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ABSTRACT 68 

Water discharge from stem internal storage compartments is thought to minimize the risk of 69 

vessel cavitation. Based on this concept, one would expect that water storage compartments 70 

involved in the buffering of xylem tensions empty prior to the onset of vessel cavitation under 71 

drought stress, and potentially refill following soil saturation. However, scant in-vivo data exist 72 

that elucidate this localized spatiotemporal coupling. In this study on intact saplings of American 73 

chestnut (Castanea dentata), X-ray computed microtomography showed that the xylem matrix 74 

surrounding vessels releases stored water and becomes air-filled either concurrent to or 75 

following vessel cavitation under progressive drought stress. Among annual growth rings, the 76 

xylem matrix of the current year remained largely water-filled even under severe drought stress. 77 

In line with observations on intact saplings, microCT images collected on excised stems showed 78 

that applied pressures of >>0 MPa were required to induce water release from the xylem matrix. 79 

Viability staining highlighted that water release from the xylem matrix was associated primarily 80 

with emptying of dead fibers. Refilling of the xylem matrix and vessels was detected in intact 81 

saplings when the canopy was bagged and stem water potential was close to 0 MPa, and in 82 

leafless saplings over the winter period. In conclusion, this study indicates that the bulk of water 83 

stored in the xylem matrix is released after the onset of vessel cavitation, and suggests that 84 

capillary water contributes to overall stem water storage under drought but is not utilized 85 

primarily for the prevention of drought-induced vessel cavitation in this species. 86 

 87 

 88 
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The water transport system of woody plants can experience excessive xylem tensions in 99 

response to changing environmental conditions. It is generally assumed that water stored in 100 

capacitive tissue is sourced into the transpiration stream to buffer liquid tensions that develop 101 

inside the vessel lumen, and in turn protect vessel functionality by reducing the risk of gas 102 

emboli formation (Holbrook, 1995).  Experimental data collected on intact trees using sap flow 103 

sensors suggest that the process of stem water storage-release is dynamic, where water is 104 

stored during the nighttime and is released during the daytime when transpiration and xylem 105 

tension become significant (e.g. Waring et al., 1979; Goldstein et al., 1998; Cermak et al., 106 

2007). More recently, MRI imaging data have provided direct evidence that water storage 107 

dynamics are tightly linked to changes in stem dimensions associated with bark shrinkage and 108 

swelling (de Schepper et al., 2012). Recent studies using frequency domain reflectometry 109 

highlighted that water storage also plays an important role in long-term maintenance of plant 110 

water balance and that the utilization of stored water can differ between xylem regions (Hao et 111 

al., 2013; Matheny et al., 2015). Expanding on these findings, we recently used X-ray computed 112 

microtomography to characterize the time course of tissue-specific water storage in an intact 113 

tree sapling and found that dead xylem fibers rarely refill following soil saturation, suggesting a 114 

minor role for capillary water storage in diurnal storage dynamics (Laurus nobilis, Knipfer et al., 115 

2017).  Stem internal water storage and related transport dynamics appear to be major 116 

components of tree hydraulic functioning under drought (McCulloh et al., 2014, Pfautsch et al., 117 

2015), but the localized spatiotemporal coupling of drought-induced vessel cavitation and 118 

release of stored xylem water remains to be elucidated.  119 

 120 

In woody plants, vessels are embedded in a matrix of xylem tissue composed largely of dead 121 

cell types such as libriform fibers and/or fiber-tracheids (Esau, 1958; for details on xylem tissue 122 

fractions see Morris et al., 2016).  In contrast to living cell types that provide for storage of 123 

elastic water by cell expansion (e.g. bark and xylem parenchyma), water in dead tissue 124 

compartments is stored by capillary forces acting within the narrow lumen of these structures 125 

(Tyree and Yang, 1990; Knipfer et al., 2017). The xylem pressure required for the release of 126 

capillary water is commonly determined from water-release curves on excised plant material 127 

(Tyree and Yang, 1990; Borchert and Pockman 2005; Jupa et al., 2016; Domec and Gartner, 128 

2003), and these data suggest that this water is released at xylem pressure of close to 0 MPa 129 

and is no longer available when a plant experiences drought stress. In dead cell types with 130 

extremely rigid walls (i.e. not able to expand in volume), such as dead fibers that provide for 131 

capillary water storage, a release of stored water will directly result in emptying of the lumen 132 
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water, which has been shown using microCT imaging (Knipfer et al., 2017). According to 133 

published studies (as cited above), stem internal water storage under drought depends primarily 134 

on elastic water storage in living cells, but the contribution of tissue-specific storage of capillary 135 

water, particularly under excised versus in-vivo (intact plant) conditions, remains to be 136 

investigated.  137 

 138 

The goal of this study was to expand on our recent observations of tissue-specific refilling 139 

(Knipfer et al., 2017), and provide new insights into the spatiotemporal coupling between 140 

drought-induced vessel cavitation and release of stored xylem water under in-vivo conditions 141 

and for different annual growth rings in another tree species. Our general hypothesis was that 142 

dead tissue compartments in xylem (i.e. capillary water storage) empty during early stages of 143 

drought, and this water will be utilized predominantly prior to vessel cavitation to buffer drought-144 

induced xylem tensions inside the vessel. We conducted our study on American chestnut 145 

(Castanea dentata), which can be treated as a good example of a ring porous species where 146 

vessels are embedded in a xylem matrix composed largely of fibers that can provide for water 147 

storage when filled. Using X-ray computed microtomography (microCT), time-series imaging 148 

data were collected for stem tissue of 2-year old intact saplings. In-vivo observations were 149 

compared to water-release dynamics of the xylem matrix of excised stems. Fluorescence light 150 

microscopy was used to detect the location of metabolically active cells in the stem, and in turn 151 

identify the contribution of living and dead cells in xylem tissue providing for capillary and elastic 152 

water storage, respectively.  153 

 154 

 155 

RESULTS 156 

Vessel cavitation and release of stored water under drought 157 

The spatiotemporal coupling of vessel cavitation and emptying of cells in the xylem matrix was 158 

investigated in three intact C. dentata saplings. As shown for a representative sapling (Figure 159 

