, there is an
analytical uncertainty (1 SD) determined for each sample run on the AMS. This is derived based on
counting statistics and the analytical reproducibility of the primary standards (Oxalic acid standard
OXI) run with each wheel (Stuiver ez al, 1977). For the samples analyzed in this study, the mean
uncertainty in measured A"C was 1.7 %o (+ 0.2 SD, n=120).

Second, a standard was run with each wheel on the AMS. We measured a mean A"C value of

486.7 %o (* 2.4 SD, n=5) for ANU sucrose (IAEA C-06), which corresponds to 1.4985 + 0.0024 in
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Fraction Modern notation. This is in agreement with the long-term mean value measured at UC Irvine
of 1.5016 (£ 0.0002 SE) (Xu ez al., 2010).

Third, we conducted a second extraction for a handful of our study samples (n=7) and ran
these separately on the AMS. The standard deviation of the mean A"C value for each replicate pair

n=7) ranged from 0.2 to 7.9 %o, depending on the tissue.
g P g
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Abstract

Trees allocate C from sources to sinks by way of a series of processes involving carbohydrate
transport and utilization. Yet, it is unclear how these dynamics will respond to a warmer world. Here,
we conducted a warming and pulse-chase experiment on Eucalyptus parramattensis growing in a whole-
tree chamber system to test whether warming impacts carbon allocation by increasing the speed of
carbohydrate dynamics. We pulse-labeled whole trees with "C-COto follow recently fixed C through
different organs by using compound-specific isotope analysis of sugars. We then compared the
concentrations and mean residence times of individual sugars between ambient and warmed (+3°C)
treatments. Trees dynamically allocated ’C-labeled sugars throughout the aboveground-belowground
continuum. We did not, however, find a significant treatment effect on C dynamics, as sugar
concentrations and mean residence times were not altered by warming. From the canopy to the root
system, “C enrichment of sugars decreased and mean residence times increased, reflecting dilution
and mixing of recent photoassimilates with older reserves along the transport pathway. Our results
suggest that a locally endemic Eucalypt was seemingly able to adjust its physiology to warming

representative of future temperature predictions for Australia.

Introduction

Carbon (C) dynamics in trees result from the complex integration of multiple sinks competing
for photoassimiliates supplied by sources (Kozlowski, 1992). As the C requirements of different
organs and processes vary temporally due to normal functioning or unexpected stress, trees must
adjust C allocation to survive. In general, photoassimilates produced during photosynthesis in the
leaves are exported into the phloem and allocated throughout the tree. The transport of
photoassimilates from sources to sinks via the phloem is driven by a hydrostatic pressure gradient

which is controlled in part by the utilization of carbohydrates in sink organs (Knoblauch et al., 2016;
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Minch, 1930). Thus, along the long-distance transport pathway, photoassimilates are frequently
exchanged with older reserves (i.e. nonstructural carbohydrates) and released into sinks to serve as C
skeletons for growth, metabolism, and storage (Furze, Trumbore, & Hartmann, 2018).

Environmental conditions have the potential to alter whole-tree C dynamics by influencing
the activity of sources and sinks, with implications for ecosystem-level C budgets. For instance,
temperature is likely to affect the rate of chemical reactions involved in carbohydrate transport and
utilization and in turn influence the distribution of carbohydrates throughout the tree. Elevated
temperatures may increase sink strength (i.e. increased growth, respiration, root exudation), leading to
faster turnover rates of reserves in organs and faster transfer of sugars along the transport pathway
(Dannoura et al., 2011; Plain et al., 2009). Given that unprecedented temperature increases are
expected across the globe, it is important to understand how within-tree C dynamics will respond to
higher temperatures.

While some tree species adjust their physiology to changes in temperature (Reich et al., 2016),
there is uncertainty surrounding the capacity for acclimation (Atkin & Tjoelker, 2003). Many studies
have quantified physiological acclimation of photosynthesis and respiration to experimental warming
(Aspinwall et al., 2016; Drake et al., 20106; Slot & Kitajima, 2015; Yamori, Hikosaka, & Way, 2014),
but relatively few studies have quantified how experimental warming alters within-tree C dynamics
associated with carbohydrate transport (Epron et al, 2012). That is, while previous studies have
quantified physiological acclimation at the point of C uptake via photosynthesis and C release via
respiration, the dynamics of internal carbohydrate transport that connect these end points of
metabolism remains poorly studied. In the absence of a physiological change, warming is expected to
increase carbohydrate transport and utilization, leading to a reduction in the concentrations and mean

residence times of sugars throughout the trees.
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Pulse-labeling with stable C isotopes has proven to be a valuable tool for understanding C
dynamics as it allows labeled carbon dioxide (CO,) to be traced throughout plants (reviewed in Epron
et al. 2012). In particular, "C-CO, pulse-chase experiments have been widely used to assess the
temporal dynamics of labeled photoassimilates in trees growing in both natural (Kagawa, Sugimoto,
& Maximov, 2006b) and perturbed conditions such as drought, increased temperature, and elevated
CO; (Blessing, Werner, Siegwolf, & Buchmann, 2015; Hesse, Goisser, Hartmann, & Grams, 2018;
Streit et al., 2013). However, previous studies have often used potted saplings or small trees (Barthel
et al., 2011; Endrulat, Saurer, Buchmann, & Brunner, 2010; Vizoso et al., 2008), and individual
branches or the crown (Epron et al., 2011; Kagawa, Sugimoto, & Maximov, 2006a; Plain et al., 2009).
Few “C labeling experiments have been conducted on large whole-trees in the field (Epron et al,
2015; Kuptz, Fleischmann, Matyssek, & Grams, 2011; Warren et al., 2012). To our knowledge, only a
single °C labeling experiment has been combined with long-term warming and this work was
conducted on potted saplings (Blessing et al., 2015). Many aspects of tree morphology and physiology
change as trees transition from small seedlings to large mature trees, including wood quantity, leaf
mass fraction, and growth rates (Duursma & Falster, 2016; Poorter et al., 2012). Thus, how rising
temperatures may affect the dynamics of carbohydrate transport and metabolism in large field-grown
trees deserves attention.

Furthermore, processes involving C vary spatially within a tree, seasonally throughout the year,
and on timescales ranging from minutes to decades, and different sugars serve specialized functions
and may differentially respond to environmental change. For example, while sucrose and raffinose
function as the main transport sugars, glucose and fructose play a large role in metabolism and
osmoregulation (reviewed in Hartmann & Trumbore 2016). The fate of the “C label can be tracked
in the C of individual sugars using compound-specific isotope analysis (Richter et al., 2009). Thus,

coupling compound-specific °C analysis of individual sugars with pulse-labeling (Keel et al., 2012;
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Streit et al., 2013) allows higher resolution of whole-tree C dynamics as they together capture the
diverse exchanges between older reserves and newly fixed ’C-labeled photoassimilates,

We conducted a warming and iz situ *C-CO» pulse-chase experiment on whole-trees (Fig. 1).
Following pulse-labeling, leaves, phloem, and roots were collected for the measurement of sugar
concentrations as well as the carbon isotope composition (5"°C) of sugars and bulk tissues using
compound-specific isotope analysis. We hypothesized that warming would increase sink activity,
resulting in reduced mean residence times and reduced concentrations of sugars across organs. Our
results provide insight into the physiological and environmental controls on whole-tree C source-sink

relations, which has implications for tree and ecosystem function under global change.

Materials and Methods
Study site

Our warming and “C-CO; pulse-chase expetiment was conducted in a system of twelve
whole-tree chambers (WTC) located in Richmond, New South Wales, Australia (33°36'40"S,
150°44'26.5"E). This site has a mean annual temperature of 17°C and mean annual precipitation of
720 mm. We selected six cylindrical chambers (~53 m’) for this study, each enclosing a single tree of
the locally endemic woodland tree species Eucabyptus parramattensis (Parramatta red gum). The WTCs
monitored and controlled environmental parameters such as air temperature, vapor pressure deficit,
and atmosphere CO; concentration, and were subdivided with a suspended plastic floor sealed around
the tree stem at 45-cm height to prevent the mixing of belowground and aboveground gas fluxes. The
design and function of the WTCs has been previously described (Barton ez al., 2010; Drake ez al., 2016),

including for this specific experiment with E. parramattensis (Drake et al., 2019).

59



AMBIENT WARMED +3°C
co A) SUGAR METABOLISM & PHLOEM LOADING IN LEAVES
2 ( C02 Passive N
wcwc =bsuc=95w
SUC guc ap SUC | SUC
SUC gy¢ EbSII(:
glu MC SE
fru ?
Suc Active polymer trap
raf T
e SPrafl =’:uzc
=l raf
suc 12 ml raf
Suc
\_ . MC SE )

B) SUGAR TRANSPORT & STORAGE ALONG STEM

lateral storage
& remobilization

C) SUGAR METABOLISM IN ROOTS
\
Co,

$

glu
fru
suc

remobilization to
aboveground organs

root exudates
to soil environment

J

\

Figure 1 Compatison between E. parramattensis in whole-tree chambers growing under ambient and warmed (+3°C)
treatments. Left: Trees grown in ambient conditions were smaller than those in warmed conditions and assimilated less
13C-labeled COz (yellow arrows). After the 4 h labeling period, unlabeled CO» (gray arrows) was taken up and began to
dilute the labeled C pool. We hypothesized that warming would increase sink activity compared to ambient conditions (i.c.
respiration; orange wavy arrows), resulting in reduced concentrations and reduced mean residence times of soluble sugars
throughout trees. Right: Zoom-in overview of carbohydrate transport and utilization. A) At the leaf level, sugars are quickly
exported or respired. Glucose and fructose function as metabolites, while sucrose and raffinose serve as transport sugats
and ate loaded into the phloem and shuttled throughout the tree. There are three phloem loading mechanisms, two
symplastic strategies (shown) and one apoplastic strategy (not shown). B) Along the stem, sugars are used for biomass
production, but they are also respired or stored. Older stem treserves are remobilized back into the phloem. Because the
phloem is leaky, sugars are leaked out of and retrieved back into the phloem along the vertical long-distance transport
pathway, leading to dilution of the 13C label from the canopy to the roots. C) Once at the roots, sugars are used for biomass
production, stored, respired, or exuded to the soil environment. Older reserves ate remobilized and transported back up
to aboveground organs. Abbreviations: glu=glucose, fru=fructose, suc=sucrose, raf=raffinose, MC=mesophyll cell, and
SE=sieve element. Bolded sugars indicate dominant ones involved in the process depicted.
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Warming and ’ C-CO; pulse-chase experiment

Potted seedlings that were germinated from seeds obtained from Harvest Seeds and Native
Plants (Terry Hills, NSW, Australia) were placed into each WTC on October 28, 2015 and the
experimental warming treatment was initiated. On December 23, 2015, one seedling was planted into
the soil within each WTC. The long-term experimental warming treatment was previously described
in Drake et al. (2018, 2019). In brief, WTCs were evenly divided between ambient and warmed
treatments (n=06 trees per treatment). Ambient WTCs tracked relative humidity and air temperature
of the study site, while warmed WTCs tracked ambient relative humidity and air temperature +3°C.
An increase of 3°C is projected for Australia by 2100 (Australian Burean of Meteorology State of the Climate
Report, 2016; IPCC, 2014). Additionally, WTCs were irrigated every two weeks with half of the mean
monthly rainfall measured over the past 30 years.

