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Foraging ecology of introduced rodents in the threatened Macaronesian 
laurel forest of São Miguel Island (Azores) and contiguous exotic forests
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Abstract. On São Miguel Island, Azores (Portugal), introduced rodents may constrain conservation 
efforts being taken on the Macaronesian laurel forest. With the aim of assessing their foraging ecology 
in one of the last patches of native laurel forest, we carried out snap-trapping sessions to evaluate rodent 
relative abundance and diet in three habitats (exotic forest, forest plantation, and forest opening) during 
winter, spring, and summer. Two species (Rattus rattus and Mus musculus) were captured, and capture 
rates were higher in winter, particularly in native laurel forest, followed by a decrease in all habitats, 
with the exception of forest plantation. Stomach contents’ analysis showed that invertebrates, mainly 
Annelida and Arthropoda, made up the greatest part of both species’ diet in the four habitats, but there 
was an important component of plant consumption, with a large bulk  corresponding to the exotics 
Cryptomeria japonica and Hedychium gardnerianum. Our results show that temporal variations on the 
relative abundance and diet of these rodents were more significant than habitat variations.
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Members of the rodent family can be found on all conti-
nents except Antarctica and on many oceanic islands 
(Musser and Carleton 1993). Rats and mice, in particular, 
have reached >80% of the world’s oceanic islands where 
they are considered among the most successful and harm-
ful invasive mammals (Atkinson 1985; Simberloff 2001; 
Donlan et al. 2003). Rats are a major threat to  seabirds 
(Jones et al. 2008) and together with mice are believed to 
have strong detrimental effects on forest native biota. 
Even if cause and effect relationships can be equivocal 
because of other complicated factors (e.g., preyed species 
biology, co-occurrence with other invasive mammal spe-
cies, and rodent interactions with other species; Martin 
et al. 2000; Courchamp et al. 2003), reviews about the 
harmful effects of introduced rats on islands concluded 
that their impact on forest trees is sufficiently strong to 
affect ecosystem structure and function (Towns et al. 
2006; Traveset et al. 2009).

All nine islands of the Azores archipelago, Portugal, 

were once covered with native evergreen forests 
( Godman 1870) which, together with those of the 
 Canary and Madeira Islands also located on the North At-
lantic Ocean, are considered relics of the Tertiary forests 
of southern Europe (Tutin 1953; however, see Emerson 
2002). Listed as a priority habitat type in the European 
Union Habitats Directive (code 9630 in the Council 
 Directive 92/43/EEC), the conservation importance of 
the Macaronesian laurel forest in the Azores is held, for 
example, by eight endemic tree species (Haggar 1988) 
along with the regular occurrence of the Azores bat 
(Nyctalus azoreum Thomas, 1901) (Hutson et al. 2008) 
and the Azores bullfinch (Pyrrhula murina Godman, 
1866), endemic to São Miguel Island (Ceia et al. 2011a).

The black rat (Rattus rattus Linnaeus, 1758), the brown 
rat (Rattus norvegicus Berkenhout, 1769), and the house 
mouse (Mus musculus Linnaeus, 1758) were introduced 
in the Azores archipelago at around the 16th century 
(Mathias et al. 1998) and, apart from the negative effects 
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of black rats on seabirds (Monteiro et al. 1996; Groz et al. 
2005; Amaral et al. 2010), there is little information on 
the  ecology and resultant impact of these species in the 
 Macaronesian laurel forest ecosystem (Delgado García 
2000, 2002). Forest ecosystems in the Azores, as other 
insular ecosystems worldwide, have been degraded by 
the invasion of exotic plant species (Heleno et al. 
2009). By consuming native plant species, rodents can 
be a barrier to laurel forest conservation and restoration 
actions. However, if they consume exotic plants and 
their propagules, they can lower the recruitment of exotic 
plant species thus depressing the invasion of forest eco-
systems. Alternatively, invasive rodents may consume 
and spread small-seeds of exotic species, thus promoting 
further exotic plant invasion (Shiels 2011).

In this primary approach to the role of rodents in forest 
ecosystems in the Azores, our objectives were to estimate 
how rodent capture rates and diet vary seasonally in the 
native laurel forest, and to compare these changes with 
results from two exotic forest habitats common in the 
Azores: invaded forest of Pittosporum undulatum and 
forest plantation of Cryptomeria japonica. Additionally, 
we aimed to investigate rodent ecology in light of 
 ongoing habitat recovery actions (Ceia et al. 2011b), by 
assessing their seasonal diet and relative abundance in 
one area of forest plantation that was logged to re-create 
a laurel forest patch.

