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Abstract. In the UK reedbeds dominated by Phragmites australis have been identified as a priority habitat for most regional Biodiversity Partnerships. Information on the current distribution and quality of reedbed sites across the UK is lacking, yet such information is vital in developing suitable management plans for the conservation and expansion of this threatened habitat. The aim of this study was to develop a suitable methodology for accurately mapping the distribution and assessing the status of reedbed habitats using remotely-sensed imagery. Three study sites situated in the North West region of the UK were used: Leighton Moss nature reserve in Lancashire, and River Leven and Esthwaite Water situated in Cumbria. At each of the sites satellite and airborne imagery were acquired along with ground-based spectral and canopy biophysical data. The study demonstrated that a methodology based on analysis of image texture was able to accurately map reedbeds using high resolution QuickBird multispectral data acquired in winter. By analysing multi-seasonal (winter and summer) QuickBird data it was possible to improve the accuracy of reedbed delineation. Using in situ data from a field spectroradiometer, variations in the spectral reflectance of reedbeds were measured throughout the seasonal phenological cycle and optimal spectral indices for quantifying canopy biophysical properties were identified. The potential for quantifying canopy biophysical properties from LiDAR data obtained during the leaf-off period was also investigated. While accurate estimates of canopy height could be derived from first return data, and this is a valuable indicator of habitat quality, the lack of any subsequent returns from reedbeds prevented the extraction of any further biophysical variables. Current work is investigating the combination of hyperspectral and LiDAR data for improving the accuracy of reedbed mapping and quantifying canopy biophysical properties. 
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1. Introduction
The reedbed habitat in North West England are mostly fens dominated by stands of common reed Phragmites australis, with water tables at or above ground level for most of the year. In the region reedbeds have been found to occur in most water conditions (brackish waters included), on both peat and mineral soils. In extensive areas this wetland habitat supports a variety of living organisms. Examples of plants, birds, invertebrates, and mammals associated with reedbeds have been documented in a number of studies [1-3]. In addition to their importance for biodiversity, reedbeds have traditionally been valued as a resource for humans. For example, reed stems have been used as valuable material for thatching roofs, especially in areas where it is easily sourced [4]. The reeds are highly resistant to decay and when properly thatched can last for years without damage. Also, reedbeds have proven effective in the treatment of waste waters such as domestic sewage, heavy industrial metal wastes and pesticides as demonstrated by numerous authors [2-5].

The UK has about 900 reedbed sites with an estimated total area of 5000 hectares, 50 of which are greater than 20 hectares [6]. However, Self et al. [7] stressed that in the UK reedbed habitat area and quality are on the decline because of changes in land use, built-up development, water abstraction and pollution. Bibby et al. [8] stated that for the entire UK the estimated loss of reedbeds is up to 40% from 1945 to 1989. In response to the drastic reduction of reedbed sites in the UK policies have been implemented to combat the loss of this habitat resulting from intensified human activities and a lack of proper management. Irrespective of these threats and policy responses, there is still very little spatially-detailed and accurate information concerning the current amount, distribution and status of reedbeds in the UK.
The peculiarity of reedbeds in the UK resides in the patchy and sparse distribution pattern across varied landscapes as portrayed in Cumbria and North Lancashire situated in the North West region of the country. The reedbed sites selected for this study were reflective of similar sites all over the UK, being representative of those sites managed by conservation or governmental organizations (such as the Royal Society of Protection of Birds (RSPB) and the Environment Agency) and others owned and managed by private landowners and farmers. The Cumbria Biodiversity Action Plan (2001) sets out detailed proposals for local action to conserve and enhance Cumbria’s most vulnerable species and their habitat in the coming decade. One such objective of the Cumbria Biodiversity Action Plan is to protect and improve the quality of existing reedbeds and the creation of 270 hectares of new reedbeds in Cumbria through the provision of grants and advice to landowners for small scale reedbed creation. A crucial step to achieving this objective is the comprehensive mapping of reedbed habitats and associated vegetation in Cumbria, taking to consideration the most effective method of delineating sparely distributed reedbed habitats. This study was conducted in collaboration with the Cumbria Wildlife Trust and the Environment Agency and the aim was to develop a suitable methodology for accurately mapping the distribution and assessing the status of reedbed habitats using remotely-sensed imagery. The study had four major research objectives (hereafter known as components) namely,

