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taxa within the genus Diellia (Aspleniaceae)
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The life-stage and size structure of 10 populations of five endemic fern taxa was studied (Diellia
erecta Brack; D. falcata Brack; D. pallida WH. Wagner; D. unisora WH. Wagner and D. x Jauii (D.
Sfalcatax D. unisora) WH. Wagner), with the aim of assessing the overall condition of the populations.
During the study, populations were defined as spatially distinct assemblages of plants at certain
sites, with no consideration of the genetic structure of the populations. Spatial patchiness of
habitat, clumped distribution patterns, life-stage specific survival and slow establishment of
gametophytes are characteristic of all taxa of the genus Diellia. Data from field observations of D.
Sfalcata over three months lead to the assumption that Diellia ferns show a continuous growth
pattern with irregular periods of dormancy and spore release with defined peaks. The proportion
of vegetative premature and reproductively mature sporophytes could be one possible variable for
use in the assessment of the population status of Dizeliia ferns in short-term studies. The single
population of D. pallida in Mahanaloa Valley, Kauai, 1s in critical condition with only 31 individu-
als of different life stages found in heavily disturbed habitat. The process of hybridisation between
D. falcata and D. nnisora requires further study, which may contribute to our understanding of the
hybridisation of rare species and/or speciation.
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Introduction

The fern genus Diellia Brack. (Aspleniaceae) is en-
demic to the Hawaiian Islands, comprising six
species and a single hybrid (Wagner 1994): Dzellia
erecta Brack.; D. falcata Brack.; D. lencostegioides (Ba-
ker) W. H. Wagner; D. mannii (D.C. Eaton) W.
Robinson; D. pallida WH. Wagner; D. unisora \W.H.
Wagner and D. x Jauii (D. falatax D. unisora) WH.
Wagner.

Diellia ferns are small to medium-sized ferns
found on steep slopes in dry and mesic lowland
and montane forests (Wagner 1951). They differ
from Asplenium species by their short or fused
submarginal sori, which open outwards and the
areolate venation pattern. One exception is D.
lencostegioides, which shares most of its morpho-
logical features with the other Dze//ia species, but
has free venation and medial linear so1i along the
veins which is typical of Asplenium species (Wagner
1953).

The taxonomy of the genus and its species
has undergone many changes through its history,
being related to vatrious genera and families by
different authorities (Brackenridge 1854, Hille-
brand 1888, Christensen 1925, Wagner 1952).
The fact that these ferns are so rare and variable
has meant that there is still no clear agreement
about the taxonomic status of the genus Dze/lza.
Recently, it has been reduced to a synonym under
the genus Asplenium L. by R. Viane (Kramer &
Viane 1990, Viane & Reichstein 1992).

Dielliais a monophyletic genus evolved from
Asplenium ancestory (Wagner 1952, Wagner 1953),
which has radiated out over the Hawaitan Islands.
In his monographic study, Wagner suggested an
origin from the Asplenium trichomanes group.
Later, he suggested a more specific prototype in
the form of Asplenium lencostegioides Baker
(Wagner 1953), now recognised as Die¢/lia
Jencostegioides (Baker) WH. Wagner comb. now.
(Wagner et al. 1995).

D. erecta, and its associated forms, is the only
Diellia species which was originally found on all
of the bigger islands, though it is now only found
on Hawaii, Maui, Molokai and Oahu. The five
other Diellia species are all single island endemics.
The type specimens of D. leucostegioides were

collected on East-Maui sometime before 1879
and identified as Asplenium normale Don, only
being described as a separate species some years
later (Wagner 1953). Since that time, this species
has not been relocated. D. mannii, originally
collected from Kauai, has also not been found
for 100 years (Anon. 1999). D. pallida is endemic
to Kauai, found only in the western patt of the
Kokee Mountains. Three taxa are then endemic
to the island of Oahu. D. falata, the only locally
common species of the genus, occurs over the
whole of the Waianae Mountains. Dzellia unisora
was discovered at Pohakea Pass in the Waianae
Mountains on Oahu in 1932. It is now rare with
a localised distribution (Wagner 1951). Diellia x
Jaunii 1s a recently discovered endemic hybrid
(Wagner et al. 1999). It was mentioned as locally
common when found by J. Lau in 1991. All three
endemic taxa occur together in the Pualii-Palawai
region in the southern Waianae Mountains.
According to Wagner (1999), the hybrid estab-
lishes dense colonies in the vicinity of parental
species.

The restricted distribution of the D:ellia
species is mentioned in several published studies
(Hillebrand 1888, Smith 1934, Degener 1950,
Wagner 1952, Fosberg & Herbst 1975, Wagner
1952). All species have always been considered
very rare and local, on the verge of extinction, or
decreasing, According to Wagner, these species
have always been rate and localised because of the
restricted area of suitable habitat. The major
threats to their survival are habitat degradation
by feral ungulates and competition with
naturalised, introduced plant species (Anon. 1995,
Anon. 1996, Anon. 1998, Anon. 1999). The first
assessment of the status of the populations was
given by Fosberg & Herbst (1975). Their work
was based mainly on their lengthy personal
experiences of Hawaiian flora and almost without
quantitative data and ecological information. The
current status of the taxa is given in Table 1.

According to Menges and Gordon (1996),
the status and trends of populations of rare
plants may be studied on three levels: popula-
tion distribution; quantitative monitoring (stu-
dy) of population size/condition; and demo-
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Table 1. Status and distribution of the Dzellia taxa

Taxon TUCN 1997*

USFWS 1999**

Distribution

Diellia erecta Endangered

13 pop. 63 ind.

Hawaii, Maui, Molokai, Oahu.
Extinct Lanai and Kauai.

Diellia falcata Endangered 22 pop. > 6000 ind. Oahu
Diellia x lanii - - Oahu
Diellia leucostegioides — — 0 Maui, not found

Diellia mannii
Diellia pallida
Diellia unisora

Extinct/Endangered 0
Endangered
Endangered

3 pop. 23 ind.
4 pop. 700 ind.

Kauat, not found
Kauai
Oahu

* TUCN Red List of Threatened Plants 1997, IUCN The World Conservation Union:5

*F US. Fish & Wildlife Service Species List.
— not listed

graphic study of the population. The first level,
including an inventory, distribution mapping and
presence/absence and spatial extent of the po-
pulations, has been the base for the present sta-
tus assessment of the populations of Diellia
(Anon. 1996).

