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Abstract Hydraulic lift (HL) is the passive movement of

water through plant roots, driven by gradients in water

potential. The greater soil–water availability resulting from

HL may in principle lead to higher plant nutrient uptake,

but the evidence for this hypothesis is not universally

supported by current experiments. We grew a grass species

common in North America in two-layer pots with three

treatments: (1) the lower layer watered, the upper one

unwatered (HL), (2) both layers watered (W), and (3) the

lower layer watered, the upper one unwatered, but with

continuous light 24 h a day to limit HL (no-HL). We

inserted ingrowth cores filled with enriched-nitrogen

organic matter (15N-OM) in the upper layer and tested

whether decomposition, mineralization and uptake of 15N

were higher in plants performing HL than in plants without

HL. Soils in the upper layer were significantly wetter in the

HL treatment than in the no-HL treatment. Decomposition

rates were similar in the W and HL treatments and lower in

no-HL. On average, the concentration of NH4
?-N in

ingrowth cores was highest in the W treatment, and NO3
--N

concentrations were highest in the no-HL treatment, with

HL having intermediate values for both, suggesting dif-

ferential mineralization of organic N among treatments.

Aboveground biomass, leaf 15N contents and the 15N

uptake in aboveground tissues were higher in W and HL

than in no-HL, indicating higher nutrient uptake and

improved N status of plants performing HL. However, there

were no differences in total root nitrogen content or 15N

uptake by roots, indicating that HL affected plant allocation

of acquired N to photosynthetic tissues. Our evidence for

the role of HL in organic matter decomposition and nutrient

cycling suggests that HL could have positive effects on

plant nutrient dynamics and nutrient turnover.
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Hydraulic redistribution � Mineralization plant–soil

water relations

Introduction

Hydraulic redistribution (HR) is the phenomenon by which

water moves passively from relatively moist to dry soil

layers via plant root systems (e.g., Richards and Caldwell

1987). HR is driven by a gradient in soil water potential,

with plant roots acting as conduits for water transport

during HR. HR, and particularly hydraulic lift (HL) (when

water moves from deep moist to shallow dry layers), are

increasingly recognized as widespread phenomena, and we

have a reasonably good understanding of where, when, and
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how HR may occur (Dawson 1993; Jackson et al. 2000;

Liste and White 2008). However, the full ecological con-

sequences of HR are unclear.

Studies are now beginning to describe the ways in which

plants can directly benefit from HR, and there is growing

evidence that HR may be an ecologically important

mechanism for some species and plant communities

(Armas et al. 2010; Bleby et al. 2010; Jackson et al. 2000;

Lee et al. 2005; Scott et al. 2008). For individual plants, the

most obvious outcome of HR is that it moistens the rhi-

zosphere around roots, keeping fine roots more hydrated

when bulk soils are relatively dry (Valenzuela-Estrada

et al. 2009) and in some cases increasing plant survival

(Bauerle et al. 2008). HR in general, and HL in particular,

also equalize spatially heterogeneous patches of soil

moisture in surface soil layers (Burgess and Bleby 2006;

Smart et al. 2005), and extend the period and area in which

roots have access to water, particularly if rainfall can be

redistributed for later use (Caldwell and Richards 1989).

There is also evidence that HL can extend the activity and

diversity of soil microorganisms and mycorrhizal networks

in the root zone (Querejeta et al. 2003; Warren et al. 2008).

HL can also promote greater rates of transpiration and

photosynthesis in trees, and these processes continue for

longer periods compared to when HL is absent (Bleby et al.

2010; Dawson 1997), potentially affecting community

processes and even local climate (Lee et al. 2005). Overall,

these benefits are thought to promote greater growth and

survival, not only for plants that perform HL but also for

their neighbors (Dawson 1993; Prieto et al. 2011).

In addition to its primary role of increasing soil moisture,

HL has been suggested by numerous authors to be a

potential mechanism to increase the availability of nutrients

for plants (Caldwell et al. 1998; Caldwell and Manwaring

1994; Dawson 1993, 1997; Hawkins et al. 2009; Jackson

et al. 2000; Liste and White 2008; Richards and Caldwell

1987; Rose et al. 2008; Smart et al. 2005; Snyder et al.

2008). Nutrients levels and rates of biogeochemical pro-

cesses such as decomposition, mineralization, and nitrifi-

cation are usually highest in the upper layers of soils, where

biological and atmospheric inputs of nutrients to the soil are

the greatest (Schlesinger 1997). However, as upper soil

layers dry from evapotranspiration, nutrient mobility and

availability to plants rapidly decrease. Clearly, additional

inputs of water from HL have the potential to delay this

decrease in soil nutrient mobility and availability.

Even in small amounts, HL seems capable of improving

plant nutrient uptake in at least three ways. First, hydrau-

lically lifted water may prolong the activity, extension, and

life span of fine roots, root hairs and associated microor-

ganisms such as mycorrhizae in dry surface soil (Bauerle

et al. 2008; Querejeta et al. 2003). Secondly, water sup-

plied by HL can improve ion mobility and diffusion to

roots (Dawson 1997). Thirdly, water from HL may stim-

ulate litter decomposition and microbial degradation of

organic matter, as these processes are generally moisture-

dependent (Aanderud and Richards 2009; Hawkins et al.