· To develop a methodology for accurately mapping the current distribution of reedbeds in Cumbria using high resolution QuickBird satellite imagery;

· To investigate the effectiveness of single-date and multi-seasonal QuickBird imagery for reedbed mapping;

· To investigate the multi-seasonal spectral variation of the Phragmites austrilis species of the reedbed wetland habitat in Leighton moss nature reserve; and
· To evaluate the potential contribution of leaf-off spring LiDAR data for improving the delineation of reedbed habitat and quantifying the heights of reedbeds, as an indicator of habitat quality. 

2. Study sites and datasets used

The three sites used for the study were: Leighton moss nature reserve situated in North Lancashire; Esthwaite waters and River Leven, both situated south of Cumbria (figure 1a). Esthwaite waters and River Leven both have a considerable number of reedbed sites characterised by relatively small but typically natural-growing reed stands. Unlike the two previous sites, Leighton moss nature reserve is actively managed by the RSPB and also supports a wide diversity of wetland habitats: open water, wet and dry reedbeds, fens and willow scrubs. Generally, the three study areas are situated within a range of lacustrine and riverine environments with a wide variety of surrounding natural and anthropogenic land cover types. The ecotones between the reedbeds and adjacent habitats vary in abruptness between and within the study sites. 

The remotely-sensed datasets used for the study were: QuickBird satellite imagery (4 broad spectral bands covering visible and near-infrared, 2.4m spatial resolution; 1 panchromatic band, 0.6m); airborne hyperspectral data from the AISA Eagle and Hawk instrument (485 narrow bands covering visible, near- and short-wave infrared, 2m); airborne LiDAR data from Leica ALS50-II instrument (83 kHz maximum pulse rate, four-return range detection). Figure 1b – 1e provide examples of the imagery used. 
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Figure 1. Map of study sites and some datasets used in the study. (a) Map showing the locations of the three study sites in the UK. Examples of image datasets used include (b) QuickBird image over River Leven, (c) Hawk hyperspectral data covering Leighton moss, (d) Hawk hyperspectral data covering Esthwaite waters, and (e) LiDAR derived intensity over Esthwaite waters.

3. Summary of study components
This section summarises each component of the research and outlines the results obtained so far and future plans.

3.1. Mapping reedbed habitats using texture-based classification of QuickBird imagery

The first component of the study investigated the use of both spectral data and texture measures for mapping reedbeds. This component of the study had four major objectives namely: (i) to determine the optimum combination of textural and spectral measures needed for accurately mapping reedbeds, (ii) to investigate the effect of spatial resolution of input data on the classification accuracy, (iii) to determine whether the maximum likelihood classifier (MLC) or artificial neural network analysis (ANN) produced the most accurate classification, and (iv) to investigate the potential of refining the reedbed classification using slope suitability filters produced from digital terrain data. Studies have successfully demonstrated that the extraction of textural information from remotely-sensed data is a useful tool in discriminating land cover types that have similar spectral responses [9, 10] and the merging of spectral and textural information for image classification increases classification accuracies [11, 12]. Gray level co-occurrence matrix (GLCM) texture measures were used for this study and there is an extensive literature on the application of this technique [e.g. 13, 14]. Although remotely sensed data of high spatial resolution contains a significant amount of textural information, studies have indicated that an increase in spatial resolution can decrease classification accuracy [15-18]. Hence, the effectiveness of spatially degrading the resolution of the images was investigated. Most of texture-based experiments were conducted using MLC [19] and ANN [20] classifiers. The results indicated the following: (1) the most effective GLCM texture measures for reedbed mapping were the angular second moment and entropy; (2) the highest overall reedbed classification accuracy was produced using the combined pansharpened multispectral and texture dataset which had been spatially degraded to 4.8m, which indicated that the most effective spatial resolution of the imagery; (3) after classifying the 4.8m spatial resolution input data using the ANN and MLC classifiers, the MLC technique produced the highest classification accuracy for reedbeds, which was significantly more accurate than the ANN technique; and (4)  the reedbed map refined using a slope suitability filter of areas less than 10o produced a significant increase in the accuracy of reedbed delineation. Further details of the results of this component of the study can be found in Onojeghuo and Blackburn [21]. Figure 2a shows the final reedbed map after applying the 10° slope mask. Overall, the results generated in this experiment indicate the potential of post-classification refinement of reedbed maps using elevation data.
3.2. Multi-seasonal Remote Sensing for Mapping Reedbeds in Cumbria

