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ABSTRACT  

The sap extracted from sugar maple (Acer saccharum) trees contains high levels of sugar, 
and is collected for the production of maple syrup. The mechanisms driving sap exudation in 
maple trees are thought to be associated with: (1) the unique cellular structure of maple trees 
and existence of gas-filled fibres; (2) a freeze-thaw cycle where ambient temperatures 
fluctuate above and below 0 °C; and (3) the presence of sucrose within vessels of the tree’s 
xylem. Despite decades of research on the topic, the processes responsible for maple sap 
exudation have yet to be fully understood or experimentally validated. This research provides 
a comprehensive look at some of the processes that occur within maple trees, resulting in 
springtime sap exudation. The unique microstructure of a maple tree stem was characterised 
using light optical microscopy (LOM). X-ray micro-computed tomography (micro-CT) and 
synchrotron-based micro-CT were used to produce three-dimensional and in-situ 
visualizations of maple saplings in a natural state and throughout an induced freeze- thaw 
cycle. Using the combined results from different imaging experiments, we have quantified the 
microstructural conduits within maple xylem and determined the air-filled or water-filled status 
of vessels within maple xylem in response to freezing and thawing events. The number of 
embolisms increased as the tree reached minimum temperatures. However, upon re-thawing 
most vessels were able to recover their water-filled status. These findings have produced 
some of the first evidence of the microstructural changes within a maple tree during a freeze-
thaw cycle, which will help resolve contrasting theories on the topic.  

Keywords: winter biology, maple sap flow, freeze-induced embolism, micro-computed 

tomography, synchrotron, xylem networks, plant vascular function  

INTRODUCTION  

The processes involved in maple sap exudation are of great interest to the maple syrup 
industry, as well as the scientific community. Understanding the mechanisms responsible for 
this unique springtime exudation will refine the understanding of the connection between sap 
flow and ambient conditions, allowing the maple syrup industry to continue to exist as climate 
change threatens the industry (Houle et al., 2015), and expand from the geographically 
constricted region it exists in today (Kahn, 2015). Despite having a market size of US$780 
million (Hood, 2019), the many processes responsible for maple sap exudation remain 
unresolved. The unknown mechanisms have captured the interest of the scientific community 
for decades. Here, we will use different microscopy techniques to try to resolve some of the 
mysteries involved in this process.  

Maple trees exude sap in the springtime as ambient temperatures rise above zero, after an 
extended period of sub-zero temperatures; both conditions must occur. Springtime sap 
exudation is thought to be a result of the maple tree’s stem structure, the involvement of sugar 
within maple vessels, and the effects of continuous freezing and thawing of the tree stem 
throughout the winter. It has been observed that a maple tree, felled in the springtime months, 
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will exude a normal amount of sap from the excised branches and stem, but negligible 
amounts of sap from the stump of the same tree that is still in the ground (Clark, 1875; Stevens 
& Eggert, 1945; M. T. Tyree, 1983). These observations indicate that the sap exuded in the 
springtime comes from sap reserves stored in the tree’s upper branches and crown, rather 
than being drawn from the groundwater. Most trees use the power of transpiration in the leaves 
to pull water and nutrients from the soil up through the tree. Maple trees however, exude sap 
while the tree is in a leafless state, meaning that they rely on different mechanisms to do so. 
The leading theories on maple sap exudation fall into two main categories; (1) those who 
believe purely physical events occurring within the tree stem are responsible, and (2) those 
who attribute it to osmotic processes. Both theories on the topic agree that continuous freezing 
and thawing events are necessary to induce sap exudation. The most comprehensive 
explanation to date is a combination of both theories. However, there is little evidence of how 
many of the processes actually at work.  

