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Abstract. The biocolonisation of urban building surfaces by mosses is a ubiquitous
and naturally occurring phenomenon that encapsulates immense ecological value for
both current and future challenges of life in cities. The miniature ecosystems facilitated
by mosses capture atmospheric pollutants and maintain local biodiversity by providing
shelter and nutrients for a highly diverse set of organisms across all kingdoms of life.
Early establishment and growth of bryophyte communities appear to be influenced by
a dynamic mix of biotic and abiotic factors, while environmental cues modulate
physiological responses and biochemical exchanges. A prototype monitoring device
was designed to measure carbon dioxide uptake under variable light, humidity, and
temperature conditions during a 3-week experiment. By providing a non-destructive
tool for understanding and visualising the impact of environmental variables on
photosynthetic behaviour, the device contributes to a biocentric design practice, where
an organism’s ecological needs begin to drive the development of bioreceptive micro-
environments.
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1 Introduction

The practice of Bioreceptive Design challenges the modernist notion of
skin in architecture by replacing it with a heterogenous Architectural bark
composed of hybrid mineral-biological assemblages generated through
guantitative studies and bio-digital explorations (Cruz & Beckett, 2016).
Material porosity, surface macro- and micro-geometry, chemical composition,
proximity to sources of diaspores and biochemical interactions between living
and non-living material components are known to modulate their bioreceptivity
(Guillitte & Dreesen, 1995; Heimans, 1954; Sanmartin et al., 2021). In this
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context, building facades have been proposed as potential homes for dynamic
multispecies interactions, which have the potential to contribute to green
infrastructures by maintaining ecosystem services and urban biodiversity
(Watkins et al., 2020). The application of ecological research to architectural
design is facilitating a transition towards an aesthetic of impurity whereby
material-biological interactions and facade ageing are embraced by designers
rather than avoided (Cruz, 2021).

Mosses growing autonomously on urban bioreceptive surfaces are part of
global cryptogamic covers and play an essential role in carbon sequestration,
nutrient cycling and stormwater retention (Anderson et al., 2010; Delgado-
Baquerizo et al., 2018; Elbert et al., 2012). During moss development, a range
of micro-interactions with substrates and surrounding ecology may influence
the development speed and fitness of colonies (Delgado-Baquerizo et al.,
2013; Hornschuh et al., 2006; Schauer & Kutschera, 2011). However, the
ecophysiological dynamics that enable mosses to develop on vertical building
materials such as concrete, brick, stone or wood are not yet fully understood.
Photosynthetic rates determine the speed at which mosses grow. However,
these are known to be influenced by many factors, including colony
morphology (Zotz et al.,, 2000), humidity (Coe & Sparks, 2014), light
conditions (Griffin-Nolan et al., 2018), temperature (Osaki & Nakatsubo,
2021), and carbon dioxide availability (Coe et al., 2012).

Figure 1. Biocolonisation of a brick wall by Tortula muralis moss. Source: Alexandra
Lacatusu, 2019

Experiments on the physiological ecology of mosses require a mix of lab-
based and field methods. Firstly, understanding how particular parameters
influence plant development implies controlling the delivery of a limited
number of variable conditions and observing changes in morphology, mass,
colour, and gas exchange against control samples (Zotz et al., 2000). In
contrast, field experiments consider dynamic environmental changes and



seasonal variations in photosynthetic activity. These span over larger
timeframes and often lack detailed data sets that may reveal the dynamic
relationship between growth rates and heterogenous weather conditions, day-
night dynamics, or site-specific variations in light, temperature and moisture
availability (Zotz & Rottenberger, 2001).

Recently, hybrid methods have been developed to pair field and laboratory
experiments for tracking succession by bacteria and algae on concrete-based
materials (Cruz, 2021; Manso et al., 2014). While some of these included
photographic and colorimetric analysis, metagenomic testing and material
tests such as porosimetry, it is not yet clear how linking the asynchronous
data sets gathered at varying time resolutions and spatial scales can reveal
the growth behaviours of studied organisms nor how results from empirical
experiments might be re-introduced into an iterative design process.