2009). Interestingly, inverse HL (downward HR) has also

been implicated in nutrient uptake; McCulley et al. (2004)

used nutrient concentration and stable isotope data to

suggest that downward HR can promote the uptake of

nutrients stored in deep, relatively dry soil layers where it

is otherwise unavailable to most plants. The mobilization

and redistribution of spatially distinct pools of nutrients

and other elements via HR may also have broader conse-

quences at the ecosystem level related to increased

productivity (Liste and White 2008) and changes in

hydrological and biogeochemical cycles (Aanderud and

Richards 2009; Jackson et al. 2000; Jobbágy and Jackson

2004).

Theoretically, HL has significant potential to enhance

litter decomposition, nutrient availability and nutrient

uptake by plants. However, empirical evidence of these

general processes is scarce, and in the specific case of

nutrient uptake, the positive role of HL is not universally

supported (Online resource 1). Several studies have con-

sidered the effect of HL on nutrients indirectly (Caldwell

and Manwaring 1994; Crabtree et al. 1998; Dawson 1997;

de Kroon et al. 1998; Hawkins et al. 2009; Huang 1999;

Matzner and Richards 1996; Nambiar 1976; Rose et al.

2008; Snyder et al. 2008; Wang et al. 2009), but results

have been largely inconclusive for a number of reasons,

including lack of suitable control treatments, restricted

experimental time scales, or addition of nutrients in aque-

ous solution rather than in solid form (see Online resource

1 for more details).

Here, we explored the direct role of HL in facilitating

organic matter decomposition, nutrient mineralization, and

plant nutrient acquisition by conducting a greenhouse

experiment with plants of Bouteloua dactyloides (Nutt.)

J.T. Columbus. We grew plants in pots with two hydro-

logically separated layers designed to permit hydraulic lift

from ‘deep’ soil to ‘shallow’ soil under controlled condi-

tions. Soil cores with organic matter (ground litter) enri-

ched in 15N were placed near shallow roots, and for

2 months plants were assigned to different watering and

light treatments to allow or suppress HL. We hypothesized

that: (1) plants performing HL would have relatively higher

soil moisture in the shallow soils than the plants with HL

suppressed; (2) higher soil moisture as a result of HL

would enhance decomposition of the enriched 15N litter

and mineralization and mobility of the nutrients from this

litter; (3) plants performing HL would acquire less 15N than

those plants regularly watered to saturation, but more 15N

than those with HL suppressed; and (4) plant biomass and

physiological responses such as allocation to shoots, root
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foraging in nutrient-enriched patches, and N content would

reflect the water and nutrient status of plants from each

treatment.

Materials and methods

The study species was Buffalo grass, Bouteloua dactylo-

ides, a perennial deep-rooted grass species native to dry

North American prairies (Plants of the Southwest, NM,

USA). The strong seasonality of the climate in habitats

where buffalograss is found and its root morphology both

make HL a likely possibility for this species; it has a dense

root system that thoroughly occupies the soil, including

numerous thin roots *1 mm in diameter on average. In the

field, its roots may reach soil layers 1.5 m below the sur-

face, with 70% of roots by mass occurring in the top 15 cm

of soil (Weaver 1958). Relatively deep wet soils, shallow

drier soils and ranges of soil matric potential found in

our study are commonly observed in buffalograss native

habitats (Redmann 1978; Scanlon et al. 2005). Overall,

B. dactyloides is a hardy species that is drought-, heat-, and

cold-resistant, and it has been reported to facilitate HL

(Huang 1999).

Plants were grown in two-layer cylindrical PVC pots

that allowed watering of the bottom soil layer (75 cm

high 9 10 cm diameter) independently from the top soil

layer (25 cm high 9 10 cm diameter; Online resources

2–3). The soil layers were separated by a 0.5-cm-thick

barrier, permeable to roots but not to water, which enabled

us to isolate the effect of hydraulic lift by roots. The barrier

was composed of a 3-mm mesh cloth soaked in a molten

mixture of 1 part natural bee’s wax (Yaley Enterprise

n.110016, USA) and 1.5 part paraffin liquid (99% pure;

Lamplight�, USA) that solidified after cooling. The barrier

was carefully placed inside the PVC pot and a thin layer of

silicone was used to seal the barrier to the inner walls of the

pot.

Pots were filled with soils without nutrients, the bottom

layer being fine river sand (Quikrete�, USA), whereas the

top layer was filled with a mix of 1:3 (v/v) sand:fritted

montmorillonite clay (Oil-Dri, MS, USA). The upper

sand ? fritted clay mixture was designed to provide good

soil–root contact and a clear response to changes in soil

water content and matric potential, as measured by ther-

mocouple psychrometers described below.

In August 2007, 3-month-old buffalograss seedlings

were transplanted to the experimental pots (n = 18), and

grown for 10 additional months in a greenhouse (natural

lighting, 20�C mean temperature) before beginning the

experiment. The top and bottom layers of the pots were

watered to saturation twice a week. Once a week, 60 ml

of a modified Hoagland’s solution low in nitrogen

(0.5 mM N, mainly in the form of ammonium nitrate,

NH4NO3; Online resource 4) was added to the bottom layer

only. At the time of seedling transplant, the top layer of

each pot was inoculated with 20 g of fresh soil from a

grassland site at the Blackwood Division of the Duke

Forest (35�58.800N, 79�5.3700W).

