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Abstract

Although roots in dry soil layers are commonly rehydrated by internal hydraulic redistribution during the nocturnal

period, patterns of tissue rehydration are poorly understood. Rates of nocturnal rehydration were examined in roots

of different orders in Vaccinium corymbosum L. ‘Bluecrop’ (Northern highbush blueberry) grown in a split-pot system

with one set of roots in relatively moist soil and the other set of roots in dry soil. Vaccinium is noted for a highly

branched and extremely fine root system. It is hypothesized that nocturnal root tissue rehydration would be slow,

especially in the distal root orders because of their greater hydraulic constraints (smaller vessel diameters and fewer
number of vessels). Vaccinium root hydraulic properties delayed internal water movement. Even when water was

readily available to roots in the wet soil and transpiration was minimal, it took a whole night-time period of 12 h for

the distal finest roots (1st to 4th order) under dry soil conditions to reach the same water potentials as fine roots in

moist soil (1st to 4th order). Even though roots under dry soil equilibrated with roots in moist soil, the equilibrium

point reached before sunrise was about –1.2 MPa, indicating that tissues were not fully rehydrated. Using a single-

branch root model, it was estimated that individual roots exhibiting the lowest water potentials in dry soil were 1st

order roots (distal finest roots of the root system). However, considered at the branch level, root orders with the

highest hydraulic resistances corresponded to the lowest orders of the permanent root system (3rd-, 4th-, and 5th-
order roots), thus indicating possible locations of hydraulic safety control in the root system of this species.
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Introduction

The importance of day length for plant photosynthetic

carbon gain has been widely recognized. Duration of the

nocturnal period may also be important. During the night-

time, periods of minimal transpiration allow water potential

gradients among plant parts to dissipate by internally
redistributing water to tissues of lower water potential,

including the movement of water to roots in dry soil layers

(Bauerle et al., 2008). Nocturnal internal hydraulic re-

distribution may be very important to the maintenance of

roots in surface soil layers where root densities are highest,

as surface soil can be dry for extended periods in many

regions (Caldwell et al., 1998). However, the rate at which

water redistributes at night depends on a combination of

environmental and plant factors, including the magnitude

of differences in water potential among tissues and the

hydraulic conductivity of the vascular system (Brooks et al.,

2002; Burgess and Bleby, 2006).
Many factors influence the rates of tissue rehydration of

roots at night. Nocturnal transpiration due to incomplete

closure of stomata (Donovan et al., 1999, 2003; Caird et al.,

2007) or high vapour pressure deficits (Hinckley and

Ritchie, 1973) can create and maintain high water potential

gradients between the soil and leaves and thus limit water

movement to other parts of the root system. In addition,
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rehydration of roots in dry soil layers may be slower where

there are significant constraints to water movement, in-

cluding embolisms, small-diameter and curved xylem vessels

with extensive branching (Howard, 1932; Tsuda and Tyree,

1997; Brooks et al., 2002), high frequency of pits and end-

plate membranes (Orians et al., 2005), and the presence of

heartwood, latewood, and rays (Burgess and Bleby, 2006).

Lateral water movement may also be limited by the high
resistances that form at the stem base–root junction

(Brooks et al., 2002; Burgess and Bleby, 2006).

Vaccinium corymbosum has been reported to be a species

that does not effectively distribute water laterally (Abbott

and Gough, 1986). Using a split-root water application,

Abbott and Gough (1986) found that dyes did not move

laterally from one stem to another and observed root

mortality in the unwatered root container. The main
objective of this study was to quantify patterns of nocturnal

internal hydraulic redistribution and conductances among

the first seven orders of V. corymbosum roots under severe

drought conditions and its implications for root tissue

rehydration. Vaccinium corymbosum was selected due to its

unique root anatomy and morphology and its reported

limited ability to redistribute water. It was hypothesized

that root tissue rehydration at night would be delayed,
especially in the distal root orders because of their greater

hydraulic constraints (smaller vessel diameters and fewer

number of vessels).

