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Abstract

:

Mapping Antarctic Specially Protected Areas (ASPAs) remains a critical yet challenging task, especially in extreme environments like Antarctica. Traditional methods are often cumbersome, expensive, and risky, with limited satellite data further hindering accuracy. This study addresses these challenges by developing a workflow that enables precise mapping and monitoring of vegetation in ASPAs. The processing pipeline of this workflow integrates small unmanned aerial vehicles (UAVs)—or drones—to collect hyperspectral and multispectral imagery (HSI and MSI), global navigation satellite system (GNSS) enhanced with real-time kinematics (RTK) to collect ground control points (GCPs), and supervised machine learning classifiers. This workflow was validated in the field by acquiring ground and aerial data at ASPA 135, Windmill Islands, East Antarctica. The data preparation phase involves a data fusion technique to integrate HSI and MSI data, achieving the collection of georeferenced HSI scans with a resolution of up to 0.3 cm/pixel. From these high-resolution HSI scans, a series of novel spectral indices were proposed to enhance the classification accuracy of the model. Model training was achieved using extreme gradient boosting (XGBoost), with four different combinations tested to identify the best fit for the data. The research results indicate the successful detection and mapping of moss and lichens, with an average accuracy of 95%. Optimised XGBoost models, particularly Model 3 and Model 4, demonstrate the applicability of the custom spectral indices to achieve high accuracy with reduced computing power requirements. The integration of these technologies results in significantly more accurate mapping compared to conventional methods. This workflow serves as a foundational step towards more extensive remote sensing applications in Antarctic and ASPA vegetation mapping, as well as in monitoring the impact of climate change on the Antarctic ecosystem.
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1. Introduction


Antarctica is home to a unique and diverse ecosystem that is sensitive to climate change, extreme events, and human activities [1,2,3,4,5,6,7,8,9]. Vegetation, such as mosses and lichens, plays a vital role in maintaining the ecological balance, insulating ice-free soils, biogeochemical cycling, and providing habitat for much of Antarctica’s terrestrial biodiversity [3,10,11,12,13,14,15]. However, mapping and monitoring vegetation in Antarctica presents challenges due to its remoteness, harsh environment, limited accessibility, and a changing climate [2,6,16,17]. Traditional methods of field surveys prove to be time-consuming, costly, and risky, potentially causing disturbance to the fragile vegetation [17]. While satellite imagery is widely available, it has limitations in spatial and spectral resolution, cloud cover, and temporal frequency [12,17,18,19,20].



Recent advances in remote sensing technologies offer opportunities to address these challenges, enabling more accurate and efficient mapping and monitoring at scales relevant to vegetation in Antarctica. Specifically, unmanned aerial vehicles (UAVs)—or drones—equipped with multispectral and hyperspectral cameras can provide high-resolution imagery with rich spectral information over extensive areas in a flexible and safe manner [19,20,21,22,23]. Additionally, machine learning (ML) techniques have the potential to harness the capabilities of MSI and HSI data to classify various vegetation types and assess their health condition [24,25].



Nevertheless, several gaps and challenges persist in applying these technologies to Antarctic vegetation mapping. Notably, there is an absence of standardised workflows that integrate UAVs, multispectral (MSI) and hyperspectral (HSI) imagery, and ML models into vegetation classification. A demand exists for innovative spectral indices and features that can highlight the unique characteristics of Antarctic vegetation [17,19,20,24,26]. King et al. [17] discusses the need for remote/passive monitoring techniques to be developed for vegetation monitoring. Moreover, a scarcity of ground truth data and validation methods hinders the evaluation of model performance [12].



Research on UAV imagery resolution for Antarctic vegetation is valuable but limited. For instance, Turner et al. [27] advanced the understanding of spectral and spatial resolutions; yet, their focus may neglect factors like temporal resolution and changing Antarctic conditions. The 2014 studies by Turner et al. [28] and Lucieer et al. [29] demonstrated the potential of micro-UAVs for detailed imaging of moss beds, but faced logistical and technological constraints. These works are limited by the practical challenges of conducting research in remote Antarctic locations and the specific UAV technologies used, which might not be universally applicable.



This study addresses these gaps by introducing and validating a workflow that enables remote sensing of vegetation in extreme environments using UAVs, MSI and HSI data, and supervised ML classification. The workflow encompasses five pivotal phases: (1) data collection; (2) data preparation; (3) feature extraction; (4) model training; and (5) prediction. This approach underwent testing in a case study focusing on lichen detection and moss health classification in an Antarctic Specially Protected Area (ASPA) 135 [30], situated on the Bailey Peninsula in the Windmill Islands region of East Antarctica. Aerial and ground data were gathered using custom-built UAVs and HSI cameras, followed by data processing using fusion techniques to achieve georeferenced HSI scans with superior spatial and spectral resolutions. The subsequent steps involved extracting various spectral indices and statistical features from the labelled images, training four distinct XGBoost models with varying feature combinations, and comparing the generated prediction maps. The processing pipeline contains data fusion techniques to integrate ground HSI scans into georeferenced aerial MSI maps, enhancing data labelling efforts to map moss and lichen using a ground sampling distance (GSD) of up to 0.3 cm/pixel.



The primary contributions of this study include the following:




	
The introduction of a unique workflow that amalgamates UAVs, MSI and HSI data, and ML classifiers for vegetation mapping in Antarctica.



	
The development of a series of innovative spectral indices to amplify the classification precision of Antarctic vegetation.



	
The execution of a field experiment in ASPA 135 to gather aerial and ground data via custom-built UAVs and HSI cameras.



	
The achievement of high accuracy results (95% to 98%) in lichen detection and the classification of moss health using XGBoost models.








The subsequent sections of this paper are structured as follows: Section 2 delves into the details of the proposed workflow; Section 3 outlines the experimental setup and data collection methodologies; Section 4 and Section 5 present the results and discussions related to the models; and Section 6 offers concluding remarks and potential avenues for future research.




