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Summary  

Global change is impacting grasslands through multiple processes and is driving severe 

consequences to their structure and functioning, and to the ecosystem services they provide. 

The recent advancements in remote sensing imagery availability offer new opportunities to 

tackle the challenge of grasslands monitoring, providing unprecedented revisiting frequency 

on wide areas at fine spatial resolution. Unfortunately, there are still few standardized 

indicators available to track grassland processes, and many processes still lack a thorough 

understanding.  

During my Ph.D., I focused on four main goals: i) assessing the grassland fractional vegetation 

cover prediction capability of newly available remote sensing products; ii) developing a easy 

to use, free, and cloud-based tool for grassland management intensity monitoring; iii) 

developing a workflow for grassland flowering phenology extraction using time-lapse cameras; 

iv) better understanding how plant phenological trends are shifting in climatically heterogenous 

mountain landscapes, and how this is affecting ecosystem productivity.  

Our findings demonstrated that the raw spectral signature of grasslands does not exhibit a 

linear variation across the fractional vegetation cover gradient, and that Sentinel-2 and 

PlanetScope have a higher fractional vegetation cover prediction capability compared to 

previously available imagery, especially in areas under patchy degradation and restoration 

processes. We introduced a model for estimating grassland mowing frequency, which can 

effectively be used under different management and environmental conditions. It was 

validated on small and fragmented parcels compared to previous studies, and it can be run 

using a provided ready to use code working on a cloud platform. We presented a new workflow 

for grassland flowering phenology extraction of single (or group of) species from time-lapse 

cameras. The workflow opened new possibilities for phenological studies, overcoming 

laborious and time-consuming ground-based vegetation observations. In the fourth study, we 

revealed substantial differences in the phenological response among vegetation types and 

across elevations in the European mountains over the last two decades. In grasslands, spring 

phenology was advanced at high altitudes and delayed at low altitudes, thus becoming more 

uniform along the elevational gradient, while in deciduous forests we observed the opposite 

trend. Remote sensing data indicated that growing season length has not been the primary 

factor limiting productivity over the last two decades. Therefore, it is crucial to incorporate the 

decoupling between phenology and productivity when simulating the potential carbon uptake 

of terrestrial ecosystems in future climate change scenarios.  
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Overall, these four studies showed that remote sensing images and processing workflows can 

greatly contribute to a better understanding of human- and climate-induced processes 

impacting grassland and forest ecosystems. 
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Nel complesso, questi quattro studi hanno dimostrato che le immagini satellitari e adeguati 

sistemi di processamento possono contribuire notevolmente a migliorare la comprensione dei 

processi indotti dall'uomo e dal clima sulle praterie e sulle foreste. 
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by the European Commission, is delivering a huge quantity of freely available RS data with 

the aim of helping service providers, public authorities, and other international organizations 

improve the quality of life for the citizens of Europe. In particular, the Sentinels missions deliver 

radar and multispectral imaging for land monitoring at unprecedented spatial, temporal, and 

spectral resolution (Schiavon et al., 2021). Furthermore, a recent development involves 

private entities entering the RS sector, such as PlanetScope (PS), thereby enhancing the 

accessibility of timely and accurate imagery for vegetation monitoring.  

Knowledge gaps and research objectives 

We identified four knowledge gaps in previous literature regarding grassland monitoring using 

RS. With respect to grassland structural properties, the grassland FVC prediction capability of 

newly available RS products (PS and Sentinel-2 (S2)) has never been assessed and 

compared to previously available imagery at lower spatial and temporal resolution like 

Landsat-8. Regarding grassland management intensity, despite the existence of algorithms 

that can estimate mowing frequency using S2 data, there is a lack of freely accessible tools 

that utilize the computing capabilities offered by Google Earth Engine (GEE, Gorelick et al., 

