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Abstract. Gall rust disease caused by Uromycladium falcatarium (Sacc.) is one of the most destructive 

diseases of Falcataria moluccana plantations in parts of South-East Asia. The disease causes severe 

damage throughout all developmental stages from seedlings to mature trees. Chocolate brown, 

cauliflower- or whip-like galls are observed on stem, branch, petiole, shoot and pod. The objectives of 

this study at Brumas Estate, Tawau, Sabah were to (i) determine the status of gall rust disease, (ii) 

examine the relationship between disease incidence and environmental factors that may influence disease 

development, and (iii) predict the origin gall-rust spores. The sampling intensity was 10% of the total area 

at each site. Three blocks at each site contained three replicates, each containing three plots of 10 trees for 

observations. More open sites, flat topography, absence of fog, greater age and lower altitude were 

associated with reduced gall rust disease incidence and severity; high relative humidity and low wind 

speeds promoted gall rust disease development. As winds blew predominantly from the north-east, gall 

rust spores may have spread from the north, probably from the Philippines to Tawau. 
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Introduction 

Falcataria moluccana (Miq.) Barneby and J. W. Grimes (batai) is a valuable 

multipurpose tree species used in forest plantations in South-East Asia, particularly 

Malaysia and Indonesia. Gall rust caused by Uromycladium tepperianum (Sacc.) (Rosso 

and Hansen, 2003) then updated to be U. Falcatarium (Doungsaard et al., 2015) is the 

most destructive disease of F. moluccana plantations in parts of this region. The disease 

was first reported in 1990 as an epidemic outbreak in Mindanao Island; by 1995 the 

disease had spread throughout the Philippines, including Luzon and Visayas islands 

(Braza, 1997; Eusobio et al., 1990). In 1993, the disease caused severe infection on F. 

moluccana plantations in Sipitang, on the west coast of Sabah, Malaysia (Lee, 2004), 

and Brumas Estate near Tawau, also in Sabah. In Indonesia, gall rust disease was first 

found in F. moluccana plantations on Seram Island in the Moluccas at 1996 (Anggraeni, 

2006), then in Sorowako in South Celebes (Kasno and Hadi, 2005), and then throughout 

much of the plantation estate in Java (Rahayu et al., 2010). Between 1999 and 2002 gall 

rust disease was observed throughout all the coffee-growing districts of East Timor 

where F. moluccana was planted as a shade tree (Old and Cristovao, 2003; Fig. 1). The 
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disease causes severe damage to all developmental stages of F. moluccana from 

seedlings to mature trees in the field. Chocolate brown, cauliflower-like or whip-like 

galls on stem, branch, petiole, shoot and pod are observed. Affected plant parts and 

severely infected trees die prematurely (Braza, 1997; Morris, 1987; Old and Cristovao, 

2003; Rahay et al., 2010; Rosso and Hansen, 2003). Due to its host specificity, an 

Australian source of U. falcatarium was selected as a suitable biological control agent 

for an invasive tree, Acacia saligna in the Western Cape Province of South Africa 

(Morris, 1987). 

 

 

Figure 1. Known distribution of gall rust disease caused by Uromycladium spp. on Falcataria 

moluccana in South East Asia, illustrated by black arrow 

 

 

As epidemic diseases such as gall rust are polycyclic, the causes of disease outbreak 

can only be determined if the environmental and forest conditions under which it occurs 

are well understood; these conditions include climate, altitude, topography and stand 

characteristics (Sache, 2000). Temperature and humidity, and their interaction are often 

the most important factors affecting the length of a disease cycle (Bowen, 2003). 

Information on the effect of local weather conditions on the occurrence of gall rust 

disease caused by Uromycladium spp. in batai plantations is sparse, though that for 

other rust diseases may help explain disease development. For example, with respect to 

altitude, the needle cast disease Phaeocryptopus gaeumannii of Douglas fir in coastal 

forests of Washington and Oregon appeared to be more severe at low altitudes, on 

southern slopes or on sites with high rainfall and closer to the coast (Hamilton, 1959; 

Hansen et al., 2000). At SFI in Sabah, the most severe gall rust disease occurred at 

altitudes > 900 m a.s.l (Anonymous, 1993); and in East Timor at altitudes between 700 

and 900 m a.s.l. in the mountains south-west of Dili (Morris, 1987). However, there 

were no explanations as to why the disease was more severe at these altitudes. High 
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elevation areas, where the environmental conditions appear conducive to rust 

development, are not considered for planting of F. moluccana in the Philippines (Braza, 

1997). A possible explanation is the foggy conditions and intermittent showers which 

occur at high elevations and which induce high levels of spore production, and which 

favour rust infection (Hoff, 1986). 

