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A B S T R A C T   

Stone monuments can be dif昀椀cult environments for life, particularly with respect to liquid water access. 
Nevertheless, microbial communities are found on them with apparent ubiquity. A variety of strategies for access 
to liquid water have been proposed. Regardless of their water-retention mechanisms details, though, we argue 
that water activity (a key indicator for cell viability) is constrained by environmental conditions, largely inde-
pendently of community structure, and is predicted by the local temperature and relative humidity. However, 
direct measurement of water activity in SABs, particularly those growing on stone surfaces, is dif昀椀cult. A method 
for estimating water activity within SABs is presented that uses a minimally invasive combination of conservative 
sampling, weather data, confocal imaging, and mathematical modeling. Applying the methodology to mea-
surements from the marble roofs of the Federal Hall National Memorial and of the Thomas Jefferson Memorial, 
estimations are made for water activity in their subaerial stone communities over the course of an approximately 
one year period.   

1. Introduction 

Surfaces of outdoor stone monuments can be viewed as mosaics of 
air-exposed mineral substrata that are subjected to various environ-
mental stresses. Despite being oligotrophic and polyextreme habitats, 
these stone-air interfaces support growth of subaerial bio昀椀lms (SABs), 
which are interactive microbial communities embedded within an 
extracellular polymeric matrix (EPM) (Adhikary and Kovacik, 2010; 
Gaylarde et al., 2012; Song et al., 2012; Stupar et al., 2012; Videla et al., 
2000). The keystone species of SAB communities are often hardy 
oxygenic phototrophs, speci昀椀cally cyanobacteria or algae, capable of 
converting inorganic carbon into organic, biologically available carbon 
through processes of carbon 昀椀xation. These phototrophs may then 
supply a surrounding community of chemoorganotrophs with reduced, 
organic carbon, and over time it is expected that the entire community 
will gradually approach a quasi-steady state in which microbial in-
habitants maintain a stable coexistence and experience a slow, gradual 
pace of ecological change. Details of the resulting SABs are determined 
by interplay between local chemical and physical constraints which 
generate an environment with limited resource availability (Villa et al., 
2015), minimal microbial competition within SABs (Gorbushina, 2007), 

and the selection of microorganisms that exhibit resistance to multiple 
stresses (Gorbushina, 2007). Together, these factors contribute to the 
ability of SABs to push themselves to the limits of viability by estab-
lishing stable, persistent, self-sustaining, and functionally balanced mi-
crobial communities, wherein nutrients and energy are ef昀椀ciently cycled 
and cells are protected from external injuries (Zanardini et al., 2018; 
Villa and Cappitelli, 2019). 

When atmospheric carbon dioxide and light are in adequate supply 
for photosynthesis, liquid water will commonly be the limiting factor in 
this quasi-steady state with respect to community activity. Thus, 昀氀ux of 
water through the system is central to community sustainability, as it 
supports photosynthesis and the generation of energy required to 
maintain the entire community (Lange et al., 1984). We should keep in 
mind that a signi昀椀cant portion, potentially up to 97 %, of (fully hy-
drated) bio昀椀lm is composed of water (Sutherland, 2001). Binding and 
movement of water within the EPM play crucial roles in diffusion pro-
cesses taking place within bio昀椀lms (Quan et al., 2022). Hence, liquid 
water is necessary for the exchange of molecules (including metabolites, 
gases, waste products, salts, biocides, and signaling molecules) between 
community inhabitants, and for the basic function and structural 
integrity of the EPM (Flemming et al., 2023). However, water content of 
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a SAB does not re昀氀ect its water activity, which is a measure of the 
amount of free, liquid water available for microbial growth and meta-
bolic activity (Allen Jr., 2018). For example, water molecules within a 
SAB may be tightly bound to the EPM, resulting in limited interaction 
with cells and the surrounding environment (Quan et al., 2022) and, 
consequently, despite the presence of a substantial amount of water, its 
restricted accessibility de昀椀nes the SAB as having low water activity. In 
this way, water activity becomes a key parameter to assess SAB meta-
bolic activity and evaluate impact on stone surfaces. 

Unsurprisingly, the presence of SABs is frequently associated with 
stone deterioration via water-mediated weathering (Alves et al., 2021; 
Sass and Viles, 2022), and water activity too should be taken into ac-
count. As an example, high water activity may affect the photosynthetic 
activity of SAB-dwelling microorganisms and, consequentially, the pH of 
the extracellular environment. The initial raising of pH resulting from 
the lowering of CO2 levels, and the later decrease of pH through the 
release of partially reduced organic matter and subsequent bursts of 
respiration (McNamara and Mitchell, 2005), can induce dissolution 
and/or precipitation reactions of carbonate minerals (Zhang and Klap-
per, 2010). These reactions can lead to erosion of the underlying stone 
(Liu et al., 2020). Water activity of SABs can also provide insights into 
the direction of water movement, e.g., a dry atmosphere draws moisture 
from a relatively high water activity SAB, which may in turn pull 
moisture from the lithic substrate. Wetting and drying cycles can cause 
the accumulation of salts within the stone pores. The subsequent crys-
tallization of these salts may contribute to internal stress and crack 
formation, ultimately resulting in surface delamination and damage (Li 
and Gu, 2022). 