Three months prior to the beginning of the experiment,

we verified root growth into the bottom layer by visual

observation of numerous roots growing up against small

Perspex windows installed in modified pots (Online

resource 3). The 18 vegetated pots were then moved into

controlled growth chambers (20�C, relative humidity 85%,

PAR 200 lmol m-2s-1, 14-h photoperiod) at the Duke

University Phytotron. The plants were watered and sup-

plied with nutrients as described above until the beginning

of the experimental treatments. PAR intensity in all

experimental chambers was intentionally relatively low, as

most studies that apply continuous light cycles to plants

(one of our treatments, see below) recommend low light

intensity levels (\500 lmolm-2 s-1), due to potential

adverse effects of high-intensity continuous light on plants

(Equiza et al. 2006; Velez-Ramı́rez et al. 2011; Xiao et al.

2007).

Experimental treatments

At the start of the experiment in June 2008, both upper

and lower layers were watered to saturation. Twelve veg-

etated pots placed in one chamber were subjected to 12 h

light/dark cycle (20�C, relative humidity 85%, PAR

200 lmolm-2 s-1). Twice a week, six of these pots were

watered to saturation, including both the top and the bot-

tom layers (watered treatment, W). The other six pots were

also watered twice a week in the bottom layer only

(hydraulic lift treatment, HL). Six more vegetated pots

were similarly watered twice a week in the bottom layer

only and were placed in a second chamber with identical

climatic conditions but with continuous 24-h light cycle to

inhibit nightly stomatal closure and thus reduce or impair

hydraulic lift (no hydraulic lift treatment, no-HL). Con-

tinuous illumination forces stomates to stay open at night,

keeping the water potential gradient and flow of water from

soil to plant to atmosphere instead of between soil layers

through roots (Caldwell and Manwaring 1994). In each

chamber, we also placed four additional pots as controls

without plants but with bundles of dead grass on top (i.e., to

simulate grass cover; note there were no roots inside these

pots, only soil) to account for changes in soil moisture due

to treatment–light cycle effects. These pots are denoted

throughout the text as dead-plant controls or S12 and

S24 treatments (for 12- and 24-h light cycle chambers,

respectively).
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Soil matric potential sensors (thermocouple psychrom-

eters, model PST-55; Wescor, Logan, UT, USA) were used

to monitor changes in soil moisture inside the pots.

Psychrometers were installed in the upper and lower layers

of each pot, at 15 and 60 cm depths, respectively. Psych-

rometers were interfaced with a datalogger (model

CR7 ? cooling current interface model A3497; Campbell

Scientific, Logan, UT, USA), and soil matric potential was

logged at 30-min intervals from the start of the experi-

mental treatments. Psychrometers were calibrated against

solutions of known concentrations of KCl following pro-

cedures in Brown (1970).

We also measured soil gravimetric water content of

subsamples from soils collected at the end of the experi-

ment. Samples were oven-dried at 80�C to a constant

weight (expressed as g water/g soil 9100).

15N-labeled organic material and experiments

Two weeks after the beginning of the experimental treat-

ments (t15 in figures), we placed three ingrowth cores at

10 cm depth in the top layer of each pot: two ingrowth

cores contained background soil mixed with 15N-labeled

ground litter as organic matter (OM-core) and the third

contained background soil only (soil-only-core). The

source of the OM enriched in 15N was buffalograss leaves

ground and oven-dried at 70�C (5.6 atom% 15N, 3.0% N).

The plants were grown from seed in a greenhouse with

natural day/night air temperatures of 22/16�C and light

levels of 1,000 lmol m-2 s-1, with an 11-h photoperiod

and an average humidity of 80%. Plants were well watered

five times per week with distilled water and twice a week

with 100 ml of a modified half-strength Hoagland’s solu-

tion containing 0.8 g l-1 of 15NH4
15NO3 (5 atom% 15N;

Isotec, Miamisburg, OH, USA). Aboveground biomass was

harvested after 2.5 months and dried in an oven at 60�C.

Plant material was then ground to make a coarse powder of

organic matter enriched with 15N.

The three ingrowth cores were designed to assess root

growth, 15N-OM decomposition rates and plant 15N

uptake in each treatment. The OM-cores consisted of 3 g

of the wet sand ? fritted clay mix plus 0.8 g of 15N

labeled organic matter housed in 3-cm3 cylinders (length

63 mm; internal diameter 8 mm). The cylinders were

made of a light plastic mesh with square pores 2–3 mm in

size.

In August 2008, after 11 weeks of experimental treat-

ment (9 weeks since the soil cores were placed in the pots),

the buffalograss plants in our three experimental treatments

were harvested. Aboveground material was separated into

green leaves, dead leaves and runners or stolons. Below-

ground biomass was washed clean of soil and separated

into four sample groups: roots from the top pot layer, the

bottom pot layer, the 15N-OM-core and the soil-only core.

All samples were oven-dried at 70�C for 5 days. Green

leaves, stolons and roots were ground, subsampled, and

analyzed for C, N, and 15N isotope contents. Soils from

ingrowth cores were also analyzed for C and mineral N

content (NH4-N and NO3-N). Soil samples from the OM-

cores were also sampled prior to the start of the experiment

and analyzed to acquire baseline levels of nutrients (t15 in

figures).

