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Abstract

NAHA activity obtained in these areas.

Indoor mould growth is a growing concern for all stakeholders of built environment, including residents, build-

ers, insurance and building remediation industry as well as custodians of heritage buildings. The National Trust has
reported this problem in a number of buildings under their ownership, and developed solutions and fine-tuned their
maintenance programme so as to minimise indoor and surface mould growth risk. This paper reports findings from
an extensive mould-testing scheme in Blickling Hall, a National Trust property in Norfolk, England, for an appraisal of
airborne and surface mould levels within a total of eight rooms, including the famous Long Gallery. The testing pro-
tocol used combines active (aggressive) air sampling and surface sampling, analysis of the 3-N-acetylhexosaminidase
(NAHA) activity to quantify mould levels and particle counting. The results show that the airborne mould levels are
quite low in all spaces, due to satisfactory maintenance of indoor hygrothermal conditions by conservation heating.
On the other hand, while the National Trust's developed solutions and maintenance programme have proved effec-
tive to avoid surface mould growth in those locations that historically suffered from microbial activity (such as behind
book presses, picture frames and tapestries), the results show that the surface cleaning around windows should be
improved to tackle surface water due to condensation, which is considered to be the main driver behind high surface

Keywords: Indoor mould growth, Active (aggressive) sampling, Air sampling, Surface sampling, NAHA

Introduction

Indoor mould growth is one of the most common factors
that cause adverse health effects and fabric deterioration
in buildings [1-3]. Historic buildings may be more prone
to material decay and other physical/mechanical pro-
cesses caused by mould growth because of accumulated
material damage, exacerbated in certain cases by poor
maintenance, drainage issues, poor hygrothermal perfor-
mance, water leaks and water infiltration into the build-
ing envelop due to driven rain or other weather events
[4].

Mould growth is a complex process, facilitated by
the co-presence of certain hygrothermal conditions,
often defined in the form of species-/substrate spe-
cific temperature and relative humidity isopleths [5],
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which, if no other data are available, are frequently
used for the appraisal of an indoor environment’s sus-
ceptibility to mould growth (e.g. [6, 7]). Other methods
of assessing the mould growth potential include per-
formance models based on dose-response functions
developed for certain materials [8—10]. A more detailed
analysis of mould presence and intensity in the air or
on a surface of a given indoor environment, however,
requires direct testing [11]. There are many analytical
techniques that can be used to measure mould levels,
including culture-based, microscopic, chemical and
immunoassay methods, and more recently, polymerase
chain reaction (PCR) based methods, each with their
respective strengths and biases (see [12] for a review
of various techniques). In this study we apply a chemi-
cal method which uses the quantification of N-acetyl-
hexosaminidase (NAHA) activity to measure mould
levels. NAHA has been found to be a reliable indicator
of mould cell biomass, with high sensitivity and speci-
ficity [13—17]. The method allows both for surface and
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air examination, and was previously shown to be effec-
tive in the investigation of mould levels within heritage
buildings [18].

The case study building here is the early seventeenth
century Blickling Hall, a Grade I listed National Trust
property in Norfolk, England (Fig. 1), built within an
approximately 340 ha park and well-known for its
extraordinary architectural features and its Jacobean
Long Gallery, housing one of the most significant
National Trust libraries [19]. This remarkable building,
located within the River Bure basin, can flood during
episodes of heavy rainfall and is subject to wind-driven
rain, which, combined with past failures of rainwa-
ter goods, have encouraged water-induced problems
within the building, including dampness and biode-
terioration in the basement, and mould growth in the
library and other showrooms [20, 21].

