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			Abstract

			Aim: Populus deltoides × nigra trees were grown from 3m-long poles on slopes in three different soil types, pumice, sandy loam and clay loam, to test the hypotheses 1) root development differs with soil type, 2) within each soil type, root production decreases as soil bulk density increases. 

			Methods: Over a three-year period, above-ground growth parameters and root distribution (biomass, length and root diameter size classes) of excavated root systems were measured each year at the end of the growing season, relative to distance from the pole, slope and soil depth. 

			Results: Soil bulk density near the ground surface was least in pumice (0.65g cm3) and similar for clay loam (1.05g cm3) and sandy loam 1.1g cm3), respectively. For all three soil types, bulk density increased with depth, at 0.9m depth being lowest in pumice soil and highest in sandy loam. In each of the three years of the trial, root length (RL), root mass (RM) and root extension were greatest in the pumice soil and least for trees growing in the sandy loam. Both RL and RM were greater in the clay loam than in the sandy loam but much less than in pumice. The percentage of poplar root mass found in the top 50cm of soil was 90 - 100% in the sandy loam, 79-94% in the clayloam and 56-86% in pumice. Poplar roots reached 1.3m depth in the pumice but did not exceed 1.0m depth in the other soil types. Mean RM in Year 3 in the pumice soil (948g) was ~ 13 x that in the sandy loam (75g) and 2.3 x that in the clay loam (421g). The length of roots >1mm diameter in Year 3 in the pumice (144.2m) was ~ 9 x that in the sandy loam (15.6m) and 2.3 x that in the clay loam (63.9m). RM and RL distribution up slope and downslope varied with soil type, tree and year, and favoured neither slope direction. The mean volume of soil occupied by poplar roots in pumice, clay loam and sandy loam soils in Year 1 was 3.5, 1.3 and 0.6m3, respectively, and in Year 3 was 20.5, 6.5 and 3.0m3, respectively. 

			Conclusion: Root length and RM of Populus deltoides × nigra trees were negatively correlated with soil bulk density, with root length and mass increasing as bulk density decreased. The results suggest that the rate at which root systems of these poplars will occupy a particular volume of soil and utilise its available water and nutrients will be faster in soils of lower bulk density. This is expected to increase rates of survival during the early years of establishment, particularly in years with drought.
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			Introduction

			Erosion is a significant problem on agricultural and forestry land in large parts of the hill country of New Zealand [1]. The most extensive tree-based control measures in pastoral hill country in New Zealand use wide-spaced poplar (Populus spp.) trees to stabilize the soil. Poplars are favoured because of their fast growth rate, extensive root system and ease of establishment among 

grazing animals [1,2], and are usually established by planting 3m-long vegetative poles [3]. Pole survival is most at risk in the first two seasons following planting, when the root system is least developed [4]. Previous research showed that cuttings of Populus deltoides × nigra clones develop high root biomass and long fine roots [5] favouring them for planting as poles. However, there was no significant correlation between above-ground biomass and below-ground biomass [5]. Poles which develop considerable above-ground biomass within their first year of growth can die within two years from desiccation, with poor planting technique, poor root development, drought, and narrow pole girth being contributing factors. As for other tree species, root biomass, root length density and specific root length in poplars were found to decrease with depth [5-7] but in these studies the effect of soil physical properties on the root development was not determined. Tree root development can vary depending on the properties of the soil in which they are grown. For example, root densities for a range of Eucalyptus species were lower in poorly structured Vertisol soils compared with other soil types [8]. Similarly, in a water-limited sandy soil xeric Quercus species had greater root production, lower fine-root turnover rates, and thus exhibited a greater risk of dying than did sub-xeric Quercus species [9]. Access to sufficient water is important for the survival of poplar pole cuttings during the first growing season(s) and planting poles to the depth of the water table increased survival rate by a factor of seven [10]. Root growth of poplar is greater in light textured soils compared to clayey soils [11,12], a finding similar to that for pomegranate [13] and other tree species [14]. For twelve tree species growing on European dikes including poplar (P. nigra, P. alba) roots were 20% more numerous and 65% larger on the downslope side. The structure of the root system was mainly influenced by soil material and water availability, and far less by tree species [14]. For Salix nigra willow sediment texture was found to be the dominant factor determining above-ground biomass production with coarse-grained sediment (sand) being more conducive to biomass production and survival than fine-grained sediments (silt/clay) under similar moisture conditions [15]. A plot study relating soil penetration resistance (using a penetrometer) to tree root development of 5-year-old Italian alder (Alnus cordata Desf.), Japanese larch (Laris kaempferi (Lamb) Carr.) and birch (Betula pendula Roth) and Corsican pine (Pinus nigra var. maritima (Ait.) Melville) [16] found that tree root number and percentage were significantly reduced as soil resistance increased, with 90.7% of roots occurring in soils where the penetration resistance was < 3MPa. Absolute fine root length decreased with depth for five poplar clones growing in a heavy clay-loam soil varying in bulk density between 1.22 and 1.62gcm-3 [5]. Kern et al. noted soil depth to be a significant controlling factor in fine root longevity in Populus deltoides with roots at 30-40cm depth having a median life span more than twice that of roots found at 0-10cm depth. A review of a large number of studies showed that soil bulk density influences species fine-root morphology, with higher soil bulk density favouring thicker, denser fine roots [17]. Mid-summer drought periods have been associated with high fine root mortality in the top 30cm of soil, potentially disrupting the period of fine root elongation intensity [18]. 