The stem structure of maple trees differs from other species of trees in that their stem is 
composed of almost entirely xylem, the active sapwood layer, and lacks the dead inner 
heartwood layer present in most tree species. Additionally, the fibres within are air-filled (M. 
Tyree, 1984; Wiegand, 1906), an unusual occurrence thought to be a plausible factor 
contributing to the unusual method of water uptake during freezing and the elevated stem 
pressures maple trees are capable of achieving. In most other species of trees, where the 
fibres are filled with water, there is no room for frost formation, so as water freezes the 
unfrozen portion is pushed out (Tyree, 1984). Alternatively, as a sugar maple tree freezes, it 
absorbs water from the soil and continues to uptake water as long as parts within the tree 
remain unfrozen (Johnson, Tyree, & Dixon, 1987; Stevens & Eggert, 1945; M. T. Tyree, 1983). 
Physical sap exudation models state that as the tree freezes, water is drawn from the vessels 
to form ice crystals in the air-filled fibres. The vessels continue to replenish their water within, 
by pulling water from the soil using capillary forces, until the entire stem is completely frozen. 
This is thought to compress the air within as ice crystals continue to grow within the fibres, 
creating the elevated stem pressures documented in sugar maple trees (Milburn & O'Malley, 
1984; M. T. Tyree, 1995). Once the temperatures begin to rise, the sap melts and flows down 
the tree, due to the combined effects of gravity and the pressure release of compressed air 
bubbles within the fibres.  

Alternative theories of maple sap exudation propose an osmotic explanation, hypothesizing 
that the involvement of sugar within the maple vessels is the cause of springtime sap 
exudation. Maple trees have a very high sap sugar concentration, especially after the winter 
months. Sugar, derived from carbohydrates in the roots is transferred into the sap during 
fluctuating freezing and thawing temperatures. Sucrose was found necessary within maple 
vessels in order to achieve and maintain the observed stem pressures (Cortes & Sinclair, 
1985) and to induce sap exudation (Johnson et al., 1987). Additionally, the magnitude of 
pressure generated and the amount of sap exuded after a freeze-thaw cycle in maple trees is 
positively correlated with the sap sucrose concentration (Johnson & Tyree, 1992; Johnson et 
al., 1987; Marvin & Greene, 1951).  

This research aims to uncover some of the mysteries in maple sap exudation to address the 
conflicting theories on the topic. We will focus on the physical explanation, and look at changes 
in the internal structure of the tree during freeze-thaw events. Measurements of maple sapling  

structure are presented using light optical microscopy (LOM) and an understanding of the 
location of water within the stems examined using X-ray micro computerised tomography 
(micro-CT) and a synchrotron facility. Micro-CT produces a three-dimensional (3D) image of 
X-ray attenuation of beam radiation throughout the sample, mainly providing information 
based on sample density. This method allows direct observation of the internal structures at 
high resolution and without cutting, dehydrating or involved preparation methods. A 
synchrotron light source offers the possibility to study live trees non-invasively at high 
resolution and provides a flexible environment surrounding the sample. As plants and trees 
are composed of millions of extremely fragile cellular structures, non-invasive imaging has 
become increasingly popular. A synchrotron’s non-invasive nature has enabled the discovery 
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of many never-before-seen features within plant stems and to study events that rely on the 
stem being intact such as embolism formation and repair (Brodersen & McElrone, 2013; 
Brodersen et al., 2010; Choat et al., 2016; Choat, Brodersen, & McElrone, 2015; Choat et al., 
2018). With the combined results of different imaging techniques, we hope to develop a 
detailed understanding of the microstructural conduits in maple xylem that contribute to sap 
flow, and understand the water-filled versus gas-filled status of vessels in both a natural state 
and during an induced freeze-thaw cycle.  