2. Remote Sensing Workflow


This study presents a multifaceted workflow that enables the remote sensing of vegetation in extreme environments, leveraging the power of MSI and HSI data captured via UAVs and complemented with terrestrial ground control points (GCPs) for enhanced accuracy and geolocation. The workflow is validated with a case study to detect lichen and classify the health condition of moss. However, the systematic workflow approach presented in this paper can be applied to a diverse range of vegetation types located in polar regions. A holistic illustration of the workflow is displayed in Figure 1.



2.1. Data Collection


Data collection involves a dual-method approach, combining aerial data from UAVs with multispectral and hyperspectral cameras for broad-area surveillance, and ground-level data. Simultaneously, acquiring on-ground data involves various types of sensors and instruments. Before and after UAV flights, white reference samples are collected for accurate reflectance orthomosaics. GCP markers are placed for georeferencing MSI mosaics via global navigation satellite system (GNSS) devices enhanced with real-time kinematics (RTK), and to validate labelled imagery, as detailed in Section 3.5. Ground HSI scans are also georeferenced, providing a data-rich set with high spatial and spectral resolutions, crucial for analysing Antarctic biodiversity variations related to altitude and scale.




2.2. Data Preparation


In this phase, raw data are processed into precise, georeferenced datasets with centimetre-level accuracy. The products are high-resolution MSI orthomosaics used as reference layers. These layers overlay HSI transects for geographic alignment. The phase ends with a list of hyperspectral scans, aerial and ground-based, with pixels aligned to the visual representation of other sensors, creating an integrated dataset.




2.3. Feature Extraction


The feature extraction phase is central to the workflow, yielding data for machine learning models and statistical analysis of classes from HSI data. After spatial and spectral filtering, georeferenced labelled pixels, spectral indices, and statistical features are derived from GCP RTK data, validating the image labelling. These features distinguish regions in the images, enhancing classification precision and robustness.




2.4. Model Training


During model training, this approach optimises one or more supervised ML models and gathers relevant statistics on model output and correlations between studied classes.




2.5. Prediction


This phase involves comparing predicted vegetation maps from each ML model to assess their strengths and limitations. The analysis refines the approach, ensuring the delivery of highly accurate and practical information for environmental assessment and monitoring.





3. Methods and Tools


This section describes the experimental approach that validates the novel workflow with a case study of lichen detection and classification of moss health using UAVs, MSI and HSI scans, data fusion, and supervised ML classifiers.



3.1. Site


Data collection took place in ASPA 135 (66°16   ′  60    ″   S, 110°32   ′  60    ″   E), an area located on the Bailey Peninsula in the Windmill Islands region of Budd Coast, East Antarctica [30]. As shown in Figure 2, the ASPA (bordered in purple) is located near the Australian Casey Research Station and has an approximate area of 0.28 km   2  .



The ASPA was accessed three times between the 2nd of January 2023 and the 2nd of February 2023. Owing to the challenging weather conditions, visits to the ASPA occurred in narrow windows from 3:30 p.m. to 6:30 p.m. (UTC +9) under partly to fully clear sky conditions, an average temperature of −2 °C, and average wind gusts of 5.14 m/s.




3.2. Aerial Data Collection


In this study, aerial data collection was conducted using a BMR3.9RTK (Figure 3a), a custom-built UAV developed by SaiDynamics Australia, designed for flight operations in extreme environments and tailored to handle a multi-sensor payload weighing up to 7 kg. The aircraft is a quadrotor powered with a pair of six-cell LiPo batteries, weighs 12 kg, has a maximum take-off weight of 14 kg, and has a flight endurance of 30 min with dual payload. This UAV is equipped with a differential GNSS and can operate under RTK in Antarctica, with a survey capacity of 25 ha per flight.



The multi-sensor payload attached to the UAV consists of a high-resolution RGB camera and a multispectral camera, as shown in Figure 3b. The multispectral sensor is a custom-built MicaSense Altum (AgEagle, Wichita, KS, USA), capable of recording five multispectral (i.e., blue, green, red, red-edge, and near-infrared) bands at a resolution of 3.2 megapixels (MPs), and a thermal band (i.e., shortwave infrared) at a resolution of 320 × 256 pixels. The camera has a global shutter, a horizontal and vertical field of view (FOV) of 50   ∘   and 38   ∘  , respectively, and a capture rate of up to one image per second. The high-resolution RGB camera is a Sony Alpha 5100 (Sony Group Corporation, Tokyo, Japan) with a Sony E 16 mm f/2.8 Lens (Sony Group Corporation, Tokyo, Japan). The camera provides a resolution of 24.3 MP, an FOV of 83   ∘  , and a global shutter.



The ASPA was surveyed with the BMR3.9RTK using lawnmower patterns with an above-ground level (AGL) height of 70 m, imagery sidelap and overlap of 80%, and horizontal speeds of 3.6 m/s. These settings resulted in the collection of more than 5000 images per flight and MSI and RGB GSDs of 3.2 and 1.5 cm/pixel, respectively. For this work, only processed imagery from the Altum camera was required in the presented implementation of the workflow, but future applications can benefit from collected airborne RGB and MSI data.




3.3. Ground Data Collection


Ground data collection comprises three key components: (1) acquiring ground HSI scans of moss beds and lichen; (2) capturing white reference samples for spectral data correction; and (3) the collection of GNSS RTK points of physical markers—or ground control points (GCPs)—and surveyed areas with a dominant class feature for data labelling.



HSI data were collected with a Headwall Hyperspec Nano (Headwall Photonics, Boston, MA, USA) hyperspectral camera. This sensor is a push-broom scanner, has a horizontal spatial resolution of 640 pixels, spectral resolution of 2.2 nm, a FOV of 50.68   ∘  , and can capture up to 274 bands within the visible and near-infrared range (400 nm to 1000 nm). As depicted in Figure 4a, ground HSI scans were captured from less than 2 m AGL by using a Konova slider (Konova, Daejeon, Republic of Korea) mounted to a pair of tripods. This configuration is designed to ensure minimal disturbance to the fragile vegetation below. By placing the tripods’ legs on top of bare rocks, the tripods were carefully placed above historical locations used for time-series monitoring of vegetation health and community assemblages in the ASPA [2,17,31]. A total of 11 hyperspectral scans were collected across these historical locations within ASPA 135. HSI scans were collected on the 2nd of February 2023, between 11:00 a.m. and 1:00 p.m. (UTC +9) under mostly sunny conditions, with an average temperature of 2 °C. Each ground HSI scan covered an approximate area of 1.2 m by 1.35 m.