			In view of the important influence soil physical properties have on tree root development and survival, this study determined the effect of three soil types of pumice, clay loam and sandy loam, on root growth and development of Populus deltoides × nigra trees grown from poles, testing the hypotheses that 

			
					Root development varies with soil type;

					Within each soil type, root production decreases as soil bulk density increases. Methods
Sites
The investigation was carried out at three trial sites selected on pastoral hillslopes located in areas of predominantly pumice (Otoi), sandy loam (Pahiatua), and clay loam soil types (Bideford) (Figure 1, Table 1). These soil types [19] are widespread throughout the pastoral hill country of the North Island, New Zealand. All sites were on slopes of between 15° and 20° and were grazed continuously during the study by both sheep and cattle. Mean annual temperature and rainfall were similar at each site (Table 1), though there was greater variation in monthly rainfall than temperature (Figure 2).
Table 1: Site parameters.
	Site 
	Soil Type 
	Soil Classification
	Location
	Elevation (m)
	Aspect
	Slope (°)
	Mean Rainfall mm/yr
	Mean Annual Temp °C

	Otoi 
	Pumice 
	1Allophanic Orthic Pumice Soil 
	38°55’ S, 177°03’ E
	370
	South-east
	17-25
	1051
	14.7

	2Typic Udivitrand 

	Bideford 
	Clay-loam
	1Argillic Perch-gley Pallic Soil 
	40°54’ S, 175°48’ E
	164
	North-west
	15-19
	979
	12.7

	2Dystric Eutrochrept 

	Pahiatua
	Sandy-loam 
	1Typic Sandy Brown Soil 
	40°30’ S, 175°50’ E
	138
	South-west
	16-23
	995
	13