Dried leaf, stolon, root, and soil samples were ground

to a fine powder for C and N analyses. d15N was ana-

lyzed in leaves, stolons, and roots from the bottom layers

and OM-ingrowth soil samples just before the ingrowth

cores were first inserted into the pots (background val-

ues), and at the end of the experiment. C and N contents

were determined with a Carlo Erba Elemental Analyzer,

and d15N was measured in a Finnigan MAT Delta Plus

XL continuous flow mass spectrometer system (Finnigan,

San Jose, CA, USA), both at the Duke University Envi-

ronmental Stable Isotope Laboratory (DEVIL). Mass

spectrometer measurements had a precision of 0.2% for
15N organic samples. The isotopic abundance was

expressed in delta notation (d) in parts per thousand (%)

as

d ¼ Rsample=Rstandard � 1
� �

� 1000 ð1Þ

where Rsample and Rstandard are the molar ratios of heavy to

light isotope of the sample and the international standard

(atmospheric N2).

Percent of 15N taken up by green leaves, stolons or roots

from the ingrowth cores (15Nuptake) was calculated as:

15Nuptake %ð Þ ¼ 15Ntissue=
15

Ncores

� �
� 100 ð2Þ

where 15Ntissue is mg 15N in the tissue at the end of the

experiment minus background mg 15N for each corre-

sponding tissue, and 15Ncores is mg 15N of the OM-cores at

the beginning of the experiment. Background d15N values for

leaves, stolons and roots were -0.38 ± 0.15, -0.49 ± 0.15

and -0.63 ± 0.15%, respectively.

Organic matter decomposition rates were expressed as

the % Closs month-1 and calculated as the difference in

organic C in the OM ingrowth cores from the start to end of

the experiment per unit of time (Aanderud and Richards

2009). Similarly, the difference between the initial and

final NH4
? concentrations in the ingrowth cores per unit of

time was considered to represent the net N mineralization

of OM (Rice 2006); high estimated cation exchange

capacity (CEC) of soil in upper layers (37.5 and

71.63 meq/100 g for soils in control and OM ingrowth

cores, respectively) indicates that NH4
? was relatively

immobile in those soils. Subsamples of 1 g of soil from the

ingrowth cores were shaken in 20 ml 2 M KCl for NO3
-

14 Oecologia (2012) 168:11–22
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and NH4
? extractions, centrifuged, filtered, and analyzed

using a QuikChem 8500 (Lachat Instruments).

Statistical analyses

Differences in plant responses and soil properties among

treatments were tested using ANOVA at a significance

level of P \ 0.05, and homogeneity of variances was

checked using Levene’s test. Post-hoc differences were

tested using HSD Tukey’s or Tamahane’s tests. Only the

analyses for the following variables differed: differences

among matric potentials of plant treatments during the

course of the experiment were tested using RM-ANOVA

and M-ANOVA at 0, 15, 30, 45, 60 and 75 days from the

beginning of the experiment. Each matric potential value

was the mean of 5 days around each specific date (the

specific date plus 2 days on either side). Differences in

the trend of observed soil matric potential among treat-

ments were tested using ANCOVA with time (day) as the

covariate. Psychrometer measurements near the end of

the experiment (beyond day 60) were less definitive and

were excluded from our analysis, as matric potential

readings tended to converge as soil in the upper layers

experienced severe drying at the end of the experiment.

In the driest pots, some psychrometers also stopped

functioning as soil matric potentials decreased to less

than -6.0 MPa.

Throughout the experiment, the no-HL treatment and

soil-only (no vegetation) pots were used as controls in our

comparisons of matric potential, decomposition of 15N-

labeled litter, and 15N uptake by the plants.

Relationships among soil water content, mineral N

forms in 15N-OM ingrowth cores, and plant traits were

tested using linear correlation analyses. All statistical

analyses were performed with the SPSS 17.0 (SPSS, IL,

USA) or Statistica 9.0 software (StatSoft, OK, USA) and

results throughout the text, tables and figures are presented

as mean ± 1 SE.

Results

The matric potential of the upper soil layer in the well-

watered treatment (W) was maintained near zero, while

that of all other treatments steadily declined over the

course of the 75-day experiment (Fig. 1a). Matric potential

in the no-HL and the S24 (dead-plant control) treatments

declined more rapidly than the HL and S12 treatments, and

there was a clear divergence in the rate of decline in soil

matric potential of plant treatments compared to their dead-

plant controls (i.e. Fig. 1a; ANCOVA F4,816 = 86.44,

P \ 0.001; S24 and no-HL were not significantly different,

P = 0.50, post-hoc-comparisons).

Apart from the W treatment pots, the wettest soil in the

upper pot layer was consistently observed in the HL

treatment. From day 20 until the end of the experiment, the

matric potential of the upper soil layer of the HL treatment

was on average 0.60 ± 0.02 MPa less negative (wetter)

than that of its control (S12), 1.21 ± 0.10 MPa less

negative than that of no-HL, and 1.51 ± 0.14 MPa less

negative than that of S24 (Fig. 1a). This result illustrates

that hydraulic lift maintained higher soil moisture in the

HL treatment compared to the dead-plant control (S12) and

other treatments. The differences in soil matric potentials

in the upper soil layer between the HL and other treatments

were statistically significant over the course of the exper-

iment, as observed specifically on days 15, 30, 45 and 60

(Fig. 1b; RM-ANOVA F26 = 36.02, P \ 0.001).