White reference samples for MSI and HSI data were collected using each sensor’s dedicated panels—or spectralons. In the case of MSI data, these samples were taken before and after each flight. With HSI data, the samples were collected simultaneously with each scan itself by placing the spectralon inside the area covered by the camera’s FOV, as illustrated in Figure 4b.



The collection of GNSS RTK points was carried out using a Trimble GNSS kit (Trimble Inc., Westminster, CO, USA). The full setup, as displayed in Figure 5, consists of an RTK setup: a first Trimble R10 antenna that serves as a base and is started on top of a fixed marker with known GNSS coordinates, and a second Trimble R10 antenna that serves as a rover, which receives GNSS corrections in real time.



In order to obtain a GNSS coordinate with a high level of confidence of a fixed marker and start the base, a continuous static survey using one of the R10 antennas was performed for a minimum of six hours. The raw GNSS logs from the antenna were post-processed using the AUSPOS GNSS post-processing service of Geoscience Australia [32]. This methodology guaranteed that both the aerial imagery and ground scans corresponded accurately with the Earth’s surface coordinates. Ultimately, GNSS points of 9 GCPs and 35 dedicated areas with vegetation were collected using this setup.




3.4. MSI and HSI Georeferenced Mosaics


Based on the workflow structure in Figure 1, the generation of georeferenced orthomosaics of MSI and HSI data involves a calibration process to obtain images in reflectance, followed by orthorectification and, lastly, georeferencing. These steps were achieved with MSI data on Agisoft Metashape v1.8 by feeding into the software the calibration panel coefficients, as well as the GNSS coordinates of the GCP markers placed at the ASPA. An illustration of the resulting georeferenced mosaic of MSI data is shown in Figure 6a.



The calibration and orthorectification processes with HSI data were completed using Headwall’s proprietary software SpectralView vE61111 vs64 5.5.1. The georeferencing process, compared to MSI data, involved two components: (1) the selection of a georeferenced mosaic to be used as the reference raster and (2) the image alignment algorithm to overlay each HSI scan on top of the reference raster. In this study, the georeferenced MSI mosaic was used as the reference layer, and each HSI scan was aligned using at least six control points and the first-order polynomial technique in ArcGIS Pro v2.9. Figure 6b,c depict an example of the final result of precise alignment between MSI and HSI data. These resulting HSI scans provide high spatial and spectral resolutions of historical moss bed locations, achieving a GSD of 0.3 cm/pixel, where each pixel has information of up to 274 wavelengths in the visible and near-infrared regions (400 nm to 1000 nm).




3.5. Training Sampling of HSI Scans


The successful transformation between raw HSI data into meaningful features depends heavily on the quality of its labelled pixels and is key to any supervised ML classifier. This study is delimited to the detection and mapping of moss health and lichen using ground HSI scans, as well as the spectral correlations among classes of moss health. For the scope of this research, the classification is simplified by labelling every species variety of moss at the ASPA into a single health-related class [17]. The five classes defined for this task are as follows:




	
Healthy moss: manifested by a vibrant green colour, signifying robust health.



	
Stressed moss: indicative of plant stress and the production of protective pigments [33,34,35].



	
Moribund moss: displaying a pale-grey, brown, or black colour, signalling deteriorating health.



	
Black lichen: a mix of black lichen species found at the ASPA (i.e., Usnea spp., Umbilicaria spp., and Pseudephebe spp.) and in coastal areas of the Antarctic ecosystem.



	
Non-vegetated: an encompassing class that includes other materials scanned with the hyperspectral camera, such as ice, rocks, and human-made materials.








Labelling of HSI pixels per scan was completed by drawing polygons over homogeneous areas for every class using ENVI 5.5 [36]. As shown in Figure 7, collected HSI scans contain visualisations of various materials out of the scope of this study. Therefore, those were assigned to the non-vegetated class to avoid the model returning pixel associations of moss or lichen for elements such as ice, rocks, plastic, and metal. The total number of labelled hyperspectral pixels per class is shown in Table 1.




3.6. Reflectance Curves of Moss and Lichen


The average spectral signatures (or “fingerprints”) in reflectance for each of the classes were extracted using the geometrical shapes created during the labelling phase, as described in Section 3.5. These reflectance curves, derived from eleven HSI scans, uncover the distinctive patterns of light absorption and reflection for each class, which are shown in Figure 8.



From these spectral fingerprints of moss and lichen, it can be observed that the specific wavelength bands that exhibited noticeable peaks and valleys are those at 480, 560, 655, 678, 740, 888, and 920 nm. These signature wavelengths were employed to propose and calculate new vegetation indices, explicitly tailored for distinguishing between moss and lichen classes. The details of the new spectral indices can be found in Section 3.7.1.




3.7. Spectral Indices


This study provides an analysis to understand the correlation between spectral indices and moss health for remote sensing and ecological investigations. Taking into account the rich amount of spectral bands of HSI scans, a total of 28 vegetation indices were calculated and fed into the ML model. The list of indices encompasses three key categories: (1) established indices applied in various subfields of the remote sensing of vegetation [37]; (2) shortlisted indices applied in previous works of vegetation mapping in Antarctica [17,19,25]; and (3) newly proposed indices (Section 3.7.1). The third category has been tailored to the spectral characteristics of moss and lichen in ASPA 135, which is depicted in Figure 8. Based on that plot of spectral signatures, the unique characteristics and variations within studied classes (i.e., moss and lichen) can be extracted, supplying the ML model with detailed information to aid in more precise classification. The 21 established vegetation indices to detect and map moss and lichen, as shown in Table 2, were selected based on key properties that those indices analyse, such as vegetation vigour, water content, amount of chlorophyll and pigment, and stress, among others.



