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Summary 32 

Whether sources or sinks control wood growth remains debated with a paucity of 33 
evidence from mature trees in natural settings.  34 

Here, we altered carbon supply rate in stems of mature red maples (Acer rubrum) 35 
within the growing season by restricting phloem transport using stem chilling; thereby 36 
increasing carbon supply above and decreased carbon supply below the restrictions, 37 
respectively. 38 

Chilling successfully altered nonstructural carbon concentrations (NSC) in the 39 
phloem without detectable repercussions on bulk NSC in stems and roots. Ring width 40 
responded strongly to local variations in carbon supply with up to seven-fold differences 41 
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along the stem of chilled trees; however, concurrent changes in the structural carbon were 42 
inconclusive at high carbon supply due to large local variability of wood growth. Above 43 
chilling-induced bottlenecks, we also observed higher leaf NSC concentrations, reduced 44 
photosynthetic capacity, and an advancement of leaf coloration and fall.  45 

Our results indicate that the cambial sink (particularly cell division) is affected by 46 
carbon supply, but within-tree feedbacks can downregulate source activity, when carbon 47 
supply to the cambium exceeds demand. Because such feedbacks have so far only been 48 
hypothesized in mature trees, these findings constitute an important advance in 49 
understanding source-sink dynamics and suggest that mature red maples operate close to 50 
both source- and sink-limitation. 51 

 52 
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Introduction 54 

Wood—the secondary xylem and defining feature of trees—is a remarkable material. It shapes 55 
ecosystems, by enabling trees to grow tall and compete for light (Niklas, 1992); it has altered the 56 
developmental trajectory of the biosphere and earth system by serving as a slow-turnover pool of organic 57 
matter, thus sequestering atmospheric CO2 (Pugh et al., 2020); and, it has influenced the evolution of 58 
human societies and civilization by providing fuel, fiber, and building materials that are strong and light 59 
(Brostow et al., 2010). However, wood is in some ways a conundrum: while dendrochronologists, 60 
schoolchildren, and foresters all know that trees grow more in some years and less in others (Fritts, 2012), 61 
our mechanistic understanding of the underlying processes controlling interannual variation in wood 62 
growth is surprisingly poor, especially with regard to mature trees growing in natural settings (Rathgeber 63 
et al., 2016; Friend et al., 2019).  64 
 There are two ways in which environmental factors might influence wood growth (xylogenesis) 65 
and these are reflected in the two dominant paradigms: either wood growth is controlled by carbon 66 
supply—from current photosynthesis, which may be supplemented from reserves— i.e. “source-limited,” 67 
or wood growth is controlled by the activity of the lateral meristem, through the direct impact of limiting 68 
(environmental or internal) factors on the processes of xylogenesis, i.e. “sink-limited” (Körner, 2003). 69 
The source-limited hypothesis is the basis of most vegetation models (Fatichi et al., 2014; Körner, 2015; 70 
Friend et al., 2019), but there is more and more evidence for direct environmental limitations on the 71 
cambium (Körner, 2006; Parent et al., 2010; Peters et al., 2020). A consequence of the sink-limited 72 
hypothesis is the existence of feedback mechanisms from sinks to sources that will cause source activity 73 
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(photosynthesis) to be down-regulated when sink activity (xylogenesis) is inadequate to meet supply 74 
(Walker et al., 2021). 75 

While distinguishing between source- and sink-limitation might seem straightforward, in practice 76 
it is not (Gessler & Grossiord, 2019). This is because at either extreme, xylogenesis must be either source- 77 
or sink-limited. Clearly carbon supply must be a top-down constraint on growth, as wood growth can 78 
never exceed carbon supply. However, at the same time there must be an upper limit on growth (Gmax; 79 
Fig. 1A), controlled by the maximum sink activity and independent of carbon supply. What is needed are 80 
experimental designs that offers the opportunity to identify whether under ambient environmental 81 
conditions source- or sink-limitation is dominant in various species and ecosystems? Conceptually, a tree 82 
could operate under either limitation and possibly switch between them over time (Fig. 1A). In this 83 
framework, a transition from supply-limited growth to sink-limited growth occurs at a supply level of C* 84 
(Fig. 1A). With our present knowledge of carbon dynamics and xylogenesis, however, it is not known 85 
whether trees are more generally operating below C* (where growth is supply-limited, e.g. C1), above C* 86 
(where growth is sink-limited, e.g. C2), or in fact close to C* possibly switching between supply- and 87 
sink-limitation over time. 88 

Previous studies have provided mixed results in support of these competing views. Girdling 89 
experiments, which show reductions in growth below the girdle (reduced supply) and increases in growth 90 
above the girdle (enhanced supply), suggest that wood growth is supply-limited (Wilson, 1968; Maier et 91 
al., 2010). But, at the whole-tree level, CO2 enrichment, which would be expected to enhance carbon 92 
supply to the entire tree because of stimulated photosynthesis, has not generally been shown to result in 93 
increased wood growth in mature trees (Körner et al., 2005; Jiang et al., 2020; Lauriks et al., 2021), 94 
supporting the sink-limitation hypothesis (and pointing to within-tree feedbacks down-regulating 95 
photosynthetic activity). Other experimental studies have equally shown that wood growth is reduced 96 
following exposure to low atmospheric CO2 (Huang et al., 2021), experimentally induced defoliation 97 
(Deslauriers et al., 2015; Wiley et al., 2017), as well as natural defoliation resulting from pest outbreaks 98 
(Castagneri et al., 2020). However, these growth responses could simply result from severe supply-99 
limitation (e.g. C1): they tell us nothing about whether sink-limitation occurs more generally.  100 

Here, we used an experimental manipulation—applying the “phloem chilling” method of Johnsen 101 
et al. (2007) and de Schepper et al. (2011)—to regulate the carbon flow to different points along the stem 102 
of mature red maples (Acer rubrum). As phloem flow is modulated by temperature (Jensen et al., 2016), 103 
phloem transport can be temporarily and reversibly blocked by chilling the phloem close to 0℃ (Gould et 104 
al., 2004; Peuke et al., 2006; Thorpe et al., 2010). An advantage of this approach is that unlike traditional 105 
girdling approaches, phloem chilling does not cause wounding and is reversible (Rademacher et al., 106 
2019). We installed chilling collars at 1.0 and 2.0 m to create a gradient of carbon supply along the stem 107 
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and isolate one stem section (between 1 and 2 m) from both recent assimilates from the canopy and root 108 
reserves (Fig. 1B). Our focus here is on this alteration of carbon supply below, between, and above the 109 
transport restrictions, rather than on the growth response under each collar (e.g., 1 and 2 m), where near-110 
freezing temperatures constitute an acute limitation (Fig. 1D). We used microcores to observe the 111 
seasonal progression of xylogenesis, and we also characterised stem respiration and concentrations of 112 
stored nonstructural carbon (NSC) to quantify local carbon dynamics. Leaf-level measurements of 113 
photosynthesis, and visual observations of leaf phenology (i.e., bud burst, leaf elongation, leaf 114 
colouration, and leaf fall) were used to assess the impact of any within-tree feedback mechanisms. 115 
Ultimately, whether a tree is source- or sink-limited may vary over time, especially when differences in 116 
source and sink phenologies may cause temporary carbon surpluses or deficits in shoulder seasons. Here, 117 
we focused on the early growing season (29th May to 10th July 2019), when trees appear to be particularly 118 
sensitive to phloem transport manipulations (Maier et al., 2010; De Schepper et al., 2011). 119 
Based on the concepts presented above (Fig. 1A), we hypothesized that if wood growth is 120 