At the end of the experiment, the relative gravimetric

water content of soil sampled from the soil-only ingrowth

cores differed among treatments. Soil moisture in the HL

treatment was half that of the W treatment but double that

of the no-HL treatment (Table 1). The same treatment

differences were observed for soil cores amended with the
15N enriched organic matter (OM-cores), which were sig-

nificantly wetter than soil-only cores. All these results were

consistent with matric potential data, showing that our

treatments produced the expected manipulation of

hydraulic lift and soil moisture, increasing the soil water

availability in the HL treatment compared to the no-HL

treatment.

Although there were no differences in total soil N among

the OM-cores of the different watering treatments at the end

of the experiment, carbon contents in soils from OM-cores in

the no-HL treatment were significantly higher than in the

other treatments (W and HL, Table 1). Consequently, OM

decomposition rates were similar in W and HL treatments

but significantly lower in the no-HL treatment (Fig. 2;

F214 = 8.63, P \ 0.01; P = 0.05 for HL versus no-HL

treatment, post-hoc comparisons), indicating that higher soil

moisture increased OM decomposition.

The concentration of NH4
?-N in soil from OM-cores at

the end of the experiment (t75) was significantly higher

than the baseline level (t15) in all treatments (Fig. 3a). The

greatest increase in NH4
? was measured in the W treat-

ment, followed by HL and then the no-HL, though the

difference between the HL and no-HL treatments was not

statistically significant for NH4
? (Fig. 3a) or for N min-

eralization (calculated from NH4
? values, data not shown).

Pooling results across the three treatments, soil NH4
? was

positively correlated with soil water content, decomposi-

tion rate, leaf N content and 15N acquisition by plants

(Table 2).
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In contrast to the trend for NH4
?, the concentrations of

NO3
- from the OM-cores at the end of the experiment (t75)

decreased significantly in all treatments compared to the

baseline level (t15). The W treatment showed the highest

decrease in NO3
- through time, followed by the HL

treatment and then by the no-HL treatment (Fig. 3b). Also,

in contrast to NH4
?, NO3

- was negatively correlated with

relative soil water content, decomposition rate, live

aboveground biomass and N content and 15N acquisition by

plants (Table 2), pointing to higher uptake or leaching of

NO3
- from the ingrowth cores in wetter soils maintained

by hydraulic lift or frequent watering. Trends in the NH4
?/

NO3
- ratio mirrored that of NH4

?, except that the ratio in

the HL treatment was significantly greater than in no-HL

(Fig. 3c) and that correlations with other variables were

tighter (Table 2).

Leaf 15Nuptake in the HL treatment was 20 times higher

(*0.41% of all the 15N initially supplied as OM was found

in the leaves; Fig. 4) than that of no-HL treatment

(*0.02%). 15Nuptake values were highest in W treatment
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Fig. 1 The daily course of soil matric potential (WS) in the upper

layer of pots from the start of the experiment until 3 weeks prior to

plant harvest (a), and average WS on days 0, 15, 45, 60 and 75 (b). All

data are mean ± SE of n = 3–4. Different letters for lines (a) and

bars for each measurement date (b) denote significant differences at

P \ 0.05. Treatments are denoted for plant and soils under a 12/12-h

day/night light cycle as: W all soil layers watered, HL lower soil layer

watered, S12 soil only; and for plant and soils under a 24-h light

cycle: no-HL lower soil layer watered, S24 soil only

Table 1 Parameters measured from ingrowth cores at the end of the

experiment, including: gravimetric water content of soil (Soil soil-

only cores, OM ingrowth cores with 15N enriched organic matter), soil

N and C content, root biomass inside the cores, and percentage of

cores colonized by roots (mean ± 1SE; n = 5–6)

W HL no-HL F

Soil moisture (%)

OM 90.15 ± 4.03 a 22.88 ± 0.53 b 12.99 ± 0.57 c *** 316.30***

Soil 47.17 ± 1.82 a 18.09 ± 0.30 b 10.84 ± 0.61 c 314.90***

Soil N (%)

OM 0.26 ± 0.02 a 0.32 ± 0.04 a 0.34 ± 0.01 a *** 2.75 ns

Soil 0.01 ± 0.00 a 0.02 ± 0.01 a 0.02 ± 0.01 a 0.59 ns

Soil C (%)

OM 4.51 ± 0.34 a 5.00 ± 0.71 a 7.07 ± 0.21 b *** 8.27**

Soil 0.15 ± 0.01 a 0.21 ± 0.00 a 0.23 ± 0.05 a 1.82 ns

Root biomass (g)

OM 0.57 ± 0.32 a 3.42 ± 3.10 a 0.14 ± 0.08 a ns 0.88 ns

Soil 0.80 ± 0.40 a 0.23 ± 0.15 a 0.21 ± 0.08 a 1.93 ns

Cores colonized (%)

OM 71.43 85.71 71.43 ns

Soil 71.43 28.57 71.43

Treatments are denoted for plants under a 12/12-h day/night light cycle: W all soil layers watered, HL lower soil layer watered; and for plants

under a 24-h light cycle: no-HL lower soil layer watered. Values in rows with different letters indicate significant differences among treatments at

P \ 0.05. Asterisks denote significant differences for a particular variable between control and 15N enriched organic matter cores (**P \ 0.01,

***P \ 0.001, ns non-significant). Differences among treatments for the same variable and type of core were analyzed by ANOVA, and the

resulting F value is shown in the last column. Differences between control and OM cores were analyzed by paired t test and the significance is

shown in the second column from the right. The percentage of cores colonized by roots was analyzed by X2 analysis

16 Oecologia (2012) 168:11–22

123



(*6.17%), approximately 15 times higher than in HL

treatment, and 300 times higher than in no-HL treatment

(F217 = 51.58, P \ 0.001). Leaf d15N showed similar

differences among treatments (Table 3). Stolon and overall

root 15Nuptake did not differ among treatments (Fig. 4;

Table 3; but see d15N values). Overall, these results sug-

gest greater plant uptake and allocation to photosynthetic

tissues of 15N from the ingrowth cores in wetter soils

maintained by either hydraulic lift or frequent watering

than in the treatment where HL was inhibited.

