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Abstract

Abstract

Ensuring plant health in space-based cultivation systems is critical for supporting long-

duration human missions beyond Earth orbit. This thesis presents a multidisciplinary

framework for managing plant health under the unique conditions of spaceflight, aiming

to guide the future development of resilient Plant Health Management (PHM) concepts

for space-based cultivation systems. Based on a literature analysis and further logical

reasoning, 78 plant health concerns were identified and organized into five main hazard

categories: 1) Horticultural Management, 2) Hostile/Closed Environment, 3) Altered

Gravity, 4) Chronic Ionizing Radiation, and 5) Technology/Communication. The re-

sulting concern catalog provides detailed information on each threat and forms the

foundation for a three-tiered Plant Health Management (PHM) requirements model.

This model defines 1) strategic requirements, which align PHM with key mission pa-

rameters such as destination, duration, autonomy level, and production goals, acknowl-

edging that hazard relevance and severity vary across mission profiles; 2) functional

requirements, grouped into five capability clusters: prevention, biosecurity, monitor-

ing/diagnostics, intervention, and evaluation, which form a closed-loop PHM logic; 3)

operational requirements, which translate these capabilities into specific crew actions

along the sequential cultivation process. As plant production in space is highly sensi-

tive to early-stage failures, preventive measures must be implemented from the outset

to avoid crop loss and to safe time, resources, and system resilience. At the same time,

the inherent limits of prevention are acknowledged: residual uncertainties caused by

unpredictable biological behavior or untested stress interactions remain. Therefore,

PHM must also be adaptive and include fallback strategies to respond to unforeseen

issues. Together, the concern catalog and the PHM requirements model provide a

structured basis for integrating plant health management into mission planning, sys-

tem architecture, and crew operations. This thesis addresses a critical gap in current

space horticulture research, where plant health has received only limited and mostly

reactive attention so far.
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1 Introduction

1 Introduction

The conditions for sustained human presence in space are more favorable than ever

before: Advances in space technologies, shaping deep-space strategies of leading space

organizations, as well as SpaceX's recent ground-breaking landing maneuvers for rocket

parts make long-duration space missions a realistic goal. The International Space

Exploration Coordination Group (ISECG) has developed a roadmap that outlines the

agencies' plans for deep space exploration in the coming decades (see Fig. 1.1).

Figure 1.1: The ISECG Global Exploration Roadmap (ISECG, 2024)

Currently, astronauts in Low Earth Orbit (LEO) rely on periodic resupplies of prepack-

aged food and other consumables from Earth, as "take" is lower risk and nearly cost-

equivalent to "make" on board (Jones, 2023).

However, for longer missions into deep space, this calculation changes. For example, a

Mars mission with a minimum duration of three years would require immense amounts

of food, water, and oxygen, making resupply from Earth logistically and economically

unfeasible (NASA, 2025). These challenges highlight the need for sustainable in-situ

solutions to support human life during extended missions, and Bio-regenerative Life

Support Systems (BLSS) o�er a promising solution.
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1 Introduction

BLSS intend to create a closed-loop ecosystem in which essential resources such as

oxygen, water, and food are regenerated through biological processes. Crops play a

central role in BLSS, as they convert carbon dioxide into oxygen, recycle water trough

transpiration, and provide fresh, nutritious food (see Fig. 1.2). Beyond their functional

contributions, plants also o�er psychological bene�ts for astronauts, helping to reduce

stress and improve well-being in the con�ned environments of spacecraft and habitats

(Paradiso et al., 2014; De Pascale et al., 2021).

Figure 1.2: Function 
ow in a bio-regenerative life support system
(De Micco et al., 2023)

However, to ensure a continuous and reliable crop production, maintaining the crop's

ability to ful�l their tasks within a BLSS is crucial, as any disruption in cultivation

could jeopardise the crew's supply and in worst case the mission's success. Ensuring

crop health in space requires addressing not only damage factors known from terrestrial

horticulture systems, but also stressors posed by the unique space environment, such

as chronic ionizing radiation exposure and altered gravity conditions. At the same

time, managing crop health requires a 
exible and adaptable approach without having

mature Mars programs or speci�c deep-space mission details yet. Although earlier

work has already dealt with individual fragments of plant protection within BLSS

(Berkovitch, 1996; Abboud et al., 2013; Zeidler et al., 2019; Schuerger, 2021; Schuerger

et al., 2022; Qin et al., 2023), no coherent management framework exists at this point

that systematically maps plant health threats in space horticulture and links them to

structured management approaches.