Previously, a rigorous environmental monitoring
work was carried out in Blickling Hall for an assess-
ment of the hygrothermal performance of the building
envelop [25]. This showed critical moisture enrich-
ment within the outer walls under wind-driven rain
exposure. This study also assessed the mould growth
susceptibility in a number of locations within the Hall
using isopleths developed for Substrate Category I, and
concluded that while in the basement mould growth
was a realistic threat (in broad agreement with the
past and current condition of the basement), the Long
Gallery indoor conditions did not suggest mould risk.
In the present study, we report our findings from an
air and surface mould-testing campaign carried out
in February 2017 in eight rooms at Blickling Hall,
including the famous Long Gallery, for the aim of an
appraisal of mould levels within the Hall, as well as the
cleaning and maintenance programme of the National
Trust.

Fig. 1 Blickling Hall
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Prior incidents of mould growth and attempts

at their mitigation

Most of the surface mould growth historically reported
in Blickling Hall occurred behind tapestries, on the back
of paintings and behind book presses within the Long
Gallery and Upper Ante-Room, where air circulation is
low and temperature is lower due to heat loss through
the external walls. The National Trust has tried to tackle
the mould growth induced by stagnation due to low ven-
tilation in these areas in various ways: the depth of the
bookshelves in the Long Gallery was increased by the
insertion of new timber elements in the 1980s into which
ventilation holes were drilled at the back of the book
presses. The book presses were moved out slightly from
the external walls to provide a bigger air gap between wall
and presses. Further, the books have been covered with
silk taffeta to minimise the dust accumulation which can
facilitate microbial growth, while maximising breatha-
bility. In order to encourage ventilation behind picture
frames, bottle corks have been placed in the transversal
direction behind the frames to support them so that they
are not flush with the wall (Fig. 2).

Another important factor that makes Blickling Hall,
and historic museum/art gallery indoor environments in
general, more susceptible to mould growth is the pres-
ence of abundant organic materials, such as paper, parch-
ment, textile and leather, which provide nutrients for
mould growth. In conjunction with low ventilation, this
explains why surface mould growth has historically been
concentrated at the back of vellum-covered books, silken
wall covers, and tapestry, where, under suitable condi-
tions, fungi readily grow, resulting in damage ranging
from stains to complete decay [22, 23]. The two strate-
gies, suggested particularly for the historic museum/art
gallery indoor environments, are therefore to keep the
RH under 65%, and keep surfaces clean and free of dust
at all times [23]. To maintain a suitable environment, the
National Trust stabilises indoor hygrothermal conditions
at moderate relative humidity and temperature levels
using humidistatically controlled conservation heating.
In this approach space heating operates when the RH
is above a set point of 58—60% and is switched off when
the RH falls below the set point, so that a moderate RH
can be maintained that is below the threshold for mould
growth but not so low as to risk drying and shrinkage of
hygroscopic materials [24].

Another location within the Hall that has suffered from
heavy mould growth is the basement. This space, closed
to public as it does not house any collections hence not
benefitting from conservation heating, is buried within
saturated soil below the window level, leading to sus-
tained high levels of moisture within the fabric. Com-
bined with faulty drainage, heavy mould growth was
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to support frames so that they are not flush with the wall

Fig. 2 Various means developed by National Trust to minimise odds for mould growth. Left: new timber insert at back of shelf with ventilation hole;
middle: taffeta cover protecting text blocks from dust accumulation and resultant mould growth; right (© Andrew Bush/National Trust): cork spacer

recorded in the basement as early as late nineteenth cen-
tury [20], which led to the tanking of the space. In the
early 2000s, the drainage was further improved to ensure
effective surface water management in the face of mead-
ows inundating the front forecourt of the house. The
space however is still covered with what is considered
heavy microbial growth.

Description of tested rooms and methodology

In this study, eight rooms within Blickling Hall were
tested: Long Gallery, Upper Ante-Room, Peter the Great
Room, State Bedroom, Brown Drawing Room, Lower
Ante-Room, and the basement, which are known to have
suffered from surface mould growth at some point, and
the Chinese Bedroom, where mould growth has never
been spotted, as a control case (Table 1).