1), drought stress induced a decline in stem water potential (stem) from -0.25 MPa to -3.0 MPa 160 

over a period of 18 h. This was linked to a reduction in stem cross-sectional area (Astem) from 161 

18.9 to 14.1 mm2 primarily associated with bark shrinkage (decline in Abark from 8.8 to 5.3 mm2; 162 

no bark shrinkage was detected in watered saplings, see below) (Figure 1A to 1C). Inside the 163 

current-year xylem, a drought-induced reduction in stem from -0.25 to -0.95 MPa resulted in an 164 

increase in number of cavitated vessels (from n=18 to n=29) while the entire xylem matrix 165 
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remained water-filled (Figure 1D to 1E). At stem of -3 MPa, many more vessels were cavitated 166 

(n=404) in proximity to the vascular cambium and air-filled cells occurred in some portions of the 167 

xylem matrix (n=353, Figure 1F). Inside the older xylem, a large number of cavitated vessels 168 

(n=178, i.e. native embolism) were initially distributed randomly at stem of -0.25 MPa, while air-169 

filled cells of the xylem matrix (n≈1300) were mainly located in proximity to the boundary of 170 

current (2nd) -year xylem (Figure 1G). At stem of -0.95 MPa, vessel cavitation and water-171 

depletion of the xylem matrix were negligible (Figure 1H). At stem of -3 MPa, many more 172 

cavitated vessels were detected mainly towards the pith (n=425), which was coupled to the 173 

occurrence of air-filled cells in the xylem matrix (n≈1700) (Figure 1I). Magnified microCT images 174 

highlight how the xylem matrix of the current annual growth ring remained water-filled when 175 

vessels started to cavitate under drought stress (Figure 1J and 1K).  176 

In-vivo measurements of  time courses of stem shrinkage, vessel cavitation, and water 177 

release from xylem matrix are summarized in Figure 2: In Sapling-1, stem declined from -0.3 to -178 

3.8 MPa over a period of 15 h (Figure 2A), and stem shrinkage, vessel cavitation, and water 179 

release from the xylem matrix were initiated almost simultaneously at stem of -0.9 MPa around 5 180 

h into the experiment (current-year xylem in Figure 2B and older xylem in Figure 2C). In 181 

Sapling-2, stem declined from -0.3 to -2.9 MPa over a period of 20 h (Figure 2D). Reductions in 182 

stem cross-sectional area (Astem) were observed early on during drought (Figure 2D) and 183 

happened prior to vessel cavitation and water release from the xylem matrix (Figure 2E and 2F). 184 

In current-year xylem, the xylem matrix remained entirely water-filled while some vessels started 185 

to cavitate at t > 4h (Figure 2E). At t > 13 h, substantial emptying of both vessels and matrix 186 

happened simultaneously. The matrix in older xylem remained largely water-filled over the time 187 

period of investigation even though most vessels were cavitated (Figure 2F). In Sapling-3 (as 188 

shown in Figure 1), stem declined from -0.2 MPa to -3 MPa over a period of 18 h (Figure 2G). 189 

Similar to Sapling-2, the xylem matrix surrounding vessels remained water-filled while some 190 

vessels started to cavitate in current-year xylem at t = 7 h (Figure 2H). At t = 18 h, substantial 191 

vessel cavitation was observed, which coincided with water release from the xylem matrix. This 192 

temporal pattern was comparable in older xylem (Figure 2I). Reductions in Astem during drought-193 

induced changes in stem, as observed for Sapling-1 to -3, were predominantly associated with 194 

bark shrinkage (see Supplemental Figure S1).  195 

 196 

The relationship of xylem filling status versus stem shows that reductions in the water-filled 197 

cross-sectional area of the xylem matrix (i.e. discharge of stored water) did not precede vessel 198 
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cavitation when stem approached more negative values in intact saplings subjected to drought 199 

(Figure 3). In current-year xylem, 50% of vessels were embolized and lost their conductivity at 200 

stem of -2.2 MPa while around 90% of Amatrix remained water-filled (Figure 3). For older xylem, 201 

the presence of native embolism (see Figure 1) did not allow us to resolve the pattern of 202 

drought-induced changes between water-filled Avessels and Amatrix, but data showed that around 203 

50% of Amatrix remained water-filled down to stem = -4 MPa. When comparing xylem regions, 204 

non-linear regressions predicted that down to stem of -2 MPa the percentage of water-filled 205 

Amatrix in current-year xylem remained between 90% and 100%, whereas in older xylem it 206 

decreased gradually to reach around 75%. For data of Sapling-1 to -3, average Astem was 207 

20.9±3.1 (SD) mm2 and total Amatrix covered 0.60±0.33 mm2 of current-year xylem (=4.4±2.1 208 

mm2) and 0.86±0.22 mm2 of older xylem (=5.9±2.0 mm2); total Avessels was 0.53±0.09 (older 209 

xylem) and 0.73±0.28 (current-year) mm2. 210 

 211 

For comparison, the dynamics of water release from the xylem matrix were also investigated for 212 

excised stems of C. dentata subjected to increasing pressure steps (Figure 4). Changes in air-213 

filled Amatrix linked to emptying of cells were negligible at applied pressures ≤0.2 MPa (Figures 214 

4A, 4B and 4E). Subsequently, the xylem matrix released water and filled progressively with air 215 

under increasingly applied pressures (Figure 4C, 4D and 4E). Images indicate a substantial 216 

increase in air-filled Amatrix and a radial spread towards the cambium at an applied pressure of 1 217 