supply-limited (C1), then in our experimental treatments we should see reductions of growth at 121 
1.5 m (the isolated stem section) and possibly at 0.5 m (depending on root reserve depletion) but 122 
enhancements of growth at 2.5 m (Conclusion: Reject sink-limited hypothesis, under current 123 
environmental conditions). If on the other hand wood growth is sink-limited (C2), then our 124 
experimental treatments should neither lead to reduced growth at 1.5 m and 0.5 m (as long as root 125 
reserves are not depleted) nor enhanced growth at 2.5 m (Conclusion: Reject supply-limited 126 
hypothesis, under current environmental conditions). A third possibility is that under current 127 
environmental conditions, trees are operating in the vicinity of C*. In this case, we might see 128 
reduced growth at 1.5 m in response to reduced carbon supply, but no response at 2.5 m in 129 
response to enhanced carbon supply (Conclusion: joint limitation of growth by supply-limitation 130 
and sink-limitation). Finally, feedbacks could downregulate source activity (evidenced through 131 
potential changes in photosynthetic activity and/or leaf phenology) as a result of the build-up of 132 
phloem carbon above the top chilling collar (Conclusion: Within-tree feedbacks can modulate 133 
photosynthesis to control supply in response to demand). We expect that all treatment effects will 134 
gradually accumulate during the chilling treatment, but will taper off after the chilling is ended 135 
(i.e., after the peak growing season to avoid the complete halt of wood growth; Fig. 1C). 136 
Understanding the role of source-sink dynamics of large trees in natural settings under ambient 137 
environmental conditions is important because of their importance as a sink in the global carbon 138 
cycle (Pugh et al., 2019) and the fact that source-sink interactions in large trees are different from 139 
small trees (Hartmann et al., 2018). Our experiment provides a rare look into the source-sink 140 
interactions of mature trees in a natural temperate forest. 141 
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 142 

Materials and Methods 143 

Study site and species 144 

Red maple (Acer rubrum) is widespread throughout eastern North America, and of great cultural and 145 
commercial importance. At Harvard Forest in central Massachusetts, USA, red maple is together with red 146 
oak the most dominant species in a mixed forest. We studied a cohort of eight mature trees growing in 147 
close proximity (within 20 m of each other) in the Prospect Hill Tract (42°30.8’ N, 72°13.1’ W, 350m 148 
above sea level) on sandy acidic loam. These 75±1.7 (μ±σ) year-old trees regenerated naturally after a 149 
stand-replacing hurricane in 1938. They have experienced an average temperature of 8.0±0.7°C and 150 
annual precipitation of 1096±228 mm over the past 57 years (Boose & Gould, 2019) reaching an average 151 
diameter of breast height of 24.2±1.2 cm and a mean height of 22.6±1.0 m. The experiment was 152 
performed in 2019, a relatively wet year with 270 mm above the average of the instrumental record and 153 
directly followed the wettest year on record with 1840 mm. Annual mean temperature in 2019 was close 154 
to the long-term average with 7.9°C. Overall, neither the preceding year, nor the year of the experiment, 155 
showed strong climatic constraints. 156 

Chilling setup 157 

We separated the cluster of eight trees into four pairs, with each two trees of similar size and canopy 158 
status (SI 1). We flipped a coin to randomise which tree of each pair was subjected to phloem chilling at 159 
1.0 and 2.0m (Fig. 1B). To monitor phloem temperatures, negative temperature coefficient thermistors 160 
(2.5 mm diameter, SC30F103V, Amphenol Thermometrics Inc., St. Marys, Pennsylvania, USA) were 161 
placed into the phloem, one each at 1.0 and 2.0 m using surgical needles in early May 2019. Around the 162 
same time, we also installed heat-pulse sap flow sensors (East 30, Pullman, Washington, USA) at 1.5 m, 163 
which measure sap flow at three depths (i.e., 5.0, 17.5, and 30.0 mm). In mid-May, we wrapped 3/8” type 164 
L copper tubing 30 times around stems to produce 30-cm-wide chilling collars (centered on the chilling 165 
height), which were linked to a coolant supply line using one ALPHA2 circulator (Grundfos, Bjerringbro, 166 
Denmark) for each tree (i.e., supplying two chilling collars). To chill the trees, coolant - a mix of water 167 
and polypropylene glycol - was constantly circulated through the main supply line and the chilling collars 168 
from a reservoir that was cooled to maintain a temperature of roughly 0°C with a six-ton chiller using a 169 
1.5 horse power circulation pump (Chillking, Bastrop, Texas, USA). During the chilling period, 20 170 
thermistors (T_109, Campbell Scientific, Logan, Utah, USA), which were calibrated in an ice-bath prior 171 
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to deployment, were used to monitor air temperature, temperatures of the supply lines, and at the chilling 172 
collars. Piping and chilling collars were insulated (e.g., bubble wrap, glass wool, piping insulation) and 173 
covered in radiative barriers. The chilling was switched on at midday on 29 May 2019 and switched off at 174 
midday on 10 Jul 2019, reducing phloem temperatures to an average of 2.8±2.6°C at 1.0 m and 1.4±1.8 at 175 
2.0 m in chilled trees over this 42-day period. Phloem temperatures in chilled trees at 1.0 and 2.0 m were 176 
15.4 and 16.8°C lower than the control group during this chilling period, but only 2.3°C lower at 1.5 m, 177 
suggesting that the chilling effects were mainly local but there was some diffusion (i.e., mostly up stem 178 
with xylem sap flow during the day). At 1.5 m phloem temperature of control trees closely followed air 179 
temperature (R2 = 0.98). During the chilling, phloem temperatures at 1.0 and 2.0 m were maintained in 180 
the range of 0 to 5°C for 84 and 97% of the time. 181 

