117 Phillips Ecosystem Services


Soil stabilising characteristics of native riparian vegetation in New Zealand: 

application to stream bank stability
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SUMMARY

Roots of riparian vegetation strengthen soils on stream banks and provide resistance against the forces that promote bank instability. In New Zealand’s managed landscapes, much of the remaining riparian vegetation is non‑native and of limited extent. Restoration efforts, largely to improve stream health, are focussed on replacing exotic plants with native riparian species, but little is known about their stream bank stabilising characteristics. We are currently studying 12 native plant species to determine these characteristics.  Data available for 1‑ and 2‑year‑old plants indicate that ribbonwood and tutu have high root spread and rooting depth.  Data for older plants of these species will be used in modified landslide threshold models for vegetated hillslopes and applied to stream bank situations.
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1.
INTRODUCTION

The composition and extent of riparian vegetation influences how well a riparian area functions and hence has a major impact on the state of a waterway (Ministry for the Environment, 2000). In the settlement of New Zealand, much native riparian vegetation was cleared for agricultural pastures, exotic forestry, urban development or recreation facilities. Consequently the buffering and ecosystem services provided by riparian vegetation have been lost or seriously compromised.

The ecosystem services provided by riparian vegetation are vital, and vary from stabilising banks and filtering runoff, through shading and protection of fish habitats, to enhancing aesthetics and controlling downstream flooding (Collier et al., 1995). Of these, bank stabilisation is often regarded as being of high importance because, without it, many of the other functions may be limited by erosion and its consequences, e.g., undesirable changes in channel morphology, excessive in‑stream sedimentation, and loss of aquatic habitats (Naiman and Decamps, 1997).

The stabilising role of riparian vegetation depends on the ability of its root system to:

•
increase the shear strength of stream bank soils

•
protect against surface soil erosion

•
remove water from the soil (via transpiration, along with interception and evaporation by the canopy)

•
increase permeability and infiltration (thus lowering the potential for bank slumping)

•
support the toe of the bank (buttressing), protecting it from shear failure.

These functions can be affected by the channel scale, bank height relative to root depth, bank steepness, stream erosive power under high flows and the existence of other protection, e.g., bedrock or rip rap.

While it is generally accepted that woody plants provide better stabilising functions than do grasses (Abernethy and Rutherfurd, 1999, 2001), the latter can provide suitable protection where banks are low and less steep (Davies‑Colley, 1997; Lyons et al., 2000). Where channel widening is likely, care is needed to prevent undermining of trees and the creation of further problems (Rutherford et al., 1999).

Though the role of vegetation in improving slope stability and preventing erosion is well recognised (Phillips and Watson, 1994; Gray and Sotir, 1996), the international literature on the below‑ground root data for grasses and woody tree species used in erosion control is limited. As waterway restoration and enhancement projects increase in popularity, there is a need to quantify the effectiveness of their vegetation strategies in terms of erosion control.

Over the last two decades we have been examining the stabilising functions of different tree species in New Zealand for the prevention of landsliding on erosion‑prone hillslopes. Recently we have begun to look at how hillslopes and streams are linked and the role of riparian vegetation as a buffer to  hillslope stability and to stream ecosystem functions. We have been examining the characteristics of 12 native plant colonisers for their ability to stabilise stream banks. These plants are often part of the early plant succession as well as being some of the key species used in stream‑side restoration projects. We present our preliminary findings, outline attributes we consider important for determining a plants stabilising performance based on hillslope stability work, and discuss a vegetation‑stability model developed for hillslopes and how it might be applied in stream‑bank situations.

2. NATIVE PLANT COLONISERS

2.1  Methods

Twelve species, native to New Zealand and commonly found in riparian areas, were selected for the trial (Table 1). Plant age was determined from the time they were pricked-out into planter bags (0 years). Nursery stock was used for the 1‑year‑old and most of the 2‑year‑old biomass data and therefore in some cases root depth and lateral spread were restricted by the planter bag.

Table 1: Native riparian plants in stream bank stabilisation trial
Common name
Botanical name

Karamu 
Coprosma robusta

Ribbonwood
Plagianthus regius

Kowhai
Sophora tetraptera

Lemonwood
Pittosporum eugenoides

Kohuhu 
Pittosporum tenuifolium

Lacebark 
Hoheria populnea

Mapou 
Myrsine australis

Fivefinger
Pseudopanax arboreus

Cabbage tree
Cordyline australis

Rewarewa 
Knightia excelsa

Manuka
Leptospermum scoparium

Tutu
Coriaria arborea

Ten plants of each species were measured for height, canopy spread, root collar diameter and diameter at breast height (DBH) (where applicable), maximum root depth, and lateral root spread. To obtain canopy spread the maximum diameter of the foliage was measured in both an E–W and N–S direction and averaged. Each plant was photographed to record general above- and below-ground morphology/architecture prior to being dissected into its component parts to determine biomass.