MATERIALS AND METHODS  

Plant material  

Plant material was from two-year old sugar maple saplings growing at the University of 
Canterbury, Christchurch New Zealand for all experiments except the synchrotron-based 
micro- CT, which was conducted on two-year old sugar maple saplings sourced from a local 
nursery in Melbourne, Australia. To prepare samples for LOM and micro-CT, small sections 
from the stem and young branches were cut from maple saplings, immediately placed in water, 
and transferred to the laboratory. Sample sections were cut again under water, to gently 
relieve the pressure within the xylem conduits and expose the desired surfaces. Saplings 
imaged at the synchrotron facilities were imaged in-vivo and required no sample preparation. 
All samples were collected and imaged during the southern hemisphere’s winter months of 
2019.  

Light microscopy  

Branch and stem sections were sampled for sectioning of the desired cell orientations. 
Transverse and longitudinal surfaces were placed in a formalin-acetic acid-alcohol (FAA) 
fixative solution for 24 hours. Samples were then dehydrated in an ethanol/tertiary butyl 
alcohol series based on a method by Johansen (Johansen, 1940) over a two day period and 
embedded in paraffin wax using a Thermo Scientific Citadel 1000 Tissue processor. 12 μm 
thick sections were cut using a Leica RM2165 rotating microtome (Leica Microsystems, 
Wetzlar, Germany) and the resulting ribbons were mounted on glass microscope slides. The 
prepared slides were stained with Safranin- O and Fast Green according to the staining 
procedure described by Johansen (Johansen, 1940). Photomicrographs were captured with 
a Leica DFC490 digital camera attached to a Leica DMIL microscope (Leica Microsystems, 
Wetzlar, Germany).  

Three-Dimensional X-ray micro tomography  

For micro-CT imaging, branch sections 0.5 cm in diameter and 4 cm long were used. The 
ends of each sample were dipped in liquid paraffin wax and wrapped with a thin layer of 
Parafilm to keep the sample in a hydrated state. Samples were scanned by X-ray micro 
tomography (Bruker SkyScan 1272) at the Micro-CT Facility (Auckland University, Auckland 
1010, New Zealand) at 80 kV and 120 μA. With a step size of 0.1°, samples were rotated 180° 
generating 1800 2D projections over a period of three hours. 3D reconstruction was performed 
using InstaRecon (V 2.3.0.7.) and additional 3D visualization was accomplished using Bruker 
Skyscan software (CTVox and DataViewer).  

Synchrotron-based micro-CT  

Maple saplings were imaged at the ANSTO Australian Synchrotron Imaging and Medical 
Beamline (IMBL) in June 2019. At the time of imaging, the saplings were 104 ± 12 cm tall with 
an average diameter (at the scan site) of 0.74 ± 0.10 cm. The saplings arrived in 20 cm 
diameter plastic pots and, were placed in a custom-built potholder at the synchrotron facilities, 
as shown in Figure 1. The holder had a custom-made aluminium base mounted on a robotic 
arm, which aligned the sapling with the detector. Each potted sapling was placed on the 
aluminium base, secured in place using two polycarbonate trays and four vertical posts and 
insulated with polystyrene. The sapling stem was secured to one of the vertical nylon posts 
using a metal clamp in order to reduce movement of the stems as the scan proceeded. The 
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sapling, pot holder and stabilization system were covered by a custom-made polystyrene 
cylinder (20 cm diameter, 150 cm tall) to insulate and keep the sapling from melting too quickly 
during the scan.  

Three of the saplings, referred to as Sapling 1, 2, and 3, were kept outside in ambient 
temperatures, about 8°C, the days prior to imaging. The day prior to imaging, Sapling1 and 
Sapling3 were placed in a walk-in freezer (-10 °C) overnight while Sapling2 remained outside. 
One cup of dry ice was placed on both plastic platforms of the potholder for each sapling while 
scanning, in order to induce a freeze-thaw cycle. It is important to note that for the freeze we 
induced using dry ice, the stem was frozen while the rootball was insulated to remain unfrozen, 
similar to what would occur in nature. For Sapling1 and 2, the entire sapling, including the 
rootball, was placed in the freezer, suggesting that the rootball (root systems and available 
water in the soil) would be in a frozen state. Sapling1 was however kept outside at ambient 
temperature for six hours before scanning, so it is possible to conclude that at least some of 
the rootball of Sapling1 was thawed by then. We did not measure the soil temperature so 
cannot conclude the exact status of the rootball. The temperature in the centre of the sapling 
was measured during X-ray scans to enable us to pinpoint the exact temperature at which 
microstructural changes took place. Due to slightly different treatments for each sapling, the 
temperatures at the sapling centre varied, temperatures for each sapling were recorded and 
are shown above the corresponding bar in figure 5.  