Nine months after the warming treatment was initiated, six of the twelve WTCs were chosen

for isotopic labeling (n=3 for each treatment), and two additional WT'Cs were included as unlabeled
controls. At the time of labeling, warmed trees (height 6.9 m + 0.2 SD) were larger than ambient trees

(height 5.6 m &+ 0.5 SD). On the afternoon of August 5, 2016, the air intake and outlet of the WTCs
were sealed to create a well-mixed closed volume and approximately 1 liter of 98% atom percent °C-
COzwas injected twice into the aboveground division of each WTC. The 8"C value of WTC air was

monitored throughout the labeling event and the second injection resulted in isotopic compositions

between +7,000 to +10,000 %o. After four hours, the WTCs were vented with outside air.

Sampling
During the pulse-chase period, various organs were sampled for the measurement of sugar
concentrations as well as the §”C of sugars and bulk tissues. Leaves were sampled 4, 17, 26, 49, and

438 hours after labeling, phloem was sampled 23, 47, and 167 hours after labeling, and roots were
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sampled 22, 47, 164, 621 hours after labeling. Sampling times were chosen to best capture the expected
fast turnover of recent photoassimilates in leaves compared to other organs (Epron et al., 2012).
Samples were also collected from two unlabeled WTCs throughout the pulse-chase period, as well as
from experimental WTCs prior to labeling, to represent the natural C isotope abundance under
ambient and warmed conditions.

At each respective sampling time point, two sunlit leaves were collected from the upper one-
third of the canopy. Phloem samples were collected at approximately 12:00. A 6 mm x 18 mm cut was
initially made using a chisel 1 m from the ground and each subsequent phloem sample was collected
in a zigzag pattern (approximately 4 cm over, 10 cm up). The bark was peeled off and discarded, and
the chisel was washed with deionized water between trees. Fine roots (<2 mm diameter) were obtained
using a hand trowel (0-15 cm depth) and washed with deionized water. All samples were stored at -
80°C prior to being freeze-dried and ground for laboratory analyses.

In addition to the measurements that were collected during the pulse-chase period and
presented herein (sugar concentrations and 8" °C of sugars and bulk tissues), we also chased the pulse
in the respiration of leaves, whole-crowns, roots, and soil to quantify the respiratory partitioning of
gross primary production and carbon use efficiency (Drake et al., 2019). The §"C values of leaf and
root respiration during the pulse-labeling period were compared to the 8"°C values of leaf and root
sucrose from similar sampling time points to show that sugars were the dominant substrate for
respiration (Fig. S1; Methods S1). Beginning on November 23, 2016, the trees were fully harvested

and total dry biomass was estimated.

Componnd-specific and bulk measurement of 5°C values, and sugar concentrations
To determine the 8"”°C and concentration of soluble sugars (raffinose, sucrose, fructose,

glucose), compound-specific isotope analysis was conducted on sugar extracts. Sugars were extracted
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with 1.0 ml of deionized water per 30 mg of freeze-dried and ground plant material at 85°C for 30
min. After centrifugation, the supernatant was passed over two ion-exchange cartridges (OnGuard 11
H and OnGuard II A, lcc cartridges; Dionex Corporation, Sunnyvale, CA, USA) to remove ionic
compounds and the resulting neutral fraction was collected and analyzed for sugars. Compound-
specific isotope signatures were measured using a high-performance liquid chromatography system
linked to a Delta V Advantage IRMS via a LC IsoLink (both Thermo Electron, Vienna Austria). Sugars
were separated on a Nucleogel Pb column (7.8 mm x 300 mm; Machery-Nagel, Germany) with 0.35
mL min" ultrapure water as eluent at 80 °C. Sodium persulfate (0.5 M) and phosphoric acid (1.7 M)
were used at flow rates of 0.05 ml min™ each for the online digestion of the sugars at 100 °C in the
Isolink device. All samples were also analyzed for 8"C of bulk tissue by elemental analyzer-isotope
ratio mass spectroscopy (EA-IRMS; Costech 4010 Elemental Analyzer, Thermo Finnigan Delta Plus
XP, Bremen, Germany).

To assess the amount of "C added by pulse-labeling, the §"C of labeled samples was first

converted to atom percent BC:

AP = 1100 Egn 1

—) 3¢ +1
Tooo T1)X ARC

where AP is the isotopic composition in atom percent, §"°C is the measured isotopic composition in
per mil (%o), and ARC'is the absolute "C/"C ratio of Vienna PeeDee Belemnite (VPDB; 0.0111802).
An identical set of samples was collected prior to labeling and the atom percent °C values of unlabeled
samples were subtracted from those of labeled samples to determine "’C excess:

13 —
C excess = APg—iea — APynia=cled Eqn 2
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Estimation of mean residence times based on an exponential decay function

Mean residence time (MRT) of C in individual sugars and bulk tissues was determined by an
exponential decay function fitted to the "’C excess data using the nls function in R:

N(t) = Ny* e H Eqn 3
where #is the time (in hours) after the peak in PC excess, Nyis the peak amount of “C, and A is the
decay constant. We then calculated the MRT as 1/A. Cutves were fitted by organ and sugar type for
each tree after the maximum in “C excess had been reached. If less than three data points remained,
then a curve was not fitted. Goodness of fit was assessed for each curve by comparing predicted values

to measured values using Pearson’s correlation, o = 0.05 (all r = 0.93, P = 0.03).

Statistical analyses

Statistical analyses were performed in R version 3.3.2. Linear mixed-effects (Ime) models were
fit by maximum likelihood using the Ime() function. These models contain fixed effects (specified in
parentheses below), individual tree as a random effect, and an interaction term to account for tree
biomass (biomass x treatment). General linear models were fit using the Im() function with one
categorical factor (treatment) and also accounted for tree biomass. For significant models, differences
between pairs of means were evaluated with Tukey’s HSD, o = 0.05.

To test for differences in sugar concentrations between trees growing in ambient versus
warmed WTCs following pulse-labeling, we used a Ime model to analyze sugar concentration among
sampling times and treatments for each organ and sugar type (sampling time x treatment).
Furthermore, to test for differences in the temporal dynamics of 8"C between trees growing in
ambient and warmed WTCs, we used a Ime model to analyze 8"°C values among sampling times and
treatments for each organ and sugar type or bulk tissue type (sampling time x treatment). To compare

MRTs of C in individual sugars and bulk tissues between trees growing in ambient versus warmed
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WTCs following pulse-labeling, we used a general linear model to analyze MRT's among treatments

for each organ and sugar type (treatment x biomass).

Results
Concentrations of individual sugars

Warming did not alter sugar concentrations, as individual sugar concentrations in the leaves,
phloem, and roots did not significantly differ between ambient and warmed treatments (Table 1; all P

> 0.14). Averaged across treatments and sampling times following pulse-labeling, leaves had the

Table 1 Mean concentrations of sugars extracted from leaves, phloem, and roots of E. parramattensis growing under
ambient and warmed treatments. Concentration is the mean + SE for three trees per treatment across sampling times
following pulse-labeling in August 2016. In some cases, sugar concentrations from fewer than three trees were available

for a given sampling time. No significant treatment effects were found in linear mixed-effects model testing (all P > 0.14).

Ambient Warmed
Tissue Compound Conc (mg g SE Conc (mg g SE
Leaves sucrose 33.8 4.3 26.2 2.4
glucose 5.9 0.4 4.4 0.3
fructose 15.3 0.8 11.8 0.5
raffinose 6.1 0.1 5.6 0.2
Phloem sucrose 20.4 2.9 22.7 1.4
glucose 1.9 0.9 0.9 0.2
fructose 2.8 0.4 1.8 0.2
raffinose 7.6 0.6 9.0 0.7
Roots sucrose 10.3 1.5 11.0 1.8
glucose 2.8 0.4 2.3 0.2
fructose 8.1 1.5 4.8 0.5
raffinose 1.5 0.1 1.5 0.2

highest total sugar concentrations (55 mg g + 3 SE) followed by phloem (33 mg g + 2 SE) and roots
(21 mg g’ + 2 SE). Sucrose comprised the largest fraction of total sugar concentrations, accounting
for approximately 53% (+ 2 SE) in leaves, 65% (£ 2 SE) in phloem, and 52% (£ 3 SE) in roots. In
the leaves and roots, fructose was the second largest fraction, accounting for nearly 30%. Interestingly,

raffinose made up 26% (£ 2 SE) of the sugars in the phloem but only 10% (£ 0.5 SE) and 8% (*+ 0.6
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SE) in leaves and roots, respectively. The presence of raffinose in the phloem suggests an active

polymer trap mechanism for phloem loading in E. parramattensis (Fig. 1a).