Long-term studies of demography, together
with life-cycle studies, give useful information for
conservation management concerning critical
stages and specific biological requirements of rare
plants. Another method for desctibing popu-
lation status/ condition in a single census may be
to study the population structure and determine
the relative proportions of individuals in different
life-cycle stages (van’t Veer & den Nijs 1994). Mo-
nitoring the demogtaphics of populations of rare
plant species allows us to follow population
trends and hypothesize about the demographic
mechanisms driving them (Menges & Gordon
1996).

This paper describes the population size and
life-stage structure of 10 populations of D. erec-
ta, D. pallida, D. falcata, D. x lauii and D. unisora.
For this study, populations were defined as spa-
tially distinct assemblages of plants at certain si-
tes, without considering the genetic structure of
the populations. The aim of the study was to
assess the status (condition) of the populations
of the taxa within the endemic genus Dzellia, on
the basis of population structure and life cycle
characteristics.

Methods

Over the period 13 February to 16 July 1999, field
surveys were conducted to determine the current
population status of four species and one hybrid
within the genus Dzellia at 13 sites on the islands
of Kauai, Oahu, Molokai and Hawaii (Fig. 1).
For all sites, general community and habitat des-
criptions were made and for all observed popula-
tions, the number of individuals and their life
stage structure were assessed.

To describe the relevant plant communities,
lists of associated species were compiled (Ap-
pendices 1 and 2). To describe the habitats at
each locality, variables recorded included eleva-
tion (altitudinal range), aspect, slope, substrate,
soil pH, soil moisture and canopy closure (Ta-
ble 2).

Assessments of population size were derived
mainly from direct counting of individuals, while
sample estimates were made for the more
abundant Dzellia falcata at Kahanahaiki.

To recotrd the stage structure of the popu-
lations, the following stages were differentiated:
prothallium; sporeling; premature (pre-reproduc-
tive adult); mature (reproductive adult); dor-
mant/dead (Figure 2). As prothalli were diffi-
cult to find and identify, during analyses of sta-
ge structure the prothalli and sporelings were
pooled together. To identify the spore release
period, the frond phases were described as fol-
lows: vegetative; sori developing; sori opened;
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Figure 1. Study sites of the genus Diellia in Hawaii: 1— Mahanaloa (D. pallida); 2— Makaha (D. pallida); 3— Puu
Ka Pele (D. pallida); 4 — Kahanahaiki (D. falata); 5 — Pualii (D. unisora); 6 — South-Palawai (D. unisora); 7 —
South-Palawai (D. x Jauiz); 8 — South-Palawai (D. falata); 9 — Hawaii Loa (D. erecta); 10 — Onini Gulch (D.
erecta); 11 — Puu Kolekole (D. erecta); 12 — Honomalino (D. erecta); 13 — Manuka (D. erecta).

sporangia dehisced. Where possible, the diame-
ter and height of the plants and the length of
the fronds were also measured. For each indivi-
dual, the number of old stipes and vegetative
and generative fronds was counted. At Kahana-
haiki, a permanent plot of 6 x 10m was establis-
hed and the population of D. fakata censused
three times (March, Apzil and June).

Voucher specimens (fronds and pinnae) are
preserved in the herbarium at the National
Tropical Botanical Gardens on Kauai. All sta-
tistical analyses were made using StatView for
Windows, Version 5.0, SAS Institute Inc. 1992—
1998.

Results

I found different taxa of the genus Diellza gro-
wing on nine sites (Table 2). For all observed
populations, the number of individuals and their

10

life stage structure was assessed. Measurements
of individuals were made for four populations:
at Hawaii Loa (D. erecta); Mahanaloa (D. pallida),
Pualii (D. unisora) and Kahanahaiki (D. falata).

Habitat and community

Diellia ferns are restricted to a particular spatially
fragmented habitat type on the steep sides of
gulches. Usually, they occur on northern slopes at
an altitude of 300—1100 m a.s.1. Slope angle va-
ried among sites from gentle to steep, neatly ver-
tical, cliff faces. D. fakata, D. x lauit, D. pallida and
D. unisora are usually terrestrial ferns, whilst D.
erecta occurs on soil as well as on old lava blocks
and cliffs. Sparse ground cover and a bare soil
surface appear to be essential for the persistence
of these populations. Typically, plants were found
on soil that was rocky, granular and usually dry,
with some leaf litter and mosses. Soil pH varied
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Table 2. Checked sites with previous and current data.

Taxon Island Locality Previous Source Current data
data (1999)
(no. of ind.) (no. of ind.)

D. erecta

Hawaii Honomalino 20 Lau 1991 —

Hawaii Manuka 1 Lau 1992 205

Oahu Hawaii Loa c. 40 Anon. 1998b 212

Molokat Onini Gulch 1 Wood 1997 1

Molokat Puu Kolekole few Anon. 1996 —
D. falcata

Oahu Kahanahaiki  ¢. 40-2000 Anon. 1998b c. 1000

Oahu S-Palawi c. 10 Anon. 1998b 18
D. x lanii

Ohau Pualii few Anon. 1998b 30

Ohau S-Palawii hundreds Tau 1991 141
D. pallida

Kauai Puu Ka Pele 2 Flynn 1998 -

Kauai Makaha 6 Wood 1998 -

Kauat E-Mahanaloa c¢. 10 Perlman 1991

Kauai W-Mahanaloa c¢. 10 Wood 1996 31
D. unisora

Oahu Pualii c. 600 Anon. 1998b 153

Oahu S-Palawai 90 Anon. 1998b 112
— not found

from slightly acidic (sites on Oahu) to neutral
and basic (Kauai, Mahanaloa) (Table 3).

The surrounding natural community was
usually mesic lowland or mountain forest where
Metrosideros polymorpha Gaud. is dominant. The
communities at Pualii, South-Palawai in the
Waianae Mts. and Hawaii Loa in the Koolau Mts.
were dominated by naturalised Psidium cattleia-

2\
Sporéling ?‘%ij <
% e -

premature dormant/dead

prothallium

Figure 2. Schematic drawing of the life cycle stages
of taxa in the genus Diellia: prothallium; sporeling;
premature (pre-reproductive adult); mature (re-
productive adult); dormant/dead.

num Sabine and Schinus therebinthifolius Raddi (Ta-
ble 3).

Diellia erecta
A total of five sites on three islands were sear-
ched for populations of D. erecta (Table 2). On
Molokai, only a single mature individual was
found growing on a steep slope at Onini Gulch
in mesic mixed forest. At the end of March, this
individual plant had five fronds from its last gro-
wing period and one young generative frond. A
few unopened sporangia were found between
older, dehisced sporangia. This individual diffe-
red morphologically from ferns in other popula-
tions of D. erecta by its narrower pinnae, simple
venation and distinct auricles, which diagonally
overlapped the stipe and next pinna on the abaxial
side of the frond.