2017). Moreover, there is no available method leveraging the improved S2 cloud masking and 

specifically designed for fragmented landscape typical of mountain regions. Although a wide 

literature and tools for grassland vegetative phenology monitoring using RS are available, only 

a few studies tried to monitor grassland flowering phenology. PhenoCams (PCs), i.e., digital 

cameras configured to capture timelapse images, are relatively cheap and can provide low-

cost information at the proper temporal and spatial resolution, but no method to extract 

grassland flowering phenology using PCs has been proposed. Lastly, we lack a clear picture 

of how plant phenological trends are shifting in climatically heterogenous mountain 

landscapes, and how this is affecting ecosystem productivity. In the following four paragraphs, 

we will provide an overview of the current state of the art in relation to the four knowledge 

gaps, as well as outline the objectives of the studies conducted to address these gaps. 

Grassland fractional vegetation cover monitoring 

Grassland FVC changes have widely been used as indicators of grassland degradation, since 

they well reflect changes in grasslands functioning caused by global change (Liang & Wang, 

2020; Wiesmair et al., 2016). There are two primary methods for estimating FVC: field 

measurement and RS retrieval. Under the first approach, FVC has initially been estimated 

using subjective methods like visual estimation, but later more objective methods like the grid 

method and the point count sampling method emerged as new standards (Liang & Wang, 

2020). In the last three decades, thanks to the easier access to digital photographic 





10 

promising method for mowing frequency estimation. Revisiting frequency, sometimes referred 

to as temporal resolution, is the frequency at which a satellite constellation revisits a particular 

location. This is a significant attribute of satellite constellations since it directly impacts their 

ability to effectively capture and describe vegetation processes as they unfold over time. The 

revisiting frequency of Landsat imagery (16 days) was high enough to monitor changes in 

natural grassland FVC over seasons or years on wide areas, but not to monitor sudden 

changes in vegetation caused by agricultural practices such as mowing events. European hay 

meadows are subjected to various management regimes depending on climatic, pedological, 

and socio-economic conditions. Mowing events are typically spaced at intervals of at least 20 

days to ensure the necessary time for the grassland to regrow, and their number per year 

ranges from 0 to 6. The revisiting frequency of S2 imagery spans from 2 to 5 days depending 

on the number of S2 orbits surveying each area, so that at least a few clear-sky observations 

are usually available for each regrowth period. The improved revisiting frequency and the 

higher spatial resolution (10 m) compared to previous imageries made S2 a good candidate 

for grassland mowing frequency detection using time series of vegetation indices. Several 

studies already explored the potential of S2 for mowing frequency monitoring (Griffiths et al., 

2020; Kolecka et al., 2018), but they did not include the new S2 product with improved cloud 

masking released by the European Space Agency after these studies started (Frantz et al., 

2018). Moreover, no freely available tool with open code that can be run on cloud computing 

platform is currently available. In the second study we aim to develop such a tool, an algorithm 

fully developed in GEE and including image processing, time series smoothing, mowing event 

detection and spatial majority analysis. To increase the usability of our work, we release the 

reference mowing frequency dataset, challenging other researchers to further improve our 

model. Our work aims at providing a more accurate estimation model that can easily be used 

by researchers and agencies to analyse spatial and temporal patterns at unprecedented 

spatial resolution.  

Grassland flowering phenology monitoring 

Dense vegetation index time series derived from RS products can be used to investigate 

grassland phenological development and track its trends in response to climate change. Plant 

phenology is defined as the study of recurring life cycle stages, especially their timing and 

relationships with weather and climate (Schwartz, 2013). Many researchers developed 

approaches to process digital images acquired from a variety of sources for phenological 

studies. They defined routines for data filtering, curve fitting and smoothing and phenological 

dates extraction (Filippa et al., 2016). Flowering is a key phenological stage, since its change 

may influence interactions across trophic levels (Thackeray et al., 2016) and may indicate 

adaptation of plant reproductive strategies to the warmer climate (Jentsch et al., 2009). 
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counteract the delaying trend in autumn leaf senescence led by warming, especially in years 

with warmer springs (Zani et al., 2020; Zohner et al., 2023). The aforementioned changes 

strongly interact with the climate system through complex feedbacks determined by changes 

in albedo, surface roughness, canopy conductance, water and energy flows, soil carbon 

decomposition, and emissions of biogenic volatile organic compounds (Peñuelas et al., 2009; 