3.7.1. New Spectral Indices of Moss and Lichen


In addition to the calculation of established vegetation indices, this study proposes the calculation of new spectral indices to aid the classification performance of ML models. These indices, as defined in detail in Table 3, use at least two distinguishable bands that were found following the plot comparison of reflectance curves among the different stages of moss health and lichen classes, as discussed in Section 3.6.




3.7.2. Correlation Matrix of Moss Health


The classification of mosses and the construction of a correlation matrix leveraged the indices proposed in Section 3.7.1. The matrix provides an insightful understanding of the interconnection between moss health and the vegetation indices and statistical features. In order to generate this analysis, labelled pixels related to moss health were filtered and subsequently ranked into three ratings: healthy moss = 3; stressed moss = 2; and moribund moss = 1. This approach allowed for a nuanced understanding of the relationships between spectral data and vegetation health, which is critical for remote sensing applications in ecological monitoring. The correlation formula is the sample Pearson correlation coefficient, calculated via the Python Pandas library 2.0.3 [57] and defined as follows:


   r  x y   =    ∑  i = 1  n   (  x i  −  x ¯  )   (  y i  −  y ¯  )       ∑  i = 1  n    (  x i  −  x ¯  )  2       ∑  i = 1  n    (  y i  −  y ¯  )  2      ,  



(8)




where   r  x y    represents the correlation coefficient between variables x and y,   x i   and   y i   are the individual sample points indexed with i, and   x ¯   and   y ¯   are the mean values of the sample points for x and y, respectively.





3.8. Statistical Features


The statistical features evaluated in this case study corresponded to four key variables: (1) mean; (2) variance; (3) skewness; and (4) kurtosis. These features were calculated to discern whether a particular material or feature class would show a significant correlation to the shape of its distribution curve, particularly its reflectance profile. These statistic variables were calculated following Equations (9) to (12):


   mean i  =  1  n × m    ∑  j = 1  n   ∑  k = 1  m   image  i j k   ,  



(9)






   var i  =  1  n × m    ∑  j = 1  n   ∑  k = 1  m     image  i j k   −  mean i   2  ,  



(10)






   skewness i  =  1  n × m    ∑  j = 1  n   ∑  k = 1  m       image  i j k   −  mean i     var i     3  ,  



(11)






   kurtosis i  =  1  n × m    ∑  j = 1  n   ∑  k = 1  m       image  i j k   −  mean i     var i     4  − 3 ,  



(12)




where i is the index of each input feature class, j and k iterate over the pixel positions within the HSI scan, and m and n are the dimensions (columns and rows) of the hyperspectral image. The mean represents the average intensity value across all pixels within the class or material in the HSI scan. The variance measures the spread of the pixel intensity values around the mean, providing insight into the homogeneity of the feature class. Skewness and kurtosis are higher-order statistical metrics that describe the asymmetry and peakedness of the distribution of pixel values, respectively.




3.9. ML Classifier and Fine-Tuning


The workflow was validated by testing four distinct models, representing various approaches to handling the input data and allowing an evaluation of the efficacy of different feature combinations and optimisation strategies. The specifics of the input data and the type of model are defined in Table 4 as follows:



The ML models were all instances of extreme gradient boosting (XGBoost) 1.7.6 [58]. XGBoost is an optimised distributed gradient-boosted decision tree (GBDT) library designed to be highly efficient, flexible, and portable. GBDTs enhance decision trees by sequentially correcting errors from prior trees, using gradient descent to minimise the loss function. Unlike random forest, which averages predictions from independently constructed trees, GBDT iteratively builds trees to improve model accuracy. GBDT focuses on reducing bias and underfitting, whereas random forest aims to lower variance and overfitting. XGBoost often outperforms random forest, k-nearest neighbours, and support vector machines on similar classification tasks using hyperspectral imagery [59,60,61] due to its ability to handle sparse data and its scalability with parallel and GPU computing [62]. The algorithm provides advanced regularisation, which reduces overfitting and improves overall performance [58].



With a fixed random seed of 30 for consistency, the model allocated 80% of the labelled pixels from all the hyperspectral scans (Table 1) for training and the remaining 20% of those for validation purposes. No scaling was applied to the data, maintaining the integrity of the spectral bands. The optimal set of hyperparameters of the XGBoost models was obtained by using a grid search method. The configuration comprised 120 trees, each with a maximum depth of 6 and a learning rate of 0.01. An 80% subsampling rate for both samples and features was selected to maintain diversity in the bootstrap samples, thus mitigating overfitting. GPU support was activated for computational efficiency, and regularisation parameters were set to their default values to ensure a balance between the model’s complexity and its generalisation capabilities.



The ML models were computed in Python 3.10 and the Scikit-learn 1.2.2 library [63], with GPU support from the XGBoost library 1.7.6. The proposed workflow to load and process HSI scans was achieved using the Spectral Python 0.23.1 [64], Pandas 2.0.3 [57], and Numpy 1.25.0 [65] libraries. The models were compiled using a desktop PC, which featured a 64-bit 12-core Intel® Core® i7-8700 CPU at 3.2 GHz, 32 GB DDR4 RAM, a 512 GB eMMC Solid-State Drive, and a 6 GB NVIDIA GeForce GTX 1060. The whole training phase was accomplished in 52 min and 7 s of processing time.





4. Results


This section is divided into three core outputs: (1) a correlation analysis between stages of moss health and derivative features from HSI data, complemented with feature ranking; (2) the accuracy report of the four models; and (3) a comparison of prediction maps among the four models.



4.1. Correlation Analysis and Feature Ranking


Among the extensive set of established and newly proposed indices defined in Section 3.7, certain ones were particularly noteworthy due to their high correlation with the classification of moss health and significant ranking in the feature selection process. Figure 9 shows the resulting correlation matrix between spectral indices and moss health, following the outlined methodology in Section 3.7.2.