HL also influenced various aspects of plant biomass.

Biomass of green leaves in the W and HL treatments was

almost twice that of the no-HL treatment (Fig. 5). Below-

ground biomass in the top and bottom layers was signifi-

cantly lower in W than in the no-HL treatment, with

intermediate root biomass in the HL treatment. Root bio-

mass inside the ingrowth cores and the percentage of

ingrowth cores colonized by roots did not differ among

treatments or core type (OM or soil-only; Table 1). Total

aboveground live biomass (green leaves, stolons and base

of tillers), dead biomass, and total biomass did not differ

significantly among treatments (Fig. 5). Root-to-shoot

(green leaf) ratios in the no-HL treatment were signifi-

cantly higher than in the HL and W treatments (Table 3).

Specific leaf area in the W treatment was significantly

higher than in the HL and no-HL treatments, and total leaf

N content differed among all treatments and was the

highest in the W treatment, whereas total root N content

did not differ among treatments.

Discussion

Our results show that Bouteloua dactyloides performed

hydraulic lift, and that HL enhanced organic matter

decomposition and aboveground N uptake, especially leaf

N uptake, and tended to increase N mineralization, all of

which were hindered in plants prevented from performing

HL.

There were significantly wetter soil matric potentials in

the upper compartments of the HL treatment compared to

the dead-plant S12 treatment, which were identical except

for the absence of roots in S12. We suggest that the

occurrence of hydraulic lift is the only possible explanation

for the wetter soil in HL treatment. On average, upper-layer

soils of HL treatment were 0.60 ± 0.02 MPa wetter than

that of S12 treatment, similar in magnitude to those

reported by Aanderud and Richards (2009) and Snyder

et al. (2008) for other species performing HL. We found no

such differences for the no-HL and S24 treatments, indi-

cating little or no hydraulic lift of water by plants in the no-

HL treatment. The greater reduction in soil matric potential

over time in the upper soil layer in no-HL and S24
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treatments may have been promoted by continuous illu-

mination increasing total evaporation (S24) compared to

treatments in the 12-h light cycle chamber. Nevertheless,

the strong correlation between soil moisture and nutrient

processes examined in this study suggests that additional

water from HL increased nutrient availability and plant N

uptake, as discussed next.

Because nutrients were added as ground litter, we were

able to analyze the effect of HL on organic matter

decomposition and nutrient mineralization, as well as plant

nitrogen uptake. The positive correlation between decom-

position rates in the 15N-OM cores and soil moisture, along

with higher decomposition rates in the 15N-OM cores in the

HL treatment than in the no-HL treatment, indicates that

higher soil moisture from HL or watering was a key driver

of decomposition and nutrient release in the OM cores.

However, significant decomposition even in the drier no-

HL treatment highlights the importance of microbial pro-

cesses in water-limited environments. To our knowledge,

only one previous study has analyzed the effect of HL on

OM decomposition (Aanderud and Richards 2009). They

showed that high-magnitude HL cycles stimulated

decomposition of dead roots, possibly by increasing root-

driven water fluxes and organic-compound rhizodeposition.

Along with increased OM decomposition, higher soil

moisture also stimulated N mineralization, indicating that

N mineralization outpaced plant and microbial uptake,

immobilization, and nitrification of ammonium as soil

moisture increased. We surmise that the lack of significant

difference in N-mineralization between the HL and no-HL

treatments was due to the higher N assimilation and 15N

plant uptake in the HL compared to the no-HL treatment.

This idea is supported by the strong positive correlation

between final soil moisture, soil NH4
? content, and plant

15N uptake. In general, N mineralization is limited by

precipitation pulses in dry environments (Yahdjian et al.

2006), and our results indicate that daily moisture supply

from HL may enhance soil nitrogen availability from

increased OM decomposition and mineralization.

Unlike relatively immobile NH4
?, NO3

- is a highly

soluble and mobile compound (Miller and Cramer 2005;

Raven et al. 1992). This difference likely made soil NO3
-

more available to roots and also more likely to be leached

from the root zone (Miller and Cramer 2005). Dawson

(1997) also found reduced NO3
- concentrations in soils

around roots performing HL compared to no-HL plants and

pointed to the high diffusivity of NO3
- as a likely

Table 2 Correlations among soil water content (SW) at the end of the

experiment, mineral nitrogen in 15N-OM-cores (NH4-N, NO3-N and

NH4:NO3), N mineralization (N-min) and organic matter

decomposition (%Closs) in OM-cores, aboveground green biomass,

nitrogen content in leaves, 15N content in leaves and percentage of
15N from OM-cores uptaken by leaves

SW NH4-N NO3-N NH4:NO3 N-min Closs (%)

Soil water content, SW (%)