In Manuka Natural Area Reserve, D. erecta
was found growing along a loop trail in dry forest
dominated by Nestegis sandwicensis (A. Gray)

11
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Table 3. Habitat characteristics for the Diellia ferns

Taxa, site Island Alt (m) Aspect Slope Moisture Canopy

D. erecta

Onini Gulch  Molokai 894 N Steep, ca 45° Mesic Closed

Puu Kolekole Molokai 920 N Steep, ca 45° Dry Closed

Honomalino  Hawaii 586 SWwW Gentle Mesic Closed

Manuka Hawaii 625 SWwW Moderate Dry Closed

Hawaii Loa ~ Oahu 360 S E Steep, nearly vertical  Dry Closed

D. falcata

Kahanahaiki ~ Oahu 555-645 NW Moderate Mesic Closed

S-Palawai Ohau 670-730 N Moderate Mesic Closed to
semi-closed

D. x lanii Ohau 670-730 N Steep Mesic Closed to

S-Palawai Kauai 670-730 N Steep Mesic semi-closed

D. pallida

Mahanaloa Kauai 580-690 N Steep Mesic per. Closed to

dry semi-closed

Makaha Kauai 915 N Steep, nearly vertical  Dry Closed to
semi-closed

Puu Ka Pele  Kauai 1010 SE Steep Dry Open to
semi-closed

D. unisora Open

Pualit Oahu 670-750 N Steep Mesic Closed to
semi-closed

S-Palawai Ohau 671-732 N Steep Mesic Closed to

semi-closed

Degener, I. Degener & L. Johnson. Most of the-
se individuals were found on moss covered lava
blocks, with only a few growing on soil.
Altogether, 151 individuals in various life cycle
stages were recorded in this population (Figure
3). At the beginning of April, 61% of this po-
pulation was in the reproductive stage. Fronds
of all different phases were found on mature
plants. The whole area was very dry and the ferns
were wilting, with many of the wilted plants
having young fronds with inconspicuous deve-
loping sori.

On Oahu, D. erecta was found on the south-
eastern slope of the Hawaii Loa Ridge. The slope
was covered with non-native secondary forest,
whete Psidium cattleianum was dominant. All
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Table 3. continues on next page

individuals were found on neatly vertical old lava
cliffs. Altogether, 212 individuals in different life
stages were recorded (Figure 3), with a single
mature individual growing on a separate cliff 30m
from the main population. In June, 13% of the
population was in the reproductive phase and
neatly half of the population (48.3%) consisted
of prothallia and sporelings. Fronds of all phases
were found on mature plants. Mean values of
the measurements of individuals in different life-
stages are given in Table 4.

Diellia falcata

Two sites with populations of D. fakata were
visited in the Waianae Mts. on Oahu (Table 2).
The entire population at Kahanahaiki Valley
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Table 3. continued. Habitat characteristics for the Diellia ferns

Taxa, site Substrate Soil pH  Ground- Natural community Dominant
cover species
D. erecta
Onini Gulch Brown soil with moss - 20% Mixed mesic forest Metr poly
and leaf litter
Puu Kolekole  Brown soil with leaf lit- - 10% Mixed mesic forest Metr poly
ter
Honomalino Old aa lava blocks and - 20% Mesic Metr. forest Metr poly,
clinker Nest sand
Manuka Soil, old aa lava blocks - 10% Nest dry forest Nest sand
and clinker
Hawaii Loa Old pahochoe cliff — 5% Scc. forest of alien trees  Psid catt,
Schi tereb
D. falcata
Kahanahaiki Heavy granular soil 5.7 30% Lowland mesic forest Diosp hilleb
Brown-black granular - 60% Lowland mesic forest Cenchr agri
soil
S-Palawai Rocky soil 5.0 20% Relic mesic forest with Psid catt
sec. succession of weeds
D. x launii
S-Palawai Rocky soil 5.0 20% Relic mesic forest with Psid catt
sec. succession of weeds
D. pallida
Mahanaloa Pure native soil with  6.9-7.7  <10% Kauai diverse mesic fo-  Metr poly,
leaf litter rest Ptera kana
Makaha Brown granular rocky - 75% Aca-Metr montane mesic ~ Metr poby,
soil forest Aca koa
Puu Ka Pele Brown granular rocky - 30% Remnants of dry mixed — Crypt mannii
soil mesophytic forest
D. unisora
Pualii Granular rocky soil — <10% Relic mesic forest with Psid catt,
sec. succession of weeds — Schin tereb
S-Palawai Granular rocky soil - 20% Psid cart,

Schin tereb

consisted of 1000 or more individuals, growing
in small and large groups on the north-western
side of moderately steep slopes above the gulch
bottom. The natural community at this site was
Diospyros hillebrandii (Seem.) Fosb. mesic lowland
forest. This area is owned by the Army Ecosys-
tem Management Region and is fenced for pro-
tection from trampling by feral animals.

The 60 m?sample plot of D. falata at Kaha-
nahaiki was censused on three occassions (in
March, April and June). In this population, the
mature stage of sporophytes was more preva-
lent than stages of prothallia and sporelings (Fi-
gure 4). The number of individuals varied bet-
ween months (Table 5), mainly because of the
establishment and death of individuals during

13
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Table 4. Mcan values (+ SE) of measurements of the plants of D.erecta, D. pallida, D. unisora and D. falcata

in different life stages.