	2Typic Dystrochrept 


1Hewitt (2010), 2USDA Soil Taxonomy.
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Vegetative cuttings (3m-long poles) of Populus deltoides × nigra with a minimum diameter of 45mm at the top of each pole were planted in the winter of 2013. Poles were rammed into the soil to the recommended depth of 0.8m [3]. Each pole was enclosed in a 1.6m long protective plastic sleeve to prevent stock browsing the bark and killing the pole. A minimum of 25 poles were planted at each site in a grid pattern spaced at least 4m apart.
Poles were not fertilized at planting, though Olsen P levels (Table 2) were low for their respective soil type. Superphosphate is applied to most hill pasture soils to promote pasture production at intervals of one to three years [20]. Mineral deficiency is not considered a limiting factor for tree growth and development in hill pastoral farming systems since no fertilizer is recommended to be applied at or after planting [3].
Above ground measurements 
At the time of planting and again at the end of each growing season (autumn) tree height, collar diameter (measured at the base of the pole), and diameter at the top of the sleeve were measured for all trees at each field site. In each year three trees at each site were randomly selected for excavation. The above ground components of these trees were harvested and separated into branches and pole, their fresh weights measured, and all material later oven dried at 70°C for five days, and weighed to the nearest gram.
Root excavation and measurements
At the end of each growing season the entire root systems of three trees selected at each site were excavated. Root distribution was recorded as being upslope or downslope of the trunk, and roots were separated according to radius (lateral distance) from the trunk and depth from the soil surface. Radius and depth were measured in 0.5m intervals. Depth intervals less than 0.5m proved too difficult to manage in the field. Where roots were accidently cut during excavation the cut ends were coded so that the root system could be reassembled in the laboratory. Roots in each of the slope direction x radius x depth categories were sorted into root diameter classes of <1mm, 1<2mm, 2<5mm, 5<10mm, 10<20mm, and >20mm. For material in all root diameter classes except <1mm, root length and mass were measured. For roots <1mm diameter mass only was measured, except for clay loam (Year 2) and sandy loam (Year 3) soils where root length was measured also. For each of the excavated root systems, the volumes of soil in each of the slope direction x radius x depth categories that contained roots were aggregated to determine the volume of soil occupied by the roots, and mean volumes for each soil type x year category calculated. Dry biomass of the below-ground section of the pole was included in pole dry mass.
Soil measures
At each site three soil cores (50mm x 56mm) were collected at depths of 0.05m, 0.2m, 0.35m, as indicative of bulk density in the upper 0.5m of soil depth, and at 0.6m and 0.9m as indicative of bulk density at soil depth 0.5 - 1.0m. In the pumice soil an additional three cores were collected at 1.3m depth since roots extended to this depth. Cores were oven-dried at 70°C to constant weight and their bulk density determined.
For each soil type 20 soil cores (25mm diameter) to a depth of 0.2m were collected randomly across the site, bulked, thoroughly mixed, and sent to a commercial laboratory to determine its nutrient status (Table 2).
Table 2: Soil chemical characteristics (0- 0.2m depth).
	Soil Type
	Sandy Loam  
	Clay Loam 
	Pumice

	pH 
	5.7
	5.7
	5.8

	Olsen Phosphorus mg/L
	4
	7
	19

	Potassium me/100g   
	0.14
	0.26
	0.36

	Calcium me/100g 
	3.5
	5.6
	7.4

	Magnesium me/100g 
	0.76
	2.04
	0.8

	Sulphate Sulphur mg/kg 
	3
	7
	6

	Potentially Available Nitrogen kg/ha 
	140
	142
	99

	Anaerobically Mineralisable N μg/g
	91
	107
	111

	Organic Matter %
	5
	5.6
	10.9


Statistics
Shoot biomass, root biomass, root length, soil volumes occupied were analysed for significant (p<0.05) differences between soil types and age using ANOVA (Genstat 17th Edition). Because of the unequal replication, terms were tested adjusting for all other effects at the same complexity, e.g. the main effect of soil type was adjusted for the main effect of age. Root and shoot data were log transformed for analysis to stabilize variance. A binomial generalised linear mixed model was applied to the presence or absence of roots in different soil types, ages of trees, depths and distances from tree (the data from radial distance > 250cm were not analysed; only one tree had roots that extended > 250cm; the data from 200-250cm were taken as ‘more than 200cm from tree’), allowing for variation between trees, to determine analysis of deviance. To evaluate root diameter class distribution a poisson generalized linear model was used, with fixed effects for soil, age and root size (plus their interactions), a random effect for tree, total mass of roots as an offset and the residual dispersion estimated. Roots with diameter 10-20mm and over 20mm were combined into one category, as roots thicker than 20mm were very rare. Raw data are presented in the tables and figures.
Results
Soil chemical properties
Soil chemical properties were within the range considered typical of these hill soil types in New Zealand.
 