Materials and methods

The experiment was conducted in November 2005 in

a greenhouse at The Pennsylvania State University, Univer-

sity Park, PA, USA. Plant material consisted of 9-year-old

V. corymbosum L. ‘Nelson’ (Northern highbush blueberry)

plants. At the end of the summer (early September) of 2004,

individual plants were transplanted to a split-pot system
filled with coarse sand (840 lm particle size). The 40 l pots

(52 cm length, 36 cm width, 32 cm height) (Sterilite,

Townsend, MA) were separated into two sections using

a vertical plastic partition (constructed with the lid of the 40

l pot), with the edges sealed with silicone and polyurethane

foam. Roots were divided equally and half was carefully

placed in each side of the pot. There were five replicate

plants. Plants were always watered on the same side of the
pot (wet-side), with the other side not irrigated (dry-side)

for the duration of the experiment. Drought conditions

were induced gradually over a 5-month period previous to

the actual measurements, by exposing plants to decreasing

amounts of irrigation that began at 500 ml twice a day, then

decreased to 250 ml twice a day, 250 ml once a day, and,

finally, to 150 ml once a day. Midday stem water potentials

were measured with a pressure chamber on bagged and
covered (aluminium foil) leaves between 12.00 h and 14.00 h

(Soil Moisture Equipment Co. Santa Barbara, CA) and

ranged between –2.0 MPa and –2.5 MPa at the lowest level

of irrigation. Soil water content was monitored at 09.00 h

each day over the drought imposition period and at 20.00 h

before the nocturnal patterns of root rehydration measure-

ments (see below) by time domain reflectometry (TDR 100;

Campbell Scientific, Inc., Logan, UT). Moisture probes

consisted of three parallel stainless steel rods (20 cm length

and 3 mm diameter, 2.5 cm apart) that were inserted in each

side of the pots perpendicular to the soil surface. Typical

night-time leaf transpiration for a well-watered blueberry

plants, was about 25-fold lower (0.214 mmol H2O m�2 s�1)
than that observed during daytime (5.3 mmol H2O m�2 s�1)

(Li-Cor 6400, Li-Cor Inc, Lincoln, Nebraska). Greenhouse

temperatures ranged between 22 �C and 30 �C during the

daytime and between 13 �C and 18 �C during the night-

time. Supplemental light was provided with three, 400 W

halide lamps from 07.00 h to 19.00 h each day.

Nocturnal patterns of root rehydration

Once shoots exhibited water potentials below –2.0 MPa,

patterns of internal hydraulic redistribution in the root

system were examined. Measurements were completed on

one plant per day. At 18.00 h, one hour after sunset (17.00
h, month of November), supplemental lights were turned

off and the wet-side was irrigated to field capacity.

Nocturnal patterns of root rehydration were determined by

sampling the roots at 2, 6, and 11 h after irrigation (20.00 h,

24.00 h, and 05.00 h). Roots were collected by cutting a root

section using small scissors, at a distance of 10–15 cm from

the centre of the plant, and at a soil depth of 10–15 cm.

Once roots were detached from the plant, they were
immediately transferred to a humidified chamber to prevent

tissue dehydration. After cleaning the roots of sand particles

(by tapping them), representative root samples were selected

based on three root-order categories. The fine root category

consisted of a single root branch that included root orders

one to four, where order one consisted of the distal and

finest unbranched roots in the root system (morphometric

classification system, sensu Fitter, 1982); the medium root
classification sample consisted of root orders five to seven;

and the coarse root classification sample consisted of the

distal section (<0.5 cm length) of an 8th root order. Because

blueberry has an extremely fine (finest distal roots can be as

fine as 20 lm diameter), densely branched root system

(Valenzuela-Estrada et al., 2008), it would have been

too time-consuming to collect accurate water potential

estimates and still precisely separate roots by order in the
finest category. As soon as each root sample was collected,

it was loaded into a stainless steel chamber with a thermo-

couple psychrometer (series 74; JRD Merrill Specialty

Equipment, Logan, UT). Sampling all root samples for

each specific time interval took no more than 30 min.

Transferring one root sample to the humidified chamber

took less than 5 s, and less than 2 min for cleaning the roots

and sealing them into the chambers. As soon as all the
psychrometers were loaded, they were transferred to an

insulated water bath at 25 �C, connected to a CR-7 data

logger (Campbell Scientific, Inc.) and measured every 30

min for the next 4 h until they reached temperature and

vapour equilibrium. Estimations of root water potentials
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were based on the average of three measured points

(Bauerle et al., 2008).