Species Site Plant heigth Frond length ~ Fronds per Reproductive
(cm) (cm) rthizome (no.) tronds per
rhizome (no.)
Sporelings
D. erecta Hawaii Loa 0.5+0.1 0.710.1 2.710.2 -
D. pallida Mahanaloa 0.4+0.1 0.5+0.1 2.0£0.3 -
D. wunisora Pualii 0.6+0.1 0.6+0.1 1.2+0.1 -
D. falcata M Kahanahaiki 0.7£0.2 0.71£0.3 2.0£0.4 -
D. falcata A Kahanahaiki 0.7£0.2 1.0£0.4 3.0+0.4 -
D. falcata | Kahanahaiki 1.0£0.2 1.3£0.3 3.3+0.3 -
Premature
D. erecta Hawaii Loa 2.3%0.3 3.810.3 3.11£0.4 -
D. pallida Mahanaloa 5.0+0.6 5.810.7 3.3+0.8 -
D. falcata Pualii 3.4£0.7 4.2£0.9 4.0£0.4 -
D. falcata M Khanakahaiki 5.5+0.5 7.210.8 3.8+0.5 -
D. falcata A Khanakahaiki 4.7£0.5 7.0£0.8 3.2+10.4 -
D. falcata ] Kahanahaiki 5.1+0.9 7.8%£0.9 3.0+0.3 -
Mature
D. erecta Hawaii Loa 6.0£0.7 9.2+0.8 3.4+0.5 1.8£0.3
D. pallida Mahanaloa 14.0+1.2 19.6+2.8 2.110.2 1.4£0.2
D. unisora Pualii 9.0£1.5 13.1+2.1 7.5%11.4 4.0£1.1
D. falcata M Kahanahaiki 16.7£0.8 22.1£1.0 4.1£0.2 2.0%0.2
D. falcata A Kahanahaiki 14.9£0.8 22.9£0.9 3.8+0.2 1.2£0.2
D. falcata ] Kahanahaiki 13.3£0.8 20.4£0.9 3.0+0.2 1.8£0.2
M- March
A = April
J- June

the prothallia and sporeling stages. The peak for
gametophyte establishment and vegetative
growth was in April. The formation and matu-
ration of new reproductive fronds was also high-
est in April (Figure 5), whilst the total number
of mature reproductive sporophytes was highest
in June (52%). The total number of fronds
(vegetative and reproductive) per individual dif-
fered significantly between March and June (ANO-
VA, F =5,234, p <0.005). The mean number of
vegetative and reproductive fronds per rhizome
was highest in March (Table 4).

During observations, the spread of an

infestation of D. falataby the greenhouse thrips
Heliothrips haemorrhoidalis (Bouché) was discove-
red. Approximately 10% of the plants in the plot
were damaged.

In the South-Palawai drainage, D. falata
occurred in small groups in the vicinity of D.
unisora and D. x lanii. On the northern slope of
the drainage, 18 individuals of different stages
were observed (Figure 3). These ferns were gro-
wing in a mesic relic forest with a secondary
succession of weeds, where Psidium cattleianum
Sabine was dominant. Premature stages formed
ca. 60% of the population.

15
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Figure 4. Life stage structure of D. falata at Kahanahaiki.

Diellia x lani
In South-Palawai, D. x /anii was found in scatte-
red groups over an area of ca. 1000 m? at an eleva-
tion of 670—730 m. In total, 140 plants in vari-
ous life-stages were recorded in April (Figure 3).
In this population, the prothallia and sporelings
stages were more prevalent than premature and
mature sporophytes. The prothallia and spore-
lings around premature and mature plants of
the hybrid were counted as individuals of D. x
lani. At these stages, it 1s impossible to identify
the species without damaging them, and they may
actually belong to the parental species, hybrids or
backcrossings. All mature individuals had new
fronds with developing or already opened sori.
Individuals of the hybrid D. x Jauii were very
variable, with some of the intermediates similar
to D. falata and others to D. unisora. Spores of
the hybrids appeared to be normal, except for a
few individuals that showed irregular and pootly
developed soxi.

16

Diellia pallida

All previously known localities, except Koaie
Canyon, were searched for D. pallida. Individuals
were only found in Mahanaloa Valley in the Kokee
Mountains, where two groups were found
growing, In the eastern part of the population,
only four separate individuals were found, whilst
in the western part, 31 individuals in different
life stages were recorded (Figure 2). Of these,
15 were mature with only four in the premature
stage. For D. pallida, the mean number of vegeta-
tive and reproductive fronds per rhizome was
the lowest (Table 4).

The whole area was heavily influenced by
ungulates and D. pallida was only found in sites
protected by stones or tree roots. Disturbed
patches of forest with an open canopy were densely
covered with introduced species.

Diellia unisora
D. wunisora was studied at two sites, Pualii and
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Figure 5. Phenology of D. fakata at Kahanahaiki during March, April and June. Proth — prothallium; veg —

vegetative; dev— developing sori; deh— dehisced sori; dorm— dormant.

South-Palawai, in the Waianae Mts. (Table 2). At
Pualii, D. unisorawas growing in Metrosideros-Acacia
lowland mesic relic forest with secondary
succession of weeds. Dominant species found
here were Schinus terebinthifolius and Psidium
cattleianum.

This population held 183 plants growing in
five groups (11, 20, 30, 40 and 82 individuals in
each), with an approximate distance between
groups of 60-100 m. The median-sized group
of the population (30 individuals) proved to be
hybrid D. x Jauii. In March, two groups at the
uppert part of the population showed the proth-
allia and sporeling stages prevailing (Figure 3).
Also, most of the mature plants had young ge-
nerative leaves with developing or recently ope-
ned sori. The mean number of vegetative and
reproductive fronds per rthizome was highest for
D. unisora (Table 3). About 11% of the popula-
tion were in the reproductive phase (Table 5).

In South-Palawai, D. unisora was only found
in localized groups on very steep, rocky slopes in
relic mesic forest with secondary succession of
weeds. The dominant species here was Psidium
cattletanum. In total, 112 plants in different life
stages were counted (Figure 3). In April, 70% of

this population were in the reproductive phase
(Table 5).

Discussion

The populations of Dzellia terns are very localised
and small, with plants usually growing in big or
small clumps, or even solitary and scattered.
Usually, Die/lia ferns are very inconspicuous (ex-
cept D. falata) and their relative abundance can
vary between years. In unfavourable years, or
during long-lasting dry periods, the plants may
not be apparent at all, and searching for these
species may require more than one season to
locate populations (Wood pers. comm.). At only
four of 13 sites checked during this research were
any plants found. The habitat at Puu Ka Pele on
Kauai (D. pallida) seems to be irreversibly degra-
ded, whilst the sites at Makaha on Kauai (D.
pallida), Puu Kolekole on Molokai (D. erecta) and
Honomalino on Hawaii (D. erecta) need repeated
checking,

Diellia ferns seem to grow most vigorously
in the shade, in areas of sparse ground cover and
under a closed canopy. Occasional occurrences
under shrubs or more open areas may be only
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Table 5. Percentage of plants in different phenological phases at the time of observation of the populations

of Diellia.
Taxa Site Time Individuals Veg Reprod Dormant/
(no) (%) (%) dead (%)

D. erecta H, Manuka April 151 36 61 3
D. erecta O, Hawaii Loa June 212 68 13 19
D. falcata O, S-Palawai April 18 72 17 11
D. pallida K, W-Mahanaloa June 31 55 45 0
D. unisora O, Pualii March 93 89 11 0
D. unisora O, S-Palawai April 112 70 29 1
D. x lanii O, S-Palawai April 141 89 10 1
D. falcata O, Kahanahaiki March 128 47 48 5
D. falcata O, Kahanahaiki April 164 54 41 5
D. falcata O, Kahanahaiki June 140 37 52 11

temporary or due to the changes in the com-
munity. Furthermore, not all patches of suitable
habitat are colonised.