Temporal dynamics of 87 C throughout whole-trees

Overall, trees dynamically allocated "C-labeled sugars throughout the aboveground-
belowground continuum. Following pulse-labeling, ’C enrichment was highest in the individual sugars
and bulk tissue of leaves and decreased when moving vertically down the tree from the leaves to the
phloem to the roots. Across organs, peak 8"”C values were generally followed by an exponential
decrease, but the time for depletion of the pools back to pre-labeling values increased when moving

vertically down the tree. Importantly, the temporal dynamics of 8" °C did not significantly differ
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Figure 2 Temporal dynamics of the 13C label in leaf (a) raffinose, (b) sucrose, (c) fructose, and (d) glucose for different
treatments (ambient: white, warmed: gray, and control: black). Error bars denote + SE of the mean. Mean for three trees
per treatment and two control trees at each sampling time. In some cases, the error is smaller than the size of the symbol.
Note the difference in y-axis scale between plots.
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between ambient and warmed treatments (all P > 0.09; Figs. 2-5).

At the canopy-level, 8"°C values of leaf sugars peaked in the first leaf sampling, which was 4
hours after pulse-labeling (Fig. 2). Raffinose (1150 %o * 62 SE) and sucrose (852 %o * 53 SE) were
the most highly labeled sugars in the leaves, with 8"°C values that were neatly 2 times larger than that
of fructose and glucose. In line with expected fast MRTs of C in leaf sugars, the °C label decreased

rapidly and was already near natural abundance values 2 days post-labeling.
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Figure 3 Temporal dynamics of the 3C label in phloem (a) raffinose and (b) sucrose for different treatments (ambient:
white, warmed: gray). Error bars denote * SE of the mean. Mean for three trees per treatment at each sampling time. In
some cases, the error is smaller than the size of the symbol.

Similarly, "°C values of phloem sugars peaked in the first phloem sampling neatly 24 hours

after pulse-labeling, but were generally lower than the values observed in the leaves (Fig. 3). In both
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the leaves and the phloem, raffinose was the most highly labeled sugar. Phloem raffinose (865 %o *
55 SE) was twice as enriched as sucrose (493 %o * 28 SE). Whereas the “C label in sugars quickly
decreased in the leaves, depletion back to natural abundance values was 3.5 times slower in the phloem.

In the roots, peak 8"°C values were also generally observed during the first root sampling,
ranging between 22-47 hours, and 8"C values were generally lower than the values observed in both
the leaves and phloem (Fig. 4). Raffinose was also the most highly labeled sugar in the roots. While
the maximum 8"C of root raffinose (926 %o + 86 SE) was in line with that observed in the leaves and
phloem, enrichment of the other root sugars was substantially less than in aboveground organs. For
example, the maximum 8"”C of sucrose decreased each time by approximately 50% when moving

sequentially from the leaves to the phloem to the roots (Figs. 2b, 3b, 4b).
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Figure 4 Temporal dynamics of the 3C label in root (a) raffinose, (b) sucrose, (c) fructose, and (d) glucose for different
treatments (ambient: white, warmed: gray, and control: black). Error bars denote + SE of the mean. Mean for three trees
per treatment and two control trees at each sampling time. 3!3C values from fewer trees were available for certain sampling
times and treatments in (a) and (d). In some cases, the error is smaller than the size of the symbol. Note the difference in
y-axis scale between plots.
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Despite higher enrichment of individual sugars than bulk tissues, our bulk tissue §"°C results
suggest that turnover rates in leaves were remarkably rapid compared to the phloem and roots, and
newly fixed photoassimilates were contributing less to biomass synthesis in the leaves (Fig. 5). In
agreement with leaf sugars, the °C label in bulk leaf tissue peaked 4 hours after pulse-labeling and
quickly returned close to pre-labeling §"°C values within 2 days. The §"°C dynamics of bulk phloem
and phloem sugars were also in agreement with each other. However, in both aboveground organs, a
bit of remnant “C label was still present at the last sampling time point (Figs. 5a, 5b). In contrast, a
substantial amount of °C label remained in the roots. While the °C label in root sugars depleted after
1 week, the ”C label in bulk root tissue remained elevated for nearly 1 month, and did not begin to

decrease within the timeframe of our study (Fig. 5c). Thus, we were unable to calculate MRTs for bulk

root tissue.
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—@— warmed
® control

N
o

5'*C bulk tissue (%)
o

-201

0 100 200 300 400 0 50 100 150 0 200 400 600
Hours since labeling (h)

Figure 5 Temporal dynamics of the 13C label in bulk tissue of (a) leaves, (b) phloem, and (c) roots for different treatments
(ambient: white, warmed: gray, and control: black). Error bars denote + SE of the mean. Mean for three trees per treatment
and two control trees at each sampling time. 8'3C values from two ambient trees and one control tree were available for

the first sampling time in (c). In some cases, the etror is smaller than the size of the symbol. Note the difference in y-axis
scale between plots.

MRTs of C in individual sugars and bulk tissues
Following C-CO, application, 8"°C values of sugars spiked and then declined exponentially,
such that equation (3) could be used to estimate MRTs. Warming did not alter the speed of C

dynamics, as the MRTs of C in individual sugars in the leaves, phloem, and roots did not significantly
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differ between ambient and warmed treatments (Table 2; all P > 0.37). Averaged across treatments
following pulse-labeling, sucrose and raffinose had the fastest MRTs for each organ. However, MRT's
differed between organs. Our results generally showed increased MRTs of C in sugars moving from
the canopy to the root system. For instance, the turnover rate of C in sucrose was faster in the leaves
(21 h = 1 SE) than in the phloem (35 h * 4 SE) and roots (65 h * 8 SE).

Similarly, warming did not alter the MRT of C in bulk leaf tissue (P = 0.46; Table 2). Averaged
across treatments following pulse-labeling, the MRT of newly fixed C in bulk leaf tissue was 20 h (*
1 SE). This turnover rate was in line with rates for individual leaf sugars. For phloem and roots, there
were not enough data points to fit curves, thus, MRTs of C in bulk phloem and root tissues could not
be resolved. However, important differences in the temporal dynamics of the “C label in these bulk

tissues were discussed in the previous section.

Table 2 Mean residence dime (MRT) of C in different compounds/fractions of E. parramattensis growing under ambient
and warmed treatments. MRT is the mean * SE of three trees per treatment following pulse-labeling in August 2016.
MRTSs were estimated by fitting an exponential decay function to the observed decline in atom percent 13C excess after
pulse-labeling. In some cases, MRT's could only be estimated for one or two trees due to less than three data points for

curve fitting ((SE not applicable (NA)). No significant treatment effects were found (all P > 0.37).

Ambient Warmed
Tissue Compound MRT (h) SE MRT (h) SE
Leaves sucrose 20 1 22 3
glucose 28 2 29 4
fructose 24 1 22 1
raffinose 19 0 18 1
bulk 19 2 22 1
Phloem sucrose 37 7 32 5
raffinose 15 1 15 1
Roots sucrose 65 5 66 17
glucose 88 6 81 5
fructose 158 75 104 30
raffinose 19 NA 18 2
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Discussion
Excperimental warming did not alter C dynamics

Warming was expected to increase carbohydrate transport and utilization, leading to a
reduction in the concentrations and MRTSs of sugars throughout the trees. However, we observed
concentrations and MRTs of sugars that were not reduced under warming. These results suggest that
1) warming of +3°C was insufficient to stimulate phloem transport and carbohydrate utilization, 2)
other resources (i.e. water, light, nutrients) limited stimulation, or 3) the trees physiologically adjusted
to the 9-month long warming treatment. Previous warming experiments with other Excalyptus species,
including a previous experiment in these chambers, lend support for 3) due to their documented
strong and nearly homeostatic acclimation of autotrophic respiration to warming (Aspinwall et al.,
2016; Drake et al., 2015, 2010).

In this study, complementary measurements taken during the pulse-chase period also showed
homeostatic respiratory acclimation of foliar and whole-crown respiration rates, and revealed that
experimental warming had no impact on respiratory partitioning (Drake et al., 2019). This provides
further support for our results which suggest that E. parramattensis was able to adjust its physiology to
+3°C as indicated by similar C dynamics between ambient and warmed treatments. Despite the fact
that carbon dynamics were not altered under experimental warming, our findings provide insight into

the dynamic allocation of “C-labeled sugars throughout large, field-grown trees.

Tracing " C-labeled sugars throughout whole-trees

In general, pulse-labeling of whole-trees revealed that C enrichment decreased and MRT's
increased moving from the leaves to the phloem to the roots. Trees in our study were taller than 5 m
and it took ’C-labeled sugars approximately 22 hours to travel from the leaves to the roots, implying

a transport velocity of 0.28 + 0.04 m h™ which is within the 0.20 to 0.82 m h™' range previously reported
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for Eucalypts (Epron et al., 2015). This velocity is likely an underestimate given that the C label was
detected in the roots at the first root sampling and its initial presence may have occurred earlier.
However, a decrease in the PC label and increased MRT's when traveling from the canopy to the root
system indicates dilution and mixing of C-labeled sugars with older unlabeled reserves along the
long-distance transport pathway (Furze et al., 2018).

In the leaves, pulse-labeling resulted in maximum §"C values of + 1150 %o. Leaf sugars in our
study represented newly fixed photoaassimilates, and a fast decrease in 8"°C values for both leaf sugars
and bulk tissue indicated that the sugars were rapidly exported from the leaves, used as substrates for
respiration, and/or rapidly diluted by subsequent photoassimilates. In patticular, sucrose and raffinose
were the most highly labeled sugars and had the fastest turnover rates not only in the leaves, but also
across all organs. In previous work, sucrose was identified as having the lowest dilution with older
reserves (Streit et al., 2013), and our results suggest that both sucrose and raffinose had lower dilution
with older reserves than other sugars, reflecting their role as transport sugars (Hartmann & Trumbore,
2010). In addition, high enrichment in these sugars likely reflects not only transport, but also storage
in vacuoles.