Above‑ground biomass was measured by separating the foliage, branches and stem. Each component was oven‑dried at 80°C for 24 h then weighed. Below‑ground biomass was determined by hosing roots clean of soil, then cutting and grouping parts according to diameter (size classes: <1 mm (fibrous), 1–2 mm, 2–5 mm, 5–10 mm, 10–20 mm, root bole). The total length of roots in each diameter size class was measured before they were oven‑dried at 80°C for 24 h. The dry weight of each plant component was recorded to the nearest 0.1 g.

To obtain growth data for older‑aged plants we established a trial plot (60 m × 15 m) on flat alluvial land near Gisborne, East Coast, North Island. The topsoil is a black, very friable sandy loam with a weakly developed structure of fine granules, with a layer of loose sand beneath. The soil is free draining to a depth of 2 m and requires irrigation in summer.

Before planting, the plot was sprayed, ploughed and covered with weed mat. Twelve trees of each species have been planted randomly in blocks, 10 of which will be extracted each year for the next 3 years according to age. The 2‑ and 3‑year-old blocks are planted at 1‑m spacing and the 4‑ and 5‑year‑old blocks at 1.5-2.0 m spacing. The trees were irrigated for the first three months after planting.

2.2 Results
Data are available for 1‑ and 2‑year‑old plants. Three parameters are presented and discussed.

Mean root depth varied from 12–41 cm in year 2 and for most of the plants was around 20 cm. Ribbonwood exhibited the greatest root depth, 40 cm, after 2 years (Figure 1). Nursery conditioning is probably responsible for the relative consistency of results both within and between species in Years 1 and 2. 
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Figure 1: Mean root depth for 1- and 2-year-old native species (n=10 per species) sorted on year 2 data.
Root spread in Year 2 ranged from 10–32 cm, with most species averaging about 15 cm. Tutu and ribbonwood had twice the root spread of the other species, around 30 cm (Figure 2).
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Figure 2: Mean root spread for 1 and 2 year old native species (n=10 per species) sorted on year 2 data.

Biomass varied widely among species, with ribbonwood being the top performer (Figure 3).
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Figure 3: Mean above- and below-ground biomass for 1 and 2 year old native species (n=10 per species) sorted on year 2 below-ground data.
2.3  Summary

For an individual plant species, its “performance” position relative to the other species changes according to the parameter in question.  While most of the trial species exhibited similar values for each parameter, ribbonwood outperformed all the species for two parameters – above- and below-ground biomass - and was second to tutu in lateral root spread. This was not surprising as ribbonwood is one of five native species that have a high initial growth rate, which reflects their birch‑like growth form (M. McGlone, Landcare Research, pers. comm.). As is common in root studies of plants less than 2 years old, factors such as wrenching, root training and constriction in planter bags may have contributed to the differences seen in the data, rather than representing a true inter‑species difference (A.Watson, Landcare Research, pers. comm.). From our root studies of other native and exotic plants, we would expect "real" differences to emerge once the plants are about 3–4 years old.

3. MEASURING PLANT PERFORMANCE FOR RIPARIAN STABILITY

In general terms, the more information that is known about the plant and its root system and the environmental conditions that limit growth, the better will be the estimate of that plants contribution to stabilisation effectiveness.  However, it is not always possible to have complete information about a plant, largely because collection of these data is both time consuming and expensive.  In this case we want more easily obtainable measures that can be used as surrogates for stabilisation effectiveness. From our previous work in New Zealand hill country we have determined vegetation parameters that govern plant performance for stabilising land prone to landslides (Phillips et al., 2000). It would seem reasonable that these parameters might also be useful in gauging the effectiveness of plants for stream bank stabilisation. Such parameters include canopy occupancy, root occupancy, root depth, root biomass, and root cross‑sectional area per shear area (Table 2). (Note: here we focus on structural roots, i.e., those greater than 2-mm diameter). 
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The rate a site is occupied by a tree canopy depends on species growth rate and planting density. Canopies of individual trees, i.e., circles, are grown at the selected planting density, increasing their diameter over time until canopy closure is attained and canopy site occupancy occurs (Figure 4).

Figure 4: Concept of canopy occupancy for radiata pine grown at 1250 stems/ha, i.e., 4m x 2m spacing at planting (Nil canopy cover) and at age 5 (100% canopy cover).