According to Wagner (1952), the habitat of
Dielliais transitory and depends to a certain degree
on disturbance, which creates safe sites with bare
soil for gametophyte establishement. However,
all Diellia species have a short thizome and very
fragile stipes, which makes them particularly
vulnerable to trampling, and during the present
study, most of the sites visited were too heavily
disturbed by feral ungulates. Most critical is that
the single viable population of D. pallida at
Mahanaloa, where prothallia, sporelings, pre-
mature sporophytes and mature individuals were
found, only grows in places protected by stones
or roots of the trees.

The occurrence of a natural spore bank of
Diellia species and spore viability have not been
studied. According to Dyer (1994), the regular
turning of the upper layer of the soil may cause
the depletion of a natural spore bank and prevent
spontaneous re-establishment of a population.
Considering that fern spore banks have been
found in very different habitats at the study sites,
experimental re-establishment of a population
of D. pallida by natural soil spore bank could be
possible at Makaha , where the habitat is over-
grown with an introduced species (Erigeron kar-
vinskianus DC).
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The peculiarity of the pteridophytes is that
the mature sporophyte, which is vascular, leafy
and relatively large, is limited to establishment in
a habitat that has proved to be suitable for the
independent survival of its small thalloid non-
vascular gametophyte. Environmental changes
and periodic fluctuations in conditions must then
be withstood through all following life cycle stages
(Page 1979).

Water deficiency is the key limiting factor for
pteridophytes in seasonally dry tropical areas,
which determines their adaptations in relation to
specific habitat use and seasonal petiodicity of
growth and dormancy (Kornas 1985). As Dizellia
ferns grow in dry and mesic forests with occasio-
nal dry periods, they exhibit certain periodicity in
their growth with alternate active and dormant
periods. However, analyses of frond length and
number of generative fronds over a three month
period did not indicate any significant differenc-
es. It must then be assumed that Dieliia ferns
exhibit mainly continuous growth with only irre-
gular dormant periods. Additional long-term stu-
dies could add more detailed information.

Observations made over the period of spo-
re maturation and release indicate that most of
the spores of the studied species are released
during a peak period. For D. falata, D. x lanii and
D. unisora in Waianae Mts. on Oahu, this peak
appears to be in April. As the growth of new
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fertile fronds, the development of sori on the
fronds and the maturing of sporangia all take
place gradually, the total period of spore dispet-
sal is probably much longer, lasting for several
months. Fronds from the last growing period
had certain quantities of unopened sporangia
together with older, dehisced sporangia. Un-
spread spores of D. pallida, collected from the
fronds from the last growing period, were vi-
able and germinated (Sugii 1999, pers. comm.).

The formation of new generations of ferns
begins with the dispersal of spores to safe sites
for germination and gametophyte establishment.
Given the normal production of spores, it may
be hypothesized that the occurrence of individu-
al species of Dzelliais limited only by the scarcity
of safe sites rather than by spore dispersal.

The growth process from spore germination
to establishment of prothallia and sporelings
comprises two sensitive life stages. These stages
are most vulnerable depending on microedaphic
and microclimatic conditions (Peck et al. 1990),
with mortality of individuals during these stages
being the highest. Therefore, the proportion of
individuals in the youngest and oldest life stages
does not appear to adequately reflect the condition
of the population. On the basis of life-stage
structure analysis, the ratio of premature
sporophytes to reproductively mature spo-
rophytes appears to be one possible attribute for
the assessment of the condition and status of
populations of Diellia ferns in the short-term.
The number of premature individuals, as an
indicator of possible recruitment as reproductive
individuals, appears to be a better indicator of
the condition of the population than the most
sensitive stages of prothallia and sporelings.
Populations would seem to be in good condition
where the number of premature individuals is
equal to, or higher than, 2/3 of the number of
mature individuals and sporelings (D. erecta in
Hawaii Loa, D. wunisora in South-Palawai).
Populations where the number of premature
individuals is significantly lower than the num-
ber of reproductive individuals may be expe-
riencing population fluctuation or be disturbed
by some other factor (Dzellia erecta in Manuka,

Diellia falcata in Kahanahaiki). In the case of a
very small population combined with a low num-
ber of individuals in the premature stage, the
population must be considered in critical condi-
tion (Diella pallida in Mahanaloa). Further long-
term demographic studies are required to check
this hypothesis.

All the studied populations, except for D.
faleata at Kahanahaiki and D. erecta at Manuka,
had a higher proportion of plants in the game-
tophyte and sporeling stages than in more mature
stages. The low proportion of these premature
stages at Manuka may have been caused by a
lengthy dty period and at Kahanahaiki by reduced
shelter from a closed canopy. At Manuka, it was
probable that in a lasting drought, the wilted
fronds with very young sori would dry out and
never reach the spore release phase. A consequent
reduction in spore production, and thus
establishment of new gametophytes and
sporelings, may result in decreased recruitment in
the population during the following years, allo-
wing for fluctuations in population size.

For all Diellia species, there was a significant
difference between the frond size of the plants at
different life stages (Kruskal-Wallis, H= 121.967,
p<0.001). The number of fronds of Die/lza ferns
was not correlated with the life stage, and this is
probably indicative of the soil and moisture
conditions of the habitat. The significant difference
between the number of fronds of D. falkata in
March and June was probably caused by a dry
period in May and June, which also increased the
number of dormant and dead individuals.

Occasional reverting of mature plants to a
vegetative stage (of only one or two short vegeta-
tive fronds) was observed at Kahanahaiki. This
may have been as a result of ageing, or as a
response to some unrecognised environmental
stress in combination with a drought.

Though Diellia ferns have adequately adapted
to tolerate drought, a peak in mortality for all
stages possibly still occurs during the dry season.
By comparing the species and populations at
different sites on different islands, it was shown
that there are seasonal variations in mortality
depending on local differences in dry and wet

19



CBM:s Skriftserie 3: MSc-theses 1999

periods. The periods of active growth, peak of
spote release and germination timing are proba-
bly not only species specific, but also population
specific. However, the limited period of
observation made it difficult to evaluate the sta-
tus of the different populations in relation to
within-year climatic variation.