The key findings highlight the relationship between various attributes and moss health. Strong positive correlations of moss health are associated with vegetation indices such as NDVI (0.77), MSAVI (0.79), EVI (0.75), SRI (0.83), and MRESR (0.86), with higher values typically indicating healthier moss. Conversely, strong negative correlations of moss health are linked with attributes like PRI (−0.44), RGRI (−0.51), WBI (−0.70), and NDRE (−0.82), where lower values are indicative of healthier moss. From the list of statistical features, it can be observed that both skewness and kurtosis show strong negative correlations (−0.79 and −0.77, respectively), suggesting that healthier moss correlates with lower skewness and kurtosis in the spatial distribution of pixel values. Furthermore, certain indices, like NDVI and MSAVI, exhibit a high correlation of 0.91, potentially introducing multicollinearity in the model. While this may challenge model interpretability, it does not necessarily compromise model performance.



In relation to the metrics of the newly proposed spectral indices from Section 3.7.1, the ones with the strongest positive correlations are HSMI (0.88), HMMI (0.75), and NDMLI (0.72). These values demonstrate that these indices can provide meaningful new data for ML classification models, and are also strongly associated with established indices such as NDVI, MSAVI, EVI, SRI, and ARVI. A complementary method to understand the relevance of input features to the tested XGBoost models is via feature ranking. This technique allows for an evaluation of the importance of different features in determining the model’s predictions. Figure 10 presents a bar diagram of feature ranking, showcasing the relative importance of each feature in the predictions for Models 1 and 3.



The computed scores, which are unitless metrics derived from the internal mechanism of the XGBoost algorithm, quantify the contribution of each feature towards improving the predictive capabilities of the model, with higher scores indicating a greater influence. This ranking, while not tied to a predefined threshold, serves as a qualitative guide to discern which features are most influential. Based on the scores for Models 1 and 3, the top three features are the proposed indices SMMI, NDLI, and HMMI, which had a substantial impact on the model’s output and are, thus, essential features for moss health and lichen prediction. Features such as kurtosis, skewness, var, NDWI, ARVI, ExG, and MTHI hold moderate importance. Although they influence the prediction, they do so to a lesser extent than the high-importance features. Lastly, features such as MCARI, TVI, TCARI, WBI, and mean red edge contribute the least to the model’s output. While they might still provide some insight, they are less crucial for the model’s classification accuracy.




4.2. Accuracy of Tested ML Models


From the four proposed XGBoost Models for the detection of moss health and lichen, Model 2 and Model 4 are optimised versions of Model 1 and Model 3, respectively. The optimisation consisted of selecting the most appropriate number of ranked features (see Figure 10) that returns the highest average accuracy. Figure 11a,b show the accuracy plots after applying feature ranking and feature selection.



After applying feature selection, Model 2 was fit using the top 79 features and Model 4 was fit using the top 23 features. Following this feature selection technique, the accuracy metrics for all the models were calculated. These statistics comprise the precision, recall, and F-score values per class; the macro, weighted average, and mean accuracies; k-fold cross-validation; and the confusion matrix [66].



The classification report presented in Table 5 and Table 6 compares the precision, recall, and F-score values across different classes for the proposed ML models. Precision measures the proportion of true positives against all positive predictions, indicating the model’s accuracy when it predicts a class [67]. Recall, or sensitivity, assesses the model’s ability to identify all relevant instances of a class [67]. The F-score is the harmonic mean of precision and recall, providing a single metric for model performance that balances both precision and recall [66]. Precision, recall, and F1-score are calculated as follows:


  Precision =   T P   T P + F P   ,  



(13)






  Recall =   T P   T P + F N   ,  



(14)






   F 1 - score  =  2   1  P r e c i s i o n   +  1  R e c a l l     ,  



(15)




where   T P  ,   F P  , and   F N   are the true positive, false positive, and false negative detections, respectively.



The report suggests high performance across all classes per model. An intra-class analysis reveals, for instance, how all the models are capable of classifying pixels labelled as “Moss (Healthy)” with metric values of precision, recall, and F-scores of at least 99%. Similar results were achieved for the classes “Moss (Stressed)” and “Non-vegetated”, where Model 4 reported a slight decrease in precision and F-score, with a value of 97%. Greater decreases were observed for the class “Moss (Moribund)” and in particular “Lichen (Black)”, being the non-optimised models (Models 1 and 3) that achieved the highest values for the employed metrics. A slight drop was reported in the recall values of “Lichen (Black)” in Models 2 and 4, which reveals a minor trade-off in reducing the number of input features for the XGBoost model. Overall, there were insignificant accuracy differences (i.e., less than 1%) between Models 1 and 3, showing how using only derivative features from hyperspectral data in reflectance is enough to obtain a highly accurate ML model with less computing demands and input data.



The macro and weighted average values presented in Table 6 show the mean accuracy values per model. Model 1 was the most performant model, reporting an overall accuracy value of 98%, closely followed by Model 3, which presented a slight drop in the precision macro accuracy of 1%. Model 2 maintained a high overall accuracy despite using a reduced set of features compared to Model 1. The average values in precision for Model 2 were the ones with the biggest impact due to the lack of input features, obtaining, for instance, macro average values of precision and recall of 96% and 93% respectively. A similar drop was observed between Models 3 and 4, with a drop in weighted average precision of 5%, and a macro average recall of 3%. Despite the reduced features and slight impact on macro and weighted averages, Models 2 and 4 achieved an overall accuracy of 97% and 96%. This optimisation reduces computational cost and complexity, often enhancing model performance by removing irrelevant or redundant information. Overall, Models 3 and 4 demonstrate substantial effectiveness, with subtle trade-offs observed in the optimisation of model features.



The accuracy values of non-optimised models were validated using the k-fold cross-validation algorithm using 10 folds. The report, which is shown in Table 7, demonstrates consistent accuracy across different folds as both models reported a mean accuracy of 95% and a standard deviation of 1.7% for Model 1 and 0.9% for Model 3.



The confusion matrix, as displayed in Table 8, details the misclassification instances of the models per class. The distribution of classified HSI pixels was consistent for the classes “Moss (Healthy)” and “Moss (Stressed)”, with most of the outlier misclassified pixels being reported in Models 2 and 4. More exceptions were reported in the class “Moss (Moribund)”, where Models 1 and 3 had a trend to classify more “Non-vegetated” pixels and Models 2 and 4 classifying more “Moss (Stressed)” pixels. The number of exceptions slightly increased for the class “Lichen (Black)”, where Models 2 and 4 reported a higher number of pixels being misclassified as “Non-vegetated” and a lower number as “Moss (Moribund)”.