Wind currents are one of the most important means by which plant disease inoculum 

is dispersed or spread over a geographical area. Urediniospores of P. graminis f. sp. 

tritici, which are relatively small, have been found to be carried by wind up to 680 km 

(420 miles) from their source (Moore, 1970). Spores of U. falcatarium have been 

confirmed to be spread by wind and are disseminated when separated from the fruit 

bodies (Franje et al., 1993; Hamilton, 1959; Braza, 1997; Magyar and Manninger, 2004; 

Serdani, 2001). As many authors mention, wind is probably the most important factor in 

spore release of the Uredinales (Carter et al., 1970; Hirst, 1961; Sache, 2000; Smith, 

1966). Wind gusts and wind direction are important as well (Sache, 2000). Spore-free 

winds should reduce spore concentration by dilution or blow-off (Hamilton, 1959). 

Greater wind speeds and higher temperatures caused better dissemination of spores of 

Melampsoridium betulinum (Fries) Kleb (Vourinen and Helander, 1995). Solar radiation 

can both inhibit and stimulate germination of fungal spores. The concentration of 

hyaline uredospores of Cronartium spp., Melampsora spp. and Melampsoridium spp. 

was increased by solar radiation, low temperature, low dew point, evaporation and long 

drought periods. The viability of spores of U. falcatarium on F. moluccana in vitro was 

decreased by exposure to 5 h of direct sunlight (Franje et al., 1993). Since the global 

climate change starts to take place in the recent years, the incidence of gall rust disease 

were increased. Some new location which previously not infected by gall rust fungus 

were infected nowadays. The objectives of this study were to (i) determine the status of 

gall rust disease at Brumas Estate, (ii) examine the relationship between incidence of 

gall rust disease and local site factors, including meteorological factors, and (iii) predict 

the origin gall rust spore sources. 

Materials and methods 

Site study 

The forest plantation at Brumas Estate is dominated by Acacia mangium, F. 

moluccana, Gmelina arborea, Eucalyptus deglupta, Shorea spp., and Tectona grandis. 

As the plantings of each species are scattered in the estate, gall rust disease monitoring 

was conducted at six separate sites (Fig. 2). Site selection was based on the age of the F. 

moluccana stand (Table 1). Each site were represented their age of the trees. The 

distance among each site were vary from 0.5 to 5 km. The most distant site from other 

sites were site 1F which located at Sungai Udin. 

 

Plot establishment 

The sampling intensity was 10% of the total area at each site. Three permanent 

sampling blocks, first located 10 m from the road, followed by the other two blocks that 

placed deeper into the forest. The distance between blocks was at least 100 m from the 

nearest blocks. Each block was divided into three replicates with 10-tree plots per 

replicate. 
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Figure 2. Study site of gall rust disease monitoring (illustrated by red circle) on F. moluccana 

plantation at Brumas Estate, Tawau, Sabah, Malaysia  

 

 
Table 1. Description of sites monitored at Brumas Estate, Tawau, Sabah, Malaysia, between 

October 2003 and March 2005 

Site 
Age 

(year) 

Altitude 

(m.a.s.l) 

Longitude 

(E) 

Latitude 

(N) 
Topography 

Total area 

(ha) 

Foggy 

condition 

87E 2 159-166 117°44’151” 04°37’13”  Flat 25.9 Mist 

106B 3 286-300 117°46’071” 04°38’7”  Undulating 24.3 Fog 

69F 4 115-160 117°47’11” 04°38’9”  Flat 18.8 Haze 

109A 5 260-280 117°48’151” 04°38’13"  Flat 27.9 Mist 

94B 6 278-280 117°45’11” 04°37’21” Undulating 28.3 Fog 

1F 8 40 117°43’11” 04°37’6”  Flat 21.9 No fog 

 

 

Data collection 

The primary data collected were gall rust disease score, and local site conditions: 

topography, fog level, tree age, altitude, and degree of forest opening. Data were 

collected every six months, viz. October 2003, April 2004 and October 2004. 