Physiological monitoring 182 

We monitored wood formation and resulting anatomy, NSC concentrations in leaves, stems and roots, 183 
stem CO2 efflux, sap flow, leaf phenology, as well as leaf and branch water potential throughout the 2019 184 
growing season (Fig. 1B). Wood formation was assessed from thin-section (7 μm-thick cross-sectional 185 
cuts), which were obtained from microcores at 0.5, 1.5, 2.5, and 4.0 m throughout the 2019 growing 186 
season (see Fig. 2A for sampling dates) and one follow-up sample on 4 Aug 2020. Microcores were 187 
stored in a solution of 75% ethanol and 25% glacial acetic acid for 24 hours after collection. Then, they 188 
were transferred to 95% ethanol until they were embedded in paraffin (Tissue Processor 102, Leica 189 
Biosystems, Germany), stained with astra-blue and safranin, and cut with a rotary microtome (RM2245, 190 
Leica Biosystems, Wetzlar, Germany). Images of the thin-sections were scanned at a resolution of circa 191 
1.5 pixels per μm (Axioscan Z1, Zeiss, Jena, Germany) and ring widths were measured using the Wood 192 
Image Analysis and Database (Rademacher et al., 2021c; Seyednasrollah et al., 2021). To compare 193 
differences in growth between sampling locations, we fitted monotonic general additive models to each 194 
growth series using the scam v1.2-9 package (Pya, 2020). For each growth series, we identified the start 195 
of wood formation as the date halfway between the sampling dates of the last microcore without and the 196 
first microcore with signs of cell enlargement. To estimate the cell-wall area in one end-of-season image, 197 
we converted a region of interest for the 2018 and 2019 ring to greyscale and used a threshold to 198 
differentiate between lumen areas and cell-wall areas. Regions of interest were maximised for each ring, 199 
while excluding rips and tears in the sample. We reported results for a brightness threshold of 0.8, but 200 
varying thresholds between 0.7 to 0.9 did not change the reported patterns. Cell-wall area estimates were 201 
converted to mass using a cell-wall density of 1.459 g cm-3 for red maple (Kellogg & Wangaard, 1969). 202 
Vessels were identified in each region of interest after denoising the image using the determinant of 203 
Hessian operator (Lindeberg, 2015) as implemented in the imhessian function of the imager package 204 
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(Barthelme, 2020). We added a minimum size threshold of 500 μm2 to differentiate between large fiber 205 
lumina and small vessel lumina. An illustration of the methods can be found in the supplements (SI 4).  206 

 207 
For NSC analysis, we collected tissue samples from roots, stems at 0.5, 1.5, and 2.5 m and sun-exposed 208 
leaves throughout the growing season, froze them on dry ice, transferred them to a freezer (-60°C) as soon 209 
as possible, before they were eventually freeze-dried (FreeZone 2.5, Labconco, Kansas City, USA with a 210 
Hybrid Vacuum Pump, Vaccubrand, Wertheim, Germany), ground (mesh 20, Thomas Scientific Wiley 211 
Mill, Swedesboro, New Jersey, USA), and homogenised (SPEX SamplePrep 1600, MiniG, Metuchen, 212 
New Jersey, USA). Root and stem samples were collected using an increment corer (5.15 mm, Hagöf, 213 
Långele, Sweden), while several sun-exposed leaves were cut with pruning shears from a bucket lift. For 214 
roots, we sampled one large coarse root per tree repeatedly at least 1m below the root collar and 15 cm 215 
from any previous sampling location. All the xylem tissue was homogenised for each root sample. For 216 
stem samples, we separated phloem (i.e., whole phloem area), the outer bark, and the first centimetre of 217 
the xylem and homogenised them separately. We used an established protocol for colorimetric analysis of 218 
soluble sugar and starch concentrations using phenol-sulphuric acid after ethanol extraction (Landhäusser 219 
et al., 2018). Absorbances were read twice for each sample at 490 nm for sugar and 525 nm for starch 220 
using a spectrophotometer (GENESYS 10S UV-Vis, Thermo Fisher Scientific, Waltham, Massachusetts, 221 
USA). To calibrate absorbance measurements with 1:1:1 glucose:fructose:galactose curves (Sigma 222 
Chemicals, St. Louis, Missouri, USA) we used the R package NSCprocessR 223 
(https://github.com/TTRademacher/NSCprocessR). For overall quality control, we used laboratory 224 
control standards of red oak stem wood (Harvard Forest, Petersham, Massachusetts, USA) and potato 225 
starch (Sigma Chemicals, St. Louis, Missouri, USA). Batches of 40 samples always included at least 226 
seven blanks and nine laboratory control standards. The control standards had coefficients of variation of 227 
0.08 and 0.12 for red oak soluble sugar and starch concentrations and 0.07 for potato starch.     228 

 229 
To quantify the relationship between chilling and basic tree metabolism, we also measured stem CO2 230 
efflux. Every week throughout the growing season, we measured CO2 efflux at 0.5, 1.5, and 2.5 m on all 231 
trees starting at 13:00 GMT-4 and normally took less than an hour. We measured chambers in the same 232 
order to facilitate comparison over longer time scales by minimising difference in diurnal fluctuations. 233 
CO2 concentrations were measured with a closed-chamber attached to a Infra-red gas analyser (Li-820,  234 
LI-COR, Lincoln, Nebraska, USA) at 1Hz once the chamber internal CO2 concentration had stabilised at 235 
ambient levels (Carbone et al., 2019) and converted to fluxes with uncertainties using the 236 
RespChamberPro package (Perez-Priego et al., 2015).  237 

 238 
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We monitored the leaf phenology of all eight red maples, plus six additional red maples in the stand in 239 
2018 and 2019 according to the protocol by O’Keefe (2019). Using binoculars, we visually observed the 240 
crown of each tree to determine the dates of bud burst, leaf elongation, leaf colouration, and leaf fall. 241 
During the period with green leaves, we also measured pre-dawn leaf and branch water potential 242 
approximately every second week to estimate potential effects of the chilling on tree water status (in 243 
addition to the sap flow sensors; SI 3). 244 
 245 
During the last ten days of the chilling, we conducted a campaign to compare photosynthesis and 246 
chlorophyll fluorescence in chilled and control trees (purple highlight in Fig. 1C & D). Instantaneous 247 
photosynthetic rates (n = 46), light response curves, and A/Ci curves were measured in shade or sun 248 
leaves of each pair of trees (i.e., one control and one chilled tree) simultaneously using two LICOR-6400 249 
(Lincoln, Nebraska, USA) from a bucket lift. We estimated photosynthetic parameters (maximal rate of 250 
photosynthetic electron transport or Jmax and maximal rate of RuBisCO carboxylation activity or Vcmax), by 251 
fitting A/Ci curves to the data using the plantecophys package (Duursma, 2015). Directly after each 252 
photosynthesis measurement, we also removed the leaf and measured chlorophyll fluorescence (OS-30P, 253 
Opti-Sciences, Hudson, New Hampshire, USA). Then, we wrapped each leaf in aluminium foil and kept it 254 
in a cooler with ice to dark-adapt. In the evening of each day, we re-measured chlorophyll fluorescence in 255 
dark-adapted leaves, to estimate stress to the photosynthetic apparatus (Maxwell & Johnson, 2000).  256 
 257 