Materials and methods

Study area
This study was carried out from February to August 

2008 in São Miguel, Azores archipelago. Our study area 
was Serra da Tronqueira (37°47'N, 25°13'W, highest 
point = 1103 m a.s.l.), in the eastern part of São Miguel, a 
steep volcanic range with oceanic climate (mean annual 
rainfall = 985.6 mm, mean annual temperature = 17.4°C; 
IPMA 2010). Although most native vegetation in the east 
of São Miguel has been cleared for pastures, afforested 
with C. japonica or taken over almost completely by P. 
undulatum on slopes along streams up to 500 m (Ramos 
1996), this mountainous district preserves one of the last 
patches of native laurel forest in the island. We focused 
sampling in the area of native laurel forest and chose 
nearby areas of the other three target habitats (exotic 
forest, forest plantation and forest opening) to minimize 
spatial variability. Taxonomic classification of plant 
 species throughout this work follows Silva et al. (2010), 
and the colonisation status (end: endemic to the Azores, 

n: native, e: exotic) is provided hereon in the first mention 
to the species.

The native laurel forest (NLF) has a dense canopy 
dominated by evergreen trees and shrubs of Erica azorica 
(end), Ilex perado azorica (end), Juniperus brevifolia 
(end), Laurus azorica (end), Vaccinium cylindraceum 
(end), Viburnum treleasei (end), and Clethra arborea 
(e), and a high density understory of Calluna vulgaris 
(n), Culcita macrocarpa (n), Hedera azorica (end), 
 Hedychium gardnerianum (e), Myrsine africana (n), 
Osmunda regalis (n), Pteridium aquilinum (n), Rubus 
ulmifolius (e), Smilax azorica (end), and Woodwardia 
radicans (n).

The exotic forest (EF) is composed predominantly of P. 
undulatum (e) trees, with some Acacia melanoxylon (e), 
and Morella faya (n), forming a dense canopy with dense 
undergrowth comprising a layer of H. gardnerianum, 
Leycesteria formosa (e), P. aquilinum, R. ulmifolius, and 
W. radicans.

The forest plantation (FP) has a high density of 12–18 
m tall trees of C. japonica (e) with a low density under-
story composed mainly of C. arborea, H. gardnerianum, 
C. macrocarpa, P. aquilinum, and W. radicans.

The forest opening (FO) corresponds to an area of 
habitat recovery from FP to NLF where C. japonica trees 
were logged, most of the timber residuals removed, and 
the area re-planted with saplings of native trees and 
shrubs. Besides these there were herbaceous plants such 
as H. gardnerianum, Holcus rigidus (end), Leontodon 
rigens (end), P. aquilinum, and Scrophularia auriculata 
(n).

Rodent sampling
To evaluate rodent relative abundance in the four 

 habitats we set four plots, one in each habitat (Fig. 1). 
To minimize the effect of elevation we located all plots 
between 400 and 650 m a.s.l. Each sampling plot covered 
a square area of 1 ha and consisted of 50 Ezeset Supreme 
Rat Traps (A.W. Stanfield & Co., Australia), set in groups 
of two (up to a metre apart), placed on a grid at 25 m 
intervals. Snap-traps were tied down so that injured rats 
did not drag them away (or carcasses could not be dragged 
away by other rodents or scavengers) and, despite the fact 
that no native terrestrial mammals occur in the Azores, 
we covered traps using vegetation, logs, etc. to reduce 
the capture of non-target species such as birds. We used 
peanut butter as bait, renewing it whenever its attractive-
ness has been reduced (i.e., by rain, hot weather, mould, 
or partial consumption by insects).
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Three sampling sessions were performed in each plot, 
corresponding to winter (February–March; mean monthly 
rainfall = 89.5 mm, mean monthly temperature = 14.4°C; 
IPMA 2010), spring (April–June; mean monthly rainfall 
= 62.8 mm, mean monthly temperature = 16.7°C; IPMA 
2010) and summer (July–August; mean monthly rainfall 
= 36.4 mm, mean monthly temperature = 21.5°C; IPMA 
2010). During each session, snap-traps were set for three 
consecutive nights and removed after, in order to obtain 
a representative sample avoiding habituation (Kirkland 
1990). Since target rodent species are predominantly 
 nocturnal or crepuscular (Refinetti 2008), traps were 
checked as early as possible each morning to avoid tis-
sue deterioration and carcass consumption. We recorded 
captures and whether each trap was sprung or unsprung, 
and re-set sprung traps.