A 1.23 cm long section about 15 cm above the soil surface of each stem was scanned before, 
during, and after an induced freeze-thaw cycle. Scans were taken using the Ruby detector 
placed 0.5 m from the sapling stem, with a 105 mm lens and 20 μm screen. The saplings were 
rotated 180° with a step size of 0.1° and an exposure time of 0.18 seconds. Exposure times 
were optimized in order to scan fast enough that the images were not affected (i.e. become 
blurred) by the motion of the sapling during freezing and thawing, whilst still producing images 
with sufficiently high signal to noise ratio. Each scan generated 1800 2D transaxial projections 
and scans were run sequentially, on the same section of stem, for a period of three hours to 
capture the entire freeze-thaw cycle of a small sugar maple stem. Image reconstruction was 
done using the Australian Synchrotron Computing Infrastructure high performance cluster.  

 

Figure 1. Photograph of the custom-made potholder at the Australian Synchrotron facilities showing a 
potted sapling mounted on a robotic arm.  
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Image analysis  

Image analysis was accomplished using the software Fiji (www.fiji.sc, FIJI) for all images in 
this paper. A customized macro within Fiji was created to select and process the entire xylem 
region of the transaxial slices generated from the micro-CT images. The synchrotron and LOM 
image analysis was conducted on regions of interest, specifically selected to accurately 
represent the entire xylem area.  

For LOM and micro-CT imaging, the cellular structures were measured on transaxial slices 
using the ‘Analyze Particle’ tool in Fiji. Using specified parameters, we were able to accurately 
measure hundreds of cellular conduits from selected regions of interest in a matter of seconds. 

Conduit diameters (𝑑) were calculated based on conduit area (𝐴) according to 𝐴 = 𝜋𝑑
2
⁄
4
. This 

diameter calculation assumes the conduits are circular. Differentiating between water-filled 
vessels and their surroundings automatically using micro-CT images was difficult. Instead, the 
water-filled vessels were counted manually on selected regions of interest and scaled 
appropriately to represent the entire xylem section. Additionally, measuring vessel diameters 
using the synchrotron images was not possible; however, the ‘Find Maxima’ tool was 
implemented to count the amount of embolized vessels in selected regions of interest. Future 
work will aim to develop an automated process to separate water-filled vessels from their 
surroundings on the micro-CT images and to potentially use synchrotron facilities with higher 
resolution.  

RESULTS AND DISCUSSION  

Light microscopy  

Light microscopy is a user friendly and well-established technique providing a simple and 
inexpensive way to acquire basic structural information on maple trees. Using LOM, we were 
able to get an extremely detailed look at the internal structures with a sugar maple sapling 
(Figure 2).  

This allowed us to quantify the individual conduits and provide a reference to compare against 
the subsequent, lower resolution imaging experiments.  

Our LOM analysis determined that the diameter of fibres and vessels belonged to two separate 
populations with an average diameter of 32 ± 10 μm for vessels and 5 ± 3 μm for fibres. Fibres 
were much more abundant and arranged in large groups while vessels were observed alone 
or in clusters ranging from two to seven. The size of fibres and vessels remained unchanged 
throughout the entire tree stem, as expected for a diffuse-porous species. Findings were in 
agreement with previous work on sugar maple xylem structures (Cirelli, Jagels, & Tyre, 2008; 
Graf, Ceseri, & Stockie, 2015; M. T. Tyree & Zimmermann, 2002).  