Statistical analysis 258 

All statistical analyses were performed in R v3.6.3 (R Core Team, 2019). The data and code to reproduce 259 
all results are publicly available on the Harvard Forest Data Archive (Rademacher et al., 2021b). We used 260 
mixed effects models that were fitted using the lme4 package (Bates et al., 2015) with tree identifiers as a 261 
random variable, and a fixed treatment effect. For data with various data points along the stem, we 262 
include a sampling height and treatment interaction as a proxy carbon supply gradient. When 263 
measurement series over time were compared, we also include datetime as a categorical fixed effect and 264 
its interaction with the treatment or the treatment and sampling height interactive effect in the case of 265 
stem data. We refrain from reporting significance based on arbitrary p-values in line with the philosophy 266 
of the lme4 package, as the degrees of freedom of mixed effects models are non-trivial and can only be 267 
estimated (Bates et al., 2015).  Instead, we report estimated mean effects and their standard errors (𝜇̂±𝜎$!") 268 

as well as relative differences between these (in %) unless specified otherwise and leave it to the reader to 269 
decide on their significance.  270 

 271 
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Results 272 

Changes to carbon supply and NSC concentrations 273 

We altered phloem transport by chilling stem sections as shown by changes in local phloem sugar 274 
concentrations. Phloem sugar concentrations were similar between treatment groups before chilling, but 275 
increased above the chilling collars (Fig. 3A). Phloem sugar concentration increased during the chilling 276 
by 13% (0.35±0.35% dry weight), 18% (0.50±0.35% dry weight), and 34% (0.92±0.36% dry weight) at 277 
0.5, 1.5, and 2.5 m, respectively. In contrast, phloem starch concentrations increased above the chilling 278 
collars by an average 37% during the chilling treatment (0.25±0.20% dry weight) and decreased by 64% 279 
below the two chilling collars (0.43±0.18% dry weight). It is likely that some starch was remobilised to 280 
supplement phloem sugar depleted as a result of the flow restrictions. While NSC concentrations in the 281 
phloem, particularly soluble sugar, showed treatment effects (Fig. 3A), bulk NSC concentrations in stems 282 
and roots across the first centimetre of xylem tissue varied comparatively little between the control and 283 
chilled trees before, during and after the chilling (Fig. 4).  284 
 285 

Changes to wood growth 286 

The chilling-induced restriction of phloem transport affected radial wood growth along the stem, with 287 
wider rings forming in regions of increased carbon supply and narrower rings forming in regions of 288 
reduced carbon supply (Fig. 2A & B). Over the five preceding years and the following year, both control 289 
and chilled trees showed little pre-existing variation in growth with sampling height (standard deviation 290 
of	0.1 mm and 0.2 mm for control and chilled groups). Control trees continued to grow without 291 
systematic variation with sampling height at an average ring width of 1.9±0.6 mm in 2019 (Fig. 2B). 292 
Chilled trees grew 84% less below the two phloem restrictions (0.3±0.1 mm), 26% less below one phloem 293 
restriction (1.4±0.3 mm), and 16 to 21% more above the restrictions (2.2±1.0 mm at 2.5 and 2.3±0.9 mm 294 
at 4 m). Despite the more than 7-fold difference in ring width between 4.0 m and 0.5 m in chilled trees 295 
(difference in mean estimated effect from mixed effects model), intra-annual growth dynamics (i.e., 296 
general shape of the growth curve) were largely similar between control and chilled trees with no abrupt 297 
reduction during the chilling (Fig. 2A). However, we did observe a 12±4-day delay in the onset of wood 298 
formation in chilled trees relative to control trees (see dots in Fig. 2A). 299 

 300 
The estimated effect of the carbon supply gradient on mass growth was less clear than the effect on ring 301 
width, but some changes in the underlying wood anatomy emerged (Table 1). Like ring width, mass 302 
growth, based on a single end-of-season microcore, was substantially less at 0.5 m in chilled trees than 303 
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controls. In contrast to ring width, mass growth showed no significant increases between chilled and 304 
control trees at 1.5, 2.5 or 4.0 m (Fig. 2A). Wood anatomy showed substantial variation among trees and 305 
sampling dates (Table 1; SI 4). Strangely, both the vessel density (i.e., number of vessels per mm2 cross-306 
sectional) and the percentage of cell-wall area had a tendency to decline with carbon supply, whereas 307 
vessel lumen area was relatively constant across samples (Table 1). Vessels have a lower cell-wall to 308 
lumen area ratio than fibers. Thus, fewer vessels of similar size per cross-sectional area at higher carbon 309 
supply in chilled trees might be expected to result a higher overall percentage of cell-wall area. However, 310 
the estimated percentage of cell-wall area at higher carbon supply covaried positively with vessel density 311 
(Table 1). Although small, the net changes in the percentage of cell-wall area and large variability in 312 
wood anatomy attenuated treatment-induced differences in ring width at high carbon supply (Fig. 2A). 313 

Changes to stem CO2 efflux 314 

Stem CO2 efflux responded rapidly to the chilling treatment (Fig. 5). Within a week after the start of 315 
chilling, stem CO2 efflux per unit stem surface area started diverging between chilled and control trees at 316 
all stem heights (Fig. 5). Reductions in CO2 efflux in chilled compared to control trees averaged 52% 317 
below two restrictions (-0.43±0.22 μmol m-2 s-1), 26% below one restriction (-0.22±0.22 μmol m-2 s-1), 318 
and 38% above both restrictions (-0.31±0.22 μmol m-2 s-1) over the chilling period. Once the chilling was 319 
switched off, stem CO2 efflux of chilled trees converged with the control group within one or two weeks 320 
below both one and two restrictions (Fig. 5). However, above the upper restriction stem CO2 efflux of the 321 
chilled group increased strongly averaging about twice those of the control group for the next three 322 
months, before converging towards the end of the growing season (Fig. 5). 323 