To best retard erosion of stone monuments, understanding the 
availability and movement of water within its stone-SAB-atmosphere 
ecosystem is fundamental and essential. The majority of methods used 
to measure water activity in biological samples rely on determining the 
equilibrium moisture content (e.g., manometric, gravimetric, psychro-
metric, and hygrometric methods) (Rödel, 2001). In this context, 
“equilibrium” refers to the point at which the water activity of the 
sample thermodynamically equilibrates with the relative humidity of 
the air contained within a sealed measuring chamber impermeable to 
water vapor. This is not a realistic description of conditions on stone 
monuments. Further, it is important to note that, currently, there are no 
existing methods that provide non-destructive and in situ measurements 
of water activity in SABs. In fact, there is a sparsity of data regarding 
water activity in bio昀椀lms in many different settings, not limited to SABs. 
Thus, there is a need to provide means for practical and reliable mea-
surement of water activity in SABs. 

The goal of this study, then, is to propose a method to estimate water 
activity that is suitable for minimally invasive use in the 昀椀eld under 
varying local environmental conditions, based on a mathematical model 
as described below. To do so, we describe how water activity – a key 
indicator of water availability – is constrained by environmental con-
ditions, and is predicted by local temperature, relative humidity and 
SAB thickness, irrespective of the speci昀椀c microbial community 
composition. The resulting mathematical model offers a straightforward 
estimation of SAB water activity by utilizing easily accessible parame-
ters, thereby avoiding the need for sample collection and ex-situ ana-
lyses. This is particularly advantageous when working with monuments, 
where preservation is paramount and invasive sampling and analytical 
procedures are discouraged or disallowed. To illustrate our approach, 
we conducted a study using physical and biological data gathered over a 
one-year period from the marble roofs of two iconic monuments: the 
Thomas Jefferson Memorial in Washington, D⋅C., and Federal Hall Na-
tional Memorial in New York, N.Y. By analyzing the resulting data, we 
estimated the water activity within the SABs inhabiting these monu-
ments and compared water activity conditions and microbial commu-
nities between the two sites. Results of this study suggest that this new 
mathematically based framework will offer valuable insights into the 
complex water dynamics within SABs, contributing to the advancement 

of microbial ecology research and improving sustainable conservation 
practices for cultural heritage. 

2. Materials and methods 

Later (in Section 3) we present a physically-based mathematical 
model of SAB water activity as a function of certain weather data 
(temperature and relative humidity values as detailed below) as well as 
of SAB thickness. For that purpose, we describe 昀椀eld sites and mea-
surement and estimation methods in the subsections below. For 
completeness, we have also veri昀椀ed the presence of cyanobacteria-rich 
SABs at the 昀椀eld sites, see Supplemental Material, though the species 
make-up of the SAB is not a model variable. 

2.1. Study sites and weather data 

Studies were conducted at two sites. The Thomas Jefferson Memorial 
(TJM) is in Washington, DC, adjacent to the Tidal Basin, and was con-
structed between 1938 and 1943. Its marble came from the Imperial 
Danby Quarry in Rutland County, in central Vermont, and is charac-
terized by 昀椀ne-grain calcite crystals. Although in a large city, the me-
morial is situated in an open environment with relatively unimpeded 
exposure to sun (other than self-shading) as well as radiative heating and 
cooling (Fig. 1). The second site, Federal Hall National Memorial (FH), is 
in New York City, on Wall Street at the southern tip of Manhattan. It was 
constructed between 1834 and 1842 as a U.S. Custom House. Marble for 
the roof was quarried in the village of Tuckahoe, in Westchester County, 
NY., and is characterized by coarse-grain calcite and dolomite crystals. 
Unlike TJM, the building is surrounded by signi昀椀cantly taller buildings 
which restrict exposure to direct sun, and the roof is subject to radiative 
and re昀氀ective heating from the surrounding buildings (Fig. 1). 