NH4-N (lg g-1) 0.62***

NO3-N (lg g-1) 0.79*** 0.47***

NH4:NO3 0.95*** 0.75*** 0.78***

N-min (lg N g-1 month-1) 0.62*** – 0.47*** 0.75***

Decomposition (%Closs month-1) 0.48*** 0.35* 0.58*** 0.54*** 0.35*

Aboveground mass (g) 0.25 ns 0.14 ns 0.37* 0.18 ns 0.14 ns 0.03 ns

Nleaves (mg g-1) 0.80*** 0.42** 0.78*** 0.72*** 0.42** 0.40**

d15Nleaves (%) 0.80*** 0.52*** 0.55*** 0.74*** 0.52*** 0.25 ns
15Nuptake (%) 0.71*** 0.36* 0.53*** 0.59*** 0.36* 0.17 ns

Numbers are the R2 values; asterisks denote significant correlation: *P \ 0.05, **P \ 0.01, ***P \ 0.001; ns non-significant. R2 values larger

than 0.7 are in bold. All significant correlations are positive except for nitrate versus all other variables
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explanation. Nitrate is the dominant form of N in drier

environments and the preferred source for some plants

(Schlesinger 1997; Virginia and Jarrell 1983). Low NO3
-

in OM cores of treatments with higher soil moisture (HL

and W) could be due to either higher plant uptake or lower

nitrification relative to no-HL treatment. However, as

nitrification increases with soil moisture in unsaturated

conditions (Maag and Vinther 1996; Stark and Firestone

1995), lower NO3
- levels in HL and W treatments point to

higher uptake of NO3
- rather than low nitrification.

While 15N uptake by belowground tissues was similar

across treatments, there was greater aboveground uptake of
15N in the HL and W treatments compared to plants where

HL was impaired, indicating that HL mainly affected plant

allocation of acquired N to photosynthetic tissues. This

effect likely stemmed from enhanced litter decomposition,

higher soil mineral N contents in the OM-cores, higher soil

water availability and prolonged root activity, as hydraulic

redistribution can extend fine root survivorship and func-

tion (Bauerle et al. 2008; Rose et al. 2008). Despite the

significant differences in 15N uptake among our treatments,

some N uptake, OM decomposition, and N mineralization

occurred in the no-HL treatment, which indicates that roots

in the no-HL treatment were still active. Some desert

species have the capacity to take up nutrients from very dry

soils (e.g., *-5 MPa; Matzner and Richards 1996), and

Buffalo grass may be able to extract nutrients even under

dry soil conditions (Huang 1999). Previous studies found

that HL did not increase plant acquisition of NO3
- (Snyder

et al. 2008) or other nutrients (see Online resource 1 for

details; Crabtree et al. 1998; Hawkins et al. 2009; Rose

et al. 2008; Wang et al. 2009), while other studies sug-

gested that HL increased plant uptake of mineral N com-

pounds (Dawson 1997; de Kroon et al. 1998; Huang 1999;

Leffler et al. 2004). However, all these latter studies added

labeled N as liquid pulses, and thus the nutrient could have

Table 3 Plant growth parameters including root-to-shoot ratio (shoot

is considered the biomass of live leaves only), specific leaf area

(SLA), total N concentration in leaves and roots (mean ± 1SE;

n = 6), d15N in leaves, stolons and roots from lower compartment

(mean ± 1SE; n = 3 for stolons, n = 6 for leaves and roots) and

overall above- (leaves and stolons) and below-ground plant 15N con-

tent (mean ± 1SE; n = 5–6)

W HL no-HL F217

R:S green 4.81 ± 0.28 a 5.97 ± 0.50 a 11.42 ± 0.54 b 59.60***

SLA (m-2 kg-1) 13.55 ± 0.59 a 10.50 ± 0.57 b 9.53 ± 0.13 b 17.08***

Nleaves (mg g-1 dry mass) 13.63 ± 0.56 a 10.65 ± 0.23 b 7.33 ± 0.73 c 32.71***

Nroots (mg g-1 dry mass) 4.38 ± 0.25 4.62 ± 0.08 4.93 ± 0.20 2.29 ns

d15N leaves (%) 1,982.53 ± 307.81 a 130.16 ± 48.54 b 20.75 ± 7.42 c 37.52***

d15N stolons (%) 286.88 ± 125.61 20.99 ± 15.44 11.96 ± 11.44 4.53�

d15N roots (%) 211.89 ± 91.99 a 36.38 ± 26.49 b 13.60 ± 2.67 b 11.32***

Above 15N uptake (%) 5.70 ± 1.33 a 0.57 ± 0.15 b 0.10 ± 0.04 c 42.45***

Below 15N uptake (%) 1.92 ± 0.22 1.61 ± 0.16 1.92 ± 022 0.99 ns

Values in rows with different letters indicate significant differences among treatments (P \ 0.05); asterisks denote significant F values:
�P \ 0.07, *P \ 0.05, **P \ 0.01, ***P \ 0.001, ns non-significant. Legend of treatments as Table 1

(a) (b)

Treatment
W HL no-HL

P
la

nt
 b

io
m

as
s 

(g
)

0

2

4

6

8

10

12
B

io
m

as
s 

(g
)

4.0

2.0

0.0

2.0

W 
HL 
no-HL 

a
ba

Green         base till.          Dead

a
ab

b

Stolons 
&

Roots

Shoot

Root

Fig. 5 Total plant biomass (a); shoot biomass: green leaves,

stolons ? base of tillers and dead tissues, root biomass (b): roots in

bottom soil layer (striped pattern) stacked with roots in the upper

layer (solid pattern; mean ± 1SE; n = 6). Different letters within the

grouped bars denote significant differences within each group at

P \ 0.05, bars without letters denote non-significant differences.