4.3. Prediction Maps


Figure 12 depicts a visual comparison of the predictions made via the four models using the same input hyperspectral scan. An analysis across all models revealed common challenges, including the misclassification of shadowed areas and tripod materials as lichen and other vegetation classes. In addition, despite achieving high accuracy, Model 1 demonstrated a “salt and pepper” effect, characterised by high-frequency noise in the image. This pattern may hint at the model’s sensitivity to the data’s inherent variability, pointing towards opportunities for model tuning to enhance the smoothness of the predictive imagery. These challenges highlight that while spectral data are valuable, they may not alone suffice to discern different classes accurately. Future enhancements could involve integrating spectral with spatial data, fostering a more resilient ML model.



Interestingly, the differences among the classes across the models were found to be minimal. The optimised models, specifically Model 3 and Model 4, exhibited performances almost equivalent to the full-feature models but with the benefit of reduced computational requirements. These findings endorse the use of optimised models in real-world applications, balancing performance with computational efficiency.





5. Discussion


The application of the workflow presented in this study has refined the precision of detection and mapping efforts of fragile vegetation in the Antarctic region. An illustration of the final output maps generated from a couple of hyperspectral scans, overlaid on a georeferenced background map, is shown in Figure 13. The process translates the rich spectral data captured via drones and ground instruments into clear, easily interpretable maps for further study and analysis. The georeferenced nature of these maps ensures that each classification aligns with an accurate location in the real world, providing valuable spatial context to the data.



The workflow presented in this study, while demonstrated on a limited hyperspectral dataset, is designed with broader applicability in mind for ASPA and Antarctic mapping. The use of high-resolution hyperspectral data was primarily to establish a proof of concept for fine-scale vegetation analysis. The extent of the hyperspectral data, although detailed, is constrained by its spatial coverage and the substantial computational demand required for processing. The potential of MSI data, beyond georeferencing, could be articulated as a future extension of this work, aiming to scale the methodology for larger areas. Future work needs to assess the applicability of the proposed workflow for broader ASPA mapping, potentially incorporating multispectral data to explore the trade-offs between data detail (i.e., less spectral resolution) and computational efficiency. Similarly, the high accuracy of the models may not be solely attributable to the algorithm’s predictive power but could also be a reflection of the distinct spectral signatures of the target classes, which are inherently well differentiated. Expanding the labelled dataset to include more varied and less distinct vegetation classes, such as distinction among moss species, would provide a rigorous test for the robustness and adaptability of the models to the complexities of Antarctic vegetation mapping.



The advancements and challenges associated with Antarctic vegetation mapping are reflected in recent research, which highlights the innovative use of UAVs and ML techniques to differentiate and assess vegetation health. This work contributes to the growing body of knowledge that supports the use of UAVs, MSI and HSI data, and ML in ecological monitoring and extends the application of these techniques to the unique and challenging environment of the Antarctic [19,68]. However, these studies, including those by Turner et al. [24,27,28], Bollard-Breen et al. [23], Váczi and Barták [69], and King et al. [17], tend to focus on the technology’s potential rather than its systematic application. These works emphasise the need for novel spectral indices and robust validation methods, which remain unstandardised. This paper addresses these gaps by proposing a standardised workflow that integrates UAVs with ground HSI data, alongside innovative spectral features tailored for the unique Antarctic flora, which are then integrated into supervised ML classifiers for enhanced classification results. Compared to similar research on hyperspectral image processing for remote sensing of fragile vegetation in Antarctica from UAV data [25,27,70], this study represents the inaugural effort in developing a workflow to obtain high-resolution hyperspectral ground scans for fine-scale vegetation analysis. This research acknowledges the logistical hurdles and variable Antarctic conditions that previous research encountered, offering solutions to improve temporal and spatial monitoring accuracy within these constraints.




6. Conclusions and Future Work


The experimental validation of the workflow achieved remarkable accuracy in all four models, with values ranging from 95% to 98%, indicating the successful classification of diverse vegetation classes. However, Models 2 and 4 employed feature selection and optimisation techniques to reduce computational costs and complexity. While efficient, this led to minor trade-offs in classification performance for certain classes. Notably, Model 4 showed a reduced recall for the “Lichen (Black)” class. The consistency and stability of the models across different data subsets are evident from the low standard deviation observed in k-fold cross-validation.



Despite the overall high performance of the models in identifying a majority of the classes, there remains scope for improvement, especially in the classification of the “Lichen (Black)” class, in particular in Model 4. The correlation analysis and feature ranking outputs shed light on the pivotal relationships between moss health and specific features. From those, it can be observed that SMMI, NDLI, and HMMI were the most influential factors in discriminating against the stages of moss health. Areas ripe for further development encompass improving recall for specific classes, diving deeper into a more nuanced classification among moss species, and tackling the misclassifications related to shadows and tripod materials. Given their computational efficiency arising from a trimmed feature set, Models 3 and 4 stand out as the preferred choices for future applications.



The findings and techniques formulated in this investigation pave the way for the next wave of advancements in remote sensing methodologies, tailored for conservation and management practices in the Antarctic region. One of the noteworthy contributions of this research is the creation of georeferenced classification maps. These maps underscore the real-world relevance and utility of the models, offering indispensable tools for environmental surveillance, especially in the context of Antarctic vegetation. In future work, it is recommended to merge rich spatial and spectral data to further enhance classification accuracy and delve into granular classifications among moss species.