Leaf-level changes  324 

In addition to multiple effects at the stem-level, we found an accumulation of leaf NSC, a down-325 
regulation of photosynthetic capacity, and earlier leaf colouration and fall in chilled trees (Fig. 3 & 6). 326 
During the chilling, leaf NSC concentrations started to diverge between treatments, culminating in 327 
increases in leaf sugar and starch concentrations of +14% (0.65±0.25% dry weight) and +168% 328 
(1.31±0.31% dry weight) relative to the controls (Fig. 3). While we only we measured photosynthesis 329 
shortly after the summer solstice (i.e., last week of chilling, 29 Jun to 10 Jul; Fig. 1C) when leaf starch 330 
concentrations just started to diverge between treatments (Fig. 3), maximal rates of photosynthetic 331 
electron transport (Jmax) and RuBisCO carboxylase activity (Vcmax) as estimated from A/Ci curves 332 
declined with chilling (Fig. 6): Vcmax was 46.6±1.5 µmol m-2 s-1 for chilled trees compared with 52.1±1.7 333 
µmol m-2 s-1 for control trees, Jmax was 85 µmol m-2 s-1 for chilled compared to 97 µmol m-2 s-1 for control 334 
trees, and dark respiration was 5% higher in chilled trees relative to control (Fig. 6). Despite these 335 
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differences in photosynthetic parameters, we did not detect any changes in instantaneous photosynthetic 336 
rates or light response curves between the two treatments (SI 2). Likewise, we did not detect a significant 337 
treatment effect on ratios of variable fluorescence over maximum fluorescence in dark-adapted leaves (SI 338 
2). In addition to changes in leaf NSCs and photosynthetic capacity, we also observed significantly earlier 339 
leaf coloration by 12±2 days and leaf fall by 16±2 days for chilled trees compared to control trees (Fig. 340 
3).  There were no effects of chilling on the tree water status as per leaf and branch water potentials and 341 
sap flow measurements (SI 3).  342 
 343 

Discussion 344 

Phloem carbon supply determines early-season wood growth 345 

The pronounced local differences in final ring width along the carbon supply gradient suggest a direct 346 
supply-limitation in the early-growing season (C1 in Fig. 1A). The effect is unlikely to be a direct cold-347 
inhibition of growth, as the cooling very localised (e.g., only 2.3°C difference to ambient at 1.5 m) and a 348 
direct cold inhibition would have affected all sampling height equally, being equidistant to the cooling 349 
collars. Natural and artificial defoliation experiments support the idea that reduced carbon supply can 350 
limit wood formation (Deslauriers et al., 2015; Wiley et al., 2017; Castagneri et al., 2020). Previous 351 
phloem transport experiments have also shown that ring width is affected by both low and high carbon 352 
supply (Wilson, 1968; Goren et al., 2004; Maier et al., 2010). We have previously shown that both ring 353 
width and biomass of white pine respond to mid- to late-season girdling and phloem compression 354 
(Rademacher et al., 2021a). The fact that we saw a much clearer effect on ring width may be due to the 355 
early season timing of the treatment, when effects on cell division and elongation are likely more 356 
pronounced than on cell-wall thickening, hence mass increment. Effects on volume growth have also been 357 
shown to be particularly strong in the early season under drought stress (D’Orangeville et al., 2018) and 358 
phloem transport manipulations (Maier et al., 2010; De Schepper et al., 2011). A treatment effect on 359 
carbon sequestration (i.e., mass growth) instead of ring width (i.e., volume growth) was only detectable in 360 
the present study under severe carbon supply-limitation below two chilling collars, with no clear effect at 361 
increased carbon supply. This could suggest that trees operate close to C*, which seems a likely 362 
evolutionary outcome given a co-limited process (e.g., McMurtrie & Dewar, 2013; Franklin et al., 2020); 363 
however, maintenance of such as joint limitation would require regulating feedbacks. Overall, we 364 
conclude that volume growth (and possibly mass growth) in red maple exhibit carbon supply-limitations 365 
in the early growing season. 366 
 367 
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Although ring width was associated with the spatial carbon supply gradient, there was no abrupt halt or 368 
reduction in growth as a result of the chilling. In fact, the shape of the intra-annual growth curve was 369 
similar for both treatments (Fig. 2A). Intra-annual wood development in conifers is known to be strongly 370 
constrained by endogenous factors, which results in typical gradual transitions of cell characteristics in 371 
seasonally-limited habitats (Buttò et al., 2020, 2021). The smooth shape of the observed intra-annual 372 
growth curve, despite the abrupt chilling and hence phloem transport restriction, supports an important 373 
role of endogenous factors on wood formation in this diffuse-porous angiosperm. Investigating 374 
xylogenesis and resulting anatomy in angiosperms is still rare (Balzano et al., 2018; Arnič et al., 2021) 375 
and comparing angiosperms and conifers is not simple, because off important physiological differences, 376 
such as a higher proportion of parenchyma cells in angiosperms (Spicer, 2014). While anatomical 377 
characteristics where not the primary focus of this work, we found little evidence for carbon supply-378 
related changes in vessels density and the characteristics of fibers. Mean supply of carbon to the cambium 379 
has been shown to mainly affect cell division rate for white pine (Rademacher et al., 2021a), and the most 380 
parsimonious explanation for our results are systematic changes in cell proliferation rate (i.e., both fibers 381 
and vessels), thus cell  numbers, with carbon supply rate. We did not detect an effect of carbon supply on 382 
the ratio of vessel to fibers, but these results are inconclusive due to the large between-sample variability. 383 
Differences in the sensitivities of vessel and fiber formation to carbon supply in angiosperms may have 384 
important consequences for water transport and carbon sequestration, thus presenting an important avenue 385 
of further research. Because systematic changes in wood anatomy with carbon supply would change the 386 
relationships between ring width (e.g., the most prevalent measure of wood growth) and mass, they could 387 
prove important in understanding how much carbon will be sequestered by non-coniferous trees in the 388 
future.  389 
 390 
Carbon supply and temperature have both also been found to influence the critical dates and dynamics of 391 
wood formation (Funada et al., 2001; Rossi et al., 2008; Rohde et al., 2011; Cuny & Rathgeber, 2016; 392 
Balducci et al., 2016). While the effect of temperature on the onset of wood formation is generally 393 
assumed to be cumulative over the dormancy period (Huang et al., 2020), we observed a delay in the 394 
onset of wood growth in chilled trees although bud break had occurred roughly at the same time as the 395 
controls, possibly suggesting immediate and direct effect of temperature on cambial activation. 396 
Alternatively, local changes in phloem NSC concentrations could be responsible for the different timings, 397 
as NSC reserves have been linked to resumption of growth for several angiosperms (Amico Roxas et al., 398 
2021). Reserves were also important in Larix, where in a cambial heating experiment, cambial activity 399 
resumed but then stopped when local starch reserves were used up (Oribe & Funada, 2017). However, 400 
carbon supply only changed gradually once the transport bottleneck was induced and phloem sugar 401 
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concentrations had not diverged yet between chilled and control trees. Moreover, the delay was similar 402 
across sampling heights, but the carbon supply and temperature gradients were not. Consequently, some 403 
additional signal is required to explain consistent delay along the stem or this may simply be a pre-404 
existing between-group difference. Targeted manipulative experiments to better understand the role of 405 
temperature and carbon status on wood phenology at various points throughout the growing season, 406 
especially in angiosperms, are clearly still needed.  407 
 408 