The testing protocol employed in this study was com-
posed of the following steps: (a) surface sampling, (b)
active air sampling and (c) active particle counting.

Surface sampling was performed to investigate whether
there were any localised surface mould problems within
the tested rooms, and to check if the previously reported
surface mould issues had been resolved. In this study,
swabbing, which is one of the most common surface
sampling technique [12], was used. Each sampled area,
delineated using a 3x3 cm adhesive template, was
swabbed by means of sterile cotton swabs. As such,
6—14 samples were collected in each room, from loca-
tions where surface mould was previously reported, areas
that were thought might be suffering from condensa-
tion or relatively poor cleaning, and from other surfaces
to ensure a relatively even distribution of sampling. The
collected samples were tested for the activity of B-N-
acetylhexosaminidase (NAHA): to the swabs were added

an enzyme—substrate containing 4-methylumbelliferyl,
and after a reaction time (around half an hour, depend-
ing on the temperature), the resulting fluorescence was
measured using a hand held fluorometer (Turner Design
US/Mycometer version) in relative fluorescence units,
RFU (one RFU is equal to 33.3 x 1072 pmol 4-MU per mL
reaction volume per min), and substrate blank value was
subtracted.

Air sampling is used to quantify airborne mould con-
centrations and, depending on the technique used,
to examine species composition, especially in studies
focussing on health implications, as it provides a better
understanding of airway exposure than surface testing
[12]. Air can be sampled passively (non-aggressively) and
actively (aggressively), i.e. from the still air and from the
actively mixed air, respectively. Passive sampling detects
the fungal material that is readily airborne. The readings
obtained by means of passive sampling are therefore very
much dependent on the level of activity that has taken
place within the tested space right before the testing.
When no prior activity is allowed within the space to be
tested for control purposes, passive sampling is known
to potentially lead to underestimation of mould concen-
trations within a given indoor environment, as it cannot
detect “table-top’, i.e. settled dust on surfaces. Active
sampling, on the other hand, uses active mixing of the air
in the room to be tested-it will suspend settled dust so its
mould activity can be characterised, and has previously
been shown to be strongly correlated to the presence
of visible mould and other moisture induced problems
within the space [11]. In this study, an active air sampling
strategy was adopted for its ability to rule out the impact
of the prior disturbance (or lack of it) within the space
on the readings [26—28]. To this end, the air within each
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Table 2 Summary of air sampling results: air mould concentrations (NAHA activity in RFU), temperature (T) and relative
humidity (RH) at the time of testing (°C and %, respectively) and particle counts (for each individual channel and total

value)
Room NAHA T(°C) RH (%) Particle count (Actively measured for all rooms except for basement)

activity

(RFU) 0.3 um 0.5 pum 1.0 um 2.5um 5.0 um 10 um Total
Long Gallery 9 134 61.6 212,218 64,197 8440 850 127 77 285,909
Upper Ante-Room 36 13.0 634 216,647 63,924 7824 782 115 69 289,361
Peter the Great Room 120 136 56.0 218,315 62,659 8313 890 138 86 290,401
State Bedroom 124 136 553 222,814 70,078 9158 978 132 121 303,281
Brown Drawing Room 475 143 579 253,258 80,414 11,407 1456 215 297 347,047
Lower Ante-Room m 151 57.3 225,425 72,185 10,676 1391 244 275 310,196
Chinese Bedroom 62 132 59.0 203,921 52,282 7212 784 118 110 264,427
Basement N/A 151 539 491,232 161,517 19,428 1770 187 81 674,215

room was actively mixed using a Makita blower to mimic
some level of activity, standardised by means of blowing
duration based on room sizes as follows: 1 min for room
sizes up to 10 m%, 2 min for room sizes up to 20 m?, 3 min
for room sizes up to 30 m?, and 4 min for larger room
sizes. Locations that are rarely cleaned and are there-
fore likely to be large mould reservoirs were not blown
air in order to avoid pushing the mimicked activity levels
beyond what is realistic for Blickling Hall: groups of peo-
ple walking around while visiting the rooms or cleaning
by National Trust staff. Sampling was started after 1 min
following the blowing (to allow very large particles to set-
tle), and was made on a MCE-membrane filter (pore size
0.8 um) using a flow rate of 15 L/min, and the samples
were tested for the activity of f-N-acetylhexosaminidase
(NAHA) in the same way explained above. Each room
was sampled for 15 min, apart from the basement, which
could not be air-tested due to lack of a working plug to
connect the air pump.

