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Abstract
Background: Under natural conditions, soil nutrients are heterogeneously distributed, and plants have
developed adaptation strategies, such as root morphological plasticity and/or physiological plasticity, to
efficiently forage patchily distributed nutrient. Most previous studies examined either patch strength or
patch size separately and focused mainly on root morphological plasticity, thus the effects of both patch
strength and size on morphological and physiological plasticity are not well understood. In this study, we
examined the foraging strategy of Neyraudia reynaudiana (Kunth) Keng ex Hithc, a pioneer grass
colonizing degraded sites, with respect to patch strength and size in heterogeneously distributed
phosphorus (P), and how foraging patchily distributed P affects total plant biomass. Plants were grown
in sand-culture pots divided into ½, ¼, 1/6 compartments and full size and supplied with 0 + 0/30, 0 +
7.5/30 and 7.5 + 0/30 mg P/kg dry soil as KH2PO4 or 0 + 15/15, 0 + 18.5/ 18.5, 7.5 + 15/15 mg kg−1 in
the homogenous treatment. The first amount was the P concentration in the central region, and that the
second amount was the P concentration in the outer parts of the pot.

Results: After 3 months of growth under experimental conditions, significantly (p < 0.05) high root
elongation, root surface area, root volume and average root diameter was observed in large patches with
high patch strength. Roots absorbed significantly more P in P-replete than P-deficient patches. Whole
plant biomass was significantly higher in larger patches with high patch strength than small patches and
homogeneous P distribution.

Conclusion: The result demonstrates that root morphological and physiological plasticity are important
adaptive strategies for foraging patchily distributed P and the former is largely determined by patch
strength and size. The results also establish that foraging patchily distributed P resulted in increased
total plant biomass compared to homogeneous P distribution.

Background
Under natural conditions, soil nutrients are heterogeneously distributed and patches with different sizes,
nutrient availability and nutrient content are mosaic in space [1]. This patchily distribution is a result of
the spatio-temporal variation in litter inputs, decomposition and subsequent release of nutrients [2].
Evidence shows that spatially heterogeneous distribution of nutrients in soils occurs within ranges
reachable by plant roots; for instance, within 1 m or shorter distance in sagebrush steppe [3] and beyond
2 m distance in a woodland soil [4]. To forage localized soil nutrient patches, plants have evolved
adaptive mechanisms; notably deployment of more roots in nutrient-rich patches – the so called root
morphological plasticity [5,6]. Root morphology determines the spatial extent of soil occupied by root
system and the size of root-soil contact surface, which directly affects the ability of the root to forage
nutrients. Most plants forage nutrients in the heterogeneous space through proliferation of lateral roots,
increased root biomass and root length and root surface area and root volume in nutrient-rich patches;
thereby regulating the contact range and area of root-soil [7,8]. Another mechanism by which plants
forage nutrient in heterogeneous environment is through increasing nutrient uptake rates in nutrient-rich
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patches – the so called physiological plasticity [6,9]. In addition, heterogeneous nutrient supply may
enhance growth and biomass production, depending on the species [10,11].

Nutrient foraging in spatially heterogeneous environment is not only related to plant species, but also
affected by nutrient patch attributes, nutrient elements and overall nutrient supply. Dunbabin et al. [12]
observed significant differences in root proliferation in response to nitrate supply between Lupinus
angustifolius and Lupinus pilosus. Drew [13] demonstrated that nitrogen (N) is relatively easy to diffuse
in soil, and plants do not need root hyperplasia to acquire nitrogen in heterogeneous patches, while plants
acquire the difficult-to-move phosphorus (P) by root hyperplasia. However, the experiment on Agropyron
desertorum showed opposite results that the new roots are responsive to N patches but non-responsive to
P patches [14]. The fine roots of Picea sitchensis seedlings were significantly proliferated in the NO3-,
NH4+ or P nutrient patches [15]. These studies demonstrate that generalization of root responses to
patchily distributed nutrients is still difficult to make and the responses are species-specific. The efficacy
of root plasticity is also mainly determined by the strength and size of the nutrient-replete patch [16,17].
Patch strength is defined as the difference in P concentration between neighboring patches, with patches
with high strength having a large P concentration compared with the adjacent patch. Most previous
studies investigated root proliferation in response to patch strength; i.e. the concentration gradient
between nutrient-rich and nutrient-poor patches [8]; however, few studies have examined root
morphological responses to varying patch strength and patch size simultaneously [11,17,18]. Therefore,
empirical evidence on how patch strength and patch size influence the root morphological and
physiological plasticity, thereby enhancing nutrient foraging in heterogeneous nutrient environment, is
still scarce.