Although the §"C of starch was not quantified in our study, if "C-labeled starch accumulated
in the leaves and was subsequently hydrolyzed into sugars for distribution throughout the trees, these
dynamics were accounted for in our 8"°C sugar measurements. While the remnant °C label present in
bulk leaf tissue at the last sampling time point may represent starch storage or incorporation into leaf
biomass, our results suggest that the majority of the “C-label was quickly exported or respired from
the leaves in sugars. As previous labeling studies have indicated a close association between starch and
sucrose based on similar MRTSs for these compounds (Streit et al., 2013), any buildup of C-labeled

starch in the leaves would likely be transient in nature.
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In contrast to aboveground organs, sugars in the root system were the least enriched and had
the slowest turnover rates due to mixing with older reserves along the transport pathway. However,
while the peak in 8"°C of root sugars returned to natural abundance after 1 week, the "°C label remained
in the bulk root tissue and did not deplete within the month-long timeframe of our study. Elevated
and persistent 8"°C values in bulk root tissue may highlight starch’s role as a long term storage
compound in the root system compared to its more transient role in leaves (Barthel et al., 2011;
Blessing et al., 2015; Smith & Stitt, 2007). Additionally, persistent enrichment in bulk root tissue may

reflect the allocation of newly fixed photoassimilates to root biomass during the pulse-chase period.

Phioem loading strategy may influence C dynamics

The whole-tree distribution of photoassimilates discussed above begins in the leaves where
sucrose is exported from photosynthetic mesophyll cells into the minor vein phloem. While the
mechanism of phloem loading has only been characterized for a few plant species, most trees are
thought to be passive loaders (Rennie & Turgeon, 2009; Savage et al., 2017). However, previous work
provided evidence for an active polymer trap mechanism in E. globulus trees due to the presence of
raffinose in phloem sap (Merchant et al., 2010); we also found this in our study species E. parramattensis.
During polymer trapping, sucrose in the leaf mesophyll diffuses into specialized companion cells in
the minor vein. There, sucrose is converted into larger oligosaccharides like raffinose and stachyose
that cannot back diffuse, and thus, these compounds accumulate in the phloem.

The impact of environmental factors on phloem physiology, including phloem loading at the
leaf-level and phloem physiology along the transport pathway, in field-grown trees is not well
understood (Ayre, 2011; Van Bel, 2003; Xu, Chen, Ren, Chen, & Liesche, 2018), but loading strategy
has potential implications for whole-tree C relations. Given that polymer trapping is an active phloem

loading mechanism (Turgeon, 2010), we hypothesize that it may enable polymer trapping species to
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have tighter regulation of C export at the leaf mesophyll-phloem interface, and in turn make C
allocation less sensitive to changes in environmental factors like temperature, light, and CO..
Additionally, because phloem loading strategy is known to be conserved at the family and sub-family
levels (Gamalei, 1989; Turgeon, Medpville, & Nixon, 2001), other Eucalypt species may follow suit and
respond similarly to environmental perturbations. While our results provide evidence for this
mechanism in E. parramattensis, future studies should couple the exposure of leaves to exogenous
labeled sugars with spatially explicit isotope analysis (such as autoradiography or SIMS) to confirm

phloem loading strategy (Rennie & Turgeon, 2009).

Conclusions

Combining long-term experimental warming along with "“C-CO, pulse-labeling and
compound-specific isotope analysis to trace recently assimilated sugars from the leaves to the roots of
large whole-trees in the field, provided insights into the C source-sink relations of E. parramattensis,
but did not reveal an effect of temperature on these dynamics. While “C-labeled sugars were
dynamically allocated throughout the trees, less enrichment and slower MRT's belowground compared
to aboveground organs indicated that the “C-labeled sugars were diluted by older reserves as well as
with distance from the source along the transport pathway. Further, the presence of raffinose in the
phloem provided evidence for a polymer trap mechanism for phloem loading, which may contribute
to Eucalypt species’ ability to counter stressors associated with global change. Thus, our results
improve our understanding of C dynamics at the whole-tree level, and, importantly, provide insight

into the physiological and environmental controls on within-tree C relations.
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Figure S1 Comparison of 813C of respiration and 8'3C of sucrose in a) leaves and b) roots. Strength of association was
evaluated using Pearson’s correlation, a=0.05. See Methods S1.

Methods S1 Measurement of 8"°C of respiration in leaves and roots

8"C of leaf and root respiration were measured throughout the pulse-chase period. At each
sampling, we collected two leaves per tree and placed them in Tedlar bags. The bags were flushed with
COx-free air containing N, and O, at atmospheric concentrations three times and then filled with 240
mL of CO,-free air. The bags were incubated for 30 minutes inside insulated containers placed within
each WTC, and then sampled by an isotopic laser (G2101-i Picarro).

Fine root samples (<2 mm diameter) were sampled by crawling under the plastic subfloor and
excavating them from the surface soils (0-15 cm depth) using a hand trowel. Fine roots were washed
with water, blotted dry, and incubated in Tedlar bags flushed with CO»-free air. However, the fine
roots were incubated at laboratory temperatures (~25°C) for several hours before the CO,
concentrations were high enough to measure accurately on the G2101-i Picarro.

Leaves were sampled 4, 17, 26, 49, and 438 hours after labeling and roots were sampled 22,
47,164, 621 hours after labeling. At these time points, the 8"°C of sugars was measured. However, the
8"C of respiration was not always quantified at the same time. Thus, to compare isotopic

compositions in Figure S1, we paired measurements of the 8" C of respiration and 8"C of sucrose
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that were taken at or near the same sampling time. We chose sucrose as a representative of soluble
sugars because it accounted for more than 50% of the sugar pool in each organ and had a complete
8"C dataset.

For example, the 3"°C of leaf sucrose was measured 17 hours after labeling and the §"”C of
leaf respiration was measured 15 hours after labeling, so these measurements were paired. In Fig. Sla,
8"C values in the leaves deviate from the 1:1 line at high values. This deviation may reflect
contributions by an enriched sugar pool other than sucrose (i.e. glucose) to the respiration efflux,
and/or the offset between when 8"”C of leaf sucrose were measured compared to 8"°C of leaf

respiration as mentioned above.
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Abstract. Plants store nonstructural carbohydrates (NSCs), such as sugars and starch, to use as carbon and energy
sources for daily maintenance and growth needs as well as during times of stress. Allocation of NSCs to storage
provides an important physiological strategy associated with future growth and survival, and thus understanding the
seasonal patterns of NSC reserves provides insight into how species with different traits (e.g., growth form, leaf habit,
wood anatomy) may respond to stress. We characterized the seasonal patterns of NSCs in four woody boreal plant
species in Minnesota, USA. Sugar and starch concentrations were measured across the year in the roots and branches
of two conifer trees, black spruce (Picea mariana (Mill.) B.S.P.) and eastern tamarack (Larix laricina (Du Roi) K.
Koch), as well as in the leaves and branches of two evergreen broadleaf shrubs, bog Labrador tea (Rhododendron
groenlandicum (Oeder) Kron & Judd) and leatherleaf (Chamaedaphne calyculata (L.) Moench). In general, seasonal
variation was dominated by changes in starch across all organs and species. While similar seasonal patterns of NSCs
were observed in the shrubs, different seasonal patterns were observed between the trees, particularly in the roots. Our
results suggest that species-specific traits likely have consequences for organ-level storage dynamics, which may
influence whole-plant growth and survival under global change.

Key words: boreal, carbohydrates, carbon allocation, NSC, SPRUCE

Woody plants can allocate products of photo-
synthesis to storage in the form of nonstructural
carbohydrates (NSCs) (Chapin et al. 1990, Hart-
mann and Trumbore 2016). NSCs, consisting
primarily of sugars and starch, are stored through-
out the plant, for example, in the ray parenchyma
cells of branches, stems, and roots. These reserves
can then serve as carbon sources for metabolic
processes, such as growth and respiration, as well
as for times of stress, such as drought (Sevanto et

al. 2014) and disturbance (Carbone ef al. 2013).
Thus, an understanding of the seasonal changes in
the amount of stored NSCs and how these reserves
are distributed throughout the plant may provide
insight into species’ responses to stress associated
with global change.

In boreal ecosystems, long-lived woody plants
often accumulate NSCs during the summer to
support maintenance processes during the winter.
However, the demands of several months can be
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satisfied by a single day’s carbon gain in some
cold-dwelling species (Korner 1998). Our current
knowledge of allocation and storage processes in
the boreal zone comes largely from shrub species
(Reader 1978, Landhdusser and Lieffers 1997,
Zasada et al. 1994), with less work focusing on
mature trees (Landhdusser and Lieffers 2003;
Kloseiko et al. 2006). Findings from boreal plant
species (Whitney 1982, Zasada et al. 1994,
Landhéausser and Lieffers 1997) indicate dynamic
root reserves, with concentrations often peaking
between late summer and the dormant season. But
we still lack an understanding of how storage
differs throughout the year between boreal species
and whether the same seasonal patterns hold in
both below- and aboveground organs.

To establish seasonal patterns of NSCs and
improve our understanding of storage processes in
woody boreal species, we studied the mature
conifer trees, the evergreen Picea mariana (Mill.)
B.S.P. (black spruce) and the deciduous Larix
laricina (Du Roi) K. Koch (eastern tamarack), as
well as the evergreen broadleaf shrubs Rhododen-
dron groenlandicum (Oeder) Kron & Judd (bog
Labrador tea) and Chamaedaphne calyculata (L.)
Moench (leatherleaf) in the Marcell Experimental
Forest (Minnesota, USA). We selected samples
that were collected at four time points in 2013 and
then measured the concentrations of sugars and
starch in roots and branches in the tree species and
leaves and branches in the shrub species.

We addressed two questions. First, do NSC
concentrations change throughout the year? Sec-
ond, are the seasonal patterns different for each
species? We hypothesized that (a) total NSCs will
vary throughout the year with different seasonal
patterns for sugars and starch; (b) seasonal
dynamics of NSCs will be similar between the
two evergreen shrub species but dissimilar be-
tween the two trees, which have different leaf
habits; and (c¢) maximum total NSC accumulation
will occur in the early summer for the evergreen
species and in the fall for the deciduous species.
Our results provide insight into how boreal species
distribute NSCs to various organs throughout the
year, which may have implications for whole-plant
growth and survival in the context of global
change.