Meteorological data for the period January 1993 to January 2005 were obtained from 

the Brumas meteorological station which is located inside in Brumas plantation office, 

with the most distant of the sampling site was 5 km and all the meteorological data were 

based on actual data taken automatically everyday. 

 

Gall rust disease score 

Gall rust disease produces easily recognizable galls on the trunk, branch and shoots 

of trees, which are globose, several centimetres in diameter and reddish, brown or black 

in colour (Fig. 3). Since most trees at all locations were at least 6 m tall, galls were 

observed in the crown and on the trunk only. According to the range of gall rust disease 

symptom at Brumas plantation, index scores were self-developed and therefore grouped 

quantitatively into five classes (Table 2). 
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a b c 

Figure 3. a. Gall in the trunk. b. Gall in the branch. c. The shape of gall in the crown or branch 

 

 
Table 2. Index score of gall rust presence on F. moluccana trees at Brumas Estate 

Index score Presence of galls on tree crown and trunk  

0 No galls 

1 Gall formation < 50% of tree crown, no galls on the trunk 

2 Gall formation < 50% of tree crown, galls < 50% of the trunk 

3 Galls formation > 50% of tree crown, galls < 50% of the trunk 

4 Galls formation > 50% of tree crown, galls > 50% of the trunk 

 

 

Local site conditions 

Altitude was measured using a portable GPS (model Garmin 12 XL). Based on the 

site gradient, topography was classified into slope or undulating determined as 1 for flat 

with gradient < 10°, undulating as 2 for gradient in between 10°-30°and, 3 for gradient 

> 30°. Based on the height and density of the surrounding vegetation, forest opening 

was classified as open (2), intermediate (1) and closed (0) (Table 3). 

 
Table 3. The classification of forest opening on Brumas Estate 

Forest 

opening 
Site description 

0 
Open: height and stand density of the vegetation surrounding the F. moluccana plantation 

is relatively low; includes grass and logged over areas following clear cutting 

1 
Intermediate: height and stand density of the vegetation surrounding the site similar to 

that of the F. moluccana plantation 

2 
Closed: height and density of the vegetation surrounding the F. moluccana plantation 

relatively high; includes secondary forest and old stands 

 

 

The foggy condition were measured based on visibility at the site, and have been 

incorporated from another meteorological factors e.g.: relative humidity and 

temperature also dew points, thus the foggy condition were not included into 

meteorological factors. Based on Gultepe (Gultepe, 2007), foggy condition were 

categorized into: 0 = no fog, haze or mist; 1 = haze (visibility between 2 km to 5 km); 2 

= mist (visibility between 1 km to 2 km); 3 = fog (visibility less than 1 km). 
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Data assessment 

Based on the index score of the presence of gall rust, gall rust disease incidence (DI) 

and severity (DS) for each plot were calculated using the method modified from 

(Chester, 1959) using following formulae: 

 

 Disease incidence (DI) = 
%100x

N

n

  

 

 Disease severity (DS) = 
NxZ

)z ×(n + … + )z × (n + )z × (n 5 51100
 × 100%  

 

where: 

DI = Disease incidence, DS = Disease Severity, n = Number of infected trees 

n0, n1, n2, n3, n4 = number of trees with index score 0, 1, 2, 3 and 4 

z0, z1, z2, z3, z4, z5 = index score of gall rust presence 0, 1, 2, 3, and 4 

N = Total number of trees in one plot (10); Z = the highest score (4) 

Gall rust disease status at each site was rated based on value of gall rust disease 

incidence (DI) and severity (DS) and they were later classified for the status as 

summarized in Table 4. 

 
Table 4. Gall rust disease incidence and severity status on F. moluccana in Brumas Estate, 

Tawau, Sabah, Malaysia 

Value of disease incidence (%) Incidence status Value of disease severity (%) Severity status 

< 10 Rare 0 Nil 

10 - <25 Occasional <25 Low 

25 - <50 Common 25 - <50 Medium 

50 -< 75 Very common 50 – <75 Severe 

> 75 Widespread 75 – 100 Very severe 

 

 

Relationship between gall rust disease incidence and severity with local condition and 

meteorological factors in the estate 

The incidence of gall rust disease is influenced by the interaction of many factors 

ranging from host, environment and pathogen. In order to indicate the dominant local 

site and meteorological factors influencing gall rust disease incidence and severity, the 

five local factors (tree age, altitude, topography, fog condition, and forest opening) and 

the six meteorological factors (sunshine hours, wind speed, relative humidity, rainfall, 

no. of rain days, and temperature) were paired with the mean of incidence and severity 

of gall rust disease at each time of monitoring. A regression equation was then 

constructed, and used to determine the dominant factor influencing gall rust disease. 