Sink feedbacks down-regulate source activity  409 

Our findings at the stem-level provide strong evidence for a direct control of carbon supply on lateral 410 
meristem activity for red maple in the early growing season, yet we also found multiple lines of evidence 411 
for source-sink feedbacks. Looking at source tissues in leaves, we found an accumulation of NSCs, a 412 
down-regulation of photosynthetic capacity, and a shortened leaf season for the chilled trees, all 413 
suggesting a coupling between the supply-controlled lateral meristem and source tissues. We saw 414 
cumulative increases in leaf sugar and starch concentrations of the chilled trees compared to the control 415 
group, culminating in large differences towards the end of the season (Fig. 3). Although trees appear to be 416 
able to load the phloem against strong concentrations gradients (Gersony et al., 2021), the gradual NSC 417 
accumulation in leaves over the season presumably resulted from the backup of carbon transport in the 418 
phloem in chilled red maple, which is best characterised as a passive phloem loader (Eschrich & Fromm, 419 
1994) like about half of all characterised tree species (Liesche, 2017). Higher NSC concentrations in turn 420 
have been theorized to inhibit photosynthesis (Salmon et al., 2020), which has long been confirmed in 421 
herbaceous plants and tree leaves (Vaughn et al., 2002; Iglesias et al., 2002), but lacked evidence along 422 
the long transport pathways between the cambium and canopy of mature trees. We only measured 423 
photosynthesis during the last week of chilling, when leaf sugar and starch concentrations just started to 424 
diverge between the chilled and control trees. Arguably, leaf NSC concentrations had not increased 425 
sufficiently to result in a detectable change in instantaneous photosynthetic rates or light response curves. 426 
Nonetheless, we already observed declines in the photosynthetic capacity (i.e., Jmax and Vcmax).  427 
 428 
Beyond the changes in photosynthetic capacity, increased leaf NSC concentrations may have caused 429 

the significant observed advancement of leaf coloration and fall for chilled trees compared to controls. 430 
This advancement stands in contrast to very similar dates of leaf colouration and fall in the previous year. 431 
This effect on leaf phenology is very unlikely to have arisen from a direct temperature-limitation, because 432 
chilling ended almost three months before leaf colouration and was limited to small parts of the stem. 433 
Accumulation of NSCs towards the end of the season has previously been linked to advancement of leaf 434 
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colouration and fall in the closely related sugar maple (Murakami et al., 2008), yet free-air CO2 435 
enrichment experiments consistently observe increases in photosynthesis, hence carbon supply, without 436 
clear advancement of leaf colouration or fall (Norby, 2021). The apparent discrepancy may be reconciled 437 
if the accumulation of leaf NSC causes the observed effects on leaf phenology directly, as such an 438 
accumulation has generally not been observed in free-air CO2 enrichment experiments (Norby, 2021). 439 
Here, radial growth above both restrictions may have attained an upper limit (e.g., Gmax in Fig. 1A), which 440 
led to the tree shifting from being source-limited (C1) to sink-limited (C2). This would suggest that the 441 
trees were operating close to C* (Fig. 1A). NSC may have accumulated in the phloem and leaves, as a 442 
consequence of this growth limitation. Independent of what caused the increase in leaf NSCs, the 443 
observed advancement of leaf phenology constitutes a third indication of source-sink coupling, whereby 444 
leaf-on period, hence source activity, is constrained due to a carbon-mediated feedback from sinks. 445 
Although the differences in photosynthetic capacity between the two groups did not lead to marked 446 
differences in instantaneous assimilation rates in the last week of chilling, they may have increased later 447 
in the growing season (concurrently with the observed gradual leaf NSC accumulation) and could sum to 448 
a substantial difference in carbon fixation over the entire growing season. Any effect on carbon 449 
assimilation would be compounded by the advanced leaf coloration and fall. Together the increases in leaf 450 
NSCs, the early down-regulation of photosynthetic capacity, and the advancement of autumn leaf 451 
phenology provide strong evidence for a feedback inhibition in mature forest trees. 452 
 453 

Local carbon dynamics show temporal decoupling of treatment effects  454 

Leaf NSC concentrations changed gradually over the entire growing season, whereas stem CO2 efflux 455 
responded much quicker to the chilling treatment. These varying response scales highlight the need for 456 
continuous monitoring to be able to disentangle the complexity of the observed experimental effects. 457 
Carbon supply can either be sourced directly from recent assimilates or from NSC reserves, that can build 458 
up and be remobilized over multiple years (Carbone et al., 2013; Muhr et al., 2016). Like in other phloem 459 
transport manipulations (Maier et al., 2010; Regier et al., 2010; Rademacher et al., 2021a), bulk NSC 460 
concentrations in stems and roots (here measured in the first centimetre of the stem and roots) reacted 461 
more sluggishly and show little to no treatment effect (Fig. 4). However, below both restrictions NSC 462 
remobilization and/or reduced sink activity compensated for the reduced phloem carbon transport to 463 
maintain phloem sugar concentrations. This supports the idea that at low carbon supply, sugar 464 
concentrations near the cambium are homeostatically maintained within relatively tight limits that vary 465 
seasonally (Rademacher et al., 2021a; Huang et al., 2021). Such homeostasis is typical in biological 466 
systems and likely evolved to ensure metabolic stability for inter-annual wood formation given the role of 467 
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soluble sugar concentrations as a signal, resource and possible driver of wood formation (Riou-Khamlichi 468 
et al., 2000; Lastdrager et al., 2014; Cartenì et al., 2018). Across the developing xylem, NSC 469 
concentrations vary markedly (Uggla et al., 2001). Given that we observed contrasting reactions of NSCs 470 
in adjacent tissues, such as phloem and stem soluble sugar, it begs the question whether these gradients 471 
remain stable under varying conditions or whether only particular aspects of the gradient, such as phloem 472 
concentrations, are maintained. Repeated and spatially highly resolved measurements of NSC 473 
concentrations, using techniques such as Raman spectroscopy (Gersony et al., 2021), promise  to advance 474 
our understanding of these gradients and their dynamics in response to internal and external factors. These 475 
gradients are likely to be crucial to understanding the impact of carbon dynamics specific processes of 476 
wood formation (e.g., cambial activity, cell enlargement, and cell-wall thickening). In contrast to reduced 477 
carbon supply, we did not observe a substantial accumulation of bulk NSCs in stems at elevated carbon 478 
supply throughout the growing season. While this can be interpreted as further evidence that the cambium 479 
is carbon supply-limited (e.g., any additional carbon is used for growth; C1), some coordination is needed 480 
to avoid the depletion of reserves that are crucial for winter survival (Vitasse et al., 2014), spring 481 
emergence (Amico Roxas et al., 2021), and defense against various stressors (Wiley et al., 2017). 482 
Nonetheless, our findings support the idea that NSC reserves are not simply an overflow store of energy 483 
(Martínez-Vilalta et al., 2016) that can be tapped into quasi-instantaneously, as they remain very stable 484 
even when carbon import is acutely restricted.  485 