2



1 Introduction

This thesis addresses this gap by developing a multidisciplinary framework for manag-

ing plant health in space, intended to guide the future development of resilient PHM

concepts for space-based cultivation systems. To achieve this, the work is guided by

two central questions:

1. Which threats to plant health exist in space environments and what are

their underlying causes?

! Based on a qualitative analysis of existing literature combined with logical reasoning

and best practices, a systematic catalog is developed, which structures space-speci�c

plant health concerns into root hazard sources to know what a PHM must address.

2. What requirements must an e�ective PHM system meet to adequately

respond to these potential risks?

! Derived from the developed catalog, strategic, functional and operational require-

ments are formulated to provide a design- and action-oriented basis for future PHM in

space.

The thesis structure is closely tied to these questions. First, the role of plants in space

missions is introduced by outlining key motivations for space-based plant production

and summarizing the relevant research history. This section also sets the broader con-

text in which a PHM must be developed by de�ning plant health in a space context

and explaining the limitations of transferring terrestrial PHM approaches. In the fol-

lowing section, the multistep methodological approach taken in this work is explained,

including the literature analysis process, the development of a catalog of plant health

concerns, and the formulation of a three-step PHM requirements model tailored to

the space context. The results are then presented, with each result accompanied by

a synthesis that informs the next analytical step, to build a coherent line of argu-

ment. Subsequently, the �ndings are interpreted, situated within the broader research

landscape, discussed in terms of potential applications in science and practice, and

re
ected upon the applied methodology. Finally, the thesis closes by answering the

guiding questions and summarizing the main insights from the work.

By synthesizing multi-disciplinary insights into a cohesive framework, this thesis aims

to guide the development of resilient, anticipatory, and mission-adaptable PHM strate-

gies. In doing so, it seeks to contribute to the design of sustainable plant production

systems in future space missions and support the long-term goal of human life support

beyond Earth.

3



2 Scienti�c Background

2 Scienti�c Background

In this chapter, the role of plants in space missions is presented by outlining key

motivations for space-based crop production and summarizing relevant research e�orts.

Plant health is then de�ned in the context of space horticulture, and the limitations

of directly applying terrestrial PHM approaches are highlighted to underline the need

for a dedicated PHM framework.

2.1 Motivation for Crop Cultivation in Space

Crop cultivation in space serves multiple purposes. Depending on the mission's speci�c

objectives, plants can support scienti�c research, improve psychological well-being, pro-

vide nutritional supplementation, or contribute to comprehensive life support systems

(Porter�eld et al., 2003; Paul et al., 2013a; Haeuplik-Meusburger et al., 2014). Each

goal is supported by distinct plant attributes (see Fig. 2.1).

Figure 2.1: Objectives of crop cultivation in space

4



2 Scienti�c Background

Depending on the speci�c objective, the requirements for plant selection and the design

of plant growth systems can vary (see Fig. 2.2).

When the goal is fundamental biological research under space conditions, such as study-

ing the e�ects of microgravity on plant behavior, model plants likeArabidopsis thaliana

are often used due to their well-characterized genetics and rapid life cycle (Paul et al.,

2013b; Haveman et al., 2014; Barker et al., 2023). In such cases, plant growth systems

must allow precise environmental control, continuous monitoring, and experimental


exibility to support high-quality scienti�c data collection. In contrast, systems that

are designed to provide psychological support to astronauts prioritize aesthetic and sen-

sory qualities of plants, such as color, scent, or presence of 
owers. These systems are

often visually accessible and placed directly within the habitats of the crew to allow in-

teraction and emotional engagement with minimal technical complexity (Gushin et al.,

2021). Additional requirements arise when plants are used to supplement astronauts'

diets with fresh food. Fast-growing ready-to-eat crops such as leafy greens and herbs

are preferred, and systems must be compact, resource-e�cient and easy to manage

(Dueck et al., 2016; Johnson et al., 2021). The complexity increases in scenarios where

plants are expected to serve as a primary and independent food source. Such systems

must provide an extended growth area, precise and reliable subsystems for lighting,

irrigation, and atmosphere control, and must ensure high yields and crop diversity

to deliver carbohydrates, proteins, and essential micronutrients (Marino et al., 1999;

Mitchell, 1994). With increasing mission autonomy in long-duration 
ights or planetary

surface habitats, the implementation of closed-loop Bio-regenerative Life Support Sys-

tems (BLSS) becomes essential. In these contexts, both plants and technical systems

must be highly robust, energy-e�cient, and capable of operating reliably with min-

imal human intervention under extreme conditions (Crooker, 2018; De Micco et al.,

2023). Even objectives that appear secondary, such as technology demonstration or

educational outreach, entail speci�c system design considerations. These include sym-

bolic plant species, simpli�ed user interfaces, and modular structures that can serve as

platforms for public engagement or technical validation (Massa et al., 2017).