MPa (Figure 4D). MicroCT images indicated that initial water release from excised stems (≤0.2 218 

MPa) was associated primarily with emptying of open-ended vessels (see Supplemental Figure 219 

S2); in order to correct for this, water release measured at ≤0.2 MPa was assigned a negative 220 

value (Figure 4F). Subsequently, the remaining amount of water release measured on excised 221 

stems was compared to water release estimated for the xylem matrix from microCT images 222 

(Figure 4F). At >0.2 MPa (i.e. following emptying of vessels), data indicated that the amount of 223 

water released from the xylem matrix was around 3-times smaller as compared to measured 224 

water release, pointing to a contribution from additional tissue compartments such as living cells 225 

in bark, xylem and pith) in the excised stem (Figure 4F). 226 

   227 

Refilling of xylem vessels and surrounding matrix under watered conditions  228 

The refilling potential of vessels and xylem matrix was investigated in stems of intact C. dentata 229 

saplings (Figures 5 and 6, Table 1).  Time course measurements of intact saplings that were 230 

watered and with the crown covered in a humid bag, and of an excised stem that was hydrated 231 

at both ends, are summarized in Figure 5: In Sapling-4, stem increased from -0.3 MPa to close 232 
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to 0 MPa (-0.02 MPa) over a time period of 19 h (Figure 5A), which coincided with substantial 233 

vessel refilling and a rehydration of the xylem matrix in both current-year (Figure 5B) and older 234 

(Figure 5C) xylem; no reductions in Astem were observed (Figure 5A). In Sapling-5, stem 235 

remained at -0.2 MPa over the time period of 17 h, and changes in Astem were negligible (Figure 236 

5D). At the same time, no refilling of vessels and xylem matrix was detected in either current-237 

year (Figure 5E) or older (Figure 5F) xylem. In the excised stem that was hydrated at both ends, 238 

again, no changes in Astem were detected over the time period of investigation of 13 h (Figure 239 

5G) and refilling of cavitated vessels (similar to Sapling-4) was observed in both xylem rings 240 

(Figure 5H and 5I).   241 

The refilling dynamics that occurred in one of the non-transpiring bagged saplings 242 

(Sapling-4) are shown in detail in Figure 6. In current-year xylem, n=28 cavitated vessels were 243 

initially located close to the boundary between annual growth rings (Figures 6A and 6C) and 244 

almost all (93%) vessels (except for n=2) appeared again water-filled at t =19 h (Figures 6B and 245 

6D; see Supplemental Figure S3 for putative water droplets on walls of refilling vessels). In older 246 

(1st-year) xylem, n=110 cavitated vessels and n≈1300 water-depleted cells in the xylem matrix 247 

were present initially at t = 0h (Figures 6A and 6E). At t = 19h, the xylem matrix of older xylem 248 

was completely refilled while n=50 vessels refilled and some cavitated vessels (n=60) remained 249 

present (Figures 6B and 6F). During this 19 h recovery period, air-voids in the bark refilled 250 

entirely (bark rehydration; Figure 6A and 6B). 251 

Refilling of xylem vessels and matrix was also detected in leafless (non-transpiring) 252 

intact saplings during the winter period (Table 1). In Sapling-3, which was previously subjected 253 

to drought stress (as shown in Figure 1) and then re-watered, the number of air-filled vessels 254 

and cells in the xylem matrix was reduced by >95% in current-year xylem; in older xylem, 255 

refilling was observed for vessels but not for cells in the surrounding matrix (Table 1). Similarly, 256 

refilling of vessels and xylem matrix was substantial in current-year xylem in re-watered Sapling-257 

6 (Table.1). In Sapling-7, which had not been subjected to drought previously, the number of air-258 

filled vessels was reduced by 68% in current-year xylem; in older xylem, a few vessels refilled 259 

and the number of air-filled cells in the matrix was reduced by 2-fold (Table 1). Together, in all 260 

three saplings refilling of xylem vessels and matrix was detected for current-year xylem, 261 

whereas refilling was less predictable in older xylem. 262 

 263 

Anatomical observations and cell viability 264 

Tissue viability staining showed that metabolically active (living) cells in C. dentata stems were 265 

limited to the bark, peripheral pith tissue, and xylem parenchyma (Figure 7). Within xylem 266 
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tissue, living cells were detected in xylem ray and in axial and paratracheal parenchyma (Figure 267 

7A and 7B). Living axial parenchyma cells were most abundant in current-year xylem in 268 

proximity to older xylem of the first annual growth ring (Figure 7B, right hand panel). The 269 

amount of xylem cross-sectional area occupied by living cells was variable between stems, and 270 

estimated values ranged from 4 to 14% (older xylem) and 8 to 26% (current-year xylem). Xylem 271 

cells other than axial and paratracheal parenchyma located between rays were metabolically 272 

inactive and dead (Figure 7C). 3-D volume renderings of microCT images indicated that these 273 

dead cells were fibers (Figure 7D and 7E). In the tangential direction, xylem fibers were 274 

separated from vessels by vessel-associated paratracheal parenchyma cells (VACs) and 275 

enclosed by xylem ray parenchyma cells (Figure 7D and 7E). Fiber-to-fiber pits were present in 276 

both the tangential and radial directions, and fibers were connected to VACs (Figure 7E).  277 