Diet
To increase sample size for diet analysis we conducted 

additional captures in analogous NLF areas within Serra da 
Tronqueira (up to 4.5 km from the trapping plots; Fig. 1).

Captured individuals were taken into the laboratory 
where we classified them according to pubertal develop-
ment (juvenile or adult), sex (male or female) and, in the 
case of adult females, reproductive state (breeding or 
non-breeding, stated by the presence of large lactating 
nipples or pregnancy). We also noted the colour morphol-
ogy of captured black rats (Caslick 1956).

Diet was studied from analysis of stomach content. 
Individuals were dissected, and the stomach content 
stored in 70% ethanol for later examination. Stomach 
contents were examined under magnifying glass and 
microscope (6–100×), items were recorded as present or 

absent in each stomach, and the percentage of occurrence 
was calculated in each season and habitat (Daniel 1973). 
Food items were classified into animal matter, plant 
 matter, fungi, or lichens. Further identification of animal 
matter allowed the taxonomic separation in four phyla: 
Mollusca, including a single record from the class 
 Gastropoda; Annelida, including a single record from the 
 family Lumbricidae; Arthropoda, including records from 
the classes Arachnida, Chilopoda, and Insecta (items in 
Insecta were classified to the level of order whenever 
 possible); and Chordata, including records from the 
classes Aves and Mammalia. Further identification of 
plant matter allowed the division between reproductive 
(spores, seeds, fruits, and flowers) and vegetative parts 
(fronds, leaves, stems, bulbs, and roots), and whenever 
possible species identification (Schäffer 2005). In our 
analysis, we did not include unidentifiable stomach 
material (which was  present in each sample and was typi-
cally <20% of the total content), grit or trap bait. We also 
excluded empty stomachs (one house mouse and one 
black rat) from the analysis.

Data analysis
Index trapping has been widely used to obtain informa-

tion on both the identification and the relative abundance 
of rodents (Hansson 1967; Myllymäki et al. 1971; Spitz 
et al. 1974; Cunningham and Moors 1996). An index of 
rodent trapping, expressed as the number of captures per 
100 trap-nights (C100TN –1; one trap-night is defined as a 
single trap set for one night), was calculated for each 
habitat in each season from the total number of rodents 
captured and the total number of corrected trap-nights 
(CTN) (Nelson and Clark 1973), according to equations 1 
and 2.

CTN =  traps set × sampling nights – 0.5 
× (captures + sprung empty traps) [1]

C100TN –1 = 
Captures × 100

CTN
 [2]

The relative abundance of rodents was then compared 
between habitats and seasons using trapping indexes.

Black rats were classified in the three colour morphs: 
‘alexandrinus’ (brown back with long black guard hairs; 
uniformly grey belly), ‘frugivorous’ (brown back with 
long black guard hairs; uniformly white or creamy-white 
belly) and ‘rattus (uniformly black back; uniformly grey 
belly). Chi-square tests were used to test for differences 
in the number of captured black rats per colour morphs 

Fig. 1. Map of Serra da Tronqueira in eastern São Miguel Island with 
the location of sampling plots and the area where additional captures 
were carried out.
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and between males and females among seasons. G-test 
was used to test for differences in the reproductive state 
of adult female black rats among seasons.

A principal components analysis (PCA) was performed 
to describe seasonal and habitat variations in the diet of 
black rats. Data on the percentage of occurrence of each 
food item in each season and habitat was arcsine trans-
formed and used in the PCA. Given the importance of H. 
gardnerianum in the rodent diet, its records were sepa-
rated from other plant reproductive and vegetative parts, 
and used as a variable in the PCA. Therefore, data for 
the PCA was a 12 × 9 matrix (3 seasons × 4 habitats × 9 
variables), including Mollusca, Annelida, Arthropoda, 
Chordata, reproductive plant parts, vegetative plant parts, 
H. gardnerianum, fungi, and lichens as variables for 
analysis. Differences in the percentage of occurrence 
of the most common food items (Annelida, Arthropoda, 
and Fungi) among seasons and habitats were assessed 
using chi-square tests. All statistical analyses used an a = 
0.05 and were conducted using STATISTICA version 7.0 
(StatSoft, Inc. 2004).