In summary, the purpose of plant cultivation in space shapes the biological and engi-

neering aspects of the growing system, ranging from small-scale, mostly manual sys-

tems with cultivation areas of less than one m² to highly automated, multifunctional

life support modules. These di�ering objectives and the resulting system design op-

tions also in
uence the scope of Plant Health Management, which is discussed later in

this work.

5



2 Scienti�c Background

Figure 2.2: Design of crop production systems in relation to mission objectives.
a) EDEN ISS greenhouse in Antarctica, providing fresh food for the Neumayer III
Crew (Schubert et al., 2018); b) openly placed greenery in Oasis 1 to support crew
psychological well-being (Zabel et al., 2014); c) 
owering zinnia grown onboard the

ISS as part of public outreach (NASA, 2016); d) Rendering of the interior of a
potential Mars greenhouse as part of a BLSS (SEArch+, 2019). In addition to their

speci�c functions, all systems contribute to biological research and technology
demonstration

2.2 Research History on Crop Cultivation Systems in BLSS

and Space

The history of plant biology in space began in 1946 when an U.S. military-launched

V-2 rocket carried maize seeds to study the e�ects of radiation exposure on living

tissues and seeds (Beischer and Fregly, 1962). Although no plants were grown onboard

a spacecraft, this marked the �rst time that plant organisms reached space.

In 1972, the BIOS-3 facility of the Russian Space Program at the Russian Institute

of Biophysics in Krasnoyarsk, Siberia, became the �rst system speci�cally designed to

incorporate higher plants for food production in a BLSS. With a cultivation area of

63 m², BIOS-3 achieved a system closure rate of 91 % and supplied 40 - 45 % of the

food required for a three-person crew (Gitelson et al., 1989). This remained the most

advanced system of its kind for over 30 years (Gitelson et al., 1976).

6



2 Scienti�c Background

In the early 1960s, the study of BLSS gained signi�cant interest among American

scientists, leading to the Controlled Ecological Life Support System (CELSS) program

from the National Aeronautics and Space Administration (NASA). In collaboration

with American universities, NASA conducted multiple plant cultivation experiments

in controlled environments and developed several BLSS research facilities, including

the Biomass Production Chamber (BPC), which was primarily operational during the

1980s and 1990s (Wheeler, 2014). Between 1995 and 1997, NASA's Lunar-Mars Life

Support Test Project (LMLSTP) successfully sustained a four-person crew in a closed

environment for 91 days. Within this system, wheat cultivation supplied 25 % of

the oxygen required for respiration, while wheat and lettuce contributed 5 % of the

crew's nutritional intake (Barta et al., 2006). From 2010 to 2012, NASA's Habitat

Demonstration Unit { Deep Space Habitat (HDU-DSH) incorporated a Plant Atrium,

where several ready-to-eat crops, such as lettuce, mizuna, and basil, were cultivated

(Massa et al., 2013). Building on this progress, the Veggie plant production chamber

has been operational onboard the International Space Station (ISS) since 2014, allowing

astronauts on multiple missions to supplement their diets with fresh vegetables (Massa

et al., 2017).

In 1989, the European Space Agency (ESA) launched the Micro-Ecological Life Support

System Alternative (MELiSSA) project, supported by Belgium, Spain, and Canada

(Fulget et al., 1999). Designed as a closed-loop life support system, MELiSSA consists

of �ve interconnected compartments for waste recycling, food production, atmospheric

regeneration, and crew habitation (Walker and Granjou, 2017). The ultimate goal

of the project is to achieve complete closure of the water and air cycles for future

long-duration space missions (Lasseur, 2008).

Started in 1995, The Closed Ecology Experiment Facilities (CEEF) project, developed

by the Japanese Institute for Environmental Science, conducted various experiments

within its 150 m² plant cultivation module. With nearly 30 crop species, the system

reached partially 95 % of food closure (Tako et al., 2010). The Japan Aerospace Explo-

ration Agency (JAXA) has also conducted plant research using the European Modular

Cultivation System (EMCS) on ISS in 2006 (Kamada et al., 2007).

Since the mid-1990s, Numerous chinese universities and research institutes have con-

ducted studies on BLSS developments and advanced key technologies (Guo et al.,

2008b,a). In 2013, China's �rst Earth-based large-scale crewed experimental BLSS

\Lunar Place 1" was built, including a plant cabin with a planting area of 69 m²

(Dong et al., 2015). Following a 2016 upgrade, Lunar Palace 1 expanded to 160 m²

with two plant cabins and one integrated cabin.
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