Materials and Methods. Stupy SITE AND
Species. We obtained samples from an 8.1-ha
Picea-Sphagnum ombrotrophic bog (S1 bog)
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(47°30.5'N, 93°27.2’W) within the Marcell Exper-
imental Forest about 40 km north of Grand Rapids,
MN, USA. The mean annual temperature is 3.3 °C,
and mean annual precipitation is 780 mm, with
two-thirds falling as rain in the summer and one-
third falling as snow in the winter. The S1 bog is
an acidic and nutrient-deficient peatland. Its
surface has a hummock-hollow microtopography
with a layer of various Sphagnum moss species
(Kolka et al. 2011). Following silvicultural strip
cuts in 1969 and 1974, the S1 bog naturally
regenerated a mixed-age forest dominated by black
spruce, eastern tamarack, bog Labrador tea, and
leatherleaf. Both black spruce and eastern tama-
rack are conifers; the former is evergreen, and the
latter is deciduous. While the shrubs are evergreen,
leaves persist for only two growing seasons; they
usually last throughout the first winter but drop
during the summer and autumn of the second year
(Lems 1956, Tendland et al. 2012).

FieLp CorLecTioN. For black spruce and eastern
tamarack, coarse roots with developed secondary
xylem as well as multiyear (1-2 yr) woody branch
samples were collected from mature trees approx-
imately 5-8 m tall. For bog Labrador tea and
leatherleaf, current-year leaves (2013) and multi-
year (1-2 yr) woody branch samples were
collected. Branch samples included phloem for
NSC analyses. We selected our samples from
organs that were previously collected for a
different purpose during 2013 field campaigns at
the Marcell Experimental Forest. Thus, the indi-
vidual plants used in this study may vary from
month to month for each species (Table S1).

LABORATORY PREPARATIONS AND NONSTRUCTURAL
CARBOHYDRATE ANALYSIS. Samples were micro-
waved for 90 sec (full effect) to stop enzymatic
activity, oven-dried at 70 °C, and homogenized to a
fine powder (SPEX SamplePrep 1600 MiniG,
Metuchen, NJ). To measure sugar and starch
concentrations (adapted from Chow and Land-
hédusser 2004), 10 mg of freeze-dried tissue
(FreeZone 2.5, Labconco, Kansas City, MO;
Hybrid Vacuum Pump, Vacuubrand, Wertheim,
Germany) was extracted with 80% ethanol fol-
lowed by colorimetric analysis with phenol-
sulfuric acid to determine bulk sugar concentra-
tions. The resulting bulk sugar extract was read at
490 nm with a microplate reader (Epoch Micro-
plate Spectrophotometer, Bio-Tek Instruments,
Winooski, VT). Bulk sugar concentrations (ex-
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Fic. 1. Seasonal dynamics of sugar (left column), starch (center column), and total NSC (right column)

concentrations in roots from black spruce and eastern tamarack (top row, A—C) and in leaves from bog
Labrador tea and leatherleaf (bottom row, D—F) sampled at the Marcell Experimental Forest in 2013. Symbols
mark the start of the following phenological events: leaf out (X), flowering (asterisk), leaf fall (open circle).
Error bars denote = 1 SE of the mean. In some cases, the error is smaller than the size of the symbol.

pressed as mg sugar per g dry wood) were
calculated from a 1:1:1 glucose:fructose:galactose
(Sigma Chemicals, St. Louis, MO) standard curve.

The remaining tissue residue was solubilized
and then digested with an o-amylase/amylogluco-
sidase digestive enzyme solution to determine
starch concentrations. Glucose hydrolysate was
determined using a PGO-color reagent solution
(Sigma Chemicals) and read at 525 nm with the
microplate reader. Starch concentrations (ex-
pressed as mg starch per g dry wood) were
calculated based on a glucose (Sigma Chemicals)
standard curve. Uncertainty of NSC measurements
is addressed in Methods S1.

Data from this project are available for down-
load and public use (Furze et al. 2018). In Figs. 1
and 2, sampling months April, June, September,
and November correspond to day of year (DOY)
103, 169, 254, and 317, respectively. Phenological

events in 2013 were also recorded, and the onset of
each event is denoted by a unique symbol in Figs.
1 and 2 to show their timing in relation to observed
NSC dynamics: black spruce leaf out DOY 169—
176; eastern tamarack leaf out DOY 134, leaf off
DOY 309; bog Labrador tea flowering DOY 157;
and leatherleaf flowering DOY 141-148.

StaTisTIcCAL ANALYsIS. To compare NSC storage
between the two tree species, we used a two-way
analysis of variance (ANOVA) to individually
analyze sugar, starch, and total NSC (sum of
sugars and starch) concentrations in roots among
sampling months and species. Root diameter was
not included as a covariate in our analyses based
on its weak association with NSC concentrations
(Fig. S1). For the two shrub species whose
extremely fine root systems are unlikely to provide
much NSC storage, the same analyses were
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black spruce, eastern tamarack, bog Labrador tea, and leatherleaf sampled at the Marcell Experimental Forest in
2013. Symbols mark the start of the following phenological events: leaf out (X), flowering (asterisk), leaf fall
(open circle). Error bars denote = 1 SE of the mean. In some cases, the error is smaller than the size of the

symbol.

conducted but using the NSC concentrations in
leaves instead of roots.

To compare NSC storage between the four
species, we used a two-way ANOVA to individ-
ually analyze sugar, starch, and total NSC
concentrations in branches among sampling
months and species. Woody branch samples were
the common organ collected across both trees and
shrubs. This study precludes a repeated measures
approach, and ANOVA results are presented in
Table 1. For significant ANOVAs, differences
between pairs of means were evaluated using
Tukey’s HSD, oo = 0.05. For significant interaction
effects (month X species), concentrations in
individual organs were assessed across sampling
months for each species (Table S2).

Results. Overall, sugar and total NSC concen-
trations did not significantly vary throughout the
year in tree roots, shrub leaves, or the branches of
trees and shrubs, whereas starch concentrations
were seasonally dynamic for all.

Table 1.

SEAsONAL PATTERNS OF NSC RESERVES IN TREES:
Brack Spruck AND EASTERN TAMARACK. Starch but
not sugar concentrations in the roots significantly
varied throughout the year and differed between
black spruce and eastern tamarack (Fig. 1A, B).
Variation in root sugar concentrations was not well
explained by either factor (F, 5, =0.78, R> = 0.09,
P =0.61; month, P=0.99; species, P=0.09; Table
1A). Sampling month explained much of the
variation in root starch concentrations (F,s; =
6.48, R* = 0.44, P < 0.0001; month, P < 0.01;
species, P =0.049; Table 1A). However, the effect
of sampling month on starch concentrations
depended on species (interaction P < 0.0001;
Table 1A). In general, concentrations of starch in
the roots were higher in eastern tamarack than
black spruce and peaked later in September as
opposed to June for each species, respectively
(Table S2). When eastern tamarack’s root starch
concentrations peaked in September, they were 28
times greater than black spruce’s at the same time,
as well as two times greater than black spruce’s

Results of analysis of variance testing for main effects of sampling month, species, and their

interaction on sugar, starch, and total concentrations for roots from two tree species, leaves from two shrub
species, and branches from all four species. P value is the level of statistical significance based on an F test,
with bold type indicating results significant at P < 0.05.

Tree roots Shrub leaves Tree and shrub branches
Sugar Starch Total Sugar Starch Total Sugar Starch Total
Month 0.99 < 0.01 0.20 0.21 0.01 0.30 0.34 < 0.0001 0.96
Species 0.09 0.049 0.01 0.02 0.80 0.03 < 0.001 0.048 < 0.01
Interaction 0.50 < 0.0001 < 0.001 0.80 0.99 0.83 0.71 < 0.01 0.75
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peak in June (Fig. 1B). Additionally, total NSC
concentrations in the roots differed between tree
species (P = 0.01) but were not seasonally
dynamic (P = 0.20; Table 1A).

SEASONAL PATTERNS OF NSC RESERVES IN SHRUBS:
BoG LABRADOR TEA AND LEATHERLEAF. Starch but
not sugar concentrations in the leaves varied
throughout the year, and the seasonal dynamics
were similar for bog Labrador tea and leatherleaf
(Fig. 1D, E). Sampling month and species
explained some of the variation in sugar (F; 5, =
1.76, B> = 0.28, P = 0.13; month, P = 0.21;
species, P = 0.02) and starch concentrations (£ 3,
= 1.88, R* = 0.30, P = 0.11; month, P = 0.01;
species, P = 0.80; Table 1B). There was a general
trend of increasing sugar concentrations from
September to November (Fig. 1D), while starch
concentrations peaked in June and declined
onward (Tukey’s HSD, September—June P =
0.05, November—June P = 0.01; Fig. 1E). Total
concentrations in the leaves were higher in
leatherleaf than bog Labrador tea (Tukey’s HSD,
P = 0.03), and, much like the roots of our tree
species, total NSC concentrations were not sea-
sonally dynamic (P = 0.30; Table 1B).