In this study, we demonstrated the effects of patch strength and patch size on root morphological and
physiological plasticity using Neyraudia reynaudiana (Kunth) Keng ex Hithc as a model plant. N.
reynaudiana is a fascinating perennial grass species that can grow in highly degraded and barren land,
including rock outcrops, gravel heaps, excavated weakly differentiated parent material slopes, retaining
wall stones, and in almost soilless kaolin mines, limestone mines, coal mines, gold and copper mines and
tailings wastelands [19]. As a result, it is widely planted in East Asia for soil and water conservation
purposes [20]. Previous studies focused on understanding the mechanisms by which this species cope
up with low nutrient stress and thrives well on degraded sites. For instance, Feng et al. [21] found the
endophytic diazotroph population with high nitrogenase activities in the stems of the N. reynaudiana,
which allows accumulation of large amounts of N nutrition; Yang [22] demonstrated symbiotic
relationship between roots of N. reynaudiana and VA mycorrhizal fungi; Feng et al. [23] also found
symbiotic relation between roots of N. reynaudiana and phosphate-solubilizing fungi; Cai [24] found
increased activities of POD, SOD and CAT enzymes and increased soluble protein content in leaves and
acidic root exudates under low nutrient stress. Furthermore, Cai [24] and Hou et al. [8] observed changes
in root morphological traits in response to low P supply. These studies had, however, been made under
homogeneous low nutrient environment; except the study by Hou et al. [8], which demonstrated root
morphological plasticity in response to patch strength only in heterogeneous P environment. Foraging
strategy in response to patch mosaics with different sizes and strengths has not been studied in this
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species. An understanding of the foraging strategy is a key to unravel the adaptation mechanisms of N.
reynaudiana to extremely harsh environment and efficient use of the meager resources.

The main objective was to examine the effects of patch size and patch strength on root morphological
traits, root P contents and physiological plasticity and whole-plant biomass production of N.
reynaudiana. The study addressed the following research questions: (1) is root proliferation in P-rich
patches influenced by patch size and patch strength?; i.e. is root morphological plasticity a major
foraging strategy to patchily distributed p?; (2) does root P content vary with patch size and strength?,
and does physiological plasticity play an adaptive role in foraging patchily distributed P? (3) is total plant
biomass higher in heterogeneous than homogenous P distribution condition, and if so is it related to
patch size and patch strength? We hypothesized that (1) N. reynaudiana deploys more roots in P-replete
patches with higher patch strength and large patch size than in patches with low patch strength and
small patch size; (2) root P content will be higher in roots grown in P-replete than P-deficient patches and
varies with patch strength and patch size, thus physiological plasticity plays an important adaptive role
(3) total plant biomass is expected to be higher in heterogeneous than homogeneous P distribution and
varies with patch strength and patch size in heterogeneous distribution due to increased uptake of
nutrients.

Results
Selective deployment of roots in spatially heterogeneous P distribution over time

There were statistically significant differences in the combined root morphological traits in response to
patch strength, patch size, compartments (high P versus low P) and their interactions over time (Table 1).
When the root morphological traits were considered separately, no significant effects of patch strength ×
patch size on total root length and patch size × compartment on root length and root volume were
detected. Generally, all root morphological traits increased over time from 171 cm after 30 days of growth
to 3285 cm after 90 days in total root length, from 16 cm2 after 30 days to 391 cm2 after 90 days in root
surface area, from 0.3 mm after 30 days to 0.6 mm after 90 days in average root diameter and 0.12 cm3

after 30 days to 2.67 cm3 after 90 days in root volume. The total root length and average root diameter
increased with decreasing patch strength while root surface area and root volume increased with
increasing patch strength across all levels of patch size. Across all levels of patch strength, all root
morphological traits increased with increasing patch size. Total root length after 30 days of growth was
higher in large and medium patches with high P than low P when the patch strength was high with or
without initial encounter with P-enriched patch (Figure 1 top panel; T1–T2; T9–10), while moderate patch
strength generally favored root elongation in large patches compared to medium and small patches
(Figure 1 top panel; T5–T8). Root elongation after 60 days of growth was still high in P-replete large
patches while the opposite was observed in medium patches and no difference could be discerned in
small patches when the patch strength was high (Supplementary material S1). After 90 days of growth,
root elongation was still high in P-replete large patch when the patch strength was high, in P-replete
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medium patch when the patch strength was moderate and when plants grown initially in P-enriched
patch followed by high patch strength (Figure 1 bottom panel; T1, T6, T10).

After 30 days of growth, large root surface area was observed in P-replete than P-deficient large and
medium patches when the patch strength was high (Figure 2 top panel; T1 and T2). However, root surface
area did not differ between P-replete and P-poor patches when the patch strength was moderate, but it
was considerably higher in large patches than small patches, particularly in P-replete patches (Figure 2
top panel; T5–T8). Plants initially grown in P-enriched patch produced larger root surface area in P-
replete large and medium size patches (Figure 2 top panel; T9 and T10). After 60 days of growth, root
surface area was still larger in P-replete than P- deficient large patch with high patch strength while the
reverse was observed when the patch strength was moderate (Supplementary material S2). Larger root
surface area was still observed after 90 days of growth in P-replete than P-poor medium size patches
with high and moderate patch strength (Figure 2 bottom panel; T2 and T6).

Root volume of plants after 30 days of growth was larger in small patch than in large and medium
patches when the patch strength was high, but no significant difference was observed between P-replete
and P-poor patches (Figure 3 top panel; T1–T4). When the patch strength was moderate, root volume
was larger in P-poor than P-replete medium size patch, while it was larger in P-replete than P-poor small
size patch (Figure 3 top panel; T6 and T7). Root volume was also larger in P-replete than P-deficient
medium size patch in plants initially grown in P-enriched patch (Figure 3 top panel; T10). After 60 days of
growth, root volume was larger in P-replete than P-deficient large patch when the patch strength was high,
while it was larger in P-poor large patch when the patch strength was moderate (Supplementary material
S3), but no significant difference was observed in plants initially grown in P-enriched patch. Root volume
after 90 days of growth was larger in P-replete than P-deficient large and medium size patches when the
patch strength was high (Figure 3 bottom panel; T1 and T2). When the patch strength was moderate, root
volume was generally larger in large than small patches (Figure 3 bottom panel; T5–T8) while no
significant difference was observed among levels of patch size in plants initially grown in P-enriched
patches (Figure 3 bottom panel; T9–T12).