 

Figure 2. Light optical micrographs of the stem of an Acer saccharum (sugar maple) sapling showing 
the cellular structures within the xylem. The right image is a zoomed in section of the left. Scale bar is 
100 μum.  
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X-ray micro tomography  

Micro-CT imaging produced a three-dimensional (3D) reconstruction of our maple sapling, 
providing information on sample density and water-filled status of the stem. Thin transverse 
sections (Figure 3) were analysed from the 3D reconstruction. Individual cellular structures 
could be distinguished and measured, including vessels and fibres within the maple xylem. 
The images provided an extremely clear distinction between air-filled vessels and water-filled 
vessels enabling us to quantify the number of embolisms within the sapling stem. Our results 
show that 5 ± 1% of vessels in a two-year-old sugar maple sapling, during the winter months 
(not frozen or transpiring), were embolized. Embolized vessels were seen to be sporadically 
spread throughout the entire xylem region and in vessels of various sizes; showing no 
correlation to vessel size or location within the xylem. All of the fibres within were entirely air-
filled, confirming the findings of previous studies on maple in a natural, unfrozen state (M. 
Tyree; Wiegand, 1906).  

 

Figure 3. (a) A transverse cross-section of branch from a sugar maple sapling observed by X-ray micro-
CT. Air-filled vessels appear as black space (labelled as arrows) while water-filled vessels appear light 
grey(labelled as arrowheads). (b) A 3D reconstruction of a maple sapling with a slice exposed to show 
the stem layers. Scale bar is 1mm.  

Synchrotron based micro CT  

Freezing and thawing of tree stems has been shown to cause embolisms within xylem vessels, 
which can lead to loss of hydraulic conductivity in the tree. Low water potential caused by ice 
build-up, has been shown to be sufficient to induce embolism within xylem conduits (Charra- 
Vaskou et al., 2016). Vulnerability to embolism is species-specific, most species that live in 
regions with cold winter temperatures (i.e. sugar maples), have been shown to be extremely 
effective in repairing embolized conduits, to restore their hydraulic conductivity. 
Measurements using the IMBL at the Australian Synchrotron allowed us to image the stem of 
small maple saplings in-vivo, at a microscopic level (1) while the sapling is in a natural, 
unaltered state, and (2) during an induced freeze-thaw cycle. This was the first ever glimpse 
of the microstructural changes that occur within a live sugar maple stem during a freeze-thaw 
event (Figure 4). The high quality and strong signal contrast from the images generated from 
the synchrotron allowed us to accurately document the dimensions and water-filled versus air-
filled status of the vessels.  
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Figure 4. Images of a live sapling taken on the IMBL at the ANSTO Australian Synchrotron showing a 
sapling before freezing, during, and after an induced an induced freeze-thaw cycle. Below each is a 
magnified image of the regions of interest selected in white. Air-filled vessels appear as black dots while 
water-filled vessels appear light grey. Scale bar is 2 mm and pixel size is 5.8 μm in all images.  