SEASONAL PATTERNS OF NSC RESERVES IN TREES
AND SHRUBS. Starch but not sugar concentrations in
branches varied throughout the year in both trees
and shrubs. Sampling month and species explained
most of the variation in branch sugar (F5 ;5 =2.36,
R?>=0.50, P=0.02; month, P=0.34; species, P <
0.001) and starch concentrations (55 = 5.40, R
=0.70, P < 0.0001; month, P < 0.0001; species,
P = 0.048; Table 1C). However, the effect of
sampling month on starch concentrations depend-
ed on species (interaction P < 0.01; Table 1C).
Branch sugar concentrations did not vary through-
out the year and did not differ between black
spruce and eastern tamarack (Tukey’s HSD, P =
0.80) or between bog Labrador tea and leatherleaf
(Tukey’s HSD, P =0.88) but did differ between all
shrub-tree species combinations (Tukey’s HSD,
bog Labrador tea-black spruce, P < 0.001;
leatherleaf-black spruce, P < 0.01; bog Labrador
tea-eastern tamarack, P < 0.01, leatherleaf-eastern
tamarack, P = 0.04; Fig. 2A). In contrast, branch
starch concentrations generally varied throughout
the year with evergreen species peaking in June
and deciduous eastern tamarack peaking in
September (Fig. 2B; Table S2).
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We did not find dynamic changes in total NSC
concentrations in the branches of our four species.
While some variation in total NSCs existed, it
cannot be fully explained by sampling month and
species (Fs35=1.51, R =0.40, P = 0.15; month,
P =0.96; species, P < 0.01; Table 1C). Similar to
branch sugar concentrations, total NSC concentra-
tions did not differ between either tree species
(Tukey’s HSD, P = 0.98) or between either shrub
species (Tukey’s HSD, P = 0.97) but did differ
between all shrub-tree species combinations (Tu-
key’s HSD, bog Labrador tea-black spruce, P =
0.02; leatherleaf-black spruce, P = 0.04; bog
Labrador tea-eastern tamarack, P = 0.03, leather-
leaf-eastern tamarack, P = 0.07; Fig. 2C).

Discussion. SeasoNaL PATTERNs oF NSC RE-
SERVES IN TREES: BLACK SPRUCE AND EASTERN
Tamarack. Whereas in deciduous tree species
new growth in the spring is supported by NSCs in
overwintering organs, evergreen species can begin
photosynthesizing immediately using the previous
year’s foliage; the ability to photosynthesize
immediately diminishes the need to draw on stored
reserves and influences NSC dynamics (Wyka and
Oleksyn 2014, Jensen et al. 2015). The observed
seasonal patterns of starch in the two trees, black
spruce and eastern tamarack, were dynamic in the
roots and were unique for each species, possibly
reflecting differences in leaf habit as outlined
above, as well as contributions by other seasonally
dynamic processes, such as secondary root or fine
root production (Iversen et al. 2018). While future
root sampling should include larger sample sizes to
better represent the population and resolve dy-
namics, the data we present are still valuable, as
seasonal NSC dynamics for roots are less reported.

At the start of the growing season, we observed
differences in storage dynamics in the roots
between the trees. As starch concentrations rapidly
increased and peaked in June for black spruce, an
evergreen conifer, concentrations gradually in-
creased and did not peak until the autumn for
eastern tamarack, a deciduous conifer. The large
and relatively quick increase in starch reserves for
black spruce may be attributed to its ability to
photosynthesize immediately with older needles
before new shoot, stem, and root growth begins,
whereas starch reserves gradually increased over
the growing season in eastern tamarack as
demands slow.
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Toward the end of the growing season, total
NSC concentrations of roots in September were
nearly six times larger in eastern tamarack than
in black spruce. This is in agreement with higher
storage requirements for deciduous species
compared to evergreen species prior to the
dormant season due to their annual leaf drop
and regrowth (Dickson 1989). After this point,
starch root concentrations declined in eastern
tamarack; this decline prior to the dormant
season is likely associated with root growth. As
a future warmer climate may threaten to lower
the water table and stress the root system in these
environments, it will be important to link root
phenology with NSC dynamics going forward in
order to better predict species’ resiliency in bog
ecosystems.

SEASONAL PATTERNS OF NSC RESERVES IN SHRUBS:
BoG LABRADOR TEA AND LEATHERLEAF. Bog Labra-
dor tea and leatherleaf have the same growth form
(shrub) and leaf habit (evergreen). Thus, similar
seasonal patterns may be expected in both species
if such traits are drivers of allocation. In both
species, leaf starch concentrations peaked in June
and declined onward. Previous studies have shown
a buildup of starch in foliage and branches before
bud burst (Oleksyn et al. 2000, Bansal and
Germino 2009), and remobilization of these
reserves to build new tissues (Cerasoli et al.
2004). Declines in both species occurred post-
flowering, a similarly expensive phenological
stage that has been followed by degradation of
starch in the leaves and/or branches for several
months in other plant species (Zieslin et al. 1975,
Sanz et al. 1987, Hagidimitriou and Roper 1994,
Monerri et al. 2011).

Furthermore, the highest sugar concentrations
for both shrub species were measured in the leaves.
This finding is in line with previous studies that
examined storage in boreal species (compiled in
Martinez-Vilalta et al. 2016) as well as with the
role that sugars play in osmoregulation and phloem
loading (Chaves et al. 2003, Sala et al. 2012,
Savage et al. 2016). Additionally, sugar and total
NSC concentrations were highest in November for
both species. Accumulation of NSCs in evergreen
shrub leaves prior to the dormant season may be
particularly important for frost tolerance and
springtime growth of species in environments that
experience extreme winter temperatures (Ino et al.
2003, Palacio et al. 2007).

FURZE ET AL.: CARBOHYDRATE STORAGE IN BOREAL PLANTS

337

SEASONAL PATTERNS OF NSC RESERVES IN TREES
AND SHRUBS. Branches were the common organ
sampled across the four species and can provide
insight into storage differences between trees and
shrubs. Just like we observed for starch in the tree
roots and shrub leaves, starch in the branches was
seasonally dynamic, generally peaking earlier in
June for evergreen species compared to September
for deciduous eastern tamarack. While branch
sugar and total concentrations did not significantly
vary throughout the year, there were storage
differences between trees and shrubs. Concentra-
tions of sugars and total NSCs in the branches
were higher in each tree species than each shrub
species but similar among themselves.

These findings suggest that growth form (i.e.,
tree vs. shrub) may influence NSC storage, at least
in the branches. However, this does not hold true
when looking across multiple organs. For example,
while leaf NSC concentrations were often similar
among the shrubs, root NSC concentrations were
not similar among the trees. Thus, organ level NSC
storage is likely influenced by many potentially
confounding factors, including growth form, leaf
habit, and wood anatomy, to name a few. Including
a deciduous shrub species in future comparisons
may help to tease apart their contributions.

Additionally, the timing of maximum accumu-
lation of total NSCs was inconsistent between
organs and species. For instance, we hypothesized
that maximum total NSC accumulation for the
deciduous conifer would occur in the fall; this held
true in the roots but not in the branches of eastern
tamarack. We also hypothesized that maximum
total NSC accumulation for the three evergreen
species would occur in the early summer; this was
observed only in the roots of black spruce. The
different maximum total NSC storage times
observed for individual organs imply a role for
within-plant allocation of reserves throughout the
year, and species-specific traits, again, influence
these dynamics.

Further, previous studies have identified total
NSC concentrations that are only weakly seasonal
in several tree species (Hoch ef al. 2003, Wiirth et
al. 2005, Richardson et al. 2013), implying that the
trees examined were fully charged with carbon and
that carbon was not a limiting resource for growth
under natural conditions (Hoch 2015, Korner
2015). However, more pronounced seasonal vari-
ation, particularly driven by starch, may be
expected in environments with greater asynchro-
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nies in supply and demand, as in the boreal zone
(Martinez-Vilalta et al. 2016). Overall, we ob-
served total concentrations in individual organs of
both trees and shrubs that were only weakly
seasonal, with contributions from a highly dynam-
ic starch pool as expected. We suggest that
increasing sample sizes, sampling multiple organs
including stemwood (Furze et al. 2018), and
examining whole-plant total NSC pools by sum-
ming individual organ-level pools together would
help to further resolve seasonal patterns of total
NSCs and produce the predicted patterns of
maximum total NSC storage.

To better understand (a) NSC dynamics in the
context of source-sink relationships and (b) the
responses of plants (e.g., growth) to global change,
studies should focus on integrating the study of
NSCs with measurements of physiology and
phenology under both natural and experimental
conditions. We conducted this study on vegetation
that is directly adjacent to the Spruce and Peatland
Responses Under Climatic and Environmental
Change (SPRUCE) experiment, in which open-
top chambers receive various levels of warming
and elevated carbon dioxide (Hanson et al. 2017).
Future work at SPRUCE will combine the
aforementioned measurements to explore whether
these tree and shrub species are carbon limited.

Conclusions. In this study, we quantified the
seasonal patterns of NSC reserves for four woody
boreal species in the upper midwestern USA. We
measured concentrations of sugars and starch in
branches and roots of black spruce, an evergreen
conifer, and eastern tamarack, a deciduous conifer,
as well as branches and leaves of bog Labrador tea
and leatherleaf, both evergreen broadleaf shrubs.
In general, seasonal dynamics were dominated by
changes in starch in both below- and aboveground
organs, with species-specific traits contributing to
storage differences.

Our data support the idea that species-specific
traits influence NSC dynamics, highlighting the
need to gain a comprehensive understanding of
storage and allocation processes in various organs
of diverse species across time and space to better
predict the responses of woody boreal species to
global change.
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Figure S1 Scatter plots of sugar (left column), starch (center column), and total NSC (right column) concentrations versus
root diameter for black spruce (top row) and eastern tamarack (bottom row). Black lines and displayed statistics were
obtained from ordinary least squates model fits.

Table S1 Number of individual plants analyzed for nonstructural carbohydrates by species, organ, and month.

Black spruce Eastern tamarack Bog Labrador tea  Leatherleaf
Branch  Root Branch  Root Branch  Leaf Branch Leaf TOTAL
April 3 6 3 3 3 4 4 1 27
June 3 10 4 10 3 6 3 4 43
September 3 2 4 2 3 4 3 4 25
November 3 16 3 16 3 8 3 8 60
TOTAL 12 34 14 31 12 22 13 17 155
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Table S2 Tukey’s HSD results from one-way ANOVA testing for the effect of sampling month on starch concentrations
in individual organs for each species. This testing was conducted when the interaction effect (month x species) was
significant for starch in Table 1. NS= not significant, * = P < 0.05, ** = P < 0.01, *** = P < 0.001, or *** = P < 0.0001
in each white cell indicates if column month and row month are significantly different from each other or not based on
the difference between their least squares means. Each light gray cell contains this difference (mean + 1SE), calculated by
row month minus column month. If the entire grid is shaded orange, then month was not a significant factor in the one-
way ANOVA with P 2 0.05 and post-hoc testing was not conducted.