Bulk density of the soils 
At each depth interval, the pumice soil consistently had a bulk density 50-80% less than that of the other two soil types (Figure 3). Bulk density of the sandy loam soil was less than that of the clay loam at a depth of 0.2m and greater at depths below 0.4 m. The bulk density of the pumice soil increased 3-fold at a depth of 1.3m coinciding with a compact layer of fine white volcanic ash.
Tree biomass 
At the time of planting, the mean root collar diameter of poles planted in the pumice soil (52mm) was less than that for poles planted in the clay loam (58mm) and sandy loam (64mm) (p < 0.001), but for all three soil types the mean pole diameters measured at the top of the sleeve were not significantly different. By the end of the first growing season root collar diameter and diameter at the top of the sleeve were not significantly different between groups of trees on the three soil types. Thereafter, over a three year period, the increase in root collar diameter varied with soil type (p = 0.013), whereas diameter at the top of the sleeve did not (p = 0.615). Trees growing in the pumice soil produced greater shoot (branch) growth in each successive year than did trees growing in either the clay or sandy loam soils (Table 3). Interaction between soil type and tree height was significant (p < 0.001) with the greatest increase in tree height recorded for trees growing in the pumice soil and lowest for trees growing in the sandy loam. Interaction between shoot biomass and soil type (p < 0.001) was significant with the greatest increase recorded for trees growing in the pumice soil and lowest for trees growing in the sandy loam.
Table 3: Mean growth parameters for excavated Populus deltoides × nigra poplar trees aged 1-3 years growing in the three soil types. TOS = top of protective sleeve (1.6m).
	Soil Type
	Year
	Pole DM (kg)
	Shoot DM (g)
	Root DM (g)
	Root length (m)
	Collar Diameter (mm)
	TOS Diameter (mm)
	Root: Shoot Ratio

	Clay Loam
	1
	2.22
	50
	17.3
	7.9
	61
	43
	0.32

	2
	3.53
	196
	74.1
	14.8
	63
	49
	0.42

	3
	3.09
	763
	1083
	63.9
	62
	51
	1.42

	Sandy Loam
	1
	3.08
	65
	14.1
	6.1
	59
	51
	0.21

	2
	2.77
	178
	45.8
	12.6
	62
	53
	0.26

	3
	2.55
	373
	74.6
	15.6
	60
	53
	0.3

	Pumice
	1
	2.41
	89
	57.8
	18.8
	52
	43
	0.65

	2
	2.83
	708
	571
	69.8
	58
	43
	0.84

	3
	4.71
	4262
	947.7
	144.2
	63
	61
	0.25


Both shoot mass and root mass trended significantly upwards with time (p < 0.001). The root: shoot ratio of the trees growing in all three soil types was higher in year 2 than in year 1 (Table 3) and was, year-on-year, lowest for trees growing in sandy loam soil and significantly lower than in clay loam. Interaction between soil type and root: shoot ratio was significant (p = 0.043) with root: shoot ratio being generally higher for trees growing in pumice soil, but differences in root: shoot ratio between years was not significant.
Root development
In all three soil types, roots were initiated from the entire length of the buried section of the pole, with the largest proportion of root length and mass emanating from the pole at a depth of 0 - 0.5m. Several roots developed from the bottom of the pole though their extension was limited except in pumice soil. Root length (RL) and root mass (RM) increased significantly each year (p < 0.001), and were greater in the pumice than in the clay loam, and greater in the clay loam than the sandy loam (Table 3). After three years of growth RM was 92% less, and RL 89% less for trees growing in the sandy loam than for trees growing in pumice. Larger root diameter classes appeared earliest for trees growing in pumice soil (Figure 3 & 4), followed by those planted in clay loam. Year by year mean fine RM was greatest in pumice and least in sandy loam, with differences between soil types being significant (p < 0.001). In pumice fine RM (root diameter < 1mm) increased significantly between Year 1 and Year 2; in clay loam it increased significantly between Years 2 and 3; while in sandy loam fine RM did not change significantly over time.
Both root diameter distribution and root spatial distribution differed significantly between soil types (Table 4, Figure 4) (root size x age, p<0.001; root size x soil type, p<0.001).
Soil-root occupancy
For each soil type, the volume of soil occupied by roots increased from year to year (Figure 6) (p < 0.001). Tree roots in pumice occupied more volume than in clay loam, which occupied more volume than in sandy loam. In all years the increase in soil volume occupied by roots, was greater in the top 0.5m soil depth where soil bulk density was lower, than below this depth (Figure 3 & 6). In all years the increase in soil volume below 0.5m depth occupied by roots was pumice > clay loam >sandy loam. By Year 3, roots of the trees in pumice had extended to 4m from the tree, twice the distance measured for tree roots in clay and sandy loams (p < 0.001).
Likewise, roots of trees growing in the pumice were found at a greater depth (1.3m) than those growing in sandy and clay loams, and at this depth were found at >1m from the stem. There was however, little root extension into the pumice below 1.3m where the bulk density suddenly increased from 0.53g cm-3 to 1.47g cm-3. Soil type had a significant effect on spatial distribution of roots (Table 4), both radially and depth-wise.
Table 4: Analysis of deviance for diameter class distribution of roots, and spatial distribution of roots.
	 