In our experiment, the proportion of embolised vessels was quantified using regions of interest 
selected from 2D – tomographic projections of each stem section scanned at the ANSTO 
Synchrotron. The same regions were compared in scans taken throughout an induced freeze-
thaw cycle. There was a large variation in the number of embolisms in each sapling. However, 
in all saplings imaged, we observed an increase in vessel embolism in the regions analysed 
as the sapling stems froze followed by a decrease in vessel embolism as the saplings 
subsequently thawed. There was a 43 and 44 percent increase in the number of embolisms 
from thawed state to the minimum temperature reached by Sapling1 and Sapling2 
respectively. The initial amount of embolized vessels in Sapling3 was not recorded. As the 
saplings were subsequently thawed, we observed a 34, 5, and 19 percent decrease in vessel 
embolism in these same regions analysed initially for Sapling1, 2, and 3, respectively. These 
results may indicate that embolisms occurred during the freeze and that most vessels 
recovered from embolism as the trees returned to a thawed state (Figure 5). In agreement 
with our findings, a previous experiment on freeze-thaw induced embolism in sugar maple 
trees found a decrease in vessel embolism upon thawing (Sperry et al., 1988). It is widely 
known that maple trees are well adapted to cold climates and have a unique stem structure. 
We suspect the decrease in embolism we observed as trees thawed to be largely due to the 
maple stem’s unique xylem structure and the presence of air-filled fibres within. We also 
acknowledge here that the potentially frozen rootball and a faster freezing/thawing rate than 
what is observed in natural conditions could have affected our findings.  
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Figure 5. The amount of embolisms observed at specific temperatures throughout an induced freeze-
thaw cycle at the ANSTO Australian Synchrotron. The values presented are the average count of 
embolisms within selected regions of interest for each sapling. The saplings differed in the temperatures 
reached throughout the induced freeze-thaw cycle, temperatures within the centre of the tree are 
represented above the corresponding bar. There is no data for Sapling3 before the freeze-thaw cycle 
as an accurate image was not obtained.  

This work gives us the first detailed, in-situ look at freeze-thaw induced embolism in living 
sugar maple saplings, throughout an induced freeze-thaw cycle. However, the results 
presented here offer only a two-dimensional look at what might be occurring within the vessels. 
A tree’s vulnerability to embolism depends on many factors including; the stem structure, (i.e. 
the shape, connectivity and size of vessels within the xylem), cell wall membrane selectivity, 
the temperature and freezing rate, soil water availability, and much more. As with the above 
micro-CT experiments, the observed embolism did not occur more readily in specific regions 
of the xylem or in larger-diameter vessels, however more measurements will be conducted. 
We are currently working to analyse the entire xylem region and observe changes for each 
scan (i.e. every six minutes throughout the freeze-thaw). We have not looked into whether 
vessel length affects formation or recovery from embolism, or the possibility that embolized 
vessels could be connected.  

CONCLUSION AND FUTURE WORK 

This research uses the combined findings from different types of imaging experiments to gain 
a better understanding of the mechanisms responsible for maple sap exudation. Through 
LOM, we have quantified the important cellular structures, within a sugar maple sapling, in the 
context of sap exudation. Our results were in agreement with findings from previous work on 
sugar maple xylem structure (Cirelli et al., 2008; Graf et al., 2015; Tyree & Zimmermann, 2002) 
and were used to provide a reference in comparison to the lower resolution micro-CT images 
obtained. Through our work with the micro-CT systems, we developed a preliminary 
understanding of the location of water within the xylem of maple saplings that was also in 
agreement with previous studies on maple trees. Imaging conducted at the ANSTO 
Synchrotron facilities provided more information on the water content of a maple stem within 
a live maple sapling. This was the first- ever observation of a maple tree in-vivo and the first 
documented microstructural changes within a sugar maple stem in response to a freeze-thaw 
cycle.  
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Embolised vessels per mm2  

When putting our findings in the context of sap exudation, the fact that the embolisms are 
refilling upon the thaw tells us there are unique mechanisms within a sugar maple stem that 
accommodate freezing temperatures well. However, the exact mechanisms still remain 
unknown. Critical factors to examine include identifying specific patterns of embolism, 
investigating whether vessel diameter and vessel length affect the probability of embolism 
formation and recovery. The connectivity between embolized vessels both laterally and 
lengthwise will also provide details on how these embolisms are developing. Future 
synchrotron experiments will be conducted inducing a more natural freeze-thaw cycle by using 
more gradual freezing and thawing rates and a root ball that is not frozen (i.e. unfrozen water 
available in the soil). This will allow a more accurate observation of a maple tree’s natural 
response to a freeze-thaw cycle and more data to compare against.  
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