Results

Index trapping
In the total of the 12 sampling sessions (three seasons 

× four habitats), 95 rodents were captured, corresponding 
to 88 black rats and seven house mice (Table 1). Capture 
rates varied among seasons and habitats (Fig. 2). There 
was an overall decrease in seasonal trap rates (presented 
as the mean ± SD of all habitats C100TN –1) from winter 
(11.2 ± 6.5 C100TN –1) to spring (6.7 ± 4.2 C100TN –1) and 
from spring to summer (3.4 ± 0.9 C100TN –1). The one 
exception to this pattern occurred in FP where relative 
abundances increased from winter to spring (3.0 
C100TN –1 and 4.3 C100TN –1, correspondingly). The 
highest relative abundance of rodents was obtained in 
NLF during winter (18.0 C100TN –1), which was followed 
by a sharp decline. Relative abundances were higher in EF 
(mean ± SD = 10.5 ± 5.3 C100TN –1) and NLF (mean ± 
SD = 8.0 ± 8.7 C100TN –1), and lower in FO (mean ± SD 
= 6.2 ± 3.5 C100TN –1) and FP (mean ± SD = 3.6 ± 0.6 
C100TN –1).

Reproductive biology
A total of 145 individuals were captured and processed 

in the laboratory, corresponding to ten house mice and 
135 black rats (Table 1). House mouse captures included 
only adult males (four in winter and spring, and two in 
summer). The ‘rattus’ colour morph was  significantly 
more common than the other two (c2

2 = 62.28, P = 
0.001), representing 65% of the captures. The propor-

Table 1. House mouse and black rat captures per season and habitat (NLF: native laurel forest; EF: exotic forest; FP: forest plantation; FO: forest 
opening), including data from sampling plots (outside brackets) and additional captures in NLF (in-between brackets)

Season Habitat House
mouse*

Black rat

Total
Juvenile Adult

Male Female Male
Female

Breeding Non-breeding

Winter NLF – (2) 1 1 4 (6) 2 (1) 7 (1) 15 (10)
EF 2 – – 9 2 3 16
FP – – – 4 – 6 10
FO – 1 1 6 1 1 10

Spring NLF – – – 6 (4) 2 2 (7) 10 (11)
EF 1 – – 6 3 3 13
FP – – 1 8 – 3 12
FO 3 – – 4 1 2 10

Summer NLF 1 (1) – (2) – 4 (1) – (1) – 5 (5)
EF – – – 3 3 1 7
FP – – – 4 – 2 6
FO – 2 1 – 1 1 5

Total 10 6 4 69 17 39 145

Data from sampling plots was obtained using 50 Ezeset snap-traps during three consecutive nights per sampling session.
* House mouse captures included only adult males.
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tion of captured male and female black rats was similar 
along the three seasons (c2

2 = 0.47, P = 0.750). Juvenile 
captures were quite variable among seasons, with a 
higher percentage in summer (7% in winter, 2% in 
spring, 19% in summer). Breeding females were captured 
in the three studied seasons but were significantly more 
abundant in summer (25% in winter, 26% in spring, 
56% in summer; G2= –111.52, P = 0.001).

Diet
Nine house mouse and 134 black rat stomachs were 

used in the calculation of percentage of occurrence of 
items in stomachs (see Table 2 for results on black rats). 
Animal matter was present in all house mouse stomachs 
and in 94% of black rat stomachs. The consumption of 
animal matter by black rats was more frequent in NLF 
(99%) and lower in FP (88%). Winter was the season with 
a lower percentage of animal matter consumption (88% 
in winter, 98% in spring, 96% in summer). Annelida and 
Arthropoda were the most common items in the diet of 
both rodent species. Chi-square tests showed significant 
differences in the consumption of Annelida among 
 habitats (higher values in NLF and lower in FP; c2

3 = 
28.47, P = 0.001) and seasons (less than expected values 
in winter; c2

2 = 7.57, P = 0.025). Arthropoda also differed 
significantly among seasons (less than expected values in 
winter; c2