Average root diameter after 30 days of growth did not differ significantly between patch irrespective of
the patch size and the patch strength, but it was higher for the heterogeneous than homogeneous P
distribution (Figure 4 top panel). Plants grown for 60 days had bigger average root diameter when grown
in P-replete than P-poor large patch with moderate patch strength (Supplementary material S4). Plants
grown for 90 days had higher  average root diameter  in P-replete than P-deficient large and medium size
patches with high patch strength (Figure 4 bottom panel; T1 and T2), but it was lower in P-replete than P-
poor large patch with moderate patch strength (Figure 4 bottom panel; T5). All root morphological traits
were similar in all patches in the homogenous P supply treatments.

Root dry mass
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Root dry mass of plants grown in high patch strength (0 and 30 mg.kg−1) was larger in large and medium
size patches with high P than low P concentration whereas root dry mass did not differ between high P
and low P patches when plants were grown under moderate patch strength (7.5 and 30 mg kg−1) and in
initially P-enriched patch as well as homogenous P supply treatments (Table 2). As a whole, the
morphological plasticity in root dry mass was higher under heterogeneous than homogeneous P-
distribution, particularly in large and medium patches when the patch strength was high; in medium
patch when the patch strength was moderate; and in small patch when seedlings were grown in initially
P-enriched patch (Table 2).

P contents, Translocation and P use efficiency

The root P content varied significantly (P < 0.01) between high P- and low P-patches irrespective of the
patch strength and patch size, as well as for the first and second order interaction. In high patch strength,
root P content was higher in large patches with high P concentration than in either medium or small
patches (Table 3). Under moderate patch strength, the root P content did not differ among different patch
sizes. When the plant was initially grown in P-enriched patch, the root P content was higher in medium
size patches with low P concentration than large and small patches. As a whole, the physiological
plasticity (Pplast) was higher than 1 although not significantly different in response to patch strength and
patch size (Table 3).

The leaf P content varied significantly with respect to patch strength (p < 0.01), patch size (p = 0.01) and
their interaction (p = 0.004). The leaf P content was lower in plants grown in initially P-enriched patch
than in patches with high and moderate patch strength (Table 4). The leaf P content was higher in large
and medium patches when the concentration gradient between patches was high than small patches and
under homogeneous P supply. Similarly, stem P content varied significantly with respect to patch strength
(p < 0.001), patch size (p < 0.001) and their interaction (p < 0.001). Stem P content was lower in plants
grown under initially P-enriched patch than in both high and moderate patch strengths (Table 4). When
the concentration gradient between patches was high, stem P was high in large patch than medium and
small patches while it was higher in medium patch than high and small patches when the concentration
gradient was moderate.

The P translocation to the shoots and P use efficiency also varied significantly with respect to patch
strength (p < 0.001), patch size (p < 0.05) and their interaction (p < 0.001). Translocation of P to the
shoots was much lower in plants grown under initial P-enriched patch followed by high patch strength
than those grown in moderate patch strength (Table 4). However, the P use efficiency was higher when
the plant grew in initially P-enriched patch followed by high concentration gradient in small patches than
large and medium patches (Table 4).

Biomass production and Sensitivity index

Total root dry mass, shoot dry mass, total plant dry mass and root to shoot dry mass ratio varied
significantly (p < 0.05) with respect to patch strength, patch size and interaction between patch strength
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and patch size. Total root dry mass after 90 days of growth was significantly higher in large patch than
small patch and homogeneous P distribution across all concentration gradient between patches, except
moderate patch strength (Table 5). Shoot dry mass was higher in large and medium patch than small
patch and homogenous P supply for seedlings grown under conditions of high (0 and 30 mg.kg−1) and
moderate (7.5 and 30 mg.kg−1) P concertation gradient between patches. For plants initially grown in P-
enriched patch (7.5 + 0 and 30 mg.kg−1), shoot dry mass was higher in large than medium and small
patches, but statistically similar with those grown under homogenous P supply. The total plant dry mass
after 90 days of growth was higher in large patches than small patches (Table 6). The root to shoot dry
mass ratio was larger in large and medium patches than small patch and homogenous P distribution
(Table 6) when the concentration gradient was high (0 and 30 mg.kg−1). As a whole, whole-plant biomass
was responsive to the spatial distribution of P as compared to homogeneous P distribution, as evidenced
from statistically significant difference (p < 0.05) in sensitivity index across different P concentration
gradients and patch size (Table 6). Plants grown under high concentration gradient between patches
produced more biomass than those grown under homogenous P supply, particularly in large and medium
patches.