Intuitively, treatment options that promote the quickest canopy closure are likely to be the most effective in terms of reducing sediment generation.  Canopy closure is a useful surrogate for “erosion control effectiveness”, particularly when no other data are available, as it intrinsically takes account of lateral root spread, which we have found precedes canopy spread.

As trees grow, their contribution to site stability increases as a function of the speed and ease at 

Table 2:  Definitions of plant stabilisation effectiveness parameters determined from hillslope stability studies in New Zealand’s landslide-prone hill country (Phillips et. al., 2000).

Parameter
Definition

Canopy site occupancy
When a circle representing the plant canopy projected onto the ground touches circles from adjacent trees (Kelliher et al 1992) (Figure 4).

Root morphology
Architecture, shape, or structure of a plants root system.

Root biomass
Total dry weight of roots present in the soil (for structural roots as defined in landslide studies the root diameter >2-mm).

Root site occupancy
Projection of the root system as a circle, in the same manner as for canopy occupancy.

Root depth
The maximum depth a root of 2-mm diameter reaches.

Root strength
Root tensile strength, i.e. force per unit area required to snap a root.

Root cross-section area per shear area
Combined area of roots that cross a potential shear plane or failure surface. Root area ratio (RAR) (e.g., Abernethy and Rutherfurd, 2001) is an analogous term.

which roots “colonise” the soil.  This depends on the root content, the roots’ material properties, and the morphology or architecture of the root system that develops. 

Root studies of a number of species of different ages (e.g.,Watson et al., 1999) indicate that root architecture and root morphology are determined by the physical soil conditions, particularly stoniness, drainage conditions, and depth to water-table, bedrock or impermeable substrata. In many native species, the majority of the roots we have observed are within 1-m radius of the stump (see Phillips and Watson, 1994). 
Structural root biomass has been measured only in a limited number of New Zealand studies (e.g., Phillips and Watson, 1994; Ekanayake et al., 1997). In a study of kanuka (Kunzea ericoides), a native scrub species, about 95% of the root mass of all the age classes were confined to the top 1-m of soil (Ekanayake et al., 1997). As with other parameters, plant density is a key factor in determining plant effectiveness.  Treatment or restoration options that promote greatest root biomass, particularly in the early years following establishment, are likely to be the most effective in terms of reducing sediment production caused by bank collapse. However, root biomass alone is a poor predictor of stabilisation effectiveness. 

Root site occupancy is related to plant density and lateral root growth rates.  Root site occupancy occurs when root systems of adjacent plants overlap.  The concept projects the root system onto the ground as a circle, in the same manner as for canopy occupancy. The faster a site is occupied by roots, the greater the reinforcement to the soil, and the more effective the plant treatment is.  However, as many species have root systems that are confined to shallow depths they have little influence on the critical failure surface.  Lateral root site occupancy is, therefore, not in itself a foolproof indicator of “effectiveness”.

Root growth in the vertical plane largely reflects the site environmental conditions and any impediments to vertical root growth.  Thus stabilisation effectiveness is a function of the roots’ ability to anchor soil to bedrock or to layers within the regolith or surficial cover deposits that might be prone to failure.  In river bank situations, fluctuating water tables may also affect the vertical development of roots and where water logging exists for extended periods, root development will be impeded.  Few data exist on the relationship between water table fluctuation and vertical root development. On its own, root depth does not give a strong indication of the expected performance, but it can be indicative of the potential for effective control if enough data from the same species across a range of site conditions is obtained.

A traditional method for assessing how roots contribute to soil or slope stability is to determine the strength of individual tree roots.  Most studies measure tensile strength of individual roots, usually in a laboratory (e.g., Phillips and Watson, 1994). Data have been gathered for a number of species in New Zealand and elsewhere. Root tensile strength varies both with growing environment and species (Phillips and Watson, 1994), although Abernethy and Rutherfurd (1999) found no statistical difference between the root tensile strength of river red gum and swamp paper bark.  However, root strength alone is not a good predictor of the effectiveness of a particular species for erosion control, because the soil may fail around the root long before the root actually breaks.