Single branch root model

By previously studying the anatomy of V. corymbosum

roots for at least seven root orders (data from Valenzuela-

Estrada et al., 2008), and determining the internal root

water potentials of the three different groups of roots, the

internal water potentials were estimated at the junction of

each root order for each sampling time. Estimations were

based on a model of a single root branch composed of eight

root orders (Fig. 1). For this single branch root model,

several conditions were assumed. First, it was assumed that

all root orders were connected in series; therefore the flux

through out the entire branch was the same, based on the

law of conservation of matter (Kirchoff’s law). Second, it
was assumed that all vessels were fully functional and were

able to transport water. Third, hydraulic weighted mean

vessel diameters were estimated for each root order as

2(Rr5/Rr4), where r is the vessel radius (Sperry et al., 1994).

Fourth, the measured root water potential values used for

the root-order estimations were assumed to be mainly

contributed by the highest root order in that category as

that root order would contain a greater volume of water.
Thus, for the coarse roots, it was assumed that the final

section of a 8th-order root at the junction with a 7th-order

root (W8) was their representative value, and the value for

the group of fine roots was assumed to be the final end of

a 3rd-order root at the junction with a 4th-order root (W4)

(Fig. 1). Once the position of W8 and W4 were established,

the corresponding water potential values were estimated for

an individual root of each root order (at the junctions
between root orders, see Fig. 1) by first estimating the root

hydraulic conductance by the Hagen–Poiseuille equation:

Lx ¼ p3nv3R4
a=83g3l

where Lx (m3 s�1 MPa�1) is root hydraulic conductance,
nv is the mean number of vessels per root, Ra (m) is the
vessel radius, g (1310�9 MPa s at 20 �C) is the viscosity
of water, and l (cm) is the root length.

Then, hydraulic resistance for an individual root, Rx, was

calculated as the inverse of hydraulic conductance:

Rx ¼ 1=Lx

where Rx (MPa s m�3) is root hydraulic resistance and
Lx (m3 s�1 MPa�1) is root hydraulic conductance. Total
resistance per order (all roots belonging to the same
order added together as a group) was estimated by:

Rt ¼ Rx=nr

where Rt (MPa s m�3) is total resistance per root order
(for all individual roots that composed one order), Rx
(MPa s m�3) is individual root hydraulic resistance and
nr is the number of individual roots that correspond to
each root order.

Total flux through the entire single branch was estimated
by:

Qt ¼ DW=ðRx4þRx5þRx6þRx7Þ

where Qt (m3 s�1) is total flux, DW (MPa) is the
difference in internal root water potential between root
water potential at the junction of the 3rd- and 4th-order
roots (W4) and the 7th- and 8th-order roots (W8) and

Fig. 1. Graphic representation of the single root-branch model

used to estimate root water potentials for each root order for (A)

root orders 5–8 and (B) root orders 1–5. Different root orders

(R1–R7) were assumed to be arranged in series and individuals

belonging to a specific root order were assumed to be arranged in

parallel. In (B) (below the dotted line), the number of roots for each

branch order represents the proportion of root length of that root

order to the total root length of a branch composed of five orders.

For (A) (above the dotted line), the number for each branch order

roots is not proportional to that in the higher order. Thickness of

vertical lines, representative of roots of a particular order is

proportional to the estimated conductance (Lx) (see Table 1).

Because conductance is related to root length, 1st-order roots

show a thicker line than 2nd-order roots even though the

conductivity of 1st-order roots is smaller. Grey horizontal arrows

indicate two selected positions, W8 (link between 7th- and 8th-

order roots) and W4 (link between 3rd- and 4th-order roots) in

a single root-branch, corresponding to the observed water

potentials in the Vaccinium experiment. Black horizontal arrows

indicate the points (root junctions between root orders) at which

root water potentials values for each root order were estimated by

the single-root branch model. The values, W8 and W4, and the

series of resistances (R4+R5+R6+R7) were used to estimate

volumetric water flux, Qt (vertical arrow), where: Qt¼(W8–W4)/

(R4+R5+R6+R7). Values of Qt were assumed to be the same

throughout the entire root branch (Kirchoff’s law).
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Rx4, Rx5, Rx6, and Rx7 (MPa s m�3) are the resistances
of 4th-, 5th-, 6th-, and 7th-order roots.