Discussion
The results confirm our first hypothesis that selective deployment of roots occurs in high P patches than
low P patches; thus root morphological plasticity plays an adaptive role in foraging heterogeneous P
distribution by this species. The observed root morphological response is significantly modulated by
patch strength and size; i.e. the greater the patch strength and the larger the patch size, the greater the
deployment of root in high P than low P patches would be. The significantly higher root morphological
traits on the high P side in the split-P treatment imply that P-deficiency signal from the low P side may
stimulate the growth of the roots located in the high-P zone. This rooting characteristics increase the
chance of encountering nutrient-rich patches, thereby enabling plants to efficiently forage in a
heterogeneous soil profile [25]. The increase in root morphological traits over time with slight differences
among levels of patch strength and patch size is mainly ontogenic difference but suggests that the plant
adjusts it root system to meet the P demand as growth advances.

Spatial heterogeneity of nutrient in soils is reflected in the scale of the distribution. During the growth and
development process, plant roots experience nutrient patches of different scales, and plant roots make
corresponding morphological response [26]. Studies have shown that plant roots have a threshold for the
“perception” of nutrient heterogeneity scale [27]. Under the condition of small heterogeneity scale, plants
ignore the heterogeneity and regard it as homogeneous, and roots do not make plastic changes, or
plasticity is very small. It could also be that the smaller size of the patch restricts growth of the roots
mainly due to growing space limitation. However, when the heterogeneity scale reached a certain
threshold value, the root system cannot ignore the differences between heterogeneous environments, and
thus a series of responses is triggered [27]. It has been shown that the difference in total root length in
large, medium and small patches is not significant under the condition of high P, while the total root
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length in large patches can reach 3 times that of medium and small patches, and local root proliferation
disappeared in small and medium patches under the condition of low phosphorus [1,28–30].
Rhizomorphous clonal plants obtained nutrient resources by branching outwards, and the clonal plants
were densely distributed in large patches with high nutrient content, while those in small patches were
dispersed [31,32]. This is in line with our findings that the root length, root surface area, root volume, and
average root diameter in large patches were significantly higher than those in small patches.

In addition, the increased placement of roots in large patches with higher P concentration gradient could
be related to the carbon cost for increased production of roots in smaller patches with low concentration
gradient. Consequently, the plant has to make a “decision” on resource allocation to produce more roots
in large patches to optimize nutrient capture, particularly for less mobile nutrients such as P. Interestingly
all root morphological traits were low when the plant was initially grown in P-enriched patches than
without initially encountering P (T9–T11 in Figures 1–4). This indicates that N. reynaudiana is content
with small amount of initial P availability, but slowly proliferated its root to forage patchily distributed P.
As a whole, our results are consistent with previous studies that have demonstrated increased root
deployment in localized nutrient-rich patches i.e., root morphological plasticity, for a range of other
species [5,7,8,11,17,33,34,35].

The results also confirmed our second hypothesis that increased root P contents in high P- than low P-
patch; suggesting that physiological plasticity plays an adaptive role in foraging patchily distributed
nutrients in the soil by this species. Furthermore, the increased uptake of P in localized P-rich patches
indicates that the species is highly efficient in resource acquisition. The fact that roots in patches with no
P availability (0/30) had a certain amount of root P suggests internal redistribution of P to maintain P
homeostasis. Similar results have been observed in low P tolerant Chinese fir genotypes [36]. While the
translocation of P to the shoots and P content of leaf and stem were lower in plants initially grown in P-
enriched patch followed by high P concentration gradient between patches, the P use efficiency was
higher, especially in small patches. This indicates that this species has high P utilization efficiency when
the availability of P is low. Utilization efficiency, defined as the amount of biomass per unit of nutrient
present in the biomass, involves mechanisms such as remobilization of internal P, increased activity of
enzymes that replace P in structural compounds or during metabolism [37,38], or reduced consumption
of P [39].

Total plant biomass is higher in heterogeneous than in homogeneous nutrient environment, but vary with
patch strength and patch size, which confirms our third hypothesis. The total plant dry mass was
significantly higher in large and medium patches in both high and low P concentration gradient between
patches whereas plants initially grown in P-enriched patches produced more dry mass in large than small
patch and homogeneous P distribution. This is in line with the general notion that foraging patchily
distributed nutrients results in increased whole-plant productivity and growth rates compared with
homogeneous environment [10,11,33]. Generally, N. reynaudiana produced less root than shoots (i.e. low
root to shoot ratio) across all treatments; suggesting that the species has high P utilization efficiency, as
also observed for other species [40]. Shoot biomass production was favored by availability of high
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concentration of P in the growing media. This is indeed expected as P is the main growth-limiting
nutrients in the study area while it is essential for various plant metabolic processes. Thus, biomass
production is more responsive to heterogeneous than homogeneous P supply.

Conclusions
The findings demonstrate that foraging strategy for patchily distributed nutrients in soils is highly
dependent on both patch strength and patch size. N. reynaudiana efficiently forages patchily distributed
P through deployment of more roots in P-replete patches than P-poor patches, and larger difference in
patch strength and patch size induces deployment of more root in localized P-replete patches. The
increased deployment of root in P-replete patches resulted in increased P content in leaves and stem,
suggesting that physiological plasticity plays an adaptive role in foraging patchily distributed P,
depending on patch size and strength. Thus, both root morphological plasticity and physiological
plasticity are the main adaptation mechanisms to forage patchily distributed P by this species. The
benefit of foraging heterogeneously distributed P is revealed in increased total plant biomass production
in heterogeneous environment; thus biomass production is more responsive to heterogeneous than
homogeneous P distribution.