Weather-related data was collected from the roofs of the TJM and FH 
between August of 2015 and August of 2016. Relative humidity and 
temperature were recorded adjacent to the stone, i.e., measurement 
devices were placed in direct contact with the stone surface, see Fig. 1, 
and in nearby ambient air using Hygrochron DS1923 temperature and 
humidity ibutton loggers, in duplicates (Maxim Integrated, San Jose, 
CA). Note that only temperature was recorded in the ambient air. Light 
intensity was measured using Li-Cor LI-190 quantum sensors which 
measures photosynthetic active radiation in the 400–700 nm waveband, 
with data recorded on LI-1500 Dataloggers (LI-COR, Lincoln, NE). Rain 
was measured using RG3 Hobo Pendant Event Data Loggers with tipping 
bucket rain gauges (Onset, Bourne MA). Also, ambient air condensation 
measurements were made using HOBO S-LWA-M003 leaf-wetness sen-
sors with H21–002 Micro Station Data Loggers (Onset, Bourne MA). See 
Fig. 1. Full data sets are included in the Supplemental Material. 

2.2. Confocal imaging 

We hypothesize that SAB depth may impact SAB water activity (see 
mathematical model below), and so confocal imaging was employed to 
measure SAB thickness. To create the confocal images, samples were 
obtained by gently scraping with a sterile scalpel from the marble sur-
faces of the roof of FH, April 29, 2022, and the dome of TJM on May 18, 
2022. For imaging, e.g., Fig. 2, approximately 1–3 mg of stone particles 
were distributed onto the adhesive side of a 2 × 1 cm fungi tape placed 
on a glass slide. PBS (100 ml total volume) containing Syto9 (0.3 ml/ 
100 ml, Invitrogen), Biotium-labelled WGA Wheat Germ Agglutinin 
(4.7 ml/100 ml, Sigma) was applied to the adhesive tape. A 1.5 optic 
coverslip (20 × 22 mm) was placed on the tape, and the sides were 
sealed with care being taken to create surface tension between the slide 
and the glass to stabilize movement but not so 昀椀rmly as to cause cell 
lysis. Syto9 has green 昀氀uorescence and was used for staining the DNA of 
cells and eDNA. Biotium-labelled WGA has blue 昀氀uorescence and was 
used for staining glycoproteins in 1,4-N-acetylglycosamine-linked resi-
dues common in heterotrophic bacteria matrix, but does not bind most 
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cyanobacterial matrix materials (Zippel and Neu, 2011). Photosynthetic 
machinery of cyanobacteria emits a red 昀氀uorescence when excited by a 
561-nm laser. 

Imaging was done using a Leica SP5 microscope equipped with a TCS 
confocal system using a 63× objective at 1024× 1024-pixel resolution. 
Syto9 was excited with a 488-nm laser, and emission was measured from 
510 to 545 nm. Biotium-WGA was excited with a 405-nm laser, and 
emission was measured from 410 nm to 460 nm was measured. Photo-
synthetic machinery of cyanobacteria was excited with a 561-nm laser, 
and emission was measured from 620 nm to 735 nm. 

2.3. Measurement of SAB thickness 

Using confocal images as described in Section 2.2, we estimated SAB 
thicknesses as follows. Images, were imported into ImageJ (Rasband, 
2018), and 3D projections were produced using 3D Viewer (Ollion et al., 
2013). Because bio昀椀lms form on particles, the angle of a transverse z- 
plane changes with location, preventing the use of automated tools that 
estimate bio昀椀lm thickness from the base of the image taken of a bio昀椀lm 

on a 昀氀at surface. To determine the thickness of bio昀椀lms on particles, 
images were imported into ImageJ and visualized in 3D using 3D viewer. 
Images were rotated to 昀椀nd correct orientation of the Z plane. Using the 
multi-point tool, couples of points (x1, y1, z1) and (x2, y2, z2) were 
manually chosen, accounting for the top and bottom of the SAB layer. 
Then, the SAB thickness was computed as the distance 
���������������������������������������������������������������������������

(x1 − x2)2 + (y1 − y2)2 + (z1 − z2)2
:

(see Fig. 3). The SAB mounts 
consisted of random selection of particles from the material collected 
across the 3 cm × 2 cm area that was scraped. Since we were interested 
in growth constraints, maximum depths were measured. Due to their 
spatial arrangements, some SABs yielded multiple points that could be 
accurately measured such as the example in Fig. 3, while others yielded 
only a single good measurement. For TJM, six images were analyzed 
yielding 6, 5, 3, 2, 1, and 1 measurements for a total of 18 data points. 
For FH, again six images were analyzed yielding 5, 5, 4, 3, 2, 1, 1 for a 
total of 20 data points. 

Fig. 1. Field sites. (Top left) roof of the TJM portico, Y. Wu downloading data from an ibutton. (Bottom left) TJM, front view with portico. (Top middle) close-up 
from the roof of FH of an ibutton with security mount. (Bottom middle) close-up from the roof of TJM of a light meter. (Top right) roof of FH, Y. Wu downloading 
data from an ibutton, adjacent to scraping sampling locations. Note that a leaf-wetness sensor is visible (green square, right side). (Bottom right) FH roof, note the 
surrounding urban canyon. 