Root water potentials for each root order (as group) were

estimated by using an analogy of Ohm’s law:

W8 �Wi ¼ ðRx7þ.RxiÞ3Qt

where W8 (MPa) is the difference in internal root water
potential at the junction of 8th-order and 7th-order roots
and, Wi (MPa) root water potential for the consecutive
lower root orders, Rx7 (MPa s m�3) is the resistance for
7th-order roots plus Rxi (MPa s m�3), the resistance for
consecutive lower root orders and Qt (m3 s�1) is total
flux.

An extrapolation of 2 h before the first root water

potential measurement (20.00 h) and 1.5 h after the last

measurement (05.00 h) was completed by fitting a poly-

nomial curve over the three different root water potentials

estimated by the single branch model for each time point

and root order.

Statistical analysis

Root water potential and soil water content over time were

analysed using the MIXED procedure and repeated mea-

sures analysis of variance (PROC MIXED; SAS Institute

Inc., Cary, NC).

Results

Soil water content decreased over time on both the wet and

dry sides of the root system; however, the dry side

experienced lower values compared to the wet side (data

not shown). At 20.00 h, immediately before the root water

potential measurements were taken, soil water contents on

the wet sides were almost double that of the dry sides

(P <0.006) (Fig. 2). For the 4 weeks prior to the estimation

of root water potential, midday stem water potentials were

maintained between –2.0 and –2.5 MPa. Also, roots in dry

soil experienced more physiological stress than those in the

wet soil, as indicated by greater electrolyte leakage (data not

shown; Valenzuela-Estrada, 2008).

Nocturnal patterns of root rehydration

Changes in root water potential over night-time revealed

how roots in dry soil may rehydrate under drought

conditions. Roots that experienced the lowest water poten-
tials were the finest, most distal, lowest-order roots in the

root system. These roots exhibited very low water potentials

(about –2.8 MPa) at 20.00 h (2 h after irrigation, and 3 h

after ‘sunset’) compared to medium and coarse roots (about

–2.0 and –1.0 MPa respectively) (Fig. 3). Four hours later,

at 24.00 h, fine and medium roots experienced a significant

increase in water potential (reaching values close to –2.3

and –1.8 MPa, respectively). By contrast, coarse roots
exhibited a decrease reaching –1.3 MPa. At 05.00 h (near

predawn), and 11 h after irrigation (12 h after sunset), all

root categories (dry-side) experienced a significant increase

in water potential, reaching values between –1.2 to –1.3

MPa. These values were very close to that of fine roots

Fig. 3. Root water potentials of V. corymbosum plants grown in

a split-pot system with one wet side (open symbols) and one dry

side (filled symbols). Water potentials were determined over the

night-time for fine roots (root orders 1–4) under dry (filled squares)

and wet (open squares) conditions, medium roots (orders 5–7)

under dry conditions (filled circles), and coarse roots (orders 8 and

higher) under dry conditions (filled inverted triangles). Initiation of

the nocturnal period is indicated by (YNoc) and the irrigation event

by (Yi ). Error bars represent one standard error of the mean (n¼5).

Statistical differences were found among root orders under dry

conditions (P¼0.010), over time (P¼0.008) and the interaction of

wet versus dry of fine roots and time (P¼0.003). Lower case letters

that differ between root orders (filled symbols) indicate a significant

difference (P <0.05) and capital letters that differ between fine

roots under dry (filled squares) and wet (open squares) conditions

indicate a significant difference (P <0.05).

Fig. 2. Volumetric soil moisture content (%) on the wet and dry

sides of the root system measured at 20.00 h, 2 h after irrigation

and right before root water potential measurements. Error bars

represent one standard error of the mean (n¼5), and different

letters indicate a significant difference between sides of the split-

pot (P < 0.05).
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under wet soil conditions, suggesting the plant had evenly

redistributed water at this point. The soil in the irrigated
compartment was still near field capacity (data not shown).