Materials And Methods
Experimental material

N. reynaudiana seedlings were used as experimental material to investigate their foraging strategy to
spatially heterogeneous P distribution. Seeds of N. reynaudiana were purchased from a company in
Kunming, Yunnan Province and sown in climate chamber set at 25°C, 75% relative humidity, and a
photoperiod of 12 h light (photon flux density 4000 lx) and 12 h dark. After 2 weeks, the germinants were
transferred to nutrient rich humus substrate and left to grow in a greenhouse set at 29.3 °C/23 °C
(day/night); photon flux density of 21 mol quanta m-2 d-1, and ca. 42.7% and 67.7% relative humidity
during the light and dark periods of the experiment, for four weeks. Seedlings with relatively uniform size
(12 cm ± 1 cm in height, 4 cm ± 1 cm in root length, and 10 mg ± 1.5 mg in fresh weight) were selected
for this experiment.

Experimental design and Growth conditions

To investigate the foraging strategy of N. reynaudiana seedlings to spatially heterogeneous P supply, a
factorial experiment, which involved three levels of patch strength (0 + 0/30, 0 + 7.5/30 and 7.5 + 0/30
mg P. kg-1) and three levels of patch size (small, medium and large) were established (Figure 5). The
treatment 0 + 0/30 involved no P addition in the central interior patch where the seedlings were initially
planted and intended to simulate the effect of high patch strength on  root proliferation in the exterior P-
deficient and P-replete patches. Similarly, the treatment 0 + 7.5/30 were intended to simulate the effects
of moderate patch strength on root proliferation in the exterior P-poor and P-replete patches. The
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treatment 7.5 + 0/30 mg P. kg-1 involved addition of small amount of P in the central interior  patch and
intended to see if root proliferation between P-deficient and P-replete patches was influenced by initial P
encounter. In addition, a homogeneous P supply with three levels (15/15, 18.75/18.75 and 15/15 + 7.5
mg P. kg-1 per patch), corresponding to the total P concentration in heterogeneous P supply, was included
to compare total biomass production between heterogeneous and homogeneous P supply. The P
concentrations used in this study were determined based on the soil conditions in southern China. A total
of 12 treatments were applied in the experiment: 9 heterogeneous and 3 homogenous P treatments.

The experiment was conducted using pots (diameter: 40 cm, height: 32 cm), divided into ½, ¼ and 1/6
baffle less compartments using plastic separator to simulate large, medium and small patches,
respectively. Each pot compartment was filled with a mixture of sand and sodium polyacrylate prior to
application of different P concentrations as the sodium polyacrylate (0.5–1 mm in diameter) strongly
adsorbed the applied P and hence prevented its movement between compartments but capable of
releasing nutrients slowly and evenly and could be freely penetrated by roots. According to the weight of
each pot, the sodium polyacrylate and washed river sand, the different concentrations of KH2PO4 solution
(as P source) were mixed and packed in a volume ratio of 1:3 in each pot. In each treatment pot, one N.
reynaudiana seedling was planted in a cylindrical tube (30 cm in length and 8 cm in diameter) filled with
sand or sand mixed with 7.5 mg KH2PO4·kg-1 at the center of the pot. Once the plants were placed
correctly at the center of the treatment pots, the cylindrical tube and patch separators were removed
carefully (Figure 5). Each treatment had three replicates of independent plants.

The experiment was carried out in the greenhouse of the Forestry College, Fujian Agriculture and Forestry
University under the following environmental conditions: 29.3 °C/23°C (day/night); photon flux density of
21 mol quanta m-2 d-1, and ca. 42.7% and 67.7% relative humidity during the light and dark periods of the
experiment, respectively. Seedlings were left to grow under this condition for three months. To meet the
growth requirements for other nutrients, 50 mL of nutrient solution adjusted to a pH of 5.5 was supplied
to each pot compartment every 5 days. Macro-nutrients were supplied according to a modified Hoagland
solution as 0.51 gL-1 KNO3，0.82 gL-1 Ca(NO3)2，0.49 gL-1 MgSO4•7H2O and 0.136 gL-1 KCl (Chen et al.
1992). Micro-nutrients were also supplied according to Amon formula as 2.86 gL-1 H3BO3, 0.08 gL-1

CuSO4•5H2O, 0.22 gL-1 ZnSO4•7H2O, 1.81 gL-1 MnCl2•4H2O, 0.09 gL-1 H2MoO4•H2O and 20 gL-1

Fe2EDTA. The seedlings were watered every two to three days depending on the moisture content of the
substrate.

Measurement of root morphological traits

To examine temporal variation in root morphological traits, plants were harvested after 30, 60 and 90
days of treatment application by first draining down the sand from each pot with water, and the roots
were tied up in bundle from each compartment in both homogeneous and heterogeneous P treatments
and thereafter carefully pulled out each seedling. All fine roots were collected from the growing media in
each compartment. The roots from the different compartments were cleaned with distilled water
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separately, quickly dried with paper towels, and scanned with digital scanner (STD1600 Epson USA) with
non-overlapping tiles. The root morphological traits (total root length, total surface area, total root volume
and average root diameter) from each compartment were determined by WinRhizo root analysis system
(Version 4.0 B; Regent Instruments Inc, Canada).