Finally, particle counting was done using a CEM Parti-
cle Counter (Model DT-9880; flow rate 2.83 L/min with
six channels: 0.3, 0.5, 1.0, 2.5, 5.0 and 10 pm). This device
was additionally used to record temperature (T) and rela-
tive humidity (RH) values at the time of testing. Particle
counting was also done actively, and was started simul-
taneously with the air mould sampling. The only excep-
tion to this is the basement, where the particle count was
measured only passively, i.e. from still air. The reason for
this was higher dust levels and visual evidence for heavy
microbial contamination within the room, which, if the
air is actively mixed, was considered that might lead to
heavy exposure to dust and fungal particles in spite of the
facemask that was used during all testing.

Results and discussion

The NAHA activity values (known also as Mycometer
values) (Table 2) show that all rooms tested in this
study had very low airborne mould concentrations.
According to the benchmarks recently developed for
the UK building stock and for the same testing protocol
as the one used here, NAHA activity values above 1700
RFU could be indicative of mould growth and therefore
require further investigation of the space for a mould
source [26]. While left unmeasured, the visual evidence
suggests that basement should exhibit much higher
airborne mould concentrations. However, the testing
results show that all of the rooms that house valuable
collections and are maintained in line with National
Trust’s cleaning programme have NAHA activity levels
below 475 RFU, which is a sign of excellent housekeep-
ing. The comparatively higher NAHA activity obtained
from the Brown Drawing Room is most likely due to
the presence of more upholstery compared to other
rooms, which can potentially act as dust and mould
depository—the relatively high particle count (highest
in the dataset, both in terms of the total particle count
and the PM2.5) supports this conclusion. As a matter of
fact, the Brown Drawing Room is the only room where
the furniture and chairs were not covered at the time of
testing.

The T and RH values at the time of testing vary
between 13-15.1 °C and 53.9-61.6%, respectively, and
indicate a cool/dry and stable indoor environment
throughout the Hall, including the basement. While
these values are spot readings and they do not inherently
give the long term hygrothermal performance of the Hall
indoor environment, the conclusion regarding stable and
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low T and RH conditions is in broad agreement with the
findings of the 2-year monitoring scheme that was pre-
viously carried out in the Hall [25]. This previous study
had shown that the National Trust’s conservation heating
strategy worked well to avoid both all peaks of very high
RH that initiate spore germination and prolonged peri-
ods of elevated RH that support mould growth, which
are the two critical conditions to be controlled to rule out
mould growth [23].

The particle counts obtained from the basement
indicate a striking difference from the other rooms—
although the particle count was taken only passively in
the basement, i.e. from still air, the sum of all six chan-
nels is still almost two times the highest particle concen-
tration measured in the other rooms. A previous study
conducted using the same testing methodology found
out that in particle intensive spaces with visible mould
the actively measured particle counts could be>nine
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times higher than passively measured particle counts
[11], therefore it can be argued that the particle inten-
sity of the basement could be significantly more than
twice as much. There are mixed findings as for the cor-
relation between particle counts and indoor mould con-
centrations ([29, 30], cf. e.g. [31]), however it is known
that under suitable conditions dust within a given space
can provide microbial agents with nutrition they need.
Therefore, despite the fact that the basement does not
house any valuable collections, it would be beneficial to
keep this space also clean to minimise the risk of material
degradation to the building envelop due to biodeterio-
ration. Importantly, Chinese Room was found to be the
least particle intensive of all tested spaces. This room also
led to the third lowest NAHA Activity value, therefore
proved to be a good control for this study.