The second component of the study evaluated the use of multi-seasonal QuickBird imagery for reedbed mapping over the same study site, River Leven. The classification of single-date images were compared to multi-seasonal imagery by utilizing both spectral information and GLCM texture measures (entropy and angular second moment) for reedbed classification. The two major objectives of the study’s second component were as follows: (1) to determine the most accurate single-date image (winter or summer) for mapping reedbed and to compare the most effective with the optimal multi-seasonal imagery using the MLC technique; and (2) to determine the most accurate image classification technique for multi-seasonal reedbed mapping from the following classification techniques: supervised MLC, ANN back propagation, or spectral angular mapper (SAM). Studies have demonstrated that using multi-seasonal images for image classification has the potential for improving the classification performance compared to single-date images due to the quality of phenological information contained in images acquired over different growing stages of the vegetation cover [22, 23]. This valuable information was exploited to effectively map reedbeds over the study area. The key results obtained were as follows: (1) Between the two single-date classifications, the winter image comprising of spectral and textural measures had the highest reedbed (54%) and overall classification (76%) accuracies; (2) the classification accuracy results indicated that the image dataset with the best pairing of reedbed and overall classification accuracies was the multi-seasonal image having all the spectral bands and eight GLCM texture measures (i.e. entropy and second angular moment computed using window sizes 3x3 and 7x7 for both dates); and (3) the results obtained by applying three classifiers (MLC, ANN, and SAM) to the optimal multi-seasonal dataset indicated that the MLC was most effective (Figure 2b).
[image: image2.jpg]I Reedbed




Figure 2. Reedbed map generated (a) after applying the 10° slope masking, and (b) after using the optimal multi-seasonal image having all the spectral bands and eight GLCM texture measures, with the QuickBird panchromatic image in the background.

3.3. Investigating multi-seasonal spectral characteristics of Phragmites austrilis using hyperspectral data: a case study from Leighton moss, North West England

Having evaluated the possibility of mapping reedbeds using high resolution multispectral QuickBird imagery (sections 3.1 and 3.2) the authors investigated the possibility of monitoring seasonal spectral variations of common reeds (Phragmites austrilis) and relating these variations to biophysical measures. The spectral characteristics and biophysical measures (leaf area index - LAI, canopy height - CH, reed density - RD, and basal area - BA) of the sample plots were measured over summer, autumn, winter and spring using the Leighton moss reserve as the study site. Canopy reflectance spectra were acquired using a pole-mounted GER1500TM spectroradiometer, while the LAI was measured using the LI-COR LAI-2000TM Plant Canopy Analyzer. The heights of the reed stems, average diameter of stems per plot, and number of reed stems per sample grid were also measured and used to determine the reed density and basal area, vital indicators of reedbed quality [1]. The variations in reflectance and first derivative curves, relationship between biophysical measures only and the relationships between biophysical measures and different spectral features (such as broad-band, narrow band and single GER bands) were also investigated. The six vegetation indices investigated included the Simple Ratio (SR) [24], Normalised Difference Vegetation Index (NDVI) [25], Difference Vegetation Index (DVI) [26], Transformed Normalised Vegetation Index (TNVI) [27, 28], Soil Adjusted Vegetation Index (SAVI) [29], and Renormalised Difference Vegetation Index (RDVI) [30]. These indices were calculated using broad and narrow bands (Landsat and CASI sensors respectively) simulated from the field spectra and single GER bands in the red and NIR regions. A series of ratios were also calculated based on the amplitudes of the first derivative in the region of the red edge. The correlation between these various spectral measures and the four biophysical measures was investigated. The results indicated that the biophysical measure most significantly related to the spectral reflectance was the LAI (table 1). The DVI derived using the red edge wavelengths (695nm and 758nm) was the spectral measure with the highest correlation with the LAI of reedbeds over the three seasons.
Table 1. Summary of reflectance and first derivative features having the most correlation with LAI within the study site
	Wavelength (nm)
	R2
	Equation
	Regression