Fig. 2. Subaerial bio昀椀lms. Left: TJM portico and dome, note chronic bio昀椀lm-associated dark areas, with a data collection team on the portico roof. Middle left: 
sample from a SAB inhabiting the TJM portico. Middle right: FH roof with, again, bio昀椀lm-associated dark areas. Right: sample from a SAB inhabiting the FH roof with 
(red) cyanobacterial auto昀氀orescence and (green) 昀氀orescent DNA stain. Scale bars = 20 μm. 
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2.4. Estimation of ambient relative humidity 

Ambient relative humidity was estimated by using the data on 
temperature and humidity adjacent to the stone together with temper-
ature in the ambient air. Assuming the water content in the ambient air 
to be the same as that adjacent to the stone (so that water vapor partial 
pressure PWV is also the same), ambient relative humidity can be esti-
mated from the relation 

RH = Pwv

Psat(T)
(1)  

with Psat(T) = equilibrium water vapor saturation pressure over pure 
water. Eq. (1) combined with the Magnus formula 

Psat(T) = ae
b(T−273.15)
c+T−273.15  

(with coef昀椀cients a = 610.94 Pa, b = 17.625, c = 243.04∘C, determined 
empirically for temperature range −40 < T < 50 çC (Alduchov and 
Eskridge, 1997)) results in relation 

RHa = e
b(Ts−273.15)
c+Ts−273.15

e
b(Ta−273.15)
c+Ta−273.15

RHs,

where RHa is the ambient relative humidity, RHs is the relative humidity 
adjacent to the stone, Ta is the ambient air temperature, and Ts is the 
stone temperature. 

2.5. The thermal diffusive boundary layer 

Between the stone surface and the ambient air, there is a thin, 
insulating region called a thermal boundary layer; the thicker the layer, 
the slower that heat is transported between them and hence the greater 
the temperature differences. It occurs because, adjacent to surfaces, air 
velocity generally takes a laminar, shear form as it transitions from zero 
at the surface to ambient air 昀氀ow. In this laminar layer (whose thickness 
is related to 昀氀uid kinematic viscosity ν), 昀氀ow is parallel to the surface so 
transverse heat transport is not assisted by advection and hence largely 
depends on relatively slow molecular diffusion, thus forming the ther-
mal diffusive boundary layer. Following (Schlichting, 1955), we discuss 
here the estimate made of the thermal diffusive boundary layer depth ℓ, 
which is related to the laminar velocity boundary layer depth δ through 
the Prandtl number Pr = ν/ka via 
ℓ = δPr−1/3,

where ν is the 昀氀uid kinematic viscosity and ka the thermal diffusivity. In 
the case of air, ν = 1.47⋅10−5 m2/s and ka = 1.9⋅10−5 m2/s and so, 
consequently, ℓ = 1.09δ. 

The velocity boundary layer depth δ adjacent to a 昀氀at boundary 
(such as the marble roofs considered here) is determined by the local 
aerodynamic conditions, i.e., the near-surface bulk air 昀氀ow conditions. 
We model this using the theory of boundary layers over 昀氀at plates. In the 
case of a no-slip boundary condition on the plate and following the 
common convention of de昀椀ning δ to the distance from the plate at which 
air speed reaches 0.99U, where U is the bulk 昀椀eld air speed, then the 
approximation 

δ = 5x
������

Re
:

is applied, where Re is the Reynolds number and x is the distance along 
the plate. 

Using typical wind speeds 0.5 < U < 4 m/s in the Washington D.C 
(Reagan National Airport weather station), and New York City area 
(New York City Central Park weather station), we plot estimated thermal 
diffusive boundary layer thicknesses in Fig. 4. Study sites in those two 
cities, TJM and FH, respectively, have topographical obstructions within 
approximately 0.5 m, so that we estimate that ℓ will generally be less 
than about 2 cm. As a representative value, we have set ℓ = 1 cm. 

3. Theory 

3.1. Physics of relative humidity and water potential 

Generally, rain provides an SAB with an occasional and ephemeral 
source of water. However, water vapor in the air is consistently avail-
able, and liquid water can be induced to form thin layers on subaerial 
surfaces via hydrophilic and hygroscopic SAB components. That is, an 
SAB, preferring to be well hydrated, will exhibit a tendency to draw in 
water, or water vapor, in a similar manner as, say, a quantity of salt 
would do so. We identify this tendency, physically, as a microbially- 
associated osmotic tension. The forces acting on water held within a 
porous medium are often grouped in three categories: chemical in-
teractions between water and non-dissolved or solid material (termed 
matric forces in the soil literature (Day et al., 1967)), e.g., water-EPS 
interactions, osmotic force arising from dissolved components, e.g., 
salts, and physical body forces, e.g., gravity. We neglect body forces 
under the supposition that they have negligible effect on thin SABs and 
inclusion wouldn't change the principle conclusion, and group the other 
two as generalized osmotic forces. These include both those soluble 
components, e.g., salts, and insoluble components, e.g., EPS, of the 
stone-SAB system that might attract water. 