 278 

 279 

DISCUSSION 280 

This study on intact C. dentata saplings demonstrates that water stored in dead tissue 281 

compartments of the xylem matrix can contribute to overall stem water storage under drought, 282 

but based on the timing of its release, it is not used primarily for the prevention of drought-283 

induced vessel cavitation. Time-series microCT imaging showed that vessels started to cavitate 284 

at stem of around -1 MPa, which happened simultaneously or prior to release of stored water 285 

from the xylem matrix. These trends were most apparent for current-year xylem (2nd annual 286 

growth ring), which did not have native vessel cavitation as observed in older xylem. In 287 

comparison, data collected on excised stems showed that applied pressures of >>0 MPa were 288 

required to induce water release from the xylem matrix, which was consistent with in-vivo 289 

results. The magnitude to which our results extend to mature trees and other woody species 290 

needs to be investigated in future studies, but microCT images collected on Eucalyptus 291 

camaldulensis (Nolf et al., 2017) and Laurus nobilis (Nardini et al., 2017) show similar patterns, 292 

as found here, where the xylem matrix becomes air-filled simultaneously or following vessel 293 

cavitation.  Release of water from capacitive storage compartments can aid tree hydraulic 294 

functioning under drought (McCulloh et al., 2014; Pfautsch et al 2015), and we propose that 295 

water release from the xylem matrix under severe drought plays a negligible role in reducing the 296 

risk of vessel cavitation and is closely linked to maintenance of cambial cell viability as crucial 297 

for stress recovery and resumption of growth. 298 

 299 
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In line with findings of Bauerle et al. (2006), leaf gas exchange measurements performed on C. 300 

dendata saplings indicated that stomatal conductance reaches minimum values at<-1MPa 301 

(see Supplemental Figure S4). This highlights that water loss by transpiration was minimal at 302 

the onset of drought-induced vessel cavitation and the release of stored xylem water in the fiber 303 

matrix, as observed in-vivo using microCT imaging (see Figures 1 and 3). The release of water 304 

from this storage compartment occurs later in the dehydration process and is therefore more 305 

likely to be associated with maintenance of living cells near the cambium rather than providing 306 

water to the transpiration stream. We speculate that water released from dead fibers and 307 

cavitated vessels is primarily redistributed within the stem and taken up by living cells (i.e. 308 

transition from capillary to elastic storage compartment). The water release from fibers in older 309 

xylem during the winter period (see Table 1), when one would expect that all compartments 310 

would refill, could be linked to such a redistribution. Typically, we observed wilting of leaves at 311 

<-2 MPa during a drydown (similarly, Bauerle et al. (2006) reported leaf wilting at predawn 312 

water potentials beyond -1.5 MPa) and microCT data indicate that this is the point where long-313 

distance transport was heavily affected by vessel cavitation (i.e. 50% embolized vessels in 314 

current-year xylem, see Figure 3) and water release from the xylem matrix became significant. 315 

Together our data help to delineate the sequence of physiological events related to vessel 316 

cavitation, release of stored water, and stomata closure in C. dentata subjected to drought 317 

under in-vivo conditions. 318 

 319 

Water can be stored in dead and living portions of stem tissue (Tyree and Yang, 1990; Jupa et 320 

al., 2016; Knipfer et al., 2017), and our analysis of C. dentata stem xylem showed that living 321 

xylem parenchyma only occupied up to 26% of cross-sectional area and the largest fraction of 322 

the xylem matrix surrounding vessels was metabolically inactive and dead (see Figure 7). 323 

Three-dimensional anatomical analyses indicated that this matrix was composed of fibers 324 

interconnected via pits in the tangential and radial directions (see Figure 7E), and this fiber 325 

network was separated from the vessel lumen by a symplastic barrier in the presence of vessel-326 

associated paratracheal parenchyma cells (VACs). Recently, Morris et al. (2018) highlighted 327 

that VACs can fulfill highly specialized tasks such as controlling water movement in/out of a 328 

vessel and pathogen defense, but it remains unknown what role VACs are playing in affecting 329 

the dynamics of fiber and vessel emptying. In general, it can be assumed that a release of 330 

stored water from a dead fiber to a vessel is only possible if air (or water vapor) is able to enter 331 

the fiber lumen first (otherwise a vacuum would be generated in the empty lumen). Air-seeding 332 

in vessels is associated with pit membrane characteristics (for review see Choat et al., 2008), 333 
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and the same would apply for cavitation (emptying) of dead xylem fibers too. Hence, the 334 

following scenario can be assumed: The propagation of a substantial liquid tension from a 335 

vessel to fibers is inhibited by VACs that are acting like a ‘hydraulic seal’ (i.e. vessels and fibers 336 

are not directly connected). In turn, when the pressure of the vessel liquid drops to more 337 

negative values, the liquid pressure in fibers will remain at a similar level and high enough to 338 

prevent air-entry into the fiber lumen through pits (i.e. no release of stored water). Under more 339 

severe drought, the vessel cavitates but fibers in the xylem matrix will remain water-filled 340 

because the drop in liquid pressure is negligible in fibers (similar to the pattern observed in this 341 

study). This propagation of pressure between the vessel and fibers may be time-dependent 342 

causing either a large or small pressure differential between both compartments. Therefore, a 343 

slow drydown may result in air-entry into the fiber lumen and emptying prior to vessel cavitation 344 

(opposite to the pattern observed in this study) and vice versa during a fast drydown. However, 345 

if pit membranes with relatively small pores are present in fibers then the liquid pressure in the 346 

fiber will be able to reach considerably negative values before air enters the lumen (no water 347 

release). In this case, vessels will cavitate prior or simultaneously to the release of stored water 348 

from fibers even during slow (days) drying rates of the soil (similar to the pattern observed in 349 

this study). Along these lines, it has been reported that some tissue compartments for water 350 

storage in leaves are hydraulically compartmentalized and largely disconnected from the 351 

transpiration stream (Blackman and Brodribb, 2011). Future efforts should be directed at 352 

detailed 3-D anatomical and functional analysis of localized transport resistances between 353 

vessels and surrounding xylem matrix, including functional properties of fiber pits (e.g. in older 354 

versus current-year xylem) to resolve the mechanisms affecting localized flow dynamics 355 

between vessels and fibers in the intact plant.  356 

 357 

The xylem pressures required to induce tissue-specific release of stored water can be 358 

determined on excised stems using hydraulic methods, and the capacitance for capillary and 359 

elastic water storage can be derived from the shape of measured curves (e.g. Tyree and Yang, 360 