Future avenues for research include assessing the capability of deep learning (DL) models to detect vegetation species, such as lichen, which can be challenging, and comparing their accuracy to detect more established vulnerable species, such as moss. Some notable DL techniques to investigate include supervised or semi-supervised labelling using segment anything (SAM) [71] or vision transformers for unsupervised AI models such as global context vision transformers (GC-ViTs) [72]. DL techniques such as U-Net [73] should also be studied for the semantic segmentation of vegetation from UAV datasets, especially for hyperspectral data, given the scarce amount of labelled data. Future work should compare the outputs and limitations of the developed ML models and maps from MSI airborne data to further validate the extent of using complex models to process high-dimensionality datasets, such as hyperspectral imagery, for ASPA management. Subsequent studies should consider the use of HSI scans and the data processing workflow for the differentiation of moss species.
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Figure 1. Schematic representation of the proposed workflow, detailing five key phases: (1) data collection, involving aerial and on-ground hyperspectral data collection; (2) data preparation, including georeferencing and alignment of hyperspectral scans; (3) feature extraction, using various spectral and statistical variables from labelled images; (4) model training, which includes feature ranking; and (5) prediction, where the predicted vegetation maps are compared within developed ML models. 
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Figure 2. The location of ASPA 135 (66°16   ′  60    ″   S, 110°32   ′  60    ″   E), showcasing (a) a zoom-in view from a global perspective to the ASPA (in purple) near Casey Station, Windmill Islands, East Antarctica, and the area of interest to collect HSI scans (in bright green); (b) ground photographs providing a sneak peek into the site’s natural features, including the moss and lichen under investigation. 
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Figure 3. UAV and sensors for aerial data collection in ASPA 135. (a) BMR3.9RTK UAV developed by SaiDynamics Australia. (b) MicaSense Altum multispectral (top), and Sony Alpha 5100 high-resolution RGB cameras mounted on the BMR3.9RTK. 
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Figure 4. Ground setup to collect HSI data in ASPA 135. (a) Careful placement of a Konova slider mounted to a pair of tripods on top of rocks to collect scans above fragile vegetation. (b) Side view of the ground setup, featuring a Headwall Hyperspec Nano hyperspectral camera pointing to the ground. 
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Figure 5. Setup to collect GNSS points using a Trimble GNSS kit. (a) Base setup using a Trimble R10 antenna placed in a fixed marker with known GNSS coordinates. (b) Rover setup using a Trimble R10 antenna for precise GNSS RTK data collection, observing how expeditioners ensured the “no-step” rule over fragile vegetation. 
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Figure 6. Alignment example between collected MSI and HSI data in ASPA 135. (a) Georeferenced MSI orthomosaic covering half of ASPA 135 boundaries (in purple), highlighting the area of interest where HSI scans took place (bright green) and historical locations of moss beds (orange dots). (b) Zoomed-in preview of (a), showing resulting HSI scans aligned with the MSI raster. The orange dots illustrate GNSS coordinates of historical quadrat locations of moss beds. (c) Zoomed-in preview of (b), depicting three HSI scans, providing high spectral and spatial resolutions of studied moss beds. 
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Figure 7. Illustration of the training sample collection process from an HSI scan. (a) RGB preview of a sample HSI scan displaying a portion of a moss bed that contains the three health classifications, black lichen, bare rocks, ice, plastic, the spectralon (white circle in the middle), and metal from the tripod legs. (b) Polygons highlighting homogeneous areas corresponding to each one of the five classes. 
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Figure 8. Plot of the average spectral signatures for each class reveals the unique patterns of light absorption and reflection. These spectral signatures are used to identify specific wavelength bands for discriminating between moss and lichen classes. 
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Figure 9. Correlation heatmap illustrating the relationships between moss health ratings and various vegetation indices and statistical features. 
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Figure 10. Bar diagram of feature ranking, displaying the importance of different features in the model’s prediction. The importance scores represent the contribution of each feature, with higher scores indicating higher importance. (a) Model 1 (all features, including spectral bands). (b) Model 3 (only derivative features). 
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Figure 11. Accuracy analysis after fitting ML models with a selected number of reduced ranked features. (a) Accuracy plot of Model 1, which contains all the features. (b) Accuracy plot of Model 3, which contains only derivative features. 
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Figure 12. Comparison of predictions from an HSI scan (a) among (b) Model 1; (c) Model 2; (d) Model 3; and (e) Model 4. The optimised models (Models 3 and 4) showcase comparable performance to the full-feature models, with reduced computational demands. 
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Figure 13. Examples of final output maps using the proposed workflow. (a) Hyperspectral scans overlaid on georeferenced background maps. (b) Corresponding prediction maps of moss health at historical moss quadrats at ASPA 135. 
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Table 1. Total of labelled hyperspectral pixels per class using 11 HSI scans.
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	Class
	Name
	Labelled Pixels





	1
	Moss (healthy)
	14,060



	2
	Moss (stressed)
	12,914



	3
	Moss (moribund)
	17,549



	4
	Lichen (black)
	7972



	5
	Non-vegetated
	56,976



	 
	Total
	109,471










 





Table 2. List of 21 established vegetation indices to classify moss health and lichen.
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Category

	
Name

	
Category

	
Name






	
Vegetation

	
Normalised Difference Vegetation Index (NDVI) [38]

	
Chlorophyll

and Pigment

	
Carotenoid Reflectance Index 1 (CRI1) [39]




	
Green Normalised Difference Vegetation Index (GNDVI) [40]

	
Carotenoid Reflectance Index 2 (CRI2) [39]




	
Modified Soil Adjusted Vegetation Index (MSAVI) [41]

	
Photochemical Reflectance Index (PRI) [42]




	
Enhanced Vegetation Index (EVI) [43]

	
Red–Green Ratio Index (RGRI) [44]




	
Mean Red Edge (MRE) [45]

	
Modified Chlorophyll Absorption Ratio Index (MCARI) [46]




	
Simple Ratio Index (SRI) [47]

	
Stress

and Disease

	
Atmospherically Resistant Vegetation Index (ARVI) [48]




	
Normalised Difference Red Edge (NDRE) [45]

	
Modified Red-Edge Simple Ratio (MRESR) [49]




	
Green Leaf Index (GLI) [50]

	
Other

	
Triangular Vegetation Index (TVI) [51]




	
Water

Content

	
  Normalised Difference Water Index (NDWI) [52]

	
Transformed Chlorophyll Absorption Reflectance Index (TCARI) [53]




	
Water Band Index (WBI) [54]

	
Anthocyanin Reflectance Index 2 (ARI2) [55]