Echoing planetary and agricultural scale green space monitoring, non-
destructive image-based methods for quantifying in-situ moss photosynthesis
have already been developed (Pettorelli et al., 2005; Valle et al., 2017). The
Normalised Difference Vegetation Index (NDVI) analysis represents one of
these methods and was paired with lab tests and colorimetric analysis of
reflected light wavelengths to monitor the photosynthetic activity of mosses
(Burgheimer et al., 2006; Graham et al., 2006; Young & Reed, 2017).

By combining methods from the fields of bryology, ecology, design and
engineering into cross-disciplinary research and design practice, this project
aims to create an integrated workflow for introducing the physiological needs
of biocrust mosses into bioreceptive design. In this context, this study
proposes a hybrid method that includes gas exchange monitoring and image
analysis for quantifying photosynthetic performance in bespoke conditions to
guantitatively assess the environmental factors that impact the growth of
biocrust mosses.

2 Methodology

2.1 Monitoring Device

A small-scale monitoring system for tracking moss growth, health and
carbon dynamics was designed and manufactured. Based on research into
critical environmental parameters, its purpose was to verify and extract
optimal conditions for the growth of the biocrust moss Syntrichia ruralis. The
prototype closed-loop system contained sensors and a near-infrared image
capture module that recorded the photosynthetic activity of the moss
specimen by measuring carbon dioxide (COz) uptake and oxygen (O2)
production in relation to temperature, humidity, light intensity, and light colour.
The monitoring device was placed within a plant growth chamber
(CONVIRON, GEN2000 TC) on a 22h-2h day-night cycle at 25-15°C.
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Figure 2. Moss Monitoring Device components. Source: Alexandra Lacatusu, 2021

2.2 Sample Collection and Preparation

A tuft of S. ruralis moss was collected from a concrete surface located next
to a riverbank in London (51.560932, -0.043466). Before the experiment, the
sample was placed into a petri dish and sprayed with sterile water until
saturation. Excess water was discarded, and the specimen was placed at a
marked location on the observation platform within the monitoring device. The
device was sealed to provide an airtight closed-loop microenvironment for the
whole duration of the experiment.

2.3 Sensor Readings

A series of factory-calibrated sensors (EZO series, Atlas Scientific) located
within the device recorded CO2, Oz, air humidity, temperature, dew point and
light intensity levels. All sensors were placed at the top level of the device,



facing the sample at approximately 15cm, except for the light intensity and
light colour sensor, which faced upwards to capture environmental light levels.
Sensor recordings were done at 15-minute intervals throughout the 3-week
experiment and recorded on a Raspberry Pi microcontroller.

2.4 Image Capture and NDVI Image Analysis

Image data was captured with a Raspberry Pi NoIR camera at the same
15-minute intervals for complementing sensor readings and measuring the
surface area of the studied sample. The absence of an infrared filter on the
camera module allowed for reflected infrared light to be recorded and the
Normalised Difference Vegetation Index to be calculated (Young & Reed,
2017).

NDVI = (NIR — RED)/(NIR + RED) 1)

Values range from -1 to 1, and pixels with an index above 0.33 indicate
active photosynthetic areas.

2.5 Net Photosynthesis Equation

The basic equation for a closed-loop system was used (Field et al., 1989).
An = ((Cf — Cb) = V) /AtL 2

Here Cb is the initial concentration of CO2, Cf is the final concentration, V
is the total volume of air within the chamber, At is the time elapsed from the
beginning of the experiment until its end, and L is the surface area of the
moss sample estimated from image recordings. Final photosynthetic rates
were calculated based on chamber CO:z levels and the estimated sample area
at 15-minute intervals and as an absolute cumulative value for the whole
experiment duration. All values were expressed as ppm/m?/s.