1990; Jupa et al., 2016; Borchert and Pockman, 2005). According to Tyree and Yang (1990), 361 

the measured curve on excised samples may be divided into three phases associated with 362 

exclusively capillary water release (phase-1), a mixture of water release from cavitated vessels, 363 

living cells and capillary water (phase-2), and predominantly elastic water release from living 364 

cells (phase-3).  Data indicate that applied pressures of close to zero are typically sufficient to 365 

induce a release of capillary water, but the required pressure range can vary between species 366 

and organ types (Tyree and Yang, 1990; Jupa et al., 2016). Our microCT data collected on 367 
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excised stems allowed us to directly observe the emptying of capillary storage compartments in 368 

the xylem matrix surrounding vessels. Our data indicated that release of capillary water requires 369 

pressures of >>0.1 MPa  and water release from the xylem matrix is not initiated until pressure 370 

exceeds 0.5 MPa in C. dentata (see Figure 4). Similarly, in the intact C. dentata saplings, water 371 

loss from the xylem matrix surrounding vessels required a stem of >>0.1 MPa and was initiated 372 

mainly at stem below -1.0 MPa (see Figures 2 and 3). In fact, the matrix of current-year xylem, 373 

as opposed to older xylem, remained hydrated for longer under severe drought stress (see 374 

Figure 3), which may be crucial to maintain cambial cell activity under drought and related to a 375 

higher abundance of living cells. Along these lines, measurements of Blackman and Brodribb 376 

(2011) showed that water can be stored either as ‘mobile’ or ‘immobile’ water depending on the 377 

site of tissue-specific storage; however, measures of leaf capacitance on excised samples do 378 

not distinguish between these water sources and do not provide a true estimate of stored water 379 

utilized by the intact plant.   380 

 381 

The water transport system in a tree stem can resemble a complex network of hydraulic 382 

pathways (Siau, 1984), and a drought-induced spread of embolism has been observed for 383 

different woody species in-vivo (grapevine, Brodersen et al. 2013; redwood, Choat et al., 2015; 384 

walnut, Knipfer et al., 2015). Less data exists on the spatiotemporal coupling of tissue-specific 385 

water release from storage compartments. For intact C. dentata saplings, we found that 386 

embolism spread was initiated from the boundary of xylem annual growth rings and that this 387 

spread was not directly coupled in time to water depletion of the xylem matrix. Spatially, our 388 

data suggest that tissue connectivity is limited between annual growth rings and the transition 389 

zone between annual growth rings seems to provide a barrier minimizing the spread of air from 390 

older into current-year xylem either among vessels or matrix; a similar strategy as found in 391 

redwood xylem (Choat et al. 2015).  392 

 393 

Bark tissue is known to release and replenish stored water on a short-term (diurnal) basis 394 

(deSchepper et al., 2012). In a recent review, Pfautsch et al. (2015) highlight the existence of a 395 

functional link between inner bark and xylem tissue via radial ray parenchyma that seems to 396 

play a crucial role in facilitating the exchange of water and carbohydrates. We detected 397 

substantial bark shrinkage during increasing drought stress and refilling of this tissue upon 398 

rewatering. In-vivo bark shrinkage was typically initiated at water potentials less negative than 399 

those resulting in water depletion of the xylem matrix and vessel cavitation, suggesting that 400 

water stored in bark was redistributed via living ray parenchyma inwards towards xylem to buffer 401 
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drought-induced liquid tensions and minimize the risk of hydraulic failure early during drought. It 402 

may be that some water also exited the stem by bark surface evaporation, but this amount was 403 

most likely negligible since internal gradients in water potential preferentially drive water 404 

movement away from bark towards the xylem. In addition, we observed that under severe 405 

drought (stem <-1 MPa) the cross-sectional area occupied by air voids in bark increased 406 

substantially (see Figure 1), and we assume that this phenomenon was linked to drought-407 

induced cell dehydration. Stem and specifically bark shrinkage were not observed in watered 408 

saplings during time-series microCT imaging indicating that the observed shrinkage was not 409 

related to multiple X-ray exposure. 410 

 411 

In a recent study on L. nobilis saplings we showed that vessel and storage compartments for 412 

capillary water rarely refill in an intact plant and only if xylem tensions approach zero (Knipfer et 413 

al., 2017). Other researchers also provided experimental evidence that vessel refilling requires 414 

xylem pressures of ≥0 MPa (Hacke and Sperry, 2003; Charrier et al., 2016). A similar refilling 415 

phenomenon of vessel and dead xylem matrix was observed here for intact C. dentata saplings 416 

(see Figure 5 and 6). Refilling of both xylem compartments was only observed in Sapling-4, 417 

where xylem pressure (i.e. stem) recovered and reached a value of -0.02 MPa, close to zero 418 

(similar to L. nobilis; Knipfer et al., 2017). On the other hand, when xylem pressure remained at 419 

<-0.1 MPa no refilling was induced suggesting that internal xylem pressures were still too 420 

negative (e.g. in Sapling-5). Even though our data were collected for well-watered saplings with 421 

native embolism, the same principle would apply for saplings following soil re-watering 422 

assuming that the activity of cells involved in the refilling process (e.g. vessel-associated 423 

paratracheal parenchyma) fully recovers in addition to the capillary forces driving refilling. 424 