2 = 18.25, P = 0.001) but not among habitats 
(c2

3 = 1.33, P = 0.750). Mollusca were present in the diet 
of black rats only in spring, and were absent in FP. The 
house mouse stomachs contained no Mollusca, although 
three samples corresponded to spring. Fur was present in 

44% of house mouse and 17% of black rat stomachs, 
sorted by all habitats and seasons, and unidentified 
 feathers were found in two black rat stomachs, both 
from winter. Although present in four of the nine house 
mouse stomachs, plant matter corresponded to an esti-
mated <10% of the stomach content volume. In the case 
of black rats, plant matter was present in 86% of the 
 analysed stomachs. Hedychium gardnerianum was the 
most frequent of the identified plant items, present in 
11% of the stomachs and consumed particularly during 
summer. Although of low importance in the diet of black 
rats, fern spores, and fronds were present in four stom-
achs. Fungi, present both in the diet of house mice and 
black rats, were significantly more consumed during 
 winter, as evidenced by chi-square test (higher than 
expected values in winter; c2

2 = 10.43, P = 0.010). How-
ever, there was no significant difference in the consump-
tion of fungi among habitats (c2

3 = 1.01, P = 0.750). 
Lichens were regularly consumed along seasons in NLF, 
although its consumption was not recorded in FO.

The PCA (Fig. 3) reduced the original 12 × 9 matrix to 
two independent principal components that explained 
36.8% and 22.5% of the variance (eigenvalues of 3.31 
and 2.03, respectively). The first component was posi-
tively related with the occurrence of Arthropoda and 
Annelida (factor loadings of 0.88 and 0.80, respectively) 
and negatively related with Fungi (–0.71) and Chordata 
(–0.65), and the second component positively related 
with Mollusca (0.71) and negatively correlated with H. 
gardnerianum (–0.86) (Table 3). The first axis clearly 
separates spring and summer from winter, supported by 
chi-square tests which showed significant differences 
between the consumption of Arthropoda, Annelida, and 
Fungi in winter. The second axis appears to segregate 
points also according to season, separating items con-
sumed only in spring (e.g., Mollusca) from those con-
sumed mostly during summer (e.g., H. gardnerianum).

Discussion

This is the first comprehensive study focusing on 
 relative abundance and diet of rodents in the threatened 
Macaronesian laurel forest, particularly in the Azores. 
Black rats were the most common rodent species in all the 
studied forest habitats of São Miguel Island. Interestingly, 
the ‘rattus’ colour morph was the most common in the 
study area, although ‘alexandrinus’ and ‘frugivorous’ 
 colour morphs were also recorded. On many other island 
populations around the world, the ‘rattus’ colour morph is 

Fig. 2. Rodent capture rates in the four studied habitats along the 
three seasons. The number of captures and sprung empty traps were 
 modelled using a formula (see methods) to obtain a trapping index 
(individuals per 100 corrected trap-nights).
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usually less common (Innes 2005). Present in São Miguel 
Island since the 16th century (Mathias et al. 1998), brown 
rats were not captured in the studied forest habitats most 
probably due to their commensalism, or to the competi-
tive advantage of black rats in exploiting forest habitats 
(Yoshida 1980; King et al. 2011). On the other hand, 
house mice can be commensal or live under totally wild 
conditions (Bronson 1979) colonizing natural habitats 

mostly on islands while on continents they tend to be 
associated with man (Santos-Reis and Mathias 1996). 
This species was captured much less often than black rats 
probably due to interference competition, as indicated by 
the observations that in forests where black rats and mice 
co-exist, mouse abundance is significantly lower than that 
of the rats (Innes et al. 1995; Harper and Cabrera 2010).

The rodent trapping indices obtained in our study were 

Table 2. Percentage of occurrence of food items in the stomachs of black rats

Habitat NLF EF FP FO

Season w sp su Total w sp su Total w sp su Total w sp su Total

No. stomachs (n) 23 21 8 52 14 12 7 33 10 11 6 27 10 7 5 22

ANIMAL MATTER 96 100 100 98 86 100 100 94 90 91 83 89 80 100 100 91
Mollusca† 0 10 0 4 0 17 0 6 0 0 0 0 0 14 0 5
Annelida‡ 70 95 100 85 50 92 86 73 30 27 17 26 50 86 80 68
Arthrophoda 22 62 63 44 7 75 29 36 40 18 50 33 10 71 80 45
Arachnida 4§ 0 0 2 0 8§ 29 9 0 0 17 4 10§ 14 20 14
Chilopoda 0 0 0 0 0 0 0 0 0 0 50 11 0 0 0 0
Insecta [(la)rvae, (ad)ult] 13 48 63 35 7 42 14 21 20 18 17 19 10 29 80 32