Analysis of P contents

After 90 days of growth, plants were harvested and the P concentration in leaves, stems and roots were
determined by digesting 1.0 g of dry plant material in 10 mL of acid mixture (H2SO4:HClO4 10:1).
Phosphorus was determined by the molybdenum-blue colorimetric method. For each replicate, three
technical samples were analyzed and the average value recorded. P content was computed by
multiplying P concentration of the sample by dry mass of the respective organ; P translocation was
computed as a ratio of shoot P to total P; and P use efficiency was calculated the ratio of shoot dry mass
to shoot P.

Analysis of biomass production

To determine dry matter of roots, shoots (stems and leaves) and whole-plant biomass, the shoots and
roots of the harvested plants were oven-dried first at 105°C for 30 min and then at 79°C until constant
mass. Then the dry mass of roots and shoots were determined using sensitive balance (with precision of
0.0001 g). Whole-plant biomass was calculated as sum of root and shoot dry masses.

Statistical analysis

To examine the foraging strategy of N. reynaudiana seedlings to spatially heterogeneous P supply, four-
way between-groups multivariate analysis of variance (MANOVA) was performed using time, patch
strength, patch size and high P versus low P compartments as fixed independent variables while taking
root morphological traits as dependent variables. The Bonferonni adjustment for multiple comparisons
was employed to control the inflation of Type 1 error (Quinn and Keough, 2002). With four treatments in
our study, time, patch strength, patch size and high versus low P compartments, we had six possible pair-
wise comparisons, thus the Bonferonni adjusted p value was 0.0083 (0.05/6). Results of the statistical
analyses were considered significant if p < 0.0083 and to show tendencies if 0.0083 < p < 0.05. Three-
Way ANOVA was performed to examine differences in root dry mass and root P contents with respect to
patch strength, patch size and between P-replete and P-deficient patches while Two-ANOVA was
performed to determine the effects of patch strength and patch size on leaf and stem P contents, P
translocation and P use efficiency.

To examine the foraging behavior and its benefit in whole-plant biomass production in response to
patchily distributed P, root morphological plasticity (Mplast), root physiological plasticity (Pplast) and
sensitivity index (SI) were calculated for each level of patch strength and patch size. Mplast is increased
root proliferation in nutrient-rich patch than in nutrient-poor patch while Pplast is increased rate of
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nutrient uptake in the nutrient-rich patch than nutrient-poor patch [11, 18, 41]. Thus, Mplast and Pplast
were calculated following Mou et al. [42] and Zhang et al [11] as:

Where Rdm and RP were root dry mass and root P contents, respectively. For the homogeneous treatment,
Mplast and Pplast were computed as the ratio of root dry mass/root P content in two opposite patches.
Mplast and Pplast are expected to be one in the homogenous treatment, but greater than one in the
heterogeneous treatment.

SI, as an index of how the total plant biomass responded to heterogeneous P supply compared to
homogenous P supply [11], was computed as the ratio of plant total biomass (total root dry mass and
shoot dry mass) in the heterogeneous treatment to that in the homogenous treatment for each level of
patch strength and patch size. The following formula was used to calculate SI:

Where TotBm in hetero and homo stands for total biomass in heterogeneous P distribution and in
homogenous distribution, respectively.

Two-way ANOVA was performed to examine the effects of patch strength and patch size on shoot (leaf +
stem) and total biomass (shoot + root) dry mass, Mplast, Pplast and SI. Means that showed significant
differences were compared by Tukey’s Post hoc test (p < 0.05). All statistical analyses were computed
using SPSS Statistical Package (SPSS 20.0, SPSS Ins., Chicago, IL, U.S.A.).
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Tables
Table 1. Results of multivariate ANOVA to examine the effects of patch strength and patch size on root
morphological traits in low P and high P compartments.
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Source Wilk’s Lambda d.f F p

Patch strength (S) 0.01 10 84.9 0.0001

Patch size (Ps) 0.02 15 28.8 0.0001

Compartment (C) 0.51 5 8.6 0.0001

Time (T) 0.01 8 168.5 0.0001

S × Ps 0.02 30 10.9 0.0001

S × C 0.44 10 4.5 0.0001

Ps × C 0.37 15 3.5 0.001

S × T 0.024 16 47.72 0.001

Ps × T 0.136 16 18.55 0.001

C × T 0.646 8 6.41 0.001

S × Ps × C 0.34 30 1.9 0.007

S × Ps × T 0.086 32 11.51 0.007

S × C × T 0.425 16 6.50 0.001

Ps × C × T 0.577 16 3.97 0.001

S × Ps × C × T 0.271 32 20.84 0.001

Table 2. Root dry mass and morphological plasticity (Mplast) after 90 days of growth in spatially
heterogeneous and homogeneous P supply (mean ± SE). For each level of patch strength, means
followed by different lower and upper case letter (s) across columns are statistically different.
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    Root Dry Mass (g)