Variations between saplings in refilling action may be associated with differences in root water 425 

uptake and subsequent rehydration of the stem, which remained unknown to us. Our 426 

observation of long-term refilling in leafless (non-transpiring) intact saplings supports our 427 

findings on short-term refilling in saplings with bagged crowns (non-transpiring).  Overall, it can 428 

be concluded that refilling in an intact tree can take place under environmental conditions when 429 

transpiration from a wet or leafless canopy is negligible and the soil is saturated allowing for 430 

negligible xylem tensions within the stem on a localized level. The success of refilling is 431 

therefore strongly dependent on a unique combination of several factors such as a plant’s xylem 432 

anatomy (network connectivity and presence of living vessel-associated cells; Holbrook and 433 

Zwienicki, 1999; Knipfer et al., 2016), the relative contribution of passive (i.e. capillarity) and 434 

active (i.e. living cells) mechanisms that drive the refilling process, and its growing environment.   435 
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 436 

 437 

Material and Methods 438 

Plant material 439 

Experiments were conducted on Castanea dentata saplings (30 to 50 cm in height) between 440 

September 2017 and May 2018. Saplings were obtained from the Pitkin Forest Nursery at the 441 

University of Idaho (Moscow, Idaho, USA) and growth was maintained in 1-L plastic pots filled 442 

with soil mix at University of California, Davis, greenhouse facilities. Saplings were irrigated 443 

daily with water supplemented with macro and micro-nutrients prior analyses (Knipfer et al., 444 

2015; 2017).  445 

 446 

Water status 447 

Stem water potential (stem) of intact saplings was measured with a Scholander Pressure 448 

Chamber (Plant Moisture Stress Model 1505D, PMS Instrument Company, Albany, OR, USA) 449 

on equilibrated mature leaves that were covered and sealed with a foiled plastic bag for >30 min 450 

(Knipfer et al., 2015, 2017). For each sapling, stem was measured multiple times over the time 451 

course of the experiment.  452 

 453 

X-ray micro-tomography 454 

Plant material was scanned using X-ray computed microtomography (Beamline 8.3.2) at the 455 

Advance Light Source, Lawrence Berkley National Laboratory (Knipfer et al., 2017). For 456 

visualization of stem tissue, an intact sapling was placed in an aluminum cage and the same 457 

stem portion at 2 to 3 cm above the soil was scanned. For n=3 saplings, the soil was removed 458 

from the root system immediately after the initial scan allowing for a rapid dry-down. This was 459 

necessary in order to reach a wide range of stress levels within the time period available for 460 

scanning, since soil water loss by transpiration was not sufficient.  For n=2 saplings the soil was 461 

maintained fully saturated during the time period of investigation and the crown (including 462 

leaves and stem) was covered with a sealed plastic bag containing a wet paper towel (i.e. 463 

minimize transpiration to allow stem to approach zero, similar to Knipfer et al., 2017 for L. 464 

nobilis). For each sapling, the same stem portion was scanned every couple of hours over a 465 

total time period of around 20 hours. To test for long-term refilling, n=3 saplings (including 466 

Sapling-3) were scanned initially in September and subsequently maintained well-watered for 5 467 

months under atmospheric conditions; in January, approximately the same stem portion was 468 
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subjected to a rescan. Following completion of imaging of an intact sapling, the scanned stem 469 

portion was extracted, dried at 30 ˚C for 5 days and rescanned for further evaluation of tissue 470 

characteristics (see below). 471 

Using microCT imaging, stem tissue was also investigated in n=4 excised stems 472 

obtained from saplings. The purpose of experiments on excised stems was to compare the 473 

dynamics of (i) water release from capillary storage compartments in the xylem matrix following 474 

pressurization with water release in intact saplings subjected to drought stress and (ii) refilling of 475 

xylem matrix and vessels following release of xylem tensions with refilling of non-transpiring 476 

(bagged or leafless) intact saplings. A stem segment (around 80 mm in length) was extracted 477 

from the intact sapling under water to minimize air aspiration during cutting with pruning shears, 478 

and stem ends were cut back with a fresh razor blade under water by around 3 mm. To study 479 

water release from xylem matrix, the stem segment was inserted into a Scholander Pressure 480 

Chamber (Plant Moisture Stress Model 1505D, PMS Instrument Company, Albany, OR, USA) 481 

with the upper distal stem end protruding through the lid. The air pressure in the chamber was 482 

increased above atmospheric and maintained for about 2 min at the target pressure while water 483 

exiting the stem end was wiped off with a paper towel. When no more water exited the stem at a 484 

given pressure step, the stem was removed from the chamber and weighed. The corresponding 485 

amount of water release (in g H2O) was determined by initial stem weight minus stem weight at 486 

set pressure. To study xylem refilling in an excised stem, both stem ends were connected to 487 

PVC tubing that was filled with water prior to the initial scan (as described in Knipfer et al., 488 

2017). For scanning, excised stems were placed in a drill chuck and scanned in the center of 489 

the stem portion. 490 

Stems were scanned in a 21 keV synchrotron X-ray beam using a continuous 491 

tomography setting yielding 1025 two-dimensional longitudinal images (resolution of 3.22 492 

m/pixel), which were captured on a CMOS camera (PCO.edge; PCO, Kehlheim, Germany) at 493 

350 ms exposure time. 3-D stem anatomy was studied on dry stem samples scanned at 0.96 494 

m/pixel resolution. Acquired raw images were reconstructed into transverse images using a 495 

custom software plugin for Fiji image-processing software (www.fiji.sc, ImageJ) that was 496 

developed at the Advance Light Source (Lawrence Berkley National Laboratory, Beamline 497 

8.3.2)  and used Octopus software (ver. 8.3; National Institutes for Nuclear Science, Ghent 498 

University, Ghent, Belgium) in the background (Knipfer et al., 2016, 2017). Longitudinal images 499 

were generated using the slice tool in the software AVIZO (ver. 6,2; Visualization Sciences 500 

Group / FEI, Hillsboro, OR). For 3-D visualization, the ‘volume rendering’ tool in AVIZO software 501 

was used.  502 

 www.plantphysiol.orgon February 15, 2019 - Published by Downloaded from 
Copyright © 2019 American Society of Plant Biologists. All rights reserved.