Root cross section area per shear area is defined as the combined area of roots that cross a potential shear plane parallel to the ground surface.  Others have used the term root area ratio (RAR) (e.g., Abernethy and Rutherfurd, 2001) though this is usually determined by trenching or profiling a vertical section through the soil and roots (rather than a horizontal section parallel to the ground surface), and assuming this to be representative in all directions.  Maximum effectiveness is gained for the treatment that has the largest root cross‑sectional area at the depth at which failure is most likely to occur. Our work in hill country slope stabilisation has demonstrated that 8‑year‑old Pinus radiata has a greater cross‑sectional area at the critical failure depth of 0.8–1.0 m than native kanuka (Kunzea ericoides) and is therefore more effective at slope stabilisation than kanuka (Figure 5). Deep‑rooted species planted at low stand densities will be more effective than shallow‑rooted species planted at higher densities. Species with fibrous root systems or those that tend to be shallow rooted will rank poorly using this criterion alone.
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Figure 5: Root cross-section area per shear area for 8-year-old radiata pine and kanuka.  The band is the common depth that shallow landslides fail at in New Zealand hill country (Phillips et. al., 2000).
Various vegetation parameters that contribute to hill slope stability have been presented.  Each parameter on its own may not be a sufficient predictor of vegetation’s effectiveness in controlling erosion, either on hillslopes or on stream banks.  However, in the absence of  “complete” knowledge of the species under consideration, one or more of these parameters can assist in determining the relative performance of a vegetation treatment option for sediment control or soil stabilisation.
4. VEGETATION – STABILITY MODEL

Models based on physiology and ecology have been developed to approximate the contribution of tree roots to slope stability  (Gray and Ohashi, 1983; Wu and Erb, 1988).   Although these models are useful to estimate and compare the strength contribution from tree roots between different species, none are available to estimate the actual thresholds for the initiation of landslides or streambank collapse.  Many such approaches use the tensile strength differences between species as a surrogate for the additional cohesion factor in a stability analysis (Montgomery et al., 2000).
Location of the critical shear plane (CSP) plays a major role in determining an initiation threshold for a landslide or river bank collapse.  Depth to the CSP increases as the soil shear strength increases.  Tree roots provide a significant strength contribution to soil shear strength.  The objective of our studies is to understand how vegetation can be used to increase landslide or bank failure thresholds by changing the location of the CSP.

The CSP location is estimated using an energy approach, which has been developed to take into account the roots’ contribution to soil strength (Ekanayake and Phillips, 1999a).  Once depth to the CSP is found, the time for the wetting front to reach it is found using a soil-water infiltration model (Ekanayake and Phillips, 1999b).

A composite model combining these two approaches may then be used as a simple tool to choose the most appropriate plant density to maximise the stability of a given hillslope or provide suitable stability for a stream or riverbank restoration project. 
The approach incorporates the ability of a soil–root system to withstand strain (Ekanayake and Phillips, 1999a).  It is based on a consideration of the energy consumed during the shearing process of the soil–root system.  The method uses characteristics of the shear stress — displacement curve of a soil–root system obtained from in situ direct shear tests under simulated overburden pressure and pore-water pressure conditions.  The model is well suited to the conditions found in New Zealand soft-rock hill country where shallow landslides are frequent and share common features such as similar shear surface depth, rainfall conditions, and soil characteristics. The method is currently limited to vegetated hillslopes where the stability analysis can be approximated by a simplified infinite slope model.  It will be extended to account for circular slip surfaces more typical of river bank collapse and will offer an alternative to the wedge analysis approach of Abernethy and Rutherfurd, (1999, 2001).

The model will help identify different combinations of species and plant densities to suit the landscape and climatic conditions of the area of interest. The generalised method for stability analysis described may be used as a simple tool to compare and select the most appropriate species and densities to increase the stability of a given hillslope or stream bank.

5. CONCLUSIONS

In strict engineering terms, quantitative data on root characteristics of plants are needed if this factor is to be incorporated into any stability or cost–benefit analysis aimed at determining the safety factor or risk of a particular proposal. 

The problem that faces ground bio‑engineers is a lack of data for the common species used in rehabilitation or restoration projects. We are addressing this, and our observations of species used in slope stabilisation and the preliminary results on native riparian colonisers show that there are differences for the parameters that determine a plants’ stabilisation effectiveness. 

Results from studies of landslide initiation on vegetated hill slopes suggest that similar vegetation performance assessment methods and modelling procedures may be applied to vegetated stream banks. 

Given growing international interest in using plant materials in engineering projects, we believe it is important to renew efforts to collect these fundamental data for native riparian plants.
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THE MAIN POINTS OF THIS PAPER:


The root systems of riparian vegetation are important for stream bank stabilisation


Below-ground attributes of native New Zealand riparian vegetation vary between species


Root cross-sectional area per shear area is a key parameter for determining a plants’ stabilising performance


Hillslope stability models that incorporate root parameters can be used to estimate river bank stability
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