Piao et al., 2008, 2019; Richardson et al., 2013). Even though some papers underline that the 

extended growing seasons determined a higher net carbon uptake from atmosphere in 

temperature-limited ecosystems (Dragoni et al., 2011; Keenan et al., 2014; Richardson et al., 

2009, 2010, 2013), the overall response of the carbon budget to current and future changes 

in phenology is not fully understood (Piao et al., 2019). Moreover, phenological trends show 

high spatial variability, with local trends not always reflecting regional and continental trends. 

This is a crucial aspect since studies over wide regions are usually performed using coarse 

spatial resolution which may not be sufficient to detect processes happening along elevational 

gradients and in fragmented landscape (Vitasse et al., 2018; Zhang et al., 2017). However, 

elevational patterns in phenology and the coupling between phenology and productivity across 

major mountain chains remain unclear, hindering our understanding of the future functioning 

of mountain vegetation in a warming world. In the fourth study we aim to contribute to fill this 

existing knowledge gap by exploring the variability of trends in phenology at finer scale along 

elevational gradients in fragmented landscapes. Specifically, we aim to verify the entity and 

variability of the phenological trends across elevational gradients, mountain regions and 

vegetation types, the uniformization of phenology along elevational gradients and the 

concurrent change of growing season length and productivity. Such advancement in the 

knowledge is needed to update simulations of potential carbon uptake of terrestrial 

ecosystems in the future climate change scenarios and for the adaptation of grassland 

management practices timing. 

Research objective summary 

The four conducted studies aim to tackle fundamental methodological and ecological 

knowledge gaps in the field of grassland global change research. The preceding paragraphs 

provided a detailed definition of the research objectives, which are presented here in a more 

condensed manner. The objectives of this Ph.D. thesis are as follows: i) to assess the 

grassland fractional vegetation cover prediction capability of newly available remote sensing 

products; ii) to develop a easy to use, free, and cloud-based tool for grassland management 

intensity monitoring; iii) to develop a workflow for grassland flowering phenology extraction 

using time-lapse cameras; iv) to better understand how plant phenological trends are shifting 

in climatically heterogeneous mountain landscapes, and how this is affecting ecosystem 

productivity.  
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Study summaries  

Study I. Estimating grassland vegetation cover with remote 

sensing: A comparison between Landsat-8, Sentinel-2 and 

PlanetScope imagery 

Grassland fractional vegetation cover (FVC) accurate mapping on a large scale is crucial, 

since degraded grasslands contribute less to provisioning services, carbon storage, water 

purification, erosion control and biodiversity conservation. The spatial and temporal resolution 

of Sentinel-2 (S2) and PlanetScope (PS) data has never been explored for grassland FVC 

estimation so far and will enable researchers and agencies to quantify and map timelier and 

more precisely grassland processes. In this paper we compare FVC estimation models 

developed from Landsat-8 (L8), S2 and PS imagery. The reference grassland FVC dataset 

was obtained on the Paganella ski runs (46.15°N, 11.01°E, Italy) applying unsupervised 

classification to nadir grassland RGB photographs taken from 1.35 m above the soil. Fractional 

Response Models between reference FVC and 18 vegetation indices (VIs) extracted from 

satellite imagery were fitted and analysed. Then, leave-one-out cross validation and 

spatiotemporal change analysis were also performed. Our study confirms the robustness of 

the commonly used VIs based on the difference between NIR and the red wavelength region 

(R2 = 0.91 for EVI using S2 imagery) and indicate that VIs based on the red-edge spectral 

region are the best performing for PS imagery (R2 = 0.89 for RECI). Only medium to high 

spatial resolution imagery (S2 and PS) precisely mapped spatial patterns at the study site, 

since grasslands FVC varies at a fine scale. Previously available imagery at medium to low 

spatial and temporal resolution (e.g., L8) may still be interesting for analysis requiring long 

time-series of data. 