Legend as in Fig. 1

Oecologia (2012) 168:11–22 19

123



been taken up by plants immediately, despite varying soil

moisture conditions of the treatments (Austin et al. 2004;

Gebauer and Ehleringer 2000; Jackson et al. 1990),

potentially confounding the interpretation of the results.

The higher nutrient status of plants from the HL and W

treatments compared to the no-HL treatment did not lead to

significant gains in biomass but instead resulted in different

allocation to above and belowground parts. Larger alloca-

tion to aboveground biomass is observed in nutrient-rich

conditions (Chapin 1991; Tilman 1988), and the higher

green leaf mass that we observed in treatments with higher

soil moisture may indicate higher photosynthetic capacity

conferred by enhanced plant water and nutrient status.

Greater availability of both water and nutrients due to HL

may make plants performing HL better competitors for

light, as greater nutrient availability is associated with

greater leaf area in many grass species (Knight 1973;

Knops and Reinhart 2000).

Some limitations of our experimental design merit dis-

cussion. The method of applying continuous illumination

(CI) to plants at night has been used successfully in many

previous HL experiments (Bauerle et al. 2008; Caldwell

and Richards 1989; Dawson 1997). In fact, it is the only

way to experimentally prevent hydraulic lift from occur-

ring, as other manipulations such as those altering the

humidity around the leaves at night (e.g., Snyder et al.

2008) can enhance the amount of water lifted via HL, but

cannot suppress HL. However, although the use of CI

successfully inhibited HL, it may have caused depletion of

soil water due to higher evaporation in the no-HL treatment

compared to the HL treatment. In turn, this difference

could have increased differences in rates of biogeochemi-

cal processes and plant nutrient uptake between plant

treatments. Nevertheless, our results clearly show that HL

occurred, increasing soil water content in upper layers.

Moreover, our measured biogeochemical processes and

foliar nutrient uptake were strongly correlated to soil water

content, indicating that soil water content positively

affected nutrient release and plant uptake. Overall, these

results support the idea that hydraulic lift played a signif-

icant and positive role in OM decomposition, soil nutrient

cycling, and foliar N uptake.

Continuous illumination (CI) can also affect plant

physiology and growth, depending on the species and

intensity of the light (Velez-Ramı́rez et al. 2011 and ref-

erences therein). CI can in some cases induce leaf chlorosis

or other disorders (e.g., Ohyama et al. 2005), although we

saw no evidence for this. CI reduced the photosynthetic

capacity of some boreal conifers but not in others (Equiza

et al. 2006). Most authors have found positive effects

of CI on seedling mass, pigment content and photosyn-

thetic rates when the PPF was low, as in our study

(*150–500 lmol m-2 s-1; e.g., Equiza et al. 2006; Xiao

et al. 2007). Lack of differences among treatments in net

photosynthetic rates, stomatal conductance, and leaf water

potential in our study (data not shown), as well as in total

or aboveground biomass, suggest that treatment differences

in biomass allocation and physiological status were more a

response to soil water and N availability rather than to

differences in the light regime.

Overall, we found that nutrients can be mobilized from

organic material in dry soil and that plants can subse-

quently take up mobilized nutrients when small amounts of

water are supplied to the root zone via HL. Our experiment

was conducted in dry soils, beyond the wilting point of

many crop plants (WS \ -1.5 MPa), and not surprisingly,

the amount of nutrients taken up by HL-enhanced plants

was substantially less than that of well-watered control

plants. However, HL plants were able to maintain a rea-

sonable degree of physiological activity and growth and

higher nutrient status compared to no-HL plants. These

results suggest that, while the amount of nutrients taken up

in dry soil following HL may be small, it could serve to

reduce nutrient deficiency. On a larger scale, results from

our study suggest several possible implications of HL on

ecosystems that need further study. For example, the fact

that HL can enhance nutrient availability and uptake

indicates that this mechanism or reverse HL (McCulley

et al. 2004) may promote greater nutrient cycling in some

systems. Enhanced OM decomposition with HL may also

be one mechanism responsible for soil organic carbon

losses accompanying afforestation and woody plant inva-

sion of grasslands (Guo and Gifford 2002; Jackson et al.

2002), a vegetation shift resulting in deeper root systems

that may promote HL phenomena.

In conclusion, our results show that, by maintaining

daily water fluxes and higher overall soil moisture, HL by

Bouteloua dactyloides enhanced organic matter decompo-

sition, tended to increase N mineralization, and enhanced

leaf and overall aboveground N uptake. All these are

critical processes for plant nutrient acquisition, which was

reduced in plants prevented from performing HL. We also

found strong relationships between soil moisture and soil

OM decomposition, soil mineral N content, leaf N content,

and leaf 15N acquisition. The enhanced water and nutrient

conditions apparently improve aboveground plant physio-

logical responses, with altered biomass allocation com-

pared to plants prevented from performing HL. Overall,

our results suggest that HL could have positive effects on

multiple aspects of plant nutrient dynamics and nutrient

turnover.
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