Diptera 0 14 25 10 0 8 0 3 10 9 0 7 0 29 20 14
Hemiptera 0 5 0 2 0 0 0 0 0 0 0 0 0 0 0 0
Lepidoptera (la) 13 33 50 27 7 42 14 21 10 0 17 7 10 0 80 23
Coleoptera (la) 0 5 0 2 0 0 0 0 0 0 0 0 0 0 0 0
Coleoptera (ad) 0 5 13 4 0 0 0 0 0 9 0 4 0 0 0 0

Chordata 9 10 0 8 14 33 14 21 30 18 17 22 50 14 0 27
Aves (unidentified feathers) 0 0 0 0 7 0 0 3 0 0 0 0 10 0 0 5
Mammalia (unidentified fur) 9 10 0 8 7 33 14 18 30 18 17 22 50 14 0 27
PLANT MATTER 70 95 88 83 86 83 86 85 80 91 83 85 100 86 80 91
Reproductive parts 13 5 38 13 7 17 43 18 10 0 17 7 0 14 20 9
Pteridophyta (sp) 4 5 0 4 0 8 0 3 0 0 17 4 0 0 0 0
Carex divulsa (s) 0 5 0 2 0 0 0 0 0 0 0 0 0 0 0 0
Duchesnea indica (s) 0 0 0 0 0 0 0 0 0 0 0 0 0 14 0 5
Hedychium gardnerianum (fl) 0 0 25 4 0 0 43 9 0 0 0 0 0 0 20 5
H. gardnerianum (f) 9 0 0 4 0 0 0 0 10 0 0 4 0 0 0 0
Persicaria capitata (s) 0 0 0 0 0 17 0 6 0 0 0 0 0 0 0 0
Scrophularia auriculata (s) 0 0 13 2 0 0 0 0 0 0 0 0 0 0 0 0
Vegetative parts 17 38 25 27 0 8 14 6 20 27 67 33 10 14 20 14
Pteridophyta (fr) 0 5 0 2 0 0 0 0 0 0 0 0 0 0 0 0
Grass (l) 0 0 13 2 0 0 0 0 0 0 0 0 0 0 0 0
Cryptomeria japonica (l) 0 0 0 0 0 0 0 0 20 18 50 26 0 0 0 0
Juniperus brevifolia (l) 4 5 0 4 0 0 0 0 0 0 0 0 0 0 0 0
H. gardnerianum (st) 0 0 0 0 0 0 14 3 0 0 0 0 0 0 0 0
H. gardnerianum (b) 0 0 13 2 0 0 0 0 0 0 0 0 0 0 0 0
FUNGI 74 24 13 44 29 25 57 33 30 45 50 41 80 14 0 41
LICHENS 13 19 25 17 0 17 14 9 0 0 17 4 0 0 0 0

Records are separated by habitat (NLF: native laurel forest; EF: exotic forest; FP: forest plantation; FO: forest opening) and season (w: winter; sp: 
spring; su: summer). Plant matter reproductive parts correspond to spores (sp), seeds (s), fruits (f), and flowers (fl) whilst vegetative parts are stems 
(st), bulbs and roots (b), leaves (l), and fronds (fr). Grit, bait, and empty stomachs were excluded.
Bold, plain, and italic numbers represent different levels of item identification, from less detailed to more detailed, respectively.
† Class Gastropoda; ‡ Family Lumbricidae; § Parasites (ticks and fleas).
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considerably similar to those from New Zealand moist 
temperate forests (Dowding and Murphy 1994). Despite 
the fact that we did not sample all year round, index fluc-
tuations seemed typical of feral rodent populations, with 
a peak in autumn and a probable increase in mortality 
through winter (Miller and Miller 1995; Innes 2005). 
Even though in our study an equitable sex ratio of cap-
tured black rats was obtained every season, there were 
higher proportions of juveniles and breeding females in 
summer, setting conditions for a population increase 
 during autumn. This hypothesis is supported by the 
higher relative abundances found in winter, which rapidly 
declined in spring. However, juvenile and breeding 

female black rats were captured in every season, which 
evidences that the species may breed throughout the year 
in our study area.