To quantify, consider a one-dimensional model as in Fig. 5, con-
sisting of a mixed bio昀椀lm-liquid water layer (0 < z < h) resting on 
impermeable stone (z = 0) and below a region of moist air (z > h). In an 
immediately adjacent parcel of air, the water potential (Potts, 1994) 

Fig. 3. Sampling. (Left) main sampling site at FH, 08/09/2016. (Middle left) Multi-point selection on a confocal microscope image of a TJM bio昀椀lm colony (length 
and width are 150 μm, height is 63 μm) with (red) cyanobacterial auto昀氀orescence and (green) 昀氀orescent DNA stain. (Middle right) Locations of the points in local 
coordinates x, y, and z on the confocal image in μm with calculated thicknesses. During placement of the second point care is taken to maintain the x and y position as 
closely as possible to the 昀椀rst point so the measured difference will be in the transverse (to the SAB) direction. Thickness is then measured using the formula given in 
the text. (Right) Estimated SAB thicknesses from TJM and FH samples. Thick horizontal bars are means and thin horizontal bars delineate one standard deviation. 
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ψvap(T) = (ℛT/VW)lnRH (2)  

must approximately match that of the SAB water potential 
ψSAB = −Π (3)  

at steady state. Here ℛ is the universal gas constant, T (Kelvin) is air 
temperature, and VW is the partial molal volume of water. Relative 
humidity RH (at temperature T) is de昀椀ned as in (1) . The quantity Π is 
de昀椀ned to be a combined SAB osmotic and matric tension (Potts, 1994), 
arising from solutes as well as from macromolecules and other non- 
dissolved quantities, which we term a generalized osmotic potential. 
Π(w) is a decreasing function of liquid water volume fraction w * [0, 1]
in the SAB with Π(1) = 0 and limw→0Π(w) = ∞. Note then that the SAB 
dew point temperature, i.e., the temperature T* = T*(Π) at which 
ψvap(T*) = ψSAB, is higher than the “atmospheric” dew point tempera-
ture. That is, assuming that SABs are water-attracting, then water 
condensation will occur on SABs at higher temperatures than the stan-
dard dew point. Noting that SAB temperature is close to the adjacent 
stone and air temperatures, then, roughly speaking, the SAB will pull 
water condensate from the adjacent air, thus changing osmotic tension Π 

until T*(Π) allows a steady state. 
Introducing water activity aw (in the SAB), de昀椀ned by (Nobel, 2020) 

lnaw = VW

RT
ψSAB (4)  

note thus that, at the SAB-air interface, 
aw = RH (5)  

at steady state, where RH is measured in the parcel of air adjacent to the 
SAB. Indeed, relation (5) has been used to measure water activity in 
brine communities, e.g. (Benison et al., 2021). 

Two remarks. First, water potential is computed with respect to a 
system temperature, here set to be the temperature at the SAB-air 
interface. (Note that, in the case that the SAB is thin, temperature is 
approximately constant in the SAB layer.) More typically, water po-
tential is introduced in temperature-homogeneous systems; however, it 
is still well-de昀椀ned here, and is continuous, when the system is at steady 
state. Second, we are implicitly supposing a quasi-steady state with 
respect to water since environmental conditions change slowly; there 
may be circumstances where this assumption fails, e.g., periods of rain. 

Water activity is a key parameter in viability and growth of micro-
organisms (Brown, 1990), and here we have noted its direct connection, 
in the case of SAB communities, to relative humidity. That is, while 
generalized osmotic tension Π can impact total amount of available 
liquid water, possibly in complicated and dif昀椀cult to measure ways, it 
does not have a direct role in determining water activity, at least at 
steady state. Rather, water activity is instead determined by environ-
mental conditions. That is, SAB systems can make themselves “sticky” to 
liquid water in various ways, e.g., via soluble compounds such as salts 
present in the stone, or hydrophilic insoluble elements such as might be 
found in EPS, that attract water by providing a low water potential 
environment. However, precisely because of that low potential, such 
water is not freely available for chemical reaction elsewhere. Still, 
though such liquid water can be useful, e.g., for structural integrity and 
other purposes (Brown, 1990), even possibly at lower water activity 
levels, many chemical processes require high water activity to proceed. 
Note that keeping even low activity water might be energetically 
expensive particularly in dry conditions, but as the inputs to photosyn-
thesis, namely water and CO2 are available, in principle there may be 
availability of the energy needed to do so. 

3.2. A mathematical model of SAB water activity 

Water activity constraints have consequences for SAB community 
structure. We thus construct a mathematical model able to estimate 
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Fig. 4. Thermal boundary layers. Estimation of the thermal boundary layer thickness over a 昀氀at stone surface, for different values of bulk 昀椀eld air speed U and 
distance x from the leading edge. 