Root starch
Black spruce Eastern tamarack

Apr Jun Sept Nov Apr Jun Sept Nov
Apr S92+ 14 | 7223 | -12£13 | Apr -31+43 | -186 £ 60 | -62 £ 41
Jun | FF* 99£22 | 80£11 | Jun | NS -155+51 | -31%£27
Sept | NS ork -19+21 | Sept| * * 124 + 49
Nov | NS ook NS Nov | NS NS NS

Branch starch
Black spruce Eastern tamarack

Apr Jun Sept Nov Apr Jun Sept Nov
Apr 2627 | 4%7 77 | Apr 13£7 -14+7 26 =8
Jun * 227 | 32%£7 | Jun | NS 287 13£7
Sept | NS * 11£7 | Sept| NS * 40 £ 7
Nov | NS o NS Nov | * NS o

Bog Labrador tea Leatherleaf

Apr Jun Sept Nov Apr Jun Sept Nov
Apr Apr 409 | 21£9 49
Jun Jun | ** 19£9 44%9
Sept Sept | NS NS 25+ 9
Nov Nov | NS ok NS

Methods S1 Uncertainty of NSC measurements

To evaluate our extraction methods, we compared sugar and starch concentrations for
standards throughout the study. For every batch (= 15 samples each) that underwent concentration
analyses, peach foliage (NIST, Gaithersburg, MD USA) was included as a standard for sugar analysis,
and potato starch (Sigma Chemicals, St. Louis, MO USA) was included for starch analysis. Across all
batches, the mean and standard deviation of the sugar concentration for peach foliage (n=9) was 111.8
* 15.9 mg g, while the mean and standard deviation of the starch concentration for potato starch

(n=5) was 814 + 46.2 mg g’
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There is no universal standard for nonstructural carbohydrate analyses. Towards the end of
the study, we became interested in creating a standard with higher repeatability that could be used as
the control for both sugar and starch analyses. We created our own internal standard using Quercus
rubra (red oak) stemwood collected from the Harvard Forest (Petersham, MA, USA). It was included
in the last two batches of samples for sugar (30.8 mg g" and 34.1 mg g") and starch (22.7 mg g" and

22.8 mg g) analyses.
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Introduction

Trees are organisms that can live for decades, centuries,
and even millennia. This long lifespan increases a tree’s
risk of encountering stressful conditions where normal
functioning is disturbed and metabolism has to rely on
stored resources [1]. Because trees are autotrophic organ-
isms, storage of primary metabolites like carbohydrates is
particularly important for survival during harsh environ-
mental conditions and stress. Carbohydrates are allocated
to various organs and processes operating on timescales

Check for

ranging from hours to decades, each contributing to the
tree’s overall carbon (C) balance.

Tree stems are predominantly viewed as the infrastruc-
ture that provides mechanical support for the canopy and
facilities transport between sources and sinks, but they
also store ~40% of a tree’s total nonstructural carbohy-
drates (NSCs; Box 1) [2°]. During C transport, there is
substantial exchange of C between phloem and paren-
chyma of the stem [3], but a quantitative understanding of
C partitioning between storage, tissue growth, and respi-
ration as well as the underlying regulation of C partition-
ing is still lacking. Here we emphasize that the stem is
itself a major C sink and an important organ for the
regulation of the tree’s C balance, not merely an ‘express’
highway for long-distance C transport. We stress the need
for process-oriented research that will provide quantita-
tive insights into dynamics and controls of C storage and
remobilization in tree stems and along the transport
pathway. Without such information, the stem will remain
a missing link in whole-tree C balance.

Non-structural carbohydrates in the stem
NSCs exist in basically all components of living vegeta-
tive tissues of the plant; they can be found in vacuoles,
plastids, and the cytosol of cells, as well as in the apoplast
[4°]. Supply and demand of NSCs are often asynchronous
and surplus sugars produced in leaves during daytime are
stored as starch granules in chloroplasts. During the night,
these starch granules are then hydrolyzed to glucose to
fuel growth and respiration or exported as sucrose to other
plant organs via the phloem [5].

Large amounts of NSCs are stored long-term in amylo-
plasts of ray and axial parenchyma cells. Because second-
ary growth in woody plants produces new cell layers
interspersed with living parenchyma cells every year,
the resulting tissues provide storage capacities for differ-
ent temporal horizons: small branches and fine roots serve
as seasonal storage, while large branches, coarse roots, and
tree stems are used for decadal storage [6°]. Only the
heartwood, comprising the inner part of tree branches and
stems, does not contain living cells and therefore cannot
remobilize remaining NSCs.

In the stem, NSC concentrations usually decrease across
the sapwood towards the sapwood-heartwood transition
zone and then remain constant (often at zero concentra-
tion in older trees) throughout the heartwood to the pith
[7]. However, some studies have observed high levels of
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Box 1 Glossary of key terms. Terms are bolded within text upon first mention

Term

Definition

Nonstructural carbohydrates (NSC)

Ray and axial parenchyma

Collection phloem

Transport phloem

Release phloem
Leakage-retrieval mechanism

Radiocarbon signatures

Lateral storage and remobilization

Apoplastic sensing

Mainly sugars and starch, the major substrates for primary and secondary plant
metabolism; 5-C sugars (i.e. glucose, fructose) function as metabolites and
osmoregulators, while disaccharides and oligosaccharides (i.e. sucrose, raffinose) function
as transport sugars

Living cells of the secondary xylem and phloem that function in many metabolic processes
including NSC storage

Sieve element-companion cell complex of the minor leaf vein that sucrose is loaded into
after its production in the leaf mesophyll

sieve element-companion cell complex in the major veins, petioles, branches, stems, and
roots that transports and redistributes NSCs and other molecules to sinks along the vertical
pathway

Sieve element-companion cell complex that unloads sucrose and other molecules into sink
cells

Process by which NSCs traveling along the leaky transport phloem passively diffuse out and
are actively loaded back into companion cells

Well-documented changes in the radiocarbon signatures atmospheric carbon dioxide since
the testing of atmospheric nuclear weapons in the 1960s provide an estimate for the mean
time elapsed since C in NSC pools or plant tissues were fixed from the atmosphere
Lateral flow and accumulation of NSCs in sinks (i.e. parenchyma cells of stem xylem) and
subsequent release of stored reserves back into the transport phloem

Proposed mechanism by which lateral flows are regulated through sensing of apoplastic
sucrose concentrations; low apoplastic sucrose concentrations will reduce phloem loading

sugars [8°°] and/or starch [9] deep in the xylem. NSC
concentrations vary seasonally in the stems of several tree
species [10], reflecting the accumulation, utilization, and
redistribution of NSCs to buffer changing supply and
demand throughout the year.

Whole-tree phloem transport

The Miinch theory posits that the flux of carbohydrates
from sources to sinks is driven by a hydrostatic pressure
gradient in the phloem that causes mass flow of phloem
sap along the sieve tubes [11,12°,13°]. "The hydrostatic
pressure is created by loading of sucrose into companion
cells followed by diffusion into sieve tubes of the collec-
tion phloem. The increase in solute concentration in the
sieve tubes decreases phloem water potential and causes
inflow of water from surrounding tissues, mainly the
xylem. Increasing turgor in the collection phloem of
source tissues due to this inflow along with unloading
of sucrose and ensuing decreases in turgor in the release
phloem of sink tissues creates the gradient of hydrostatic
pressure that drives phloem flow [14°].

Stems are the linkage between the tree’s main photosyn-
thetic source, the canopy, and one of its major heterotro-
phic sinks, the root system. Secondary growth in stems
produces layers of cells each growing season, divided into
xylem, which transports mainly water and nutrients from
the soil to the canopy and transport phloem, which
redistributes carbohydrates and other organic and inor-
ganic molecules across tree organs. Xylem water transport
is much faster than phloem sap flow and can reach

maximum peak velocities ranging from 16 to 45 m hour™!

depending on vessel size [15]. However, phloem veloci-
ties average between 22 cm hour™" in gymnosperm trees
and 56 cm hour™" for angiosperms [16°], making tree
stems large highways for both water and sugar transport.

Tree stems are more than just unidirectional
‘express’ highways

Viewing transport phloem in the tree stem as a simple
sugar highway is too simplistic (Figure 1). During the last
decades, evidence has accumulated that the transport
phloem is not an ‘express’ highway, but rather a leaky
pipe where carbohydrates passively diffuse out and are
actively loaded back into companion cells during trans-
port [17]; this has been termed the leakage-retrieval
mechanism. In bean plants, about 6% of sugars are lost
and 3.4% retrieved per centimeter of phloem length [18].
Thus, leakage and retrieval may provide resources locally
for maintenance and growth of axial sinks like stem
cambium [19].

The inverse flows involved in leakage and retrieval are
thought to serve as short term buffers for imbalances
between sources and sinks, but can also facilitate
exchange of NSCs between the phloem and stem paren-
chyma [20,21]. Ray cells extend radially throughout the
xylem and connect to the phloem, allowing for both the
lateral storage and remobilization of NSCs into and out of
the stem [22], which in turn supports the leakage and
retrieval of solutes along the pathway [17].
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Tree stems and phloem transport. Tree stems contain phloem, the main transport system connecting the major carbon source in the canopy to a
large carbon sink in the roots. While phloem transport is often considered to be an express highway between canopy and roots, it is in fact more
like a winding road interrupted by detours. Carbohydrates leak out of and are loaded back into the sieve elements of the phloem to provide
energy and carbon skeletons for respiration, growth, and storage in living cells of the phloem, the cambium, and the xylem. Questions that need
answering include: How much of the transported carbohydrates end up in parenchyma cells of wood rays in the xylem? and How are stored
carbohydrates remobilized when source activity in the canopy is lower than overall carbon demand?