Study II. Detection of grassland mowing frequency using time 

series of vegetation indices from Sentinel-2 imagery 

Management intensity deeply influences meadow structure and functioning, therefore 

affecting grassland ecosystem services. Conservation and management measures, including 

European Common Agricultural Policy subsidies, should therefore be based on updated and 

publicly available data about management intensity. The mowing frequency is a crucial trait to 

describe meadows management intensity, but the potential of using vegetation indices from 

Sentinel-2 imagery for its retrieval has not been fully exploited. In this work we developed on 
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the Google Earth Engine platform a four-phases algorithm to identify mowing frequency, 

including i) vegetation index time-series computing, ii) smoothing and resampling, iii) mowing 

detection, and iv) majority analysis. Mowing frequency during 2020 of 240 ha of grassland 

fields in the Italian Alps was used for algorithm optimization and evaluation. Six vegetation 

indexes (EVI, GVMI, MTCI, NDII, NDVI, RENDVI783.740) were tested as input to the proposed 

algorithm. The Normalized Difference Infrared Index (NDII) showed the best performance, 

resulting in mean absolute error of 0.07 and 93% overall accuracy on average at the four sites 

used for optimization, at pixel resolution. A slightly lower accuracy (mean absolute error = 

0.10, overall accuracy = 90%) was obtained aggregating the maps to management parcels. 

The algorithm showed a good generalization ability, with a similar performance between global 

and local optimization and an average mean absolute error of 0.12 and an overall accuracy of 

89% on average on the sites not used for parameters optimization. The lowest accuracies 

occurred in intensively managed grasslands surveyed by one satellite orbit only. This study 

demonstrates the suitability of the proposed algorithm to monitor very fragmented grasslands 

in complex mountain ecosystems. Google Earth Engine was used to develop the model and 

will enable researchers, agencies and practitioners to easily and quickly apply the code to map 

grassland mowing frequency for extensive grasslands protection and conservation, for 

mowing event verification, or for forage system characterization. 

Study III. Extracting flowering phenology from grassland species 

mixtures using time-lapse cameras 

Understanding the impacts of climate change on plant phenology is crucial for predicting 

ecosystem responses. However, accurately tracking the flowering phenology of individual 

plant species in grassland species mixtures is challenging, hindering our ability to study the 

impacts of biotic and abiotic factors on plant reproduction and plant-pollinator interactions. 

Here, we present a workflow for extracting flowering phenology from grassland species 

mixtures using near-surface time-lapse cameras. We used 89 image series acquired in plots 

with known species composition at the Jena trait-based experiment (Germany) to develop 

random forest classifiers, which were used to classify images and compute time series of 

flower cover for each species. The high temporal resolution of time-lapse cameras allowed to 

select images in proper light conditions, and to extract vegetation indices and texture metrics 

to improve discrimination among flowering species. The random forest classifiers showed a 

high accuracy in predicting the cover of Leucanthemum vulgare, Ranunculus acris, and 

Knautia arvensis flowers, whereas graminoid flowers were harder to predict due to their green-

to-brownish colours. The proposed workflow can be applied in climate change studies, 
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ecosystem functioning, plant community ecology, and biodiversity change research, including 

the investigation of effects of species richness on individual species' flowering phenology. Our 

method could be a valuable tool for understanding the impacts of climate change on plant 

reproduction and ecosystem dynamics. 

Study IV. Diverging trends in plant phenology across European 

mountains in a warming world 

Global warming is affecting both the phenology and productivity of plant ecosystems, with big 

implications for carbon cycling on land. However, we continue to lack a clear picture of how 

plant phenological trends are shifting in climatically heterogeneous mountain landscapes, and 

how this is affecting ecosystem productivity. Using satellite data, our study reveals substantial 

differences in the phenological response among vegetation types and across elevations in the 

European mountains from 2001 to 2021. These divergent trends led to a more uniform spring 

phenology across elevations in natural grasslands, while broadleaved forests exhibited the 

opposite trend. Despite global warming increasing both the growing season length and gross 

primary productivity, we only found a weak correlation between the two (R2<0.02), indicating 

that phenology has not been the primary factor limiting productivity over the past two decades. 
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Conclusions  and further perspectives  

In the four studies of the thesis, we provided significant advancements in the field of grassland 

monitoring using remote sensing (RS) and indicated paths for further investigation. 