Patch strength Patch size Low P High P Mplast

0 + 0/30 Large 0.84 ± 0.29b 1.11 ± 0.18b 1.41 ± 0.5B

Medium 0.71 ± 0.24ab 1.02 ± 0.01b 1.58 ± 0.6B

Small 0.34 ± 0.07a 0.39 ± 0.04a 1.22 ± 0.3A

Homogeneous 0.36 ± 0.07a 0.36 ± 0.07a 1.00 ± 0.0

0 + 7.5/30 Large 0.74 ± 0.11b 0.70 ± 0.19a 0.95 ± 0.3A

Medium 0.59 ± 0.10ab 0.68 ± 0.01a 1.16 ± 0.2B

Small 0.50 ± 0.09a 0.57 ± 0.15a 1.15 ± 0.2AB

Homogeneous 0.53 ± 0.04ab 0,53 ± 0.04a 1.00 ± 0.0

7.5 + 0/30 Large 0.56 ± 0.07b 0.51 ± 0.16a 0.93 ± 0.4A

Medium 0.37 ± 0.03a 0.41 ± 0.03a 1.13 ± 0.1A

Small 0.25 ± 0.09a 0.32 ± 0.09a 1.60 ± 1.1B

Homogeneous 0.40 ± 0.06a 0.40 ± 0.06a 1.00 ± 0.0

Table 3. Root P content (mg/g dry mass) and physiological plasticity (Pplast) after 90 days of growth in
spatially heterogeneous and homogeneous P supply (mean ± SE). For each level of patch strength,
means followed by different lower and upper case letter (s) across columns are statistically different.
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    Root P Content (mg)

Patch Strength Patch Size High P-Patch Low P-Patch Pplast

0 + 0/30 Large 0.79 ± 0.04b 0.67 ± 0.17a 1.26 ± 0.23A

Medium 0.41 ± 0.01a 0.37 ± 0.08a 1.16 ± 0.18A

Small 0.38 ± 0.03a 0.27 ± 0.03a 1.46 ± 0.22A

Homogeneous 0.34 ± 0.04a 0.34 ± 0.05a 1.00 ± 0.00A

0 + 7.5/30 Large 0.47 ± 0.02a 0.47 ± 0.03a 0.98 ± 0.09A

Medium 0.43 ± 0.08a 0.37 ± 0.03a 1.19 ± 0.17A

Small 0.43 ± 0.07a 0.40 ± 0.03a 1.07 ± 0.11A

Homogeneous 0.46 ± 0.02a 0.46 ± 0.02a 1.00 ± 0.00A

7.5 + 0/30 Large 0.87 ± 0.06a 0.84 ± 0.06ab 1.05 ± 0.14A

Medium 0.94 ± 0.01a 1.07 ± 0.01c 0.87 ± 0.05A

Small 1.02 ± 0.08a 0.98 ± 0.08bc 1.05 ± 0.13A

Homogeneous 0.66 ± 0.01a 0.66 ± 0.01a 1.00 ± 0.00A

Table 4. P content (mg), P translocation (%) and P use efficient of Neyraudia reynaudiana after 90 days
of growth in spatially heterogeneous and homogeneous P supply (mean ± SE). For each level of patch
strength, means followed by different letter across within the column are statistically different.
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Patch
Strength

Patch
Size

Leaf P (mg) Stem P
(mg)

P-Translocation
(%)

P Use-
Efficiency

0 + 0/30 Large 9.31 ± 0.66b 4.95 ±
0.03c

90.8 ± 1.05a 0.92 ± 0.04b

Medium 8.69 ± 0.71b 2.99 ±
0.15b

93.6 ± 1.19a 1.00 ± 0.05b

Small 6.03 ± 0.11a 1.41 ±
0.08a

91.9 ± 0.16a 0.76 ± 0.01a

Homog. 6.23 ± 0.05a 2.79 ±
0.29b

93.1 ± 0.67a 0.87 ± 0.01ab

0 + 7.5/30 Large 11.09 ±
0.31a

3.26 ±
0.28a

93.8 ± 0.59ab 1.01 ± 0.07a

Medium 10.58 ±
1.16a

7.28 ±
0.87b

95.7 ± 0.08b 0.76 ± 0.05a

Small 11.52 ±
0.27a

3.74 ±
0.31a

94.8 ± 0.35ab 0.78 ± 0.04a

Homog. 9.06 ± 0.68a 3.10 ±
0.71a

92.9 ± 0.61a 0.87 ± 0.09a

7.5 + 0/30 Large 0.48 ± 0.06b 0.56 ±
0.04b

10.6 ± 0.32b 0.82 ± 0.06a

Medium 0.39 ±
0.02ab

0.37 ±
0.02a

9.6 ± 0.24ab 1.30 ± 0.10b

Small 0.25 ± 0.07a 0.25 ±
0.05a

9.4 ± 0.41ab 1.76 ± 0.13c

Homog. 0.26 ± 0.02a 0.40 ±
0.04a

8.8 ± 0.11a 0.84 ± 0.08a

Table 5. Total root and shoot dry mass (g) after 30, 60 and 90 days of growth of N. reynaudiana
seedlings in spatially heterogeneous and homogeneous P supply (mean ± SE). For each level of patch
strength, means followed by different letter across columns are statistically different.
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Patch attributes Dry mass, 30 days Dry mass, 90 days  

Patch Strength Patch Size Root  

Shoot

 

 

Root

 