D. x lanii (D. falcata x D. nnisora)

The actual distribution of these hybrids is not
known, as observations from different sites on
Pualii, South Palawai, inferred that these plants
can represent many separate, independent par-
ental hybridisations, rather than spreads from a
single source. It is possible then, that the distri-
bution of hybrids is wider than recorded in this
study.

Hybrids are very variable, being intermedia-
tes between the parental species with mostly fertile
fronds and normal spores. The normal appea-
rance of the spores and the whole spectrum of
intermediate forms suggests that the parent
species and the intermediate forms atre capable of
interbreeding (Wagner et al. 1999). In hybrid
swarms where one species predominates, the
minor species often declines over time, whereas
if both species contribute similarly to such a
swarm, the integrity of both species may be lost.
Thus, generations of hybridisation and back-
crossing may erode the genetic integrity of a rare
species (Levin et al. 1996).

Unfortunately, there is still insufficient
information on the breeding systems, breeding
barriers and hybridisation processes of Diellia
species. For hybridisation to occur in the Dzellia,
there should be mixed populations of parental
gametophytes, though such mixed populations
of mature plants of different species were not
found in this study. Hybrids and parental spe-
cies did occur in a patchy pattern, but without
direct contact between the parental species.

On the basis of current information, it is
difficult to predict whether ongoing hybridisa-
tion, spreading of the hybrid, unstable hybrid
formation or genetic assimilation of the rare
parental species will prevail. Hybridisation of the
rare and localized D. #nisora with the locally com-
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mon D. falata, and possible growth of a hybrid
population, may push D. unisora to extinction
through genetic assimilation, while the process
of natural hybridization may produce genoty-
pes that establish new evolutionary lineages (A1-
nold & Hodges 1995). Further study is required
to determine the actual distribution of hybrids
and to monitor the status of the various spe-
cies. Genetic studies of the populations, hybzi-
disation experiments and an assessment of the
fitness of hybrid classes and parental species
could add a lot of relevant information.
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Appendix 1. Plant species commonly associated with Diellia taxa.

= 2 o 2 Y
Site O S £ g .z g Z —él £ 9
g% 5 2 E S . G B
£3 %8 3§23 S 2z B G
O/ = = T X %) 2 2 &~ &
Diellia species D. erecta D. £ Dx [ D u D. pallida

1 Acacia koa E X X

2 Ageratina adenophora N |x x X | x| X X

3 Ageratina riparia N

4 Alenrites moluccana Pol X X

5 _Alphitonia ponderosa E X X X

6 Abyxia oliviformis E X | x| X

7 Abntidesma p. var. platyphyllum F, X

8 Auntidesma pulvinatum E X

9  Bidens torta E X | x

10 Broussaisia argnta E

11 Canthium odoratum 1 X X X X

12 Carex meniae E

13 Carex meyenii I X X

14 Carex oahuensis E

15 Carex wahuensis E X

16 Cenchrus a. ssp. agrimonoides F,

17 Chamaesyce multiformis B X

18 Charpentiera elliptica E

19 Charpentiera tomentosa B

20 Clidemia hirta var. birta N

21 Cocenlus tribulus 1 X

22 Coprosma foliosa E |x x

23 Cordyline fruticosa Pol X

24 Cryptocarya mannii E

25 Cyperus hillebrandii B

26 Dianella sandwicensis 1 X | X

27 Diospyros hillebrandii B X

28 Diospyros sandwicensis B X X

29 Dissochondrus biflorns E

30 Dodonea viscosa I |x x X X

31 Dubautia linearis ssp. opposita T,

32 Erigeron karvinskianus N X

33 Fraxinus nhdei N [x x

34 Hedyotis foggiana E

35 Hedyotis knndseni B

36 Hedyotis terminalis E

37 Hibiscus arnottianus B

38 Kalanchoe pinnata N X X

39 Lantana camara N

40 Lipochaeta rockii B X

41 Lugula hawaiiensis B

42 Melicope peduncularis B
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Appendix 1. continued

Site

Diellia specices

Onini Gulch
Puu Kolekole

>}

3
S
>
N

Honomalino

Manuka

Hawaii Loa

Kahanahaiki

S-Palawai

D fDx/Dux

Mahanaloa
Makaha
Puu Ka Pele

D. pallida

Pualii

43 Melinus minntiflora
44 Metrosideros polymorpha
45 Morinda trimera

N

<]

e

M

46 Myrsine kanaiensis

47 Myrsine lanaiensis

48 Myrsine lessertiana

49 Nerandia melastomifolia
50 Neraudia sericea

51 Nestegis sandwicensis
52 Ochrosia compta

53 Oxalis corniculata

54 Panicum nephelophilum
55 Passiflora molissima

56 Passiflora suberosa

57 Pisonia sandwicensis
58 Pittosporum flocculosum
59 Pleomele anrea

60 Pouteria sandwicensis

61 Psidium cattleianum
62 Psychotria greemwelliae
63 Psychotria hawaiiensis
64 Psychotria mariniana
G5 Prteralyxia kaunaiensis

66 Ricinns communis

67 Rubus argntus

68 Rutbus rosifolins

69 Schinus terebinthifolins
70 Styphelia tameiameiae

B
B
B
B
B
B
B
B
B
N
B
N
N
B
B
B
B
N
B
B
B
B
N
N
N
N
1

71 Tetraplasandra kavaiensisE

72 Wilkesia gymnoxiphinm
73 Xylosma hawaiiense
T4 Zanthoxcylum dipetalum

B
B
B

Notes:
I - Indigenous
E — Endemic

Pol — Polynesian introduction

N- Naturalised
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Appendix 2. Pteridophyte species commonly associated with the taxa of Diellia.

o
. - <
£2E S:EZ 5 3% E B
CAa T =T X o s A A A
Diellia species D. erecta D. £ D x L.D u| D. pallida | D. u

1 Adianthum hispidulum N X X X
2 Asplenium kanlfussi E X X
3 Asplenium macraei E X | X X X
4 Aspleninm nidus 1 X
5  Blechnum occidentale N | x X X | X X X | X
6 Cyrtomium falcatum N
7 Doodia kunthiana E |x X X X | X X X | X
8 Doryopteris decipiens E
9 Doryopteris decora E X
10 Dryopteris fusco-atra E X
11 Dryopteris hawaiiensis . X
12 Dryopteris unidentata E X X
13 Lepisorus thunbergianus 1 X
14 Microlepia strigosa I |x X X X X
15 Nephrolepis multiflora N X X
16 Odontosoria chinensis 1 X
17 Phymatosorns scolopendria N X
18 Psilotum nudum 1 X X X X
19 Pteridium decompositum T X
20 Pteris cretica 1 X
21 Preris x hillebrandii E X
22 Pteris irregularis E X X
23 Thebpteris dentata N X
Notes:
I - Indigenous
E — Endemic

N — Naturalised
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Utilisation of remnant dry-forest corridors by the

native fauna in a pastural landscape in the
Paraguayan Chaco

Veronika Areskoug

Areskong, V. 2001. Utilisation of remnant dry-forest corridors by the native fanna in a pastural

landscape in the Paragnayan Chaco. — CBM:s Skrifiserie 3: 25-38.