Specifically, we developed user-friendly and extensively documented tools for monitoring 

grassland changes in response to global change and analysed the phenological response of 

European grasslands to global warming and its coupling with productivity. 

We developed tools for grassland Fractional Vegetation Cover (FVC), mowing frequency, and 

flowering phenology monitoring. The three models successfully estimated the key grassland 

parameters under investigation. Regarding FVC, our findings demonstrated that the raw 

spectral signature of grasslands does not exhibit a linear variation across the FVC gradient, 

and that vegetation indices computation can greatly improve the spectral separability of FVC 

levels. We confirmed the prediction capability of widely used vegetation indices based on the 

difference between near-infrared and red wavelength regions (Rouse et al., 1974), and indices 

including the red-edge wavelength region, available for Sentinel-2 and PlanetScope imageries 

(Gao et al., 2020). The spatio-temporal change analysis assessed the success of Sentinel-2 

and PlanetScope imageries for FVC monitoring. These two imageries showed a higher FVC 

prediction capability compared to previously available Landsat-8 imagery, especially in areas 

where FVC changes at a very fine scale in response to patchy degradation and restoration 

processes. Previously available imagery at medium to low spatial and temporal resolution may 

still be interesting for analysis requiring long time series. We suggest the following promising 

paths for further investigation: i) the comparison of multispectral images to hyperspectral 

images and radar images for FVC prediction, ii) the application of the developed models to 

analyse spatio-temporal patterns of grassland degradation and restoration. 

We introduced a model for estimating grassland mowing frequency, which can effectively be 

utilized under different management and environmental conditions. Thanks to the improved 

cloud masking (Frantz et al., 2018), time series pre-processing, and extensive calibration, the 

model's mean absolute error at validation sites is very low (0.12), while the overall accuracy 

is 89%. The major novel aspects of the presented algorithm are that it was validated on very 

small and fragmented parcels compared to previous studies, it works at pixel level allowing 

mowing frequency estimation in areas where management parcels are not available (Inglada 

et al., 2012), and it can be run using a provided ready to use code working on a planetary-

scale cloud platform (Gorelick et al., 2017). Paths for further improvement could be the 

inclusion of a classification algorithm for detecting management parcel geometries, a 

classification algorithm for detecting the type of grassland management, and the automatic 

definition of the start and the end of growing season at a pixel-size resolution (Jönsson & 
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Eklundh, 2004). Moreover, we identified Planetscope imagery as the best candidate for future 

mowing detection algorithms, even though the cost of this imagery currently limits the potential 

application on wide areas.  

We presented the first workflow for flowering phenology extraction of single (or group of) 

species from time-lapse cameras. We proposed an automated selection of vegetation indices 

and texture metric features to enhance the accuracy and processing time of a random forest 

classifier. Additional proposed phases were image selection, time series processing, and 

phenometric extraction. The workflow opened new possibilities for phenological studies, 

overcoming laborious and time-consuming ground-based vegetation observations in both 

experimental as well as observational settings (Szigeti et al., 2016). Fields of application span 

from climate change studies over ecosystem functioning to plant community ecology and 

biodiversity change research. For example, the workflow can be used to assess the effects of 

increased carbon dioxide concentrations and higher temperatures, heat and drought stress 

on reproductive phenology, and the mismatches between phenological responses to warming 

across trophic levels (Collins et al., 2021; Dorji et al., 2020). Paths for further improvement of 

the method are the use of active learning to reduce labelling effort and the application of 

computer vision methods (Tuia et al., 2009). Computer vision techniques require a much 

higher labelling effort, but the increasing availability of pre-trained models that can be fine-

tuned suggests that, in some cases, they could be applied to estimate species flower cover in 

grassland mixtures (Gallmann et al., 2022; Mann et al., 2022; Wäldchen & Mäder, 2017). 