Fig. 5. Model diagram. An SAB (green layer, 0 < z < h) forms on impermeable 
stone (z f 0) at temperature T = Ts. Heat transports diffusively. Ambient air 
(z g h) temperature is T = Ta for z g h + ℓ with a thermal boundary layer h <

z < h+ ℓ. At steady state, the temperature at the SAB-air interface must be at 
the SAB dew point temperature T*, determining thickness h according to 
Eq. (6). 
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water activity aw, given some basic data as described below. Referring to 
Fig. 5, the temperature pro昀椀le is determined by diffusive heat transport 
between stone and ambient air, with a bio昀椀lm layer of thickness h and a 
diffusive thermal layer of thickness ℓ in between. As SAB thickness h and 
boundary layer thickness ℓ are small (we use estimate ℓ = 1 cm, see 
Section 2.5), we can assume that the temperature T(z) maintains a quasi- 
steady pro昀椀le and so satis昀椀es the time-independent heat equation kaT′

′ =
0, 0 < z < h, kbT′

′ = 0, h < z < h+ ℓ, where ka and kb are thermal 
diffusivities of air and SAB, respectively (we use ka = 1.9⋅10−5 m2/s, 
and kb = 1.4⋅10−7 m2/s), and with Dirichlet conditions T(0) = Ts, T(h +
ℓ) = Ta. Continuity conditions [T] = [kT′] = 0 hold at the interface z =
h. SAB layer thickness h can be determined using the additional steady 
state condition T(h) = T* at the air-liquid interface z = h, with result 

h = ℓ
kb

ka

T* − Ts

Ta − T*. (6) 

Formula (6) is valid for Ts f T* < Ta or Ta f T* < Ts; these in-
equalities are required thermodynamically. If it were the case that T* lay 
below the temperature interval I formed by Ts and Ta, then an SAB on the 
stone surface would release liquid water, thereby increasing generalized 
osmotic tension Π, until T* * I. The reverse process, namely liquid water 
absorption, would occur if T* were to be above I. Note that at hydrostatic 
steady state, Π is necessarily constant in the SAB layer. 

The SAB dew point temperature T* is determined by generalized 
osmotic tension as follows. First, note that, at the SAB-air interface, 
ψvap = ψSAB at steady state, i.e., from eqs. (2) and (3), 

RT*

VW

ln
Pwv

Psat(T*) = −Π.

From Eq. (1), RHa = Pwv/Psat(Ta), and thus 

RHaPsat(Ta) = e
−VW

RT* Π
Psat(T*). (7) 

Saturation pressure Psat(T*) is monotone increasing in T* and hence 
steady state formula (7) can be inverted to solve for T* in terms of RHa, 
Ta, and Π (or, alternatively, aw). 

We derive an explicit approximation to T* as follows. Replacing 
generalized osmotic tension Π by water activity aw (using eqs. (3) and 
(4)) and applying the Magnus formula (see Section 2.4) to approximate 
saturation pressure, we obtain from relation (7) the approximate 
formula 

T* =
c
(

lnRHa

aw
+ b(Ta−273.5)

c+Ta−273.5

)

b −
(

lnRHa

aw
+ b(Ta−273.5)

c+Ta−273.5

) (8)  

for T* as a function of measured ambient relative humidity RHa, ambient 
air temperature Ta, and generalized osmotic tension Π. Combining re-
sults (6) and (8) results in a relation aw = f(h,Ts,Ta,RHa), independent 
of SAB dew point temperature T* (and generalized osmotic tension Π). 
Note: this is the water activity at the top of the SAB layer, cf. Fig. 5. 
Water activity varies with temperature, recall Eq. (4), and so will vary a 
bit across the SAB layer. 

Fig. 6. Representative temperature, relative humidity, and light intensity data, as well as computation of SAB water activity (at SAB thickness h = 15μm) for TJM 
(top 4 sub昀椀gures) and FH (bottom 4 sub昀椀gures). (Red solid) stone temperature, (blue solid) ambient air temperature away from the stone surface, (black solid) 
estimated temperature at SAB-air interface, (red dash) RH at stone surface, (blue dash) RH in ambient air away from the stone surface, (magenta solid) computed 
water activity. Background colors indicate light intensity (μE s−1m−2). Note that rain events are indicated by vertical blue bars. 
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4. Results and discussion 

To better understand how and when SABs obtain water, an approx-
imately year-long data gathering campaign was conducted on the 
marble roofs of the portico of TJM and of FH, tracking temperature (on 
the surface of the stone as well as of nearby ambient air), moisture 
(rainfall as well as relative humidity, with the latter measured on the 
surface of the stone), and light intensity. See Supplemental Material for 
the full data set. Temperature and humidity measurements for repre-
sentative weather data for both TJM and FH locations) are shown in 
Fig. 6. The bacterial communities of both TJM and FH were surveyed 
using standard methods (see Supplemental Material) and were found to 
be dominated by members of the phylum Cyanobacteria (TJM 71.9 %; 
FH 87.7 %) with a notable percentage of Actinobacteria (TJM 10.5 %; 
FH 7.2 %), Proteobacteria (TJM 10.4 %; FH 2.0 %) and Deinococcus- 
Thermus (TJM 3.5 %; FH 0.9 %), indicating the presence of a 
phototrophically-driven SAB. Note that, at least at the phylum level, the 
two communities appear relatively similar, as also do their SAB thick-
nesses (see Fig. 3). 