 486 
The observed changes in stem CO2 efflux correspond to imposed temperatures during the chilling period 487 
and then the carbon supply gradient thereafter, suggesting that local metabolic activity is more sensitive to 488 
changes in temperature than to changes in carbon supply. Nonetheless, the spike in CO2 efflux post-489 
chilling supports that the idea that the first pulse of phloem-transported carbon after the restriction is lifted 490 
is metabolized locally (possibly to fuel wall-thickening). Measurements of CO2 efflux may include some 491 
portion that is transported in the xylem from adjacent regions (Teskey et al., 2008). However, given that 492 
xylem transported CO2 has been shown to decrease in trees with severed phloem transport (Bloemen et 493 
al., 2014), and CO2 solubility decreases with temperature (Servio & Englezos, 2001), we suspect that the 494 
observed changes in CO2 efflux mainly represent local metabolic activity. Respiration is long known to 495 
respond to both temperature and substrate concentrations (Amthor, 2000). The observed pattern is likely a 496 
combination of reduced respiration during the chilling and a spike in metabolic activity as a response to 497 
stopping the chilling. Interestingly, the large and immediate changes in CO2 efflux suggest that local 498 
metabolic activity and growth can be somewhat decoupled temporarily or spatially, as CO2 efflux was 499 
lower when radial volume growth was higher at high carbon supply (e.g., 2.5 m) in chilled trees relative 500 
to control during the chilling period. Given that trees seem to operate close to C* (Fig. 1A), 501 
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understanding the regulating interactions between sources and sinks is a key component of understanding 502 
the mechanisms of wood formation. 503 

 504 

Conclusions 505 

We found evidence for a carbon supply-limitation of the activity of the lateral meristem as well as 506 
multiple source-sink feedbacks in mature red maple trees. These feedbacks can reconcile the apparent 507 
discrepancy arising from previous phloem transport manipulations (Wilson, 1968; De Schepper et al., 508 
2011; Rademacher et al., 2021a) and defoliation experiments (Deslauriers et al., 2015; Castagneri et al., 509 
2020) that showed carbon supply-limitation of the lateral meristem, and whole-tree level CO2 enrichment 510 
that suggested a sink-limitation at increased carbon supply (Körner et al., 2005). Our results illustrate how 511 
within-tree feedbacks can reduce carbon assimilation when phloem sugar concentrations increase as a 512 
result of phloem transport manipulations in mature red maples. These findings suggest that trees operate 513 
close to both source- and sink-limitation and may switch between them. While our results are based on a 514 
single species at one location, they identify potential mechanisms for reconciling apparently contrasting 515 
evidence with regard to the control of wood growth. More work is needed to evaluate whether these 516 
findings can be extrapolated to other species, sites, ecosystem, environmental conditions, or even periods 517 
of the season. Our work highlights the need to integrate evidence from multiple tissues (i.e., leaves and 518 
phloem, xylem in stems and roots) across entire growing seasons when investigating source-sink 519 
interactions. Otherwise, conclusions about source-sink interactions (e.g., from single tissues or over short 520 
periods) can be mistaken because local and whole-tree effects can be temporarily decoupled, as found 521 
here. Importantly, our identification of strong source-sink interactions even in unstressed conditions refute 522 
the prevailing source-centric paradigm as used in most current models representing mature trees in natural 523 
settings.  524 
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Effect Ring width (�m) �Vessel (n mm-2) rVessel (�m) Percentage cell-wall area (%) m (g cm2)

Intercept 858±804 (1.066) 80±13 (6.149) 22.7±1.8 (12.397) 43.9±3.3 (13.496) 0.43±0.03 (13.916)

y2019 1049±734 (1.429) -28±14 (-2.043) -1.4±1.3 (-1.119) -9.5±3.6 (-2.613) -0.09±0.04 (-2.543)

y2019 : X : 4.0 m 419±1137 (0.369) -16±18 (-0.886) -0.5±2.6 (-0.211) -2.9±4.6 (-0.619) -0.03±0.04 (-0.639)

y2019 : C : 2.5 m 696±734 (0.949) 14±14 (1.067) -0.6±1.3 (-0.501) 0.9±3.6 (0.238) 0.01±0.04 (0.231)

y2019 : X : 2.5 m 284±1137 (0.250) -11± 18 (-0.610) 0.2±2.6 (0.070) 2.1±4.6 (0.452) 0.02±0.04 (0.466)

y2019 : C : 1.5 m -183±734 (-0.249) -10±13 (-0.706) 1.2±1.4 (0.834) 1.5±3.6 (0.400) 0.01±0.04 (0.389)

y2019 : X : 1.5 m -494±1137 (0.434) -2±18 (-0.111) 2.7±2.6 (1.051) 7.5±4.6 (1.636) 0.07±0.04 (1.687)

y2019 : C : 0.5 m -371±734 (-0.505) -16±15 (-1.093) 0.2±1.3 (0.136) -4.1±4.0 (-1.040) -0.05±0.04 (-1.335)

y2019 : X : 0.5 m -1567±1137 (-1.378) 3±18 (0.185) 1.1±2.6 (0.427) 5.0±4.6 (1.083) 0.05±0.04 (1.117)

y2018 : X : 4.0 m -42±1137 (-0.037) 1±18 (0.036) 0.2±2.6 (0.091) 1.2±4.6 (0.260) 0.01±0.04 (0.268)

y2018 : C: 2.5 m -74±734 (-0.101) -29±14 (-2.096) -0.3±1.3 (-0.267) -9.6±3.6 (-2.632) -0.09±0.04 (-2.562)