Shoot

0 + 0/30 Large 0.02 ± 0.002a 0.36 ± 0.09b 2.0 ± 0.4b 13.0 ± 0.2d

Medium 0.01 ±  0.003a 0.20 ± 0.02a 1.7 ± 0.2b 11.7 ± 0.2c

Small 0.01 ±  0.006a 0.31 ± 0.02b 0.7 ± 0.03a 5.6 ± 0.1a

Homog. 0.01    ± 0.002a 0.32 ± 0.03b 0.7 ± 0.1a 7.9 ± 0.5b

0 + 7.5/30 Large 0.03 ± 0.005b 0.39 ± 0.02c 1.4 ±0.2a 14.5 ± 1.0c

Medium 0.02 ± 0.001ab 0.28 ± 0.02b 1.3 ± 0.1a 13.4 ± 0.4c

Small 0.02 ± 0.003ab 0.25 ± 0.03b 1.1± 0.2a 11.9 ± 0.2b

Homog. 0.01 ± 0.001a 0.16 ± 0.03a 1.1 ± 0.1a 10.3 ± 0.4a

7.5 + 0/30 Large 0.03 ± 0.005b 0.25 ± 0.04a 1.1 ± 0.1c 10.1 ± 0.6b

Medium 0.02 ± 0.007a 0.22 ± 0.05a 0.8 ± 0.1b 8.1 ± 0.3b

Small 0.03 ± 0.006b 0.38 ± 0.01b 0.6 ± 0.01a 6.1 ± 0.5a

Homog. 0.02 ± 0.001a 0.24 ± 0.23a 0.8 ± 0.1b 9.0 ± 1.5b

               

Table 6. Root dry mass to shoot dry mass ratio and total dry mass together with sensitivity index after 90
days of growth of N. reynaudiana in spatially heterogeneous and homogeneous P supply (mean ± SE).
For each level of patch strength, means followed by different letter across columns are statistically
different.
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Patch Strength Patch Size Root:Shoot Ratio Total

Dry Mass (g)

Sensitivity Index

0 + 0/30 Large 0.15 ± 0.03b 14.99 ± 0.45d 1.75 ± 0.08b

Medium 0.15 ± 0.02b 13.45 ± 0.21c 1.57 ± 0.13b

Small 0.13 ± 0.01ab 6.37 ± 0.11a 0.74 ± 0.04a

Homog. 0.09 ± 0.01a 8.59 ± 0.66b  

0 + 7.5/30 Large 0.10 ± 0.01a 15.94 ± 1.19b 1.40 ± 0.15b

Medium 0.09 ± 0.004a 14.72 ± 0.52b 1.30 ± 0.08ab

Small 0.09 ± 0.02a 12.95 ± 0.46a 1.14 ± 0.06a

Homog. 0.10 ± 0.01a 11.37 ± 0.47a  

7.5 + 0/30 Large 0.11 ± 0.01b 11.18 ± 0.63c 1.16 ± 0.22b

Medium 0.10 ± 0.004ab 8.87 ± 0.36b 0.92 ± 0.18ab

Small 0.09 ± 0.01ab 6.64 ± 0.49a 0.68 ± 0.10a

Homog. 0.09 ± 0.001a 9.84 ± 1.61bc  

 

Figures
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Figure 1

Total root length (m) of N. reynaudiana grown in high and low P patches under heterogeneous and
homogenous P distribution for 30 (top panel), and 90 days (bottom panel). T1, T2 and T3 had high P
concentration gradient between patches (0 and 30 mg.kg−1), T5, T6 and T7 had moderate P
concentration gradient (7.5 and 30 mg kg−1), T9, T10 and T11 had initial P concentration of 7.5 mg kg−1
in the central interior patch; i.e. P-enriched patch, and subsequently high P concentration gradient
between patches (0 and 30 mg kg−1); and T4, T8 and T12 had homogenous P distribution of 15, 18.5
and 7.5 + 15 mg kg−1, respectively. Values are mean ± SE (n = 3), * indicates significant difference at p ＜
0.05 and lowercase letters indicate significant difference between treatments.
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Figure 2

Root surface area (cm2) of N. reynaudiana grown in high and low P patches under heterogeneous and
homogenous P distribution for 30 (top panel) and 90 days (bottom panel). Treatments, T1 – T12, are as
described in Figure 1 and values are mean ± SE (n = 3), * indicates significant difference at p ＜ 0.05 and
lowercase letters indicate significant difference between treatments.
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Figure 3

Root volume (cm3) of N. reynaudiana grown in high and low P patches under heterogeneous and
homogenous P distribution for 30 (top panel) and 90 days (bottom panel). Treatments, T1 – T12, are as
described in Figure 1 and values are mean ± SE (n = 3), * indicates significant difference at p ＜ 0.05 and
lowercase letters indicate significant difference between treatments.
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Figure 4

Average root diameter (mm) of N. reynaudiana grown in high and low P patches under heterogeneous
and homogenous P distribution for 30 (top panel) and 90 days (bottom panel). Treatments, T1 – T12, are
as described in Figure 1 and values are mean ± SE (n = 3), * indicates significant difference at p ＜ 0.05
and lowercase letters indicate significant difference between treatments.
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Figure 5

Sketch of the experimental pot used to simulate patchily P distribution, and experimental design showed
the size and the amount of P nutrient (mg· P kg-1). The values 0, 7.5, 15, 18.75, 30 showed the amount of
P added in each patch. T1, T5, T9 indicated large patch, T2, T6, T10 indicated medium patch, T3, T7, T11
indicated small patch with different P concentrations, and T4, T8、T12 indicated homogeneous P
distribution with different P concentrations.
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