Fig. 7 shows averages, by season, of the difference Ta − Ts of ambient 
air temperature with stone temperature, again as a function of time of 
day. Larger values are indicators for larger relative humidities close to 
the SAB. Note the favorability for early morning times, especially 
noticeable at TJM. To quantitate this observation, we used measured 
data (temperatures and relative humidities) to solve eqs. (6) and (8) for 
water activity aw; see Fig. 8 for seasonally averaged water activity as a 
function of time of day (the diel cyclic behavior of water activity is 
noticeable in Fig. 6). Observe again the favorability of early morning 
hours, particularly in warmer seasons. Also note the reduced light in-
tensities as well as reduced ambient air vs stone temperatures at FH, 
both likely a consequence of the urban canyon environment of FH. As a 
consequence, higher values of water activity are estimated at TJM vs FH. 
Additional illustration including seasonal behavior can be found in the 
Supplemental Material. 

See Fig. 9 for computed water activity frequency, obtained by 
averaging over the entire, approximately year-long, data set, again for 
both locations, based on a 15 μm thick SAB. (Measurements of SAB 
thickness h averaged approximately 14 μm in both locations, see Fig. 3, 
with 15 μm inside the one sigma interval for both locations.) A recent 
survey of water activity for survival of low water activity tolerant mi-
crobes estimates minimum aw j 0.6, though growth is generally 
inhibited, even for xerophiles, as water activity passes through the range 
0.69 < aw < 0.85 (Stevenson et al., 2015). Cyanobacteria have been 
shown able to actively grow at water activities at least as low as aw j
0.78 in brine (Oren, 2012), close to the minimum possible water activity 
in such systems; we are not aware of corresponding data for SABs. (It is 

worth mentioning, though, that observations of desiccated cyano-
bacterial SABs indicate that signi昀椀cant rehydration occurs at RH j 70% 
or higher (Davila and Gómez-Silva, 2008, Villa et al., 2015), which, 
coincidentally, is close to the known lower limits for microbial 
viability.) Note that the model predicts that FH and TJM sites regularly 
see water activities above 0.70 during morning hours, see Fig. 9, sup-
porting the hypotheses that communities at both sites have consistent 
access to suf昀椀ciently active water as to allow long-term survival. Inter-
estingly, despite higher water activity at TJM, its SAB thickness is not 
signi昀椀cantly different from that at FH, suggesting water activity is not by 
itself determinative for microbial community thickness at least at the 
two sites studied, though it might in昀氀uence overall bio昀椀lm mass in terms 
of stone coverage area. 

Maximal liquid water activity, generally, occurs in the early morning 
hours when Ta is typically near a daily minimum and Ta − Ts is typically 
at a daily maximum. This effect is tied to heat reservoir properties of 
stone. Note that light intensity levels during the early morning time 
period are low to moderate which also may be advantageous – high light 
intensity can in fact be damaging (El Moustaid et al., 2017; Falkowski 
and Raven, 2007), even in winter. Note also that data from leaf-wetness 
sensors placed near to the temperature and relative humidity sensors 
does not indicate similar daily signals (see Supplemental Material), also 
supporting the inference that stone properties such as albedo and heat 
storage capacity are important (leaf-wetness sensors were placed near to 
the stone but outside of the thermal boundary layer, and are suf昀椀ciently 
thin as to allow their temperatures to equilibrate with the surrounding 
ambient air, unlike nearby stone surfaces). 

Liquid water limited, not to mention free water limited, environ-
ments are perhaps surprisingly common, and microbial communities are 
often important components in these systems, e.g., both warm and cold 
deserts (Kennedy, 1993). SABs can extract liquid water from water 
vapor, even at relatively low relative humidity through a generalized 
osmotic tension generated for example by hydrophilic properties of the 
SAB-stone system (e.g., Wierzchos et al., 2006). This tension is dif昀椀cult 
to measure directly and may be variable from system to system. We 
argue here, though, that resulting steady state water activity is essen-
tially independent of generalized osmotic tension, though, and is 
fundamentally determined by local environmental conditions. The 
assumption of steady state is important however, and it should be noted 
that we don't exclude the possibility that SABs can temporarily in昀氀uence 
water activity by manipulating approach to steady state. 