 

Statistical analysis 

Analysis of variance was used to test the effect of difference of locations, and block 

means for disease incidence and disease severity. Step-wise multiple linear regression 

analysis was used in variable selection for the gall rust disease regression model. The 
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relationship between gall rust disease incidence and severity with local site conditions 

and meteorological factors was estimated using the following linear regression model: 

 

 Yt = β0 + β1X1 + β2X2 + β3X3 + β4X4 + β5X5  

 

where: 

Yt = estimate of gall rust disease incidence or severity at time t 

β0 = estimate of gall rust disease presence for Yt 

X1 = age of the tree, X2 = altitude, X3 = topography, X4 = fog condition, X5 = forest 

opening 

β1 = adjusted on Yt, due to 1 unit change in X1, where X2 to X8 are constant 

Β2 = adjusted on Yt, due to 1 unit change in X2, where X1 and X3 to X8 are constant 

Β3 = adjusted on Yt, due to 1 unit change in X3, where X1, X2 and X4 to X8 are constant 

Β4 = adjusted on Yt, due to 1 unit change in X4, where X1 to X3 and X5 to X8 are constant 

Β5 = adjusted on Yt, due to 1 unit change in X5, where X1 to X4 and X6 to X8 are constant 

 

 Y = β0 + βssXss + βwsXws + βrhXrh + βrfXrf + βrdXrd + βtXt  

 

where: 

Y = estimate of gall rust disease incidence and severity 

β0 = estimate of gall rust disease incidence and severity for Y 

Xss = no. of sunshine hours, Xws = wind speed, Xrh = relative humidity, Xrf = rainfall, 

Xrd = no. of rain days and Xt = mean temperature 

βss = adjusted on Y, due to 1 unit change in Xss, where other factors are constant 

Βws = adjusted on Y, due to 1 unit change in Xws where other factors are constant 

Βrh = adjusted on Y, due to 1 unit change in Xrh, where other factors are constant 

Βrf = adjusted in Y, due to 1 unit change in Xrf, where other factors are constant 

Βrd = adjusted on Y, due to 1 unit change in Xrd, where other factors are constant 

Βt = adjusted on Y, due to 1 unit change in Xt, where other factors are constant 

 

All analyses were conducted using the statistical package of the Statistical Analysis 

Systems Institute Inc., version 9.13 (2004). 

Results 

Gall rust disease status 

Gall rust disease incidence in October 2003 ranged from rare to widespread 

(Fig. 4a). However, by April 2004, disease incidence at all sites was widespread. By 

October 2005, disease incidence at some sites had decreased and the status ranged from 

common to widespread. 

Differences in gall rust disease incidence between sites throughout the experiment 

were not significantly different, except at site 87E in October 2003, when it was 

significantly lower than at the other sites (Fig. 4a). A similar trend was observed for 

gall rust disease severity which in October 2003 ranged from low to severe and in April 

2004 from moderate to very severe. Gall rust severity in October 2004 was similar to 

that in October 2003. There were no significant differences in disease severity except 

for site 94B in April 2004 when it was less than at the other sites. In addition, there was 

no gall rust disease incidence at all at site 1F (Fig. 4b). 
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a b 

Figure 4. Gall rust disease incidence (a) and severity (b) at F. moluccana plantations in 

Brumas Estate, Tawau, Sabah, Malaysia in October 2003, and April and October 2004; vertical 

bars represent standard error 

 

 

Relationships between gall rust disease incidence and local site conditions 

Multiple regression analysis confirmed the selection of local site factors that were 

significantly related to the estimated factor; factors which were not significant were 

removed from the equation (Table 5). Gall rust disease incidence in October 2003 

increased with increasing slope, and more closed trees canopy of surrounding F. 

moluccana trees (Eq. 1). However, degree of forest opening was most related to gall 

rust disease incidence. In April 2004, gall rust incidence decreased with tree age and 

slope (topography), but increased with degree of foggy condition (Eq. 2), fog condition 

was the most important factor. In October, 2004, disease incidence decreased with tree 

age, and increased with altitude (Eq. 3); tree age was the more important factor. 