In the agricultural landscape of the Chaco Central of Paraguay, remnant strips of primary

forest separating pastures are used in cattle ranching to control erosion and to prevent the

spread of discase and fire. As the cattle industry expands and the rate of land conversion,

from natural forest and bushland to cattle pastures increases, the possible impact of habitat

loss, fragmentation and decreased connectivity of the landscape raises concerns for the

native animal populations.

I have inventoried remnant strips of forest present in the pastural landscape, cattle

pastures and surrounding primary forest in an attempt to determine if the remnant vegeta-

tion also serves as wildlife corridors and partially alleviates possible impacts of fragmentation.

I conducted track sampling, bird census, and drift trapping in three replicates sites, cach

consisting of core forest, remnant forest strips and pastural landscape components.

In all faunal groups studied (birds, small and large mammals, amphibians and reptiles),

it was found that the remnant forest strips are highly utilized. Species composition and

abundance ranking were remarkably similar between the three landscape elements, yet the

rate of mammal observations in the corridor (remnant forest strip) was twice that of the

other landscape elements. Although some degree of connectivity is provided by the pastures

themselves for the majority of species in all studied faunal groups, the inclusion of remnant

strips of forests in the pastural landscape appears to drastically increase movement of

individuals and connectivity across pastures.

Veronika Areskong, Swedish Biodiversity Centre, P.O. Box 7007, SE-750 07 Uppsala, SWEDEN.

E-mail: veronika.areskong@cbm.slu.se
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Introduction

The Gran Chaco is one of South America’s most
biodiverse and unique habitats (Taber et al. 1997).
Itis listed by the Wozrld Wildlife Fund as a global
top 200 conservation priority habitat. Despite
this, the region has received almost no con-
servation investment or research (Redford et al.
1990). The main vegetation type is dry thorn
forest. Historically, the area has been sparsely
populated by nomadic hunters and gatherers
practicing limited agriculture. The Chaco Central
was settled by agricultural Mennonites in 1927.
Since then, large portions have been converted
to pastural and agricultural fields at a rapidly in-
creasing pace. Agriculture is now responsible for
80% of the gross income in the Paraguayan Cha-
co. Beef and dairy production constitute 90% of
agricultural activities, making the cattle industry
the major economic activity of the region (Jan-
zen pers. comm.).

Within the Chaco, there are currently still vast
tracts of natural primary forests and abundant
wildlife. The current legislation regarding land-
use practices specify the obligation of estancia
owners to leave at least a 100 m wide strip of
natural vegetation to separate fields (ley 422 art.
60) and a total of 25% of the property owned in
natural state (ley 422 art. 42), to prevent erosion
and the spread of disease and fire. The resultis a
landscape mosaic of forest fragments and struc-
tural corridors within the agricultural landscape.
Remnant corridors are defined as strips of natu-
ral vegetation that result from the clearing of the
surrounding matrix during landscape frag-
mentation (Forman 1983; Saunders and Hobb
1991). The utilisation of these various landscape
components by the native fauna have yet to be
studied in the Gran Chaco.

Habitat loss and fragmentation is the main
cause of the modern-day extinction crisis (Wil-
cox and Murray 1985). Evaluating the effective-
ness of current land-use practices at meeting the
needs of wildlife in one of the world’s top con-
servation prioritised habitats is essential as land
conversion accelerates.

Corridors are often cited as the solution to
the well-known and common problems of ha-
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bitat fragmentation, including genetic isolation
and local extinction. Globally, millions of dol-
lars are being invested into corridor creation pro-
jects, often without any real scientific study into
the actual effectiveness or consequences of corri-
dor implementation (Nohlgren and Gustafsson
1995; Simbetloff et al 1992). Cortidors have been
criticized for the lack of empirical evidence of
their effectiveness. Nohlgren and Gustafsson
(1995) warn that the use of corridors is a biolo-
gical experiment based on weak scientific eviden-
ce and must be evaluated.

It is generally accepted, based on evidence
provided by population viability modelling and
demographic studies that landscape connectivity
enhances a population’s viability (Beier and Noss,
1998; Hobbs, 1997). The debate about corri-
dors and landscape connectivity has moved bey-
ond ‘Ts landscape connectivity needed?’ to ‘Do
corridors effectively increase landscape con-
nectivity?” (Simberloff et al. 1992). Most studies
in the literature fail to present evidence that corri-
dors function as conduits between patches
(Nohlgren and Gustafsson 1995). To show that
a corridor increases connectivity, a study must
not only provide a measure of plant or animal
movement within corridors but also of the
movement through the matrix. Beier and Noss
(1998) state that few studies provide a measure
of the extra-corridor movement by animals for
comparison and therefore do not demonstrate
that the presence of a corridor adds connectivity
beyond the level which may exist had the corri-
dor not been present. I sampled equally in the
core habitat (primary dry thorn forest), matrix
(pasture) and corridor (temnant primary dry
thorn forest) to allow a comparison of mo-
vement and species composition within all three
landscape elements.

Corridor studies on species richness and
community composition and on ecosystem le-
vel are greatly lacking in the literature (Beier and
Noss 1998). Beier and Noss (1998) argue that
observations of the natural movement of ani-
mals in a fragmented habitat better demonstrate
the influence of conservation corridors on lands-
cape connectivity than controlled experiments.
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This method allows for detection of the real life
benefits of corridors in the actual landscape and
on the actual community that is targeted.