As expected, mice and rats in São Miguel forests were 
highly omnivorous and, similarly to other bottom-up 
regulated ecosystems such as islands (Russell et al. 2011), 
their seasonal diet varied in relation with resource avail-
ability. Although our small sample size prevented us 
from analysing seasonal variations in house mouse diet, 
other studies show marked seasonal variations in the diet 
of this species (Badan 1986; Copson 1986) and, as in our 
study, a great consumption of annelids (Le Roux et al. 
2002) and arthropods, predominantly Lepidoptera larvae, 
has also been described for other house mouse popula-
tions (Whitaker 1966; Berry and Peters 1975; Houtcooper 
1978; Badan 1986; Le Roux et al. 2002; Shiels et al. 2013).

Our PCA showed that seasonal variations in black rat 
diet were more important than habitat variations, because 
diet composition was relatively similar among all forest 
habitats. The most remarkable exception was found in 
forest plantation where C. japonica leaves were an impor-
tant food resource, in contrast with the other three habi-
tats where its consumption was not recorded as it is a 
scantily available resource, reinforcing the opportunistic 
consumer characteristics of this species (Shiels et al. 
2014).

Fig. 3. Distribution of black rats’ diet scores for each habitat type (NLF: native laurel forest; EF: exotic forest; FP: forest plantation; FO: forest 
opening) and season (w: winter; sp: spring; su: summer) along the two principal components (PC1 and PC2). The % of variance explained is indi-
cated on each axis label. The first principal component separates spring and summer diet (associated with Annelida and Arthropoda) from winter diet 
(associated with Chordata and Fungi). The second principal component separates spring (associated with Mollusca) from summer (associated with 
Hedychium gardnerianum) according to items consumed only during each one of these two seasons.

Table 3. Factor loadings of variables used in the PCA

Variables Factor 1 Factor 2

Mollusca 0.55 0.71
Annelida 0.80 –0.17
Arthropoda 0.88 0.14
Chordata –0.65 0.59
Reproductive plant parts 0.56 0.57
Vegetative plant parts 0.11 0.19
Hedychium gardnerianum 0.26 –0.86
Fungi –0.71 0.17
Lichens 0.55 0.04
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Regardless of seasonal differences, the analysis of 
black rat stomach contents showed that plant matter was 
of lower importance, and also that reproductive parts 
(e.g., flowers, fruits, seeds, and fern spores) occurred less 
than vegetative parts (e.g., stems, bulbs, leaves, and fern 
fronds), when compared with other studies (see review by 
Shiels et al. 2014). Endosperm can be important in the 
diet of black rats (Best 1969; Daniel 1973; Innes 1979; 
Clout 1980; Gales 1982) and we believe that, in our study, 
reproductive plant parts were less consumed than vegeta-
tive parts because we did not analyse autumn diet. The 
fruiting of most plant species present in our study area 
occurs in September–October (Schäffer 2005).

In São Miguel Island, invertebrates (mostly annelids 
and arthropods) were the main item in black rat diet 
throughout the year, and the winter depletion of this 
resource may be balanced by the consumption of fungi, 
H. gardnerianum fruits and even birds. Although the 
 consumption of bird eggs can be difficult to assess with 
analysis of stomach contents (Amarasekare 1993; Caut 
et al. 2008), birds are only occasionally reported to be 
consumed by black rats (Shiels et al. 2014). In our study, 
feathers in black rat stomachs constitute evidence that 
forest birds were consumed directly or scavenged during 
winter. The impact of rodent predation on forest birds is 
of particular concern in our study area, because the vul-
nerable population of the Azores bullfinch is endemic to 
this single location (BirdLife International 2016).

Mammal fur was found regularly in black rat stomachs 
in all seasons and habitats but this may be (totally or in 
part) due to the incidental consumption of some of their 
hair during their frequent grooming (Shiels et al. 2013). 
Spring and summer diets, even if based on annelids and 
arthropods, were complemented by the consumption of 
gastropods and H. gardnerianum flowers, correspond-
ingly. Although flowers are not described as a common 
food of black rats (Shiels et al. 2014), we found flowers of 
the invasive H. gardnerianum in a number of stomachs 
from all habitat types, except forest plantation during 
summer.