 
Table 5. Linear regression equation used for estimating gall rust disease incidence in 

Brumas Estate, Tawau, Sabah, Malaysia 

Month monitored Linear regression equation R2 (%) 

October, 2003 YDI = - 2.9 + 13.4 X3 + 41.6 X5……………...(Eq.1)  80 

April, 2004 YDI = 12.4 – 1.5 X1 – 3.4 X3 + 92.7 X4…...…(Eq.2) 99 

October, 2004 YDI = 12.78 – 2.9 X1 + 0.07 X2………...…....(Eq.3) 72 

X1 = tree age, X2 = altitude, X3 = topography (slope), X4 = fog condition, X5 = forest opening 

 

 

When R2 for individual site factors in each equation was < 30% and < 79%, the 

factor was determined as minor and intermediate, respectively. When R2 was > 80%, 

the factor was determined as major. Based on these criteria, degree of forest opening 

and fog condition were the major factors influencing gall rust disease incidence. Tree 

age, altitude and topography were minor factors. 

 

Meteorological factors influencing gall rust disease incidence in Brumas Estate 

Monthly data for sunshine hours, wind speed, humidity, rainfall, number of rain 

days, and temperature from January 1993 to January 2005 in Brumas Estate are 
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presented in Figure 5. The wind direction was predominant from the northeast (not 

presented graphically). Rainfall amount, number of rainy days, sunshine hours and wind 

speed fluctuated more than mean temperature and relative humidity. However, step-

wise multiple regression analysis showed that decreasing wind speed and increasing 

relative humidity were significant factors leading to increased gall rust disease 

incidence (Eq. 4). Other factors were not significantly related to disease incidence and 

severity and were removed from the regression equation. 

 

 YDI = - 321-0.37WS+4.89RH               R2 = 100% (Eq.4) 

 

where: 

YDI = estimated disease incidence, YDS = estimated disease severity 

WS = wind speed, RH = relative humidity 
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Figure 5. Data for number of sunshine hours, wind speed, humidity, rainfall, rainy days and 

temperature from 1993 to 2005 at Brumas Estate, Tawau, Sabah, Malaysia. RF = rainfall (cm), 

RD = rain days (day), TM = mean temperature (°C), SS = duration of sunshine (hours), WS = 

wind speed (km/h), RH = relative humidity (%). 

 

 

Actual and estimated gall rust disease incidence in Brumas Estate 

Based on the equations obtain from step-wise multiple regression, estimated gall- 

rust disease incidence was calculated. When the estimated and actual values were not 

significantly different, local site and/or meteorological factors involved were accepted 

for that particular site and monitoring time. 
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In October 2003, the site factors, topographical slope and forest opening determined 

disease incidence at all sites (Fig. 6a); in addition, the meteorological factors, wind 

speed and relative humidity, determined disease incidence at all sites, except site 87E 

(Fig. 6b). Hence, in April 2004, the site factors tree age of trees, topographical slope 

and fog condition determined gall rust incidence at sites 109A, 94B and 1F (Fig. 7a); 

the meteorological factors including wind speed and relative humidity were determined 

gall rust disease incidence at all sites (Fig. 7b). 

 

  
a b 

Figure 6. Actual disease incidence (ADI), estimated disease incidence (EDI) of gall- rust 

disease on F. moluccana, with estimated incidence based on linear regression of (a) local 

conditions, and (b) meteorological conditions in October 2003; vertical bars represent standard 

error 

 

 

  
a b 

Figure 7. Actual disease incidence (ADI), estimated disease incidence (EDI) of gall- rust 

disease on F. moluccana, with estimated incidence based on linear regression of (a) local 

conditions, and (b) meteorological conditions in April, 2004; vertical bars represent standard 

error 

 

 

In October 2004, local site and meteorological factors determined gall rust disease at 

sites 109A, 94B, and 1F. However, neither site nor meteorological factors appeared to 

influence gall rust disease incidence at site 106B. Only meteorological factors 

influenced disease incidence at site 87E, and at site 69F only local site factors (Fig. 8). 
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a b 

Figure 8. Actual disease incidence (ADI), estimated disease incidence (EDI) of gall-rust 

disease on F. moluccana, with estimated incidence based on linear regression of (a) local 

conditions, and (b) meteorological conditions in October, 2004; vertical bars represent 

standard error 

Discussion 

Climate change will alter the environmental conditions to which forest trees are 

adapted, and is likely to expose them to new pests and diseases (Koskela and Buck, 