	Fixed Term
	d.f.
	Wald/d.f.
	chi pr

	Diameter Class Distribution of Roots
	Age
	2
	0
	0.995

	Soil
	2
	0
	1

	Age x Soil 
	4
	2.6
	0.638

	Root diameter class
	4
	33.8
	<.001

	Root diameter class x Age 
	8
	8.9
	<.001

	Root diameter class x Soil 
	8
	3.7
	<.001

	Root diameter class x Age x Soil
	13
	1
	0.501

	Spatial Distribution of Roots
	Depth
	2
	22.4
	<.001

	Distance from trunk
	7
	6.6
	<.001

	Age
	2
	10.1
	<.001

	Soil
	2
	19.6
	<.001

	Depth x Distance 
	9
	0.2
	0.991

	Depth x Age 
	2
	0.2
	0.787

	Depth x Soil 
	2
	0
	1

	Distance x Age 
	6
	0.4
	0.877

	Distance x Soil 
	6
	0
	1

	Age x Soil 
	4
	0
	0.999

	Depth x Distance x Age 
	4
	0
	1

	Depth x Distance x Soil
	4
	0
	1

	Depth x Soil x Age
	4
	0
	1

	Distance x Soil x Age 
	7
	0
	1
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Root distribution related to slope
Slope direction did not significantly influence root presence, RM or RL. In the clay and sandy loams, the RM was distributed approximately equally up slope and downslope, slightly favouring the upslope (Table 5), whereas the RM distribution in the pumice soil was in each year greatest in the downslope direction. Trees grown in sandy loam had the highest concentration of RM within the top 0.5m of soil (90-100%), compared with 87-93% for trees in clay loam, and 56-75% for trees in pumice. For all three soil types the percentage of RM present below 0.5m increased with tree age and as root systems developed. The proportion of RM below 0.5m was greater for trees grown in the least dense pumice soil than for trees grown in the denser clay and sandy loam, being 24.6% in year 1, 13.9% in year 2 and 44% in year 3. Likewise, RL distribution was similarly variable between soil type, year, and depth (Table 5).
Table 5: Comparison of % root distribution upslope and downslope for different years, and depths for poplar trees grown in the different soil types.
				Root Mass  %
	Root Length %