http://www.fiji.sc/
http://www.plantphysiol.org


 

16 
 

For quantitative image analysis, stem tissue was segmented into its components of bark 503 

(including the vascular cambium since it was not possible to accurately distinguish between 504 

cambial, phloem and peridermal tissue), current-year xylem, older (1st year) xylem and pith 505 

using the ‘Image-Polygon selection’ tool in Fiji. Subsequently, air-filled portions were extracted 506 

using the ‘Image-Threshold’ tool. Cross-sectional areas of air-filled tissue were measured using 507 

the ‘Analyze Particle’ tool (subscript ‘air’, see below); the number of air-filled cells was estimated 508 

using the same tool. Details on this image segmentation procedure can be found in Knipfer et 509 

al. (2017). For visualization of exclusively air-filled vessels and xylem matrix, a composed two-510 

color image was generated from segmented images using the ‘Image Calculator’ tool and 511 

‘Lookup Tables – Red/Green’ tool, after using the ‘Process – Math – Macro’ tool to assign a 512 

grey scale value of 100 and 255 to segmented air-filled vessels and matrix, respectively. In 513 

order to determine the total cross-sectional area of xylem vessels and xylem matrix (subscript 514 

‘total’, see below), corresponding scans of dry stems were subjected to the same image 515 

segmentation procedure. A correction factor (α) was introduced to correct for changes in 516 

dimensions between intact versus dry stems for current-year and older xylem (=Axylem-intact/Axylem-517 

dry). Subsequently, the percentage of cross-sectional area occupied by water-filled vessels 518 

(Avessels) and xylem matrix (Amatrix) was determined according to ((Atotal-vessels · α - Aair-vessels)/(Atotal-519 

vessels· α)) x 100% and ((Atotal-matrix · α - Aair-matrix)/(Atotal-matrix· α)) x 100%, respectively; Avessels and 520 

Amatrix  were calculated separately for current-year and older xylem using the appropriate α.  521 

 522 

 FDA-PI viability staining 523 

Stem tissue viability was analyzed using a fluorescence-based staining assay (Knipfer et al. 524 

2017). Two fluorescent dyes (fluorescein-diacetate ‘FDA’ and propidium iodide ‘PI’) were used 525 

simultaneously that allow a two-color discrimination between living and dead cells. The FDA-PI 526 

staining solution was prepared by adding 8 µl of FDA and 50 µl of PI to 5 ml of water. Stem 527 

sections were cut free-hand using a fresh razor blade. Subsequently, sections were submerged 528 

in the staining solution for 30 min and incubated in the dark at ~23 ˚C. Samples were mounted 529 

on a glass slide and viewed under fluorescent light (excitation filter 490 nm and 575 nm, 530 

dichromatic mirror 505 nm, barrier filter 525 nm and 625 nm) using a Leica DM4000 B LED 531 

microscope equipped with a Leica DFC7000 T 2.8 MP camera. Images were captured in less 532 

than 4 h following sample preparation. For quantitative analysis of fluorescence images (similar 533 

to microCT image processing), stem tissue was segmented into current-year xylem and older 534 

xylem using the ‘Image-Polygon selection’ tool in Fiji. Images were converted into 8-bit gray 535 

scale images and living portions of tissue were extracted using the ‘Image-Threshold’ tool. 536 
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Cross-sectional areas of total xylem and living xylem tissue were measured using the ‘Analyze 537 

Particle’ tool and the living xylem parenchyma tissue fraction (as percentage of total) was 538 

determined by (Aliving / Axyem) x 100%. 539 

 540 

Supplemental material 541 

Supplemental Figure S1: Relationship of drought-induced changes in Astem and corresponding 542 

changes in dimensions of bark including vascular cambium, current-year (xylem 2nd) and older 543 

(xylem 1st) xylem.  544 

Supplemental Figure S2: Transverse microCT images collected on an excised stem subjected 545 

to different applied pressure steps.  546 

Supplemental Figure S3: Longitudinal image slice through current-year xylem of Sapling-4 547 

showing an example of a refilling vessel exhibiting a water droplet on the lateral vessel wall.  548 

Supplemental Figure S4: Drought-induced changes in stomatal conductance. 549 

 550 
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 571 

 572 

 573 

 574 

TABLES 575 

 576 

Table 1: Changes in number of air-filled xylem vessels and xylem fibers in the stem of intact C. 577 

dentata saplings during the winter period.  Following the initial microCT scan in September, 578 

saplings were maintained well-watered and subjected to a rescan after 5 months. Saplings 579 

dropped their leaves during the winter period at the beginning of December (i.e. non-580 

transpiring). Sapling-3 (Fig. 1) and -6 were scanned initially when subjected to drought stress 581 

(stem at -3.0 MPa and -2.1 MPa, respectively); Sapling-7 was not subjected to drought.  582 

 583 

 584 

 585 

 586 

 587 

 588 

 589 

 590 

 591 

 

Sample 

 

Xylem region 

No. of air-filled vessels No. of air-filled fibers 

Initial after 5 months  Initial after 5 months  

Sapling-3 Current-year 404 2  353 0  

 Older 425 110  1762 3478  

Sapling-6 Current-year 187 5  846 0  

 Older 301 679  2467 5806  

Sapling-7 Current-year 38 12  0 0  

 Older 326 305  6400 2863  
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 592 

 593 

 594 

 595 

 596 

 597 

FIGURES LEGENDS 598 

Figure 1: Time-series microCT images collected on the same stem portion of a representative 599 

intact C. dentata sapling subjected to drought. Water- and air-filled tissue appears in light and 600 

dark grey color, respectively. (A to C) Images of the stem and corresponding (D to I)  601 

segmented images showing exclusively air-filled vessels (in red color) and xylem matrix (in 602 

green color). Values in images are time after initiation of drought (in h), stem water potential (in 603 