y2018 : X : 2.5 m -29±1137 (-0.026) -16±18 (-0.873) 2.4±2.6 (0.940) 1.5±4.6 (0.319) 0.01±0.04 (0.329)

y2018 : C : 1.5 m -95±734 (-0.130) -20±14 (-1.478) 1.0±1.4 (0.742) -3.1±3.6 (-0.842) -0.03±0.04 (-0.819)

y2018 : X : 1.5 m -26±1137 (0.023) -15±18 (-0.833) 2.7±2.6 (1.026) 2.2±4.6 (0.488) 0.02±0.04 (0.503)

y2018 : C : 0.5 m 166±734 (0.226) -25±15 (-1.682) 2.5±1.3 (1.956) -2.2±4.0 (-0.533) 0.00±0.04 (0.128)

y2018 : X : 0.5 m 653±1137 (0.574) -23±18 (-1.222) 1.4±2.6 (0.548) -0.8±4.6 (-0.177) -0.01±0.04 (-0.182)
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Figure 1 - (A) Conceptual responses of radial wood growth and photosynthesis to changes in carbon 720 
supply under supply- (turquoise lines; C1) versus sink-limitation (purple lines; C2) with orange shading 721 
indicating the overall limitation, which may switch over time. C* indicates point were growth and 722 
photosynthesis switch between being supply- versus sink-limited. Gmax indicates a theoretical maximum 723 
growth rate. (B) Experimental setup including tissue sampling locations, (C) timeline of treatments 724 
including start and end dates of chilling (grey vertical dashed lines), wood growth and NSC sampling 725 
dates (orange vertical lines), and the period of photosynthesis measurements (purple rectangle); and (D) 726 
mean temperatures for the air (red line), the phloem of chilled trees (blue line), and the phloem of control 727 
trees (green line). 728 

 729 
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Figure 2 - (A) Dynamics of radial growth in chilled (blue) versus control trees (green) at 4.0, 2.5, 1.5, and 730 
0.5 m. Lines and shading illustrate the mean and one standard error of a general additive model fitted to 731 
the four trees in each treatment. The mean start of the growing season (i.e., visual observation from 732 
microcores) is indicated at the top of each panel as small blue diamond for chilled trees and small green 733 
dots for control trees. The mean estimated annual radial mass increment per 1 cm2 cross-sectional area 734 
(close to area of a typical increment core) and one standard error are displayed on the right as large blue 735 
diamonds and bars for chilled trees and large green dots and bars for control trees. Grey dashed vertical 736 
lines show the start and end of the chilling period and orange tick marks on the x-axis denote sampling 737 
dates. (B) Images of thin-sections from the 25th September for one control (tree 1 on left) and chilled tree 738 
(tree 6 on right). The images were rescaled to keep growth of the previous years relatively constant. The 739 
two grey lines indicate the final ring boundaries of the 2018 and 2019 rings, demarcating the growing 740 
season that included our chilling experiment. A high-resolution version of the images with more details 741 
can be found in the supplements (SI 4).742 

 743 
 744 
 745 
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 747 

Figure 3 - (A) Mean soluble sugar and (B) starch concentrations for chilled (blue) and control trees 748 
(green) as measured in the leaves and phloem tissues at 2.5, 1.5, and 0.5 m. Shading displays one standard 749 
error of the mean. The switching on and off of the chilling is indicated by grey vertical dashed lines and 750 
orange tick marks on the bottom x-axis denote sampling dates. In the leaf soluble sugar graph (top left 751 
panel), blue diamonds and green dots and their associated error bars represent the mean and one standard 752 
deviation of the dates of bud break and leaf fall for the chilled and control trees in year of the experiment, 753 
respectively. Grey symbols indicated the phenological dates for each group in the year preceding the 754 
experiment.  755 
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Figure 3 - (A) Mean soluble sugar and (B) starch concentrations for chilled (blue) and control trees (green) as 
measured in the leaves and phloem tissues at 2.5, 1.5, and 0.5 m. The switching on and off of the chilling is 
indicated by grey vertical dashed lines and orange tick marks on the bottom x-axis denote sampling dates. 
Shading displays one standard error of the mean. In the leaf soluble sugar graph (top left panel), blue 
diamonds and green dots and their associated error bars represent the mean and one standard deviation of 
the dates of bud break and leaf fall for the chilled and control trees, respectively. 
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Figure 4 - (A) Mean soluble sugar and (B) starch concentrations for chilled (blue lines) and control trees 757 
(green lines) as measured in the outermost centimetre of the xylem at 2.5, 1.5, and 0.5 m, and roots. 758 
Shading displays one standard error of the group mean. The switching on and off of the chilling is 759 
indicated by grey vertical dashed lines and orange tick marks on the bottom x-axis denote sampling dates. 760 
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Figure 4 - (A) Mean soluble sugar and (B) starch concentrations for chilled (blue lines) and control trees 
(green lines) as measured in the outermost centimetre of the xylem at 2.5, 1.5, and 0.5 m, and roots. Shading 
displays one standard error of the group mean. The switching on and off of the chilling is indicated by grey 
vertical dashed lines and orange tick marks on the bottom x-axis denote sampling dates. 
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Figure 5 - Weekly mean stem CO2  efflux rates on a stem-area basis for chilled (blue lines) and control 763 
trees (green lines) as measured throughout the season. Shading displays one standard error of the mean. 764 
The switching on and off of the chilling is indicated by grey vertical dashed lines and orange tick marks 765 
on the x-axis denote sampling dates.   766 
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Figure 5 - Weekly mean CO2  stem efflux rates for chilled (blue lines) 
and control trees (green lines) as measured throughout the season. 
Shading displays one standard error of the mean. The switching on 
and off of the chilling is indicated by grey vertical dashed lines and 
orange tick marks on the x-axis denote sampling dates.  
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Figure 6 - (A) A/Ci curves of chilled (blue) and control trees (green) as measured during the last week of 770 
the chilling period. Line brightness corresponds to the limiting factor with dark lines showing Vcmax-771 
limited curves, intermediate colours showing Jmax-limited curves and bright lines showing the combined 772 
limitation. Control trees have slightly higher Jmax and Vcmax values compared with chilled trees. (B) Paired 773 
measurements (n = 46) of instantaneous assimilation rates showed slightly higher rates for control trees 774 
(green dots) at the bottom of the canopy (open symbols) relative to chilled trees (blue diamonds), while 775 
sun-leaves (filled symbol) did not show any differences. Large symbols give the respective group mean 776 
for instantaneous rates (i.e., top chilled, bottom chilled, top control, and bottom control) in (B).777 

 778 
 779 