To summarize, (Adhikary and Kovacik, 2010) temperature and 
relative humidity measurements from stone monuments can be used to 
predict daily and seasonal steady state water activity values in SABs. 
(Alduchov and Eskridge, 1997) SABs may be able to affect their water 
content but, at least at steady state, cannot directly change water 

Fig. 7. Difference between ambient air and stone temperature. Averaged difference in ambient air vs stone temperature (ambient air temperature – stone tem-
perature) by season, TJM (left) and FH (right) by season. 
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activity which is, rather, determined by relative humidity. This matters, 
as higher water activity assists metabolic activity. (Allen Jr., 2018) 
Relative humidity of air, for a given water content, depends on tem-
perature. Since ambient air temperature can differ from air temperature 
directly adjacent to a stone surface, so can relative humidity. Though 
this is a known observation, it is still worth highlighting (Alves et al., 
2021). Lower temperature for a given water content implies higher 
relative humidity. Stone temperature tends to be lowest, relative to 
ambient air temperature, during early morning hours. As a consequence, 
mathematical modeling predicts that early morning may be optimal for 
water activity and hence for SAB activity. 

5. Conclusions 

Free, liquid water is an essential requirement for microbial growth 
and activity, and its availability can be effectively assessed through 
water activity. Stone monuments exemplify extreme ecosystems where 
high activity liquid water is not always readily accessible (Villa et al., 
2016; Villa and Cappitelli, 2019). However, SABs that colonize lithic 
surfaces manage to thrive in such xeric environments nonetheless. Water 
activity is ultimately a physical concept, though, so understanding its 
physical limits is thus relevant for environmental science and conser-
vation practice; the consequences of microbial activities have far- 
reaching implications for ecosystem services (Sanmartin et al., 2023) 
and the mechanisms by which stone monuments deteriorate (Liu et al., 
2022). 

It is natural to focus on SAB acquisition of liquid water, and, to date, 

a few speci昀椀c mechanisms have been described, including salt deli-
quescence (Wierzchos et al., 2006; Davila, 2013; Villa et al., 2023) and 
the extraction of crystallization water from rocks (Huang et al., 2020). 
Here, rather, for the 昀椀rst time, we explore the general consequences of 
physical/chemical processes that allow SABs to extract liquid water 
from the atmosphere, regardless of the microbial community composi-
tion and the surface type. With the help of a mathematical model, we 
present evidence to support the notion that steady state water activity 
within SABs is signi昀椀cantly constrained by local environmental condi-
tions, independent of details of the water recovery mechanisms gener-
ated by the bio昀椀lm itself. Further, we present a methodology to estimate 
SAB water activity that can be achieved with minimally invasive 
collection methods by taking into account simple and readily available 
data such as the local temperature, relative humidity, and SAB 
thickness. 

The results presented here are intended to address existing knowl-
edge gaps concerning water activity in bio昀椀lms across diverse envi-
ronmental conditions, and provide a tool for better understanding 
bio昀椀lms on stone monuments and their erosive or protective function, 
and possible means to reduce their presence. Further, it is worth noting 
that, being independent of microbial community composition and of 
substrate type, the applicability of our methods extends to a wide range 
of settings and objects including paintings, library collections, and ar-
tifacts; managers of cultural heritage can be assisted in monitoring and 
addressing potential microbial risks and designing effective preservation 
strategies in order to better safeguard all monuments, objects, and 
collections. 

Fig. 8. Water activity. Water activity according to time to day, averaged by season, computed for an SAB of thickness h = 15μm. TJM (left) and FH (right).  

Fig. 9. Water activity aw vs time of day, averaged over the entire TJM (left) and FH (right) data sets, for a SAB of thickness h = 15μm. (Red) average frequency that 
aw < 0.7, (blue) average frequency that 0.7 < aw < 0.9, (magenta) average frequency that 0.9 < aw, (black) average frequency that 0.7 < aw < 1. Average frequency 
is here de昀椀ned as the number of measurement days on which the event occurs at a speci昀椀c time, relative to the total number of measurement days. Red, blue, and 
magenta curves sum to one. Background colors indicate light intensity (μE s−1m−2). The data suggests that morning is optimal for community activity. 
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We also argue that a focus on a physical viewpoint is necessary for 
understanding SAB response to climate change. There is a signi昀椀cant 
likelihood of intensi昀椀ed drought conditions in numerous regions. These 
changes have the potential to disrupt the global water cycle, which in 
turn affect water conditions in the atmosphere (Sherwood et al., 2018). 
In this context, understanding the connections between water activity in 
SABs and changing temperature and relative humidity becomes para-
mount. In doing so, we not only gain insights into SAB response to 
climate change and their impact on the underlying substrates, but also 
improve our understanding of the potential for resistance and resilience 
of these microbial communities in the face of environmental shifts. 
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