MPa), and cross-sectional area (in mm2) of stem (in A to C) and air-filled vessels or xylem 604 

matrix (in D to I, number of air-filled cells in parenthesis). (J to K) Enlarged microCT images 605 

showing air-filled (cavitated) vessels embedded in a matrix of water-filled xylem (examples 606 

indicated by arrows, same vessels indicated by arrows in B and C). Black boxes in panels B and 607 

C correspond to xylem regions shown in panels J and K (B=bark, P=pith, X=xylem). 608 

 609 

Figure 2: Time course of drought-induced changes in stem tissue of intact C. dentata saplings. 610 

Data were determined from transverse microCT images collected in the same stem location (as 611 

shown in Figure 1 for Sapling-3). (Top row) Stem water potential and percentage changes in 612 

stem cross-sectional area (Astem). At t = 0 h, initial Astem was 19.2 mm2 for Sapling-1, 24.4 mm2 613 

for Sapling-2, and 18.9 mm2 for Sapling-3. (Middle and bottom rows) Percentage of cross-614 

sectional area covered by water-filled vessels (Avessels) or xylem matrix (Amatrix) in current-year 615 

and older (1st year) xylem, respectively. Values on x-axis are time after initiation of drought. 616 

 617 

Figure 3: Relationship of drought-induced decline in stem and changes in filling status of 618 

vessels and matrix in current-year and older (1st year) stem xylem of intact C. dentata saplings. 619 

Values on y-axis (left side) show the percentage of cross-sectional area covered by water-filled 620 

vessels and matrix; corresponding number of cavitated (embolized) vessels is shown on y-axis 621 

on right side. Data were obtained from Saplings-1 to -3. Lines are sigmoidal non-linear 622 

regressions shown for P<0.05. 623 

 624 
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Figure 4: Water discharge from the xylem matrix as measured on an excised C. dentata stem 625 

subjected to increasing pressure steps. (A to D) Air-filled cells in the xylem matrix are visualized 626 

in green color (see Supplemental Figure S2 for corresponding microCT images). Values in 627 

images are applied pressure to the stem end (in MPa) and cross-sectional area of air-filled 628 

xylem matrix (in mm2, number of air-filled cells in parenthesis) (P=pith, X=xylem). Stem length 629 

and diameter were 8 cm and 4.8 mm, respectively. (E) Relationship of applied pressure and 630 

cross-sectional area of air-filled xylem matrix (Amatrix). Different symbols represent different 631 

excised stem segments (circle symbols correspond to panels A to D). (F) Amount of water 632 

release (in g H2O) measured on excised stems and corresponding amount of water release 633 

estimated from microCT images for the xylem matrix (= air-filled Amatrix x stem length). The first 634 

phase (from 0 to 0.1 MPa) of the measured water release curve was dominated by vessel 635 

emptying (see Supplemental Figure S2) and was subtracted from the curve (as indicated by 636 

negative values on y-axis).  637 

 638 

Figure 5: Time course of xylem refilling in C. dentata. (A to F) Refilling of stem tissue in intact 639 

saplings when the soil was saturated and the crown was bagged. Data were obtained from 640 

transverse microCT images as show in Figure 5 for Sapling-4. (G to H) Refilling monitored for 641 

an excised stem segment supplied with water to both stem ends. (Panels in top row) Stem 642 

water potential and changes in stem cross-sectional area. At t = 0 h, initial Astem was 13.3 mm2 643 

for Sapling-4, 19.2 mm2 for Sapling-5, and 10.5 mm2 for excised stem segment. (Panels in 644 

middle and bottom rows) Percentage of cross-sectional area covered by water-filled vessels or 645 

xylem matrix in current-year and older (1st-year) xylem, respectively.  646 

 647 

Figure 6: Time-series microCT images of the same stem portion collected for an intact C. 648 

dentata sapling maintained watered (soil saturated) with the crown bagged at t = 0 h. Water- 649 

and air-filled tissue appear in light and dark grey color, respectively. (A to B) Images of the stem 650 

and corresponding (C to F) segmented images showing exclusively air-filled vessels (in red 651 

color) and xylem matrix (in green color). Values in images are time after initiation of experiment 652 

(in h), stem water potential (in MPa), and cross-sectional area (in mm2) of stem (in A to B) and 653 

air-filled vessels or xylem matrix (in C to F, number of air-filled cells in parenthesis) (B=bark, 654 

P=pith, X=xylem). 655 

 656 

Figure 7: Stem viability and anatomy of tissue in C. dentata saplings. (A to B) Transverse 657 

fluorescence images collected from two different saplings after staining with FDA/PI solution 658 
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(left hand panels), and corresponding images showing exclusively metabolically active cells in 659 

older xylem (middle panels) and current-year xylem (right hand panels). Values in images are 660 

the estimated percentage of xylem cross-sectional area covered by living cells. (C) Enlarged 661 

image of older xylem (sample in A) highlighting the presence of dead (fiber) cells (example 662 

indicated by arrow) between xylem ray parenchyma and in proximity to a vessel. (D to E) 663 

Visualization of xylem anatomical features using microCT imaging. Longitudinal slice through a 664 

portion of the stem in the tangential direction (in D) and corresponding 3-D volume rending (in 665 

E, yellow box in D indicates portion shown. Black and white triangle indicate the presence of 666 

fiber-to-fiber pits in tangential and radial direction, respectively. Arrow indicates a connection 667 

between fiber and VAC (f=fiber, V=vessel, AP=axial parenchyma, RP=xylem ray parenchyma 668 

cell, VAC=vessel-associated paratracheal parenchyma cell). 669 

 670 

 671 

 672 

 673 

 674 

 675 

 676 

 677 

 678 

 679 

 680 

 681 

 682 
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