Root water potentials for each root order were estimated

by the single-branch root model (Table 1; Fig. 4). Total flux

decreased over time (20.00 h, 3.2 E-10 m3 s�1; 24.00 h, 1.5

E-10 m3 s�1; 05.00 h, 1.3 E-11 m3 s�1). Simulations using

the single-branch root model indicated that estimated root

water potential in dry soil layers decreased as root order

decreased and increased with length of night-time (Table 1).
It was calculated that root water potentials at 18.00 h for

1st- and 2nd -order roots could have experienced water

potential values close to –3.8 MPa. By contrast, estimated

water potentials of 6th- and 7th-order roots were close to –

0.5 MPa (Fig. 4). By 06.30 h all root orders were estimated

to reach the internal root water potential values close to –

0.5 MPa (Fig. 4).

Discussion

The V. corymbosum root system is characterized as being
very efficient in terms of biomass allocation for the pro-

duction of a large amount of root surface area. Its highly

branched root system is composed of very fine roots (the

finest can be just 20 lm in diameter; Valenzuela-Estrada

et al., 2008) that usually proliferate in the top 20–30 cm of

the soil (Bryla and Strik, 2007). Water and nutrient uptake

presumably occurs mostly in the first three root orders,

which correspond to the mycorrhizal and non-woody,
ephemeral section of the root system (Valenzuela-Estrada

et al., 2008). These non-woody roots have very few and

small-diameter vessels. Such root anatomical characteristics

may lead to a high cavitation vulnerability of the distal

roots during severe drought, especially when water is

available to only a fraction of the root system such as might

occur with drip irrigation or when there are only a few
deeper roots. Plants may cope with drought under conditions

of heterogeneous soil moisture conditions by internally

redistributing water from roots in moist soil to those in

dry soil during the night, such as in grape (Vitis vinifera)

(Bauerle et al., 2008), but to a much more limited extent in

blueberry. In the present work, patterns of root water

potentials measured throughout the night revealed how

water redistributes internally within the root system of

Table 1. Vaccinium corymbosum root anatomical data and hydraulic parameters for seven root orders

Root anatomical measurements were obtained from Valenzuela-Estrada et al. (2008). Root hydraulic parameters were estimated by the single-
branch model. Individual root estimations for each root order are shown for conductance and resistance parameters (Lx and Rx), while other
parameters are values of each root order taken as a group.

Parameters Units Root order
1 2 3 4 5 6 7

Measured parameters

Root diametera lm 40 48 75 120 177 222 –

Vessel diameterb lm 3.9 4.2 4.8 5.8 6.2 15.6 17.8

Vessel number (nv)
a 13 12 22 28 39 501 802

Total root lengtha m 1.42 1.09 1.1 0.54 0.19 0.19 0.1

Individual root lengtha cm 0. 15 0. 38 0. 81 0. 94 1.43 0. 98 1.15

Number of roots per order (nr)
a 157 48 23 9 2 3 1

Calculated parameters

Individual root conductance (Lx) m3 s�1 MPa�1 5.3E-11 2.5E-11 3.7E-11 8.8E-11 1.0E-10 7.5E-08 1.7E-07

Individual root resistance (Rx) MPa s m�3 1. 9E+10 4.0E+10 2.7E+10 1.1E+10 9.7E+09 1.3E+07 5.7E+06

Root resistance (Rt) MPa s m�3 1.2E+08 8.3E+08 1.2E+09 1.2E+09 4.4E+09 4.1E+06 4.0E+06

Estimated internal root W at 20.00 h MPa –3.53 –3.49 –3.22 –2.83 –2.44 –1.02 –1.02

Estimated internal root W at 00.00 h MPa –2.57 –2.55 –2.42 –2.23 –2.04 –1.36 –1.35

Estimated internal root W at 05.00 h MPa –1.19 –1.19 –1.18 –1.16 –1.15 –1.09 –1.09

a Average value.
b Vessel diameter is expressed as the hydraulic weighted mean (see Materials and methods).

Fig. 4. Simulated root water potentials over the night of different

root orders in the dry soil portion of a split-pot using the single-

branch model of V. corymbosum. Night-time was assumed to

begin at 17.00 h and soil on the wet side was assumed to be

irrigated at 18.00 h. Observed values for the link between 3rd- and

4th-order roots (W4) (indicated by unfilled circles) and the link

between 7th- and 8th-order roots (W8) (indicated by unfilled

squares) are also shown.
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Vaccinium. Vaccinium rehydrated the distal first five root

orders in dry soil from 60% to 70% in a period of 11 h when

well irrigated in another portion of the root system. No

other work has previously quantified the rate or magnitude

of change of tissue rehydration over the night as water

moved through different branch orders in the root system.