	Reflectance feature
	
	
	

	NDVI (Landsat-bands 3 & 4)
	0.61
	y = 3.9803x0.8032
	Power

	TNDVI (CASI-bands 5 & 10)
	0.66
	y = 3.0981x4.2456
	Power

	SAVI (R602 and R1037)
	0.65
	y = 0.0421x5.4008
	Power

	Red edge DVI (R695 and R758)
	0.77
	y = 1.1097e0.0241x
	Exponential

	First derivative feature
	
	
	

	dr719 / dr705
	0.54
	y = 0.9041e0.8826x
	Exponential


3.4. Characterising UK reedbed habitat quality using leaf-off spring LiDAR data: a case study from Leighton moss, North West England
This component of the study investigated the possibility of characterising reedbed habitat quality using leaf-off spring LiDAR for Leighton moss nature reserve. Two major objectives were outlined: (1) to derive a reedbed canopy height model (CHM) using LiDAR height values and investigate the relationship between the CHM and ground measured heights; and (2) to investigate the potential and limitations of using spring leaf-off multiple return LiDAR and intensity data for characterizing reedbed habitats. The initial plan for creating the CHM was based on the use of the LiDAR first and last returns. However, due to the absence of last returns within the reedbed canopy the authors resulted to using ground elevation data obtained from the UK Ordnance Survey (OS) digital terrain model (DTM) [31]. The OS derived DTM was further validated using the elevations of some features (such as bare and road surfaces) surveyed using a Trimble® 5800 differential GPS. The CHM was significantly correlated with ground measured canopy heights (r = 0.63) within the study site, with an average elevation difference of -0.09m, indicating the slight underestimation of canopy height, as usually occurs with LiDAR sensing of vegetation canopies, which was easily corrected for with a calibration algorithm. Attempts were also made to investigate the use of the LiDAR intensity data for characterising the reedbeds but the results indicated that the dominance of specular effects within the water logged reedbeds prevented the use of the intensity data. This short-fall illustrated the limitation of using intensity data for characterising reedbed dominated sites during the leaf off spring season.
4. Conclusion and future work 
Overall, the study demonstrates the potential of using high resolution QuickBird multispectral satellite imagery to derive accurate maps of reedbeds through appropriate analysis of image texture, careful selection of input bands, spatial degradation of input bands, selection of a suitable classification algorithm, post-classification refinement using terrain data, and the effective use of phenological data contained in multi-seasonal images. Investigation of the spectral variations of the reeds over different seasons (i.e. winter, spring and summer) using the field-based spectroscopy approach indicated that the DVI calculated using the wavelengths 695nm and 758nm within the red edge region generated the highest correlation with LAI. Biophysical measures (such as the LAI and reed heights) are useful indicators for characterising the quality of reedbed canopies. Hence, LiDAR data were investigated and the results indicated that by using the first return and OS DTM, an accurate CHM could be derived. This indicated that LiDAR data have considerable potential for determining the spatial variations in the habitat quality within reedbeds.
Intended future work within this study aims at investigating the combined use of hyperspectral and LiDAR data for the mapping of reedbed habitats. AISA Eagle and Hawk hyperspectral data have been collected simultaneously with LiDAR data over the three study sites shall be used for this component. It is anticipated that the combination of spectral and structural information will enable a more effective discrimination of reedbeds from the surrounding terrestrial and aquatic habitats with which they are intimately associated. 
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