The three presented models were published together with the necessary equations, codes, 

and reference materials according to FAIR (Findable, Accessible, Interoperable, and 

Reusable) principles. By following the FAIR principles, we aimed to maximize reproducibility, 

data reuse and facilitate the rapid advancement of scientific knowledge. For example, to our 

knowledge there was no previously available reference dataset of grassland mowing 

frequency. Our dataset is now uploaded in GitHub 

(https://github.com/andreattad/S2_mowing_detection) and may be used to improve the 

method we proposed 

(https://code.earthengine.google.com/5509a44086d9cc7b81fa00dc484a6dcf) or to develop 

new models with different imageries. The labelled dataset of flower images (9000 labelled 

pixels) uploaded on the ETH Zurich repository (https://www.research-

collection.ethz.ch/handle/20.500.11850/634004) can be used together with the tutorial 

provided in GitHub (https://github.com/andreattad/Flower_covers_phenocams) or to 

challenge the accuracy of our model, for example, by creating new models using computer 

vision algorithms. 

https://github.com/andreattad/S2_mowing_detection
https://code.earthengine.google.com/5509a44086d9cc7b81fa00dc484a6dcf
https://www.research-collection.ethz.ch/handle/20.500.11850/634004
https://www.research-collection.ethz.ch/handle/20.500.11850/634004
https://github.com/andreattad/Flower_covers_phenocams
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We used well established RS products to analyse the phenological response of natural 

grasslands and broadleaved forests to global warming across elevations and its coupling with 

productivity over the past two decades. Compared to previous studies we investigated 

phenological trends at finer spatial resolution along elevational gradients in fragmented 

landscapes, minimizing the mixed-pixel challenge of moderate-resolution satellite imagery, 

better accounting for vegetation type change and investigating a more recent period We 

observed a great spatial variability of phenological trends across altitudes and geographic 

regions. In contrast to previous studies (Piao et al., 2019), we observed a bigger change in 

autumn phenology (delay) than in spring phenology (advancement). Our study reveals 

substantial differences in the phenological response among vegetation types and across 

elevations. These divergent trends led to a more uniform spring phenology across elevations 

in natural grasslands, while broadleaved forests exhibited the opposite trend. Interestingly, we 

identified some vast areas where contiguous grasslands and broadleaved forests showed 

opposite trends, raising questions about the different physiological regulatory mechanisms 

and about the implications for vegetations interactions. Despite global warming increasing 

both the growing season length and gross primary productivity, we only found a weak 

correlation between the two (R2<0.02). This unexpected result (Keenan et al., 2014) suggests 

that in the last two decades phenology has not been the main factor limiting productivity. The 

patterns revealed in our analysis should be considered in simulations of the potential carbon 

uptake of terrestrial ecosystems in the future climate change scenarios (Bayar et al., 2023; 

Lovato et al., 2022). 

Our findings can support grassland management and its adaptation to the current climatic 

conditions by providing valuable insights into ongoing grassland processes. The FVC 

estimation model can be used to timely monitor grassland degradation and recovery at farm 

to regional scale to ensure fast interventions, whereas the mowing frequency estimation model 

can be used at regional scale to promote more targeted conservation and management 

measures. Lastly, the recent trends in grassland phenology and productivity in the European 

mountains suggest that alpine pastures grazing should start earlier, especially at higher 

elevations, and that the carrying capacity of natural grassland has recently increased. In these 

four studies, we aimed to address important issues in grassland global change research by 

providing methodological and ecological advancements. Overall, this thesis showed that 

remote sensing images and processing workflows can greatly contribute to a better 

understanding of human- and climate-induced processes impacting grassland and forest 

ecosystems. 
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