	Soil Type
	Tree Age (year)
	Depth (m)
	Upslope
	Downslope
	Upslope
	Downslope

	Clay Loam
	1
	0-0.5
	52.9
	40.6
	33.3
	57.5

	0.5-1.0 
	1.4
	5.1
	4.4
	4.9

	2
	0-0.5
	45
	33.5
	44.2
	31.4

	0.5-1.0 
	12
	9.6
	11.6
	12.7

	3
	0-0.5
	46.1
	41.8
	34.4
	47

	0.5-1.0 
	5.4
	6.7
	10.9
	7.7

	Pumice
	1
	0-0.5
	22.6
	52.8
	24.4
	60.4

	0.5-1.0 
	16
	8.6
	10
	5.2

	2
	0-0.5
	36.5
	49.7
	39.4
	51.6

	0.5-1.0 
	7.7
	6.2
	4.1
	5.2

	3
	0-0.5
	16.6
	39.4
	18.8
	48.9

	0.5-1.0 
	28
	12.9
	16.4
	11.7

	1.0-1.5 
	2
	1.1
	2.5
	1.7

	Sandy Loam
	1
	0-0.5
	58.1
	41.9
	49.4
	50.6

	0.5-1.0 
	0
	0
	0
	0

	2
	0-0.5
	54.7
	44.6
	54.8
	44.4

	0.5-1.0 
	0.6
	0
	0.8
	0

	3
	0-0.5
	59.9
	30.8
	57.9
	30.7

	0.5-1.0 
	8.2
	1.1
	10.4
	1.1


Discussion
Root growth and development of Populus deltoides × nigra over the three years of this study was greatest for trees grown in the soil with the lowest bulk density, pumice, and least for trees growing in sandy loam. Root length and RM of trees grown in clay loam were greater than RL and RM of trees in the sandy loam but more closely resembled the root growth of trees in the sandy loam than that of trees grown in the pumice soil. Differences in tree root development in different soil types have been reported previously. Roots of Jatropha curcas seedlings developed more extensively in sandy loam and clay loam soils than in sandy soil, with root length being greatest in the soil with the lowest bulk density (clay loam; 1.26) and least in the soil with the highest bulk density (sand; 1.56) [21]. Similarly, root growth of 4-year-old pomegranate trees was greater in shallow, light textured soils than in deep clayey soils [14] though soil bulk densities were not reported. In this study the pumice soil site experiences ~2°C warmer summer temperatures, with annual rainfall being similar for each site. While considering the effect of summer temperature differences, it is considered that the root growth responses measured in here are primarily influenced by the physical properties of the soil, in particular the resistance the soil offers to the penetration of new roots. This finding is in accordance with international research involving a variety of different tree and crop species [12,22-25]. It is also considered that the resistance of the soil measured as its bulk density can be a limiting factor affecting pole root development and survival in years with lower than normal summer rainfall [22,26].
Soil strength increases with bulk density [22]. Likewise, a decrease in soil water content increases soil strength [22] further resisting root penetration. Roots must exert a growth pressure to overcome the resistance to deformation of the surrounding soil and grow deeper or further into the soil [27]. When experiencing excessive mechanical stress, root apices are able to deflect towards larger macropores [28]. Aggregation of soil particles creates pores for roots to penetrate and soil aggregation is primarily based on the clay content of the soil [29]. It is considered likely that root development of Populus deltoides × nigra trees in this study, and in particular root length, was restricted by soil physical properties more so in the sandy loam than in clay loam with little restriction in pumice soil. The bulk density of the sandy loam was greater, particularly below 0.4m depth, and with low clay content the aggregate formation was the poorest [30] of the three soil types. The percentage of poplar RL and RM found below 0.5m depth in Year 3 was 32.3 and 43.0 respectively for pumice, 18.6 and 12.1 respectively for clay loam and 11.5 and 9.8 respectively for sandy loam, being highest for the lower bulk density soil type and lower for the soil types with higher bulk density at that depth. While these observations support the hypothesis that within each soil type root production will be lower in that part of the soil profile with higher bulk density, it is clear that other factors such as nutrient availability influence root development, since there was little resistance to root penetration in pumice soil till 1.3m depth, yet the greater root development was still in the upper 0.5m of soil. Internationally, root length, root length density, root diameter, and root mass have similarly been observed to decrease with increasing bulk density [7,31]. 
Higher poplar root densities in light compared to heavy soils have also been related to lower water and nutrient availability [12,24] but in these studies the influence of soil bulk density was not considered since the coarse roots were only investigated to 0.2m depth, and fine roots to 0.4m depth. Root growth of potted plants of the leguminous tree Faidherbia albida was greater in lighter sandy soil than in clay soil [24], in contrast with the findings of the present study. We suggest that field –based measurements to a greater soil depth better demonstrate the effect of soil bulk density on poplar root development from poles. However, in the case of riverine sediments, which vary widely in particle size, the presence and distribution of Populus nigra roots has been correlated with both moisture and sediment porosity though not depth [32]. Thus, we agreed that where the soil type has considerable porosity (e.g. pumice and river gravels) high root densities can be found at depths well below 0.4m, and in