Implications for the threatened Macaronesian laurel forest
This study, in accordance with previous studies 

(Norman 1970; Campbell et al. 1984; Campbell and 
Atkinson 2002), highlights the role of rats not only as 
seed predators, but also as consumers of vegetative plant 
parts. Insular endemic plants that evolved in the absence 
of vertebrate herbivores typically lack defences against 
herbivory making them more palatable and susceptible to 

extirpation (Bowen and Van Vuren 1997). Consequently, 
introduced rodents can depress plant recruitment and 
therefore affect the structure of forest island ecosystems 
(Allen et al. 1994; Campbell and Atkinson 2002; Towns 
et al. 2006; Traveset et al. 2009). From all the identified 
plant species present in the stomachs H. gardnerianum 
was largely the most common, presumably a consequence 
of its high density over the study area (Heleno et al. 2009). 
We recorded the consumption of bulbs, stems, and flow-
ers of this species, but also of fruits, although we did not 
sample diet during its fruiting period (Schäffer 2005). We 
believe that the fruiting of the invasive H. gardnerianum 
may favour the abundance of rats during the autumn-
winter period because black rat populations are described 
to often erupt after heavy fruiting or seeding of forest 
trees (Daniel 1978; King and Moller 1997; Dilks et al. 
2003; Harper 2005).

For native laurel forest we recorded the highest capture 
rates in winter but relative abundances in this habitat were 
particularly low in the other two seasons, which suggests 
that laurel forest is a suitable habitat for rodents mostly 
during winter (Russell and Ruffino 2012). As part of a 
long-term conservation project, aggressive invasive plant 
species (mainly H. gardnerianum and C. arborea) have 
been eliminated from the largest and best preserved 
patches of native laurel forest (Ceia et al. 2011b). Given 
its importance as a food item throughout the year, the 
removal of H. gardnerianum may decrease even further 
the relatively poor quality of this habitat for black rats. 
However, given black rat’s opportunistic consumer char-
acteristics, changes in diet towards native plants should 
be monitored in this area. Any potential direct impacts of 
black rats on Macaronesian laurel forest shall therefore be 
higher during winter, as it combined higher capture rates 
with the consumption of both reproductive and vegetative 
plant parts.

Forest plantation was a relatively poor quality habitat 
for rats, where no seasonal variations were found on both 
diet and relative abundance. In comparison, the forest 
opening habitat, exemplifying the restoration of forest 
plantation to native laurel forest, had higher capture rates 
while plant consumption was still very common. Poten-
tially increased rat abundance due to habitat restoration 
may thus make the establishment of native trees and 
shrubs difficult but, if fruits and flowers of the invasive 
H.  gardnerianum are consumed, as it occurred in our 
study, rats can also play a role on holding the invasion of 
recovered areas.

Apart from their role as herbivores, black rats should 
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also be taken into account as seed dispersers. It is hard to 
assert that rats in our study area are likely to disperse 
seeds of the ingested species because we analysed 
 stomach content and not faeces. Most seeds consumed 
by rodents in our study seemed highly vulnerable to pre-
dation, having been chewed and fragmented to the point 
that species identification was impossible. However, 
some seeds in black rat stomachs were intact and identifi-
able, such as the natives Carex divulsa and Scrophularia 
auriculata, and the exotic Duchesnea indica, and could 
potentially be dispersed. Additionally, we found the con-
sumption of fern spores to be common among black rats, 
which supports the discoveries of Arosa et al. (2010) 
reporting the consumption of fern spores by small mam-
mals. Undigested fern spores were frequently observed in 
black rat stomachs, and, even if only a small percentage 
of the spores germinates from faeces (<1% according to 
Arosa et al. 2010), the hypothesis of fern spore dispersal 
by black rats should be considered as a single fertile fern 
frond may produce >6.000 viable spores (Arosa et al. 
2009).

In conclusion, rodents can disrupt ongoing Macarone-
sian laurel forest conservation efforts, but their negative 
effects should not be irremediably considered. Previous 
to incorporating rodent control actions into ecological 
restoration programs, we recommend that research is 
 carried out in order to understand rodents’ biotic interac-
tions with native and non-native species, not disregarding 
their involvement in seed dispersal because, depending 
on local plant communities, it has been suggested that 
black rats facilitate the spread of either invasive (Shiels 
2011) or endemic plants (Riofrío-Lazo and Páez-Rosas 
2015).
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