Root rehydration at night was influenced by several

factors, including root hydraulic constraints, duration of
the nocturnal period, water availability in the wet-side, and

water potential gradients among roots. The overall final

rehydration achieved by the distal root orders in dry soil

served as an indicator of how efficiently or inefficiently

water was hydraulically redistributed through the root

system. As suspected, the distal, finest root orders ex-

perienced the lowest water potentials at the onset of the

nocturnal period, followed by medium and coarse roots.
The simulations also demonstrated the importance of the

duration of the nocturnal period. Although water was

readily available to roots in the wet soil and transpiration

was minimal, it took the whole night-time period of 12 h for

the distal finest roots under dry soil conditions to reach the

same water potentials as fine roots in wet soil. Even though

roots in dry soil equilibrated with roots in wet soil, the

equilibrium point reached before sunrise was still approxi-
mately –1.2 MPa, indicating that the tissues were not fully

rehydrated, i.e. not fully in equilibrium with the soil water

potential in the wettest portion of the rooted soil. Even with

an additional hour and a half of no transpiration, water

potentials for all root orders were predicted to range

between –0.6 MPa to –0.7 MPa (Fig. 4). Therefore, even

with the additional time, roots in dry soil would not be

predicted to reach values greater than –0.5 MPa, suggesting
that the duration of the nocturnal period was not sufficient

for roots in dry soil to be fully rehydrated.

The main factors influencing water transport were the

hydraulic properties of the conductive system. In very fine

roots, internal water movement was probably delayed by

either very high hydraulic resistances due to small diameter

vessels in these roots or by additional resistances caused by

the occurrence of xylem embolisms associated with severe
water stress conditions (Hacke et al., 2000; Kolb and

Sperry, 1999; Sperry et al., 2002).

With the single-branch model, it was possible to estimate

the water potential of each of the seven root orders over the

night and to identify those orders with the highest hydraulic

resistance. As expected, the magnitude of hydraulic resistance

per individual root was highest in 1st-order roots due to these

roots having the fewest number of vessels and the smallest
vessel diameters. However, it was found that in a root branch

composed of seven root orders, 3rd-, 4th-, and 5th-orders

(summing up all resistances belonging to that root order),

exhibited the highest overall hydraulic resistances within the

root branch (Table 1). Thus, when many resistances are

arranged in parallel (as it was assumed to be for each root

order level), the total resistance added to the system was not

highest in the 1st- and 2nd-order roots but in the medium
root orders, which had fewer individuals within the root

branch (Table 1). In the case of root orders greater than five,

although the number of these roots was small, numerous

and wider vessels helped to compensate for the limited

length and number of roots (Table 1). Therefore, the high

hydraulic resistances exhibited by 3rd-, 4th-, and 5th-order

roots may contribute considerably to delayed rehydration of

the finest root orders. Interestingly, these roots represented

the transition from the more permanent roots with secondary

development to the more ephemeral roots without secondary
development (Valenzuela-Estrada et al., 2008).

The possibility of intermediate-order roots serving as

hydraulic controllers has important implications for the

function of the whole root system. The observed pattern of

hydraulic resistances in Vaccinium roots is consistent with

the segmentation concept proposed by Zimmermann (1983)

for above-ground hydraulic architecture. Similar to the

occurrence of embolism within stem junctions, which may
cause the sacrifice of minor branches and leaves during

severe water stress conditions, hydraulic failure in 5th- or

4th-order roots may lead to the sacrifice of the lower root

orders under drought conditions, but the maintenance of

higher order roots.

In summary, it has been found that under severe water

stress conditions the root system of V. corymbosum did not

fully redistribute water from roots in wet soil to roots in dry
soil. This was mainly attributed to anatomical constraints

on water movement and because of the severe degree of

water stress of roots in dry soil. Root orders with the

highest hydraulic resistances corresponded to the lowest

orders of the permanent root system (i.e. 5th-order roots),

indicating the possible location of a hydraulic safety control

in the root system of this species.
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