An analysis of surface samples led to mixed findings.
The majority of the surface samples (55 out of the total
of 71 surface samples collected from all rooms) were
found to have NAHA activity below 25 RFU, which was
suggested to be the upper threshold defining clean sur-
faces with no mould growth at all [26]. All locations with
past mould problems, such as the vellum binders, back
of the book presses, fireplaces, silken wall covers, behind
the picture frames and tapestries, were found to have
very low NAHA activity values, below 50 RFU: accord-
ing to the abovementioned benchmarks developed for
the UK properties, NAHA activity between 26 and 450
RFU indicate surfaces with a poor cleaning standard (the
dust and dirt deposits elevate the NAHA activity), but
devoid of active mould growth, while values beyond 450
RFU would suggest serious mould growth potential (see
[26] for more details). This, once again, shows the effec-
tiveness of National Trust’s cleaning programme and
points out the importance of conservation heating for
environmental control and keeping surfaces clean. How-
ever, importantly, all samples that were found to have
NAHA activity above 450 RFU came from around the
windows (Fig. 3), with the only exception being samples
taken from the light green mouldy surfaces in the lower
elevations in the basement. This shows poor hygric per-
formance of the windows, especially those on the south-
east facing facade which had previously been shown to be
affected by wind-driven rain. This leads to surface water
manifesting as a result of condensation, especially in win-
ter months. Mould still germinates and grows on build-
ing materials under very low air humidity when water
is available on the surface, where the surface RH has
arrived 100% [32]. This makes condensation an impor-
tant indicator of potential mould growth areas, in this
case, around window frames, specifically when they are
aged and not completely sealed, as here. It is therefore of
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great importance that these areas are cleaned often and
regularly to remove the surface water.

Importantly, the surface samples taken from micro-
bial growth in the basement manifesting itself in dark
green did not indicate mould growth, with NAHA
activity levels around 100 RFU. To further investigate
the lower-than-expected NAHA activity associated
with these samples, an additional microscopy analy-
sis was performed, which revealed that this was algal
growth, encouraged by sunlight reflecting on the wall
through the window opposite. Algal biofilms are also
indicative of excess moisture and cause deterioration,
but more importantly increase retention of water via
soiling in the underlying strata, which increases the
predisposition of the surfaces to mould growth once
suitable conditions flourish [34—36]. Therefore it is
strongly recommended that these surfaces are cleaned
to avoid further degradation to the fabric.

Conclusions

This study shows that the National Trust has instigated
an effective maintenance programme that has secured
stable indoor environmental conditions by conserva-
tion heating and cleaning that are vital to avoid mould
growth, both airborne and on the surfaces. The previ-
ously reported mould problems concentrating especially
on the vellum binders, back of the book presses, behind
the picture frames and tapestries, which have quite possi-
bly been exacerbated due to organic matter content, poor
ventilation and rising damp, or external conditions lead-
ing to moisture enrichment, such as driven rain, seem to
have been resolved. One critical area that emerges from
this research however is around windows. Both the metal
frame and stonework sills of the single glazed windows
were found to have high surface mould concentrations.
Because these are an intrinsic part of the architectural
heritage of the Blickling Hall, and therefore cannot be
replaced, it is of utmost importance that they are kept
clean and free of surface water, in order to avoid condi-
tions that do and can lead to surface mould.

In this study the air and surface benchmarks developed
for UK residential properties (using the exact same test-
ing protocol) were used to interpret the mould concen-
tration values. The presence of abundant organic and
vulnerable materials however might make museum envi-
ronments more prone to mould growth under the same
environmental conditions, and further research is needed
to test the applicability of these benchmarks to heritage
buildings.
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