	

	
Excess Green (ExG) [56]











 





Table 3. List of new indices proposed in this study to aid and highlight spectral responses among stages of moss health and lichen classes.
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	Name
	Equation
	Name
	Equation





	Normalized Difference Lichen Index (NDLI)
	

   NDLI =    B green  −  B red     B green  +  B red      



(1)




	Moss Triple Health Index (MTHI)
	

   MTHI =    B 888  ·  B 740  ·  B 560     B 678  ·  B 655  ·  B 490      



(2)







	Healthy–Moribund Moss Index (HMMI)
	

   HMMI =    B 860  −  B 678     B 860  +  B 678      



(3)




	Inverse Moss Health Index (IMHI)
	

   IMHI =    B 490  −  B 860     B 688  −  B 720      



(4)







	Healthy–Stressed Moss Index (HSMI)
	

   HSMI =    B 740  −  B 655     B 740  +  B 655      



(5)




	Normalised Difference Moss–Lichen Index (NDMLI)
	

   NDMLI =    B 920  −  B 480     B 480  +  B 920      



(6)







	Stressed–Moribund Moss Index (SMMI)
	

   SMMI =    B 888  −  B 678     B 888  +  B 678      



(7)




	
	










 





Table 4. Comparison among the four tested models with total input features.
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	Model
	Description and Model Input
	Input Features





	1
	A classifier incorporating over 200 reflectance bands from HSI scans, plus spectral indices, and statistical features.
	288



	2
	An optimised version of Model 1, where feature selection techniques are applied to choose the best features from the original set.
	79



	3
	A classifier that uses derivative features only, including spectral indices and statistical features.
	32



	4
	An optimised instance of Model 3, employing feature selection to pinpoint the best derivative features for classification.
	23










 





Table 5. Comparison between prediction, recall, and F-score results per feature class of the four proposed ML models.
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Class

	
Metric

	
Model 1

	
Model 2

	
Model 3

	
Model 4






	
Moss (healthy)

	
Precision

	
0.99

	
1.00

	
0.99

	
0.99




	
Recall

	
1.00

	
1.00

	
1.00

	
0.99




	
F1-score

	
1.00

	
1.00

	
1.00

	
0.99




	
Moss (stressed)

	
Precision

	
1.00

	
0.98

	
1.00

	
0.97




	
Recall

	
0.98

	
0.99

	
0.98

	
0.98




	
F1-score

	
0.99

	
0.98

	
0.99

	
0.98




	
Moss (moribund)

	
Precision

	
0.98

	
0.96

	
0.97

	
0.94




	
Recall

	
0.98

	
0.98

	
0.98

	
0.97




	
F1-score

	
0.98

	
0.97

	
0.98

	
0.96




	
Lichen (black)

	
Precision

	
0.92

	
0.91

	
0.91

	
0.90




	
Recall

	
0.92

	
0.72

	
0.90

	
0.69




	
F1-score

	
0.92

	
0.80

	
0.91

	
0.78




	
Non-vegetated

	
Precision

	
0.99

	
0.97

	
0.99

	
0.97




	
Recall

	
0.99

	
0.98

	
0.99

	
0.98




	
F1-score

	
0.99

	
0.98

	
0.99

	
0.97











 





Table 6. Macro and weighted average values of the four proposed ML models.
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Metric

	
Average

	
Model 1

	
Model 2

	
Model 3

	
Model 4

	
Support

	
Class






	
Precision

	
Macro

	
0.98

	
0.96

	
0.97

	
0.95

	
3322

	
1




	
Weighted

	
0.97

	
0.93

	
0.97

	
0.92

	
2485

	
2




	
Recall

	
Macro

	
0.97

	
0.95

	
0.97

	
0.94

	
4405

	
3




	
Weighted

	
0.98

	
0.97

	
0.98

	
0.96

	
1465

	
4




	
F1-score

	
Macro

	
0.98

	
0.97

	
0.98

	
0.96

	
15,239

	
5




	
Weighted

	
0.98

	
0.97

	
0.98

	
0.96

	

	




	
Accuracy

	
0.98

	
0.97

	
0.98

	
0.96

	
26,916

	
Total











 





Table 7. Mean accuracy and mean standard deviation values for Model 1 and Model 3 after applying k-fold cross-validation using ten folds.
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	Model
	Mean Accuracy
	Mean Standard Deviation





	Model 1
	0.95
	0.017



	Model 3
	0.95
	0.009










 





Table 8. Confusion matrix of the five feature classes, showing excellent performance in predicting the correct classes with only a few misclassifications.
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Class

	
Model

	
Moss (Healthy)

	
Moss (Stressed)

	
Moss (Moribund)

	
Lichen (Black)

	
Non-Vegetated






	
Moss (healthy)

	
1

	
3318

	
1

	
0

	
0

	
3




	
2

	
3312

	
8

	
0

	
0

	
2




	
3

	
3321

	
1

	
0

	
0

	
0




	
4

	
3304

	
18

	
0

	
0

	
0




	
Moss (stressed)

	
1

	
17

	
2440

	
20

	
0

	
8




	
2

	
14

	
2461

	
10

	
0

	
0




	
3

	
16

	
2447

	
19

	
0

	
3




	
4

	
24

	
2441

	
20

	
0

	
0




	
Moss (moribund)

	
1

	
1

	
4

	
4309

	
2

	
89




	
2

	
2

	
47

	
4297

	
1

	
58




	
3

	
1

	
6

	
4315

	
9

	
74




	
4

	
3

	
50

	
4287

	
4

	
61




	
Lichen (black)

	
1

	
0

	
0

	
20

	
1350

	
95




	
2

	
0

	
0

	
28

	
1048

	
389




	
3

	
0

	
0

	
31

	
1325

	
109




	
4

	
0

	
0

	
33

	
1011

	
421




	
Non-vegetated

	
1

	
2

	
0

	
46

	
115

	
15,076




	
2

	
0

	
2

	
156

	
98

	
14,983




	
3

	
1

	
0

	
68

	
125

	
15,045




	
4

	
0

	
6

	
204

	
114

	
14,915
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