Recently, radiocarbon signatures of sugars and starch
have demonstrated lateral storage by net inward mixing
of younger NSCs into the stem in many temperate tree
species [2°,23°]. The use of these mixed younger and
older NSCs for respiration or growth of stem resprouts
[24,25] support the idea of remobilization. While we have
a basic understanding of the spatial and temporal dis-
tributions of NSCs in the stem, processes regulating the
exchange of NSCs along the transport pathway — how
younger C is mixed inward, and older C is used — remain
poorly understood. In particular, the degree to which
timescales of NSC storage result from physical transport
and isolation (e.g. flow rates into and out of rays) versus
active regulation requires further investigation [6°].

When the tree canopy is not the major source of NSCs (i.
e. when deciduous trees lack leaves, or during extended
drought), storage and remobilization of reserves in the
stem may be particularly important. In fact, the transport
pathway runs in reverse, supplying stored NSCs to grow
buds and new leaves until they are able to fix excess C
supply on their own. In addition to flowing in reverse, our

understanding of phloem—xylem function has also been
challenged. Recent work shows that long distance trans-
port for springtime growth in young walnut trees is
accomplished by NSC transport in the xylem, which is
maintained with the recirculation of water by phloem
Miinch flow [26°].

Unknown role of tree stems in C balance

Isotopic tools have provided evidence for exchange
dynamics along the leaky highway, particularly '*C tracer
studies that have monitored a label fixed in the canopy
and respired from different organs over time. However,
mass balance of the fate of the tracer in such studies is
notoriously difficult. Strong evidence for phloem leakage
and recovery comes from the observed ~10 fold reduc-
tion in the ®C label associated with canopy-derived
NSCs as it is transported between the top and bottom
of the stem [27°°]. Other canopy labeling studies tracing
the *C distribution down the stem have quantified the
label in CO, emitted from the stem, indicating not just
transport, but also metabolism of canopy-derived sugar
(reviewed in [28°]). Such studies have demonstrated
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arrival of the tracer with downward transport rates of 0.2—
1.2 m per hour (i.e. in the same range as water flow in
phloem).

Studies tracking canopy-derived C also indicate the pres-
ence of additional mechanisms that allow the label to be
detected in stem CO, efflux over subsequent weeks to
months. This indicates that there is a second, slower
process at work, as might be expected from phloem
leakage and recovery. However, xylem-transported
CO; can also influence signals in stem CO; efflux based
on an estimated 50% of root respired CO; being retained
and transpired upwards [29°]. The signal of respiration of
3C-labeled photosynthetic products can therefore be

diluted both via mixing of labeled and unlabeled NSCs
before respiration, or by diffusion of unlabeled CO, from
stem interiors. Teasing these signals apart requires using
O, uptake rather than CO; release as a measure of local
respiration rates [30°°], as O, is far less soluble in stem
water, or using the higher radiocarbon (*C) content of in-
stem CO, [25] to estimate the contribution from lateral
diffusion.

In some cases, the *C label can be stored even longer,
and is detectable in respiration [31] or new wood growth
in subsequent years [32]. Thus, mixing and retrieval
mechanisms have the potential to contribute to even
long-term NSC stores in stems. Such studies are in accord

Figure 2

130/140

13,
CNSC

Current Opinion in Plant Biology

Partitioning of phloem transport. On its way from source to sink, fractions of phloem sap leaked out of sieve cells can be allocated to metabolic
activity (e.g. respiration, cambial and wood growth) or stored within parenchyma cells of the xylem. These fractions are currently unknown and
dedicated experimental approaches are required to provide information on these processes (see also Table 1). Labeling of phloem sap with stable
carbon isotopes ('3C) via photosynthesis will yield information on the fraction of carbohydrates that remain in the sap on its way down (red lines in
inlet panels). The '3C signal decreases with distance (d) from the source (indicated by position on stem, distance increasing downwards) and over
time ("3C signal of sap being diluted with ‘fresh’ photosynthates, t of x-axis on inlet panels is time). Storage of carbohydrates is indicated by '*C
signal of stem NSCs, which are likely to decline with distance from source and with distance from phloem (green dashed lines, d on x-axis of inlet
panels is distance from phloem). The fraction of ‘older’ carbohydrates in stored NSCs consequently increases with distance from source and from
phloem ("“C signal, green solid lines on inlet panels) as less ‘“fresh’ photosynthates are stored. Partitioning of each fraction can be derived from
comparing '3C signals of stored NSCs, wood tissues, phloem sap, and respired CO, whereas the fraction of CO, transported in the xylem and
contributing to stem emissions can be estimated by RQ (respiratory quotient, the amount of CO, evolved over the amount of oxygen used during
respiration; the RQ can provide information on the substrates used in respiration, like carbohydrates or lipids, or indicate the fraction of root-
derived CO; transported in the xylem and emitted by the stem) measurements.
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Future directions and tools for assessing whole-tree NSC transport

Question

Current understanding

New experiments/observations

How are NSCs that are loaded into the

phloem in the canopy partitioned (Figure 2)

as they move down the stem?

What fraction of the C respired by roots
originated in the canopy in the last few
days?

What is the role of CO, fixation and internal

recycling in tree C balance?

Does the remobilization of older reserves

increase when canopy C sources decline
(dormant season or extended drought)?

Label signal from '3C fixed in the
canopy is diluted in phloem sugars and
stem CO; efflux as the distance from
the canopy increases [27°°]

Transport from canopy labeling
combined with radiocarbon signature
of root respiration indicates a mix of
multi-year storage reserves and label
C[31]

A portion of "*C-CO, label applied at
stem base is transported to the canopy
and fixed by photosynthetic tissues
[297]

Low respiration quotients [30°°]
suggest CO is also fixed within stems
to produce organic acids
Radiocarbon signatures of NSC and in-
stem CO, indicate storage reserves
that are decades old contribute to
respiration [2°,23°,24,25]

Combine canopy '°C labeling with natural
radiocarbon measurements in phloem sap, wood
and xylem NSCs and CO, efflux at different stem
heights (panels in Figure 2). Use

O, uptake (RQ; Figure 2) and C isotopes to
differentiate local respiration from transported CO,
Perform more combined label/radiocarbon
experiments. Add compound specific isotope
measurements (e.g. sucrose, amino acids, organic
acids) to understand changing sources of these
compounds in phloem and stem CO,

Labeling of in-stem CO, and tracking the label into
tissues and organic compounds in xylem and
phloem.

Simultaneous monitoring of isotopes in CO, efflux
and O, uptake in extracted tissues as well as stem
fluxes with distance from the label injection

Use stem girdling to disrupt phloem transport and
track O, uptake (RQ) as well as the C of respired
CO, with time (in extracted cores and stem
chambers)

with the inferred use of storage reserves from either long-
term labeling experiments [33] or the bomb *C signature.
Krepowski ez al. [32] showed large differences in the
timescales of label persistence between deciduous and
evergreen broadleaf trees; Epron ez a/. [28°] showed faster
transport of label downward in gymnosperms compared to
angiosperms. Thus, the mechanisms at work and how
NSCs are allocated among them differ with the life
strategy of the tree, a fact that must be kept in mind
when comparing studies.

Regulation of exchange processes

While there is evidence that exchange of NSCs along the
transport pathway is occurring, the regulation of these
processes is not well understood. We know that they are
controlled partly by the distribution of and coordination
between sources and sinks. Further, it has been proposed
that NSC storage and remobilization in ray and axial
parenchyma cells of the stem involves both plasmodes-
matal and transporter-mediated routes for exchange [3],
with active uptake that is likely controlled by the con-
centration of sugars in the apoplastic space, at least for
short term buffering [34].

But, it is unclear if apoplastic sensing plays a role in longer
term NSC storage. The phloem is, however, not limited
to the long distance transport of sugars as it also carries
nutrients and signaling molecules like hormones, RNA,
and proteins [35,36]. These signaling molecules may
induce changes to the abundance and distribution of
transporters and enzymes that then have the potential
to modify the partitioning and allocation of stem reserves

[37]. Understanding both the relative importance of vari-
ous signaling molecules for exchange dynamics and how
they exert control on processes like lateral storage and
remobilization will help shed light on the mechanisms at
play along the stem during long distance transport.

Tools and approaches for understanding stem
storage and remobilization of whole-tree NSC
transport

Future work should aim to combine the measurement of
NSCs with isotope studies to piece together a detailed
picture of storage and allocation processes in the stem,
which will in turn inform our understanding of whole-tree
transport. Historically, storage in the stem has been
estimated by measuring NSCs from sapwood tissue col-
lected at breast height, but it is clear that concentrations
may vary with distance from the source and should be
quantified both radially and axially at different stem
heights [7,38]. Concurrent application and monitoring
of isotopic signals like *C and 'C along the stem will
allow us to partition C to different sinks and tease apart
the importance of and mechanisms behind different
processes like lateral storage and remobilization and
CO; fixation (Figure 2 and Table 1). Additional manipu-
lation of source-sink relationships through girdling and
defoliation may help to further resolve stem dynamics.

There are many complex questions that these methods
will help address (see also T'able 1): How much of the
timescale involved in storage is related to physical trans-
port (i.e. mixing going down the stem) versus actual
chemical transformations (i.e. sugar to starch and back)?
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How important is internal recycling/refixation of CO, in
the stem xylem to the whole-tree C budget? Like short
term buffering, does apoplastic sensing control the long
term storage and remobilization of reserves and how do
wood anatomy and leaf habit influence such processes?
Answering these and similar questions will highlight the
stem’s role not only in C transport, but also in regulating
the whole-tree C balance.

Summary and conclusion

The statement by Minchin ez @/. [39°°] “There has been
very little work to determine whether axial sinks alter the
‘classical’ model of source to sink transport, probably
because of the experimental difficulties ... ” is still
valid. We currently do not understand the dynamics
and regulation of storage and exchange processes that
occur along the transport pathway, and the stem remains a
black box for our understanding of whole-tree C balance.
Recent applications of X-ray micro-computed tomogra-
phy imaging combined with machine learning have
opened new avenues for iz vivo observations of stem
storage processes [40°]. In addition, further research using
isotopic tracers and clever experimental designs (Figure 2)
is required to produce quantitative evidence for C parti-
tioning in tree stems and will show that tree stems are not
just transport highways, but also play an important role in
the C metabolism of trees.
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