2006). In addition, location and prevailing climate can have an important impact on 

disease risk (Coakley, 1988). The occurrence of diseases like gall rust can differ from 

site to site or can be similar across vast regions, depending on complex interactions 

between the disease, the tree and the ecology of the site or region. In this study, gall rust 

disease incidence and severity at the sites investigated were dependent on monitoring 

time, and related to how the climate changed with time. In particular, relative humidity 

≥ 90%, low wind speed (about 30 to 50 km/h/day), fog, steep slope, and being 

surrounded by high and dense vegetation were the dominant factors leading gall rust 

disease spread at Brumas Estate, Tawau, Sabah, Malaysia. However, in the absence of 

fog such as at site 1F, there was no disease development in spite of high relative 

humidity and low wind speed, conditions which are normally associated with fog 

development (Leipper, 1994). However, fog was not the only factor influencing the 

occurrence of gall rust disease at Brumas Estate. The absence of gall rust disease at site 

1F may be related to the long distance between site 1F and other batai plantations. 

Secondly, this was the oldest site and the maturity of the trees may have provided 

resistance to infection or the trees by then have an ability to escape from the disease. 

Thirdly, the fogless and other meteorological conditions at this low altitude site were 

not suitable for disease development; thus the spores became dried or and eventually 

died, finally leading to disappearance of rust fungus. 

Cooling, moistening and vertical mixing of air parcels of differing temperature and 

humidity influence fog formation (Leipper, 1994). When cool enough, the moisture in 

the air condenses out forming a radiation fog. Hence the formation of radiation fog on 

clear cool nights. Strong winds will mix the air and keep that shallow layer of cool air 

from forming near the ground. However upslope, fog can form in the presence of wind, 

even when the conditions at the surface are warm and humid. This fog will disappear 

when the wind dies out (Anonymous, 1991). The fog at Brumas Estate, Tawau, Sabah is 
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likely to be radiation fog, and in general foggy conditions occurred at night or in the 

early morning, before sunrise. 

Generally, fungi require wet periods to support their infection and development 

processes in the host. Under foggy or misty conditions, a “wetting period” occurs where 

the site is continuously wet with mist, fog, dew or rain. A preliminary study conducted 

before artificial inoculation of gall rust fungus on F. moluccana seedlings at Brumas 

Estate, showed that U. falcatarium requires fog as well as a wet period to ensure rust 

development. Teliospore germination and infection by basidiospores were not 

successful when seedlings were artificially inoculated at site 1F which did not 

experience fog. However, artificial inoculation at the foggy sites (sites 109A and 94B) 

resulted in the teliospores germinating to form basidiospores, and early gall rust 

symptoms were observed three days after inoculation. A similar pattern was observed 

with teliospores of cedar-apple rust, Gymnosporangium juniperi-virginianae which only 

germinated to form basidiospores in wet periods at low temperature (Ellis et al., 1997). 

The maximum rate of spore discharge of apple scab fungus, Venturia inequalis was 

reached after two to three hours of wet conditions (Teviotdale and Gubler, 1997). 

Large numbers of rusts require fog or mist as well as high relative humidity to ensure 

infection. White pine blister rust successfully infected Pinus strobus, P. monticola and 

P. lambertiana under cool, moist and foggy conditions (Maloy, 2001). Rust on rose 

leaves, including some species of Phragmidium spp. thrive in rainy, foggy or misty 

conditions (Anonymous, 2007). Uredinia of white pine blister rust fungus on Ribes were 

well-developed under foggy and wet conditions (Anonymous, 2001). Abundant pine 

blister rust caused by Cronartium ribicola and C. occidentale on Pinus monophylia and 

P. strobus mostly occurred under foggy and smoky conditions on the western slopes of 

the Pine Nut Range and the Wellington Hills, USA (Van Arsdel, 2001). The spores of 

Phragmidium rust species will only enter the rose tissue on the undersides of leaves, 

during rainy, dewy and foggy conditions (Anonymous, 2005). High-risk sites for white 

pine blister rust caused by Cronartium ribicola are frequently located on saddles, 

ridges, or mountain tops where summer fog is common, or in low-lying areas where 

cool, moist air flows or pools (Anonymous, 2007). A period that is foggy with 

intermittent showers during times of high levels of spore production is favourable for 

rust infection (Hoff, 1986). 