3 Results

3.1 Photosynthesis and Respiration

Daytime CO: values within the device fluctuated between 150 and 460
ppm during the experiment. A steady decrease in overall CO: levels was
observed for the first four days, which may show its uptake by moss, followed
by an equivalent increase between day 5 and day 8, potentially indicating
respiration from moss tissues. Following this period, CO: levels went through
a plateau phase, stabilising around the value of 300 ppm. An increase in the
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initial CO2 levels within the device followed the plateau phase, indicating
higher respiration rates than photosynthesis. For the night cycles, a rhythmic
set of spikes in CO:2 levels between 50-80 ppm correlated with a humidity
increase from 70% to 100% and a decrease in Oz levels.
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Figure 3. Fluctuations between daytime and night CO2 and Oz levels within
monitoring device. Source: Alexandra Lacatusu, 2022

3.2 Photosynthetic Rates

The photosynthetic rate at 15-minute intervals showed substantial
variations throughout the experiment, ranging from an average CO:2 gain of
5.84 ppm/m?/s to a loss of 6.44 ppm/m?/s. The cumulative rate of -0.1
ppm/m?/s calculated for the 3-week experiment indicated an overall negative
CO:2 balance in the moss sample.

3.3 Environmental Monitoring

Throughout the experiment, there was a clearly defined diurnal pattern in
overall environmental conditions, with light and temperature levels influenced
by the plant growth chamber’s environmental schedule. Temperature levels
within the monitoring device oscillated from 15°C during night cycles to just
below 30°C during the day. While the lower limit was in line with the
chamber’s night cycle setpoint, the daytime temperature exceeded it by about
5°C, indicating overheating within the device. In line with the lighting settings
of the chamber, the light intensity levels recorded were relatively stable and
low, varying between 1.5% and 2.5% of full sun, with the first part of the day
characterised by lower values (1500-2000 lux), and higher light intensity for
the rest of the day cycle (up to 2500 lux). Daytime air humidity (80%) was
recorded at high temperatures (29°C), while sudden drops in temperature
(15°C) and light intensity during the night cycle matched drops in air humidity
(70%). A rise in humidity above daytime levels was recorded toward the end
of each night cycle.
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Figure 4. Interaction between environmental parameters and CO: levels. Source:
Alexandra Lacatusu, 2022

3.4 NDVIImage Analysis

Results from NDVI analysis show that photosynthetic activity was
maintained for longer in the middle of the sample as opposed to its edges.
This is indicated by red areas with an NDVI value between 0.66 and 1, while
yellow and green areas were the least active, shown by values below 0.66
and 0.33, respectively. Since image data gathered throughout the experiment
showed drying and shrinkage of moss starting from the edges of the sample
and moving toward the centre, the NDVI pattern shows a correlation between
the presence of liquid water and photosynthetic activity.
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Figure 5. NDVI results for S. ruralis moss sample. Colourised pixels represent NDVI
values between 0 and 1. Source: Alexandra L&catusu, 2022
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4 Discussion

The results from this pilot experiment revealed the short and mid-term
effects of variable light intensity, temperature, and air humidity on the
photosynthetic activity of the selected moss species, S. ruralis. The rhythmic
day-night cycles, environmental conditions provided by the plant growth
chamber, and the single watering event at the beginning of the experiment
provided a controlled set of variables for observing patterns in photosynthetic
activity. Pairing sensor data and zooming in and out at different time scales
within the data set allowed for correlations to be monitored and interpreted
against existing literature on how individual variables such as light intensity,
temperature, humidity, and CO:2 influence photosynthesis.

4.1 Photosynthetic Behaviour

The most critical factor for photosynthesis in mosses is the presence of
water. Studies have shown that the optimal relative water content (RWC) for
maximum photosynthetic rates in drought-tolerant moss S. ruralis is 40% to
70% (Tuba et al., 1996). Water content above this range causes low CO:
diffusion through the water pellicle gliding on the leaf surface and inhibiting
photosynthesis, while a lower RWC does not fulfil the cell’s water potential for
the photosynthetic activity to be maintained (Coe & Sparks, 2014). Although
the RWC of the sample could not be measured for this experiment, the drying
pattern recorded on camera over the 3-week timeframe, paired with NDVI
image analysis, data on air humidity and CO: levels were sufficient for
observing the photosynthetic behaviour of the studied specimen. Following
the initial watering, the gradual decrease of CO: levels within the chamber
over the first four days of the experiment is hypothesised to correlate with
increasing photosynthetic rates in the moss. Image data showed surplus
water evaporating from the sample, followed by gradually drying of the moss
tuft inwards. This pattern was in line with the NDVI analysis showing that dry
tissues reflected less infrared light, indicating the reduction of photosynthetic
activity within the sample.