these instances tree root system structure is likely influenced much more by soil type and water availability than by tree species [14]. Root development was not greater downslope, varying with the soil type. In the pumice at Year 3 there was a greater percentage of RL and RM downslope than upslope, in the sandy loam there was a lesser percentage of RL and RM downslope than upslope, and in the clay loam percentage of RL was greater and RM lesser downslope than upslope. In a study of 12 tree species growing on dike fills [14], the presence of equal or greater distribution of roots in the upslope direction, and at depths below 0.5m, was interpreted as being an artifact of slope alone with initial root extension being largely horizontal, with roots extending in the upslope direction consequently growing into deeper soil than roots extending in the downslope direction. In support of this view, at Year 3, at depths >0.5m RL was greater upslope in all soil types, and RM was greater upslope in pumice and sandy loam but not in clay loam (Table 5).
A review paper identified a general trend for root:shoot ratios to increase in forests and woodlands as soil texture becomes more coarse, with root:shoot ratios from sand and sandy loam soils significantly greater than those from clay and clay loam soils [33] This was thought to be because water and nutrients are less freely available in coarser soils, though it was acknowledged that roots are easier to collect from coarse soils. However, in grasslands the relationship between root and shoot biomass was highly variable [33], as found in this study. Root:shoot ratios (Table 3) are confounded in this study by water and nutrients being sourced from both the soil and the pole, particularly in year 1. The root:shoot ratio was generally higher in pumice soil.
Lateral root extension is important for gathering nutrients and water, and to a lesser extent, stabilising the tree [24,34,35]. Deep root extension enables the tree to explore a greater volume of soil for water, particularly in periods of low precipitation [32]. Resistance from soil to the penetration of roots reduces their capacity to collect water, even more so where the roots have to generate root diameter at the expense of length [26,27,36,37]. Supply of water and nutrients drives the tissue production above ground. Initially shoot and leaf production is driven by stored water, nutrients and energy from within the pole. Utilisation of the storage water and nutrients can exceed the rate of absorption of water and nutrients by the roots. This is most likely to happen where the barriers created by a high bulk density soil are coupled with reduced soil water.
These research findings suggest that pole survival is likely to be highest in pumice soils, lower in clay loams and lowest in sandy loams, reinforcing the importance of planting poles to the recommended depth of 0.8m [3]. Plant available water is likely to be present at this depth during dry spells even though root extension is lower and soil volume explored is smaller than in the soil horizons closer to the surface.
Conclusion
During the first three years following planting as 3m poles, root development (mass and length) of Populus deltoides × nigra trees growing in either a sandy or clay loam with high soil bulk densities was less than for trees planted in pumice soil with low bulk density, supporting the hypothesis that the more compact soils resist root penetration to a greater extent than do less compact soils. 
For all three soil types, the greater proportion of poplar root mass and length was confined to the uppermost 0.5m of the soil profile where the soil bulk density was lower, and the volume of soil occupied by root was higher. The proportion of root length and mass within this depth interval was equally distributed between the upslope and downslope directions. The proportion of total root biomass and length below 0.5m depth was greatest where soil bulk density was lowest and least where it was highest supporting the hypothesis that root penetration resistance increases with depth to a greater extent in loamy soils than in pumice soils.
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Figure 5: Mean contribution (%) of root diameter classes (mm) to root mass, separated by tree age (Year (Y)) and soil type. Refer to Table
3 for total mass data (m).
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Figure 6: Mean soil volume (m3) occupied by roots of poplar trees aged 1-3 years (Y) growing in 0.5 m depth intervals (Total = all depths
combined) in three soil types. Error bars = s.e. of the means.
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Figure 1: Location of the three trial sites in the North Island, New Zealand.
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Figure 3: Soil bulk density changes with depth for the three soil types. Error bars = s.e. of means.
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Figure 4: Mean contribution (%) of root diameter classes (mm) to root length, separated by tree age (Year (Y)) and soil type. Refer to Table:
3 for total length data (m).
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Figure 2: Mean rainfall and temperatures for the years 2013-18. Data were recorded from the nearest climate station to each field site.