A relative humidity of between 97 and 100 per cent for four or more hours can 

promote teliospore germination of Cronartium fusiformae on Pinus elliottii and Pinus 

taeda in Southern United States (Phelps and Czabator, 2001). In addition, (Chang et al., 

1989) reported that relative humidity is one of the factors that affected gall rust spore 

germination of Endocronartium harknessii on Pinus contorta in North America. 

Abundant moisture and dew is required for basidiospore production of Cronartium 

ribicola and C. occidentale and for infection of Pinus monophylia and P. strobus. In 

addition, cool wet weather favours rust spread, while warmer drier air limits or prevents 

its spread (Van Ardsel and Krebill, 2001). The incidence of fusiform rust caused by the 

fungus Cronartium fusiforme also increased when relative humidity was > 98% 

(Kluepfel and Blake, 2006). In addition, cedar gall rust produced abundant spores 

during moist weather on rosaceous hosts in mid-spring at a time when new growth 

emerged (Chatfield et al., 2004). 

Wind is probably the most important factor determining spore release of the 

Uredinales (Carter et al., 1970; Hirst, 1961; Smith, 1966; Sache, 2000). Uromycladium 

falcatarium with air-borne spores easily infects F. moluccana trees over a wide area and 
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the spores can be introduced rapidly into new areas by wind (Sache, 2000). In this 

study, gall rust disease incidence and severity on F. moluccana were increased by 

slower wind speeds, i.e. between 30 to 53 km/h/day. Uromycladium falcatarium 

teliospores need to germinate and produce basidiospores to directly infect host cells. If 

the wind speed is high, the basidiospores are more easily removed from the host 

surfaces and are thus unsuccessful in infecting host cells. Under almost similar 

conditions, teliospores of Phragmidium rust fungus on roses in temperate regions were 

removed from their host surface by strong winds, resulting in decreased disease 

incidence (Magyar and Manninger, 2004). In tropical regions of South-East Asia, which 

have high relative humidity as well as foggy conditions, gall rust disease is a potential 

threat. The Philippines, Indonesia and some parts of Malaysia where F. moluccana is 

planted are influenced by the global wind system under the equator line that could 

potentially dispersed U. falcatarium teliospores over a large geographical area. Since 

the wind blew predominantly from the north-east at Brumas Estate, there is a strong 

possibility that the spread of gall rust spores from the Philippines to Brumas Estate, 

Tawau, Sabah, Malaysia. Hence, establishing a collaborative network among South-

East Asian countries for preventing and controlling gall rust disease is an important 

strategy to mitigate the disease. 

Closed forests where the F. moluccana was surrounded by high and dense vegetation 

had a higher incidence of gall rust disease. These conditions promote low wind speeds, 

reduce air movement, and lead to shading and moisture retention. Studies in the Lakes 

State Forest showed that closed forest sites retain cool moist air and maintain conditions 

favourable for basidiospore deposition and infection of white pine blister rust (Van 

Arsdel and Krebill, 2001). Consequently, blister rust disease incidence was higher than 

in intermediate or open forest sites. Topography was also an important determinant of 

gall rust disease incidence at Brumas Estate. While not a direct effect, topography 

influences relative humidity, fog formation and wind speed. In hilly or undulating areas 

associated with steep slopes such as occur at the Brumas Estate, cool air settles into the 

valleys and fog forms while the hilltops remain clear. In other areas of the estate, light 

winds may have prevented fog formation, particularly in flatter areas; however valleys 

in the hilly or undulating areas are sheltered from the wind (Anonymous, 2006). Thus, 

in undulating areas such as sites 106 B and 94B at Brumas Estate, the F. moluccana 

trees were more affected by gall rust those in the flatter areas. 

Conclusion 

The occurrence of gall rust disease can differ from site to site or can be similar across 

vast regions, depending on the complex interaction between the disease, the tree, the 

environment and the human management practices at the site or in the region. The 

interactions between local site condition and meteorological factors at the time of 

monitoring were determined by the level of gall rust disease incidence and severity. 

More open sites, flat topography, absence of fog, greater age and lower altitude were 

significant local site conditions that reduced gall rust disease incidence and severity. 

High relative humidity and low wind speed promoted gall rust disease development. 

Based on Brumas meteorological data from 1993 to March 2005, it was noted that the 

wind blew predominantly from the north-east at Brumas Estate, possibly leading to the 

spread of gall rust spores from the Philippines to Brumas Estate, Tawau, Sabah, 

Malaysia. 
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