Light is observed to be another highly limiting factor for photosynthesis.
With few exceptions, the light compensation and saturation points for sun-
adapted species are between 1000-2000 lux (Bazzaz et al., 1970) and 10000-
30000 lux, respectively (Glime, 2017). In S. ruralis, 95% light saturation and
maximum photosynthetic rates occur at a photosynthetic photon flux density
(PPFD) of 832-935 ym/m?'s and full saturation at >1000 pm/m?s (Coe &
Sparks, 2014; Marschall & Proctor, 2004), the equivalent of about 36000-
40000 lux and 43500 lux respectively. In this experiment, daytime lighting
levels were just over the compensation point, at about 2.5% of full sunlight
(1500-2500 lux).

Insufficient excitation of electrons due to light intensity levels below the
compensation point is known to halt photosynthesis and activate dark



respiration processes, causing CO:2 loss from plant tissues and limiting growth
(Glime, 2017). As a result, the CO:2 uptake rates recorded for this experiment
show the lowest range of photosynthetic capacity for the moss species, which
was about 5.84 ppm/m?/s. The sudden switch from light to darkness was
followed by increased levels of CO2 and humidity within the device, which
indicates dark respiration (Zotz et al., 2000).

The optimal temperature levels for S. ruralis range between 10 - 20°C,
while at temperatures above 25-35°C, the organism’s photosynthetic activity
becomes inhibited by a series of biochemical, physiological and environmental
factors, which include increased respiration rates and the reduction of water
availability due to faster evaporation (Coe et al., 2012). The daytime
temperature within the monitoring device was around 30°C, exceeding the
optimal range for this species and consequently creating unfavourable
conditions for photosynthesis.

The photosynthetic performance of S. ruralis must be assessed against
suboptimal conditions since the negative carbon balance was influenced by
the low light intensity paired with high temperature and limited water
availability. Due to in vivo yearly climatic dynamics, which include irradiance
factors, temperature oscillations, and magnitudes and length of rain events,
biocrust mosses may not always maintain a positive annual carbon balance
(Coe & Sparks, 2014), and the results from this 3-week experiment showed
how variations in humidity, light and temperature below or above optimal
levels affect the carbon balance of wall-dwelling moss S. ruralis. In this
context, bioreceptive design projects that seek to sequester CO2 from urban
environments through moss biocolonisation need to include strategies for
maintaining environmental conditions within optimal ranges to match the
ecophysiological needs of selected species.

4.2 Device optimisation and further research

The environmental variables monitored in this experiment were generated
by the plant growth chamber with pre-set schedule and a single watering
event, setting a predictable rhythm of photosynthesis. However, temperature,
moisture, and lighting conditions vary more widely across days and seasons
in the outdoor environment. Introducing wider variations in light intensity,
temperature, and water availability would allow for more correlations and a
higher resolution in understanding optimal conditions for maximum
photosynthetic rates in mosses.

Further calibration of the camera hardware and software enabling
automated tracking of total green surface area measurements would allow
photosynthetic rates to be calculated in real-time. Script amendments,
including automatic NDVI gradient analysis, will generate more accurate
results on the photosynthetic potential of different moss species. At the same
time, the assessment of relative photosynthetic rates for larger biocolonised

1259



1260

surfaces and different mosses growing in vivo could be done remotely
(Graham et al., 2006; Young & Reed, 2017).

Data gathered from similar experiments testing other urban moss species
may contribute to a standardised model for identifying optimal environmental
conditions. This is necessary for identifying and evaluating the potential of
other mosses to propagate and thrive on building materials. The designed
monitoring device is a prototype tool for simulating the interaction between
different in vivo environmental variables and the photosynthetic behaviour of
cryptogams in dynamic microclimatic settings. This research constitutes a
critical step toward a data-driven bioreceptive design practice based on
biological experimentation (Cruz & Beckett, 2016), where the needs of
particular moss species are captured and analysed through quantitative
research, beginning to drive what can be seen as a biocentric approach to
both design and material bioreceptivity.
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