It has been suggested that corridor studies
should be species specific, concentrating on ani-
mals that require landscape connectivity such as
mammals with large home ranges (Beier and
Noss 1998). I argue that the value of approa-
ching a corridor’s affects on the entire commu-
nity in which it is intended to provide connec-
tivity to, is greater than a species per species ap-
proach. Conservationists accept that no species
is protected without protection of the health and
quality of the habitat on which it depends. The-
refore, studies on the continued functioning of
a system during times of fragmentation are es-
sential. The holistic ecosystem approach will prov-
ide broader and more long-term conservation
benefits.

The aim of this study was to assess if rem-
nant corridors passing through pastural land areas
are utilised by the native fauna and thereby in-
crease the connectivity of the landscape and may
therefore be considered as an effective tool to
mitigate the effects of forest fragmentation in
the Chaco Central. This was accomplished by
comparing the utilisation of the corridors and
the pastural fields by the species present in the
core forest habitat. Track sampling, bird census
and drift trap setting were the techniques used to
inventory the various landscape elements.

Study site and methods
Study site
The study took place at Gran Siete (located
south-west of Filadelfia), dept. Boqueron, Cha-
co Central, Paraguay (22° 30.851' S, 060°
35.986°W). The area is a complex of 5 cattle ran-
ches, surrounded by unbroken primary forest.
The dominant vegetation type is dry thorn for-
est as described by Short (1975).

Cattle grazing was established in the area
during the 1970’. Since then, a total of 17253.5

ha have been cleared for cattle grazing, mainly in
200 ha blocks. The pastures are divided by rem-
nant strips of primary thorn forest. These strips
physically connect blocks of the original, primary
forest across the pastures. They have been expo-
sed to grazing. The pastures are seeded with a
combination of Gatom panic (Panicum maxinum
var. gatom panic) and Buffalo (Pennisetum ciliare)
grasses. Grazing density is 1-1.5 cows/ha. Sh-
rubs and weeds are removed approximately eve-
1y two years, using plowing or rolling. Burning
has not been used as a management tool on the
studied pastures (interview with estancia owner
and employees). Hunting has been banned on
the main estancia since its establishment, yet a
local indigenous community carries out a sub-
sistence level of hunting (per. observation).

The study took place during the dry season,
from the 20™ of May 1999 to the 17" of July
1999. The mean minimum and maximum tem-
perature was 14°C and 24°C, respectively, with a
range from -1°C to +35°C. A total of 20 mm of
rain fell in the area during the period of data
collection.

The core forest sites studied represent vari-
ous locations in one continuous forest. Vegeta-
tion characteristics are very similar among the
forest replications. Dense patches of bromeliads
are the dominant groundcover interspersed with
ground cacti and various herbs (80% total gro-
und cover). Algarrobo (Prosgpis spp.) and Acacia
(Acacia spp.) create a dense canopy at 3 m height.
A top canopy at 10 m height is constituted of
sparsely spread Quebracho (Aspidosperma guebra-
cho-blanco and Schinopsis quebracho-colorado), Palo
Santo (Bulnesia sarmientoi), cactus tree (Cereus ste-
nogonus, C. coryne ), and bottle tree (Chorisia in-
signis) individuals. The corridors are remnant
strips of primary thorn forest, left during land
clearing for pastures. Exposure to grazing has
reduced the density of the shrub and groundco-
ver vegetation within the corridors. Both visibi-
lity and ease of movement are increased in the
corridors relative to the intact forest. On the pas-
tures, grass height and density varied considera-
bly between replicates (40-120 cm height, 60-90%
cover). Shrub cover on the pastures range from

27



CBM:s Skriftserie 3: MSc-theses 1999
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Figure 1. Sampling setup of single replicate
5-20% and a shrub height of 60-180 cm.

Sampling

I selected three replicate sites, consisting of rem-
nant thorn forest corridor, which pass through
cattle pasture. Each end of the corridors con-
nects to unbroken primary thorn forest. I in-
ventoried the corridot, core forest and adjacent
pasture in each replicate with identical method-
ology. The corridors have a width of 208, 155,
and 100 m, with equal lengths of 2 km. The
large mammal fauna was identified using track
identification; bird fauna, using visual and audi-
tory census and; small vertebrate fauna, using
drift trapping. Data for each faunal group was
collected simultaneously in each of the landsca-
pe elements, over consecutive days, one replica-
tion at a time. Skin contact with vegetation and
soil was avoided to reduce scent trails.

I conducted the large fauna census using track
identification. Five, 20 x 1 m transects were esta-
blished using a blocked random approach over a
4 ha area in the central region of each landscape
element. Each transect was cleared of all ground
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vegetation and the soil sieved and swept for op-
timal track identification conditions. The canopy
vegetation if present, was left intact. Each trans-
ect was randomly orientated in a South to North,
East to West, Northeast to Southwest, or South-
east to Northwest direction. One to two days of
data collecting was carried out with no bait pre-
sent prior to commencement of baiting at each
replicate. Each transect was baited and checked
for tracks every 24 hours over 10 consecutive days
as weather permitted. Each transect was randomly
baited in the centre with one of: 10 g of ground
maize, 1 canned sardine, half a banana, 100 g
piece of pumpkin or 1 tbsp. of peanut butter.
Tracks were photographed and preserved as a
plaster of Paris mould for confirmation of iden-
tification.

In the same four ha areas, using blocked
random distribution, I placed five drift trap sta-
tions for the small vertebrate census. Each sta-
tion consisted of four smooth-walled, plastic
buckets, 25 cm deep with a 25 cm diameter, bu-
ried at ground level, in a three-arm formation.
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The buckets were connected by veneer wood, 450
cm in length and 30 cm in height, to guide ani-
mals into the buckets. I emptied each trap once
every 24-hour period for 12-16 days/replicate.
Voucher specimens are deposited at Museo Na-
cional de Paraguay, Asuncion.

An avian species census was conducted for a
20 min. timed interval at one randomly chosen
track transect in each landscape element, on each
day, during which all avian species present within
visual and auditory range were recorded.

Analysis

I compared the species richness between the th-
ree landscape elements for each of the faunal gro-
up: large mammals, small mammals, reptiles and
amphibians and avian species. The Friedman
Two-way analysis of Variance by Ranks test was
used to examine differences in species numbers
and number of observations between the lands-
cape elements. Sorensen Similarity Values were
calculated using species presence data and species
frequency of mammal track observation data, as
1988 )
C,=2j/a+b where j = the number of species

described in  (Magurran
found in both landscape components and a =
the number of species found in landscape com-
ponent a; and b = the number of species found
in landscape component b. The total number of
observations between the landscape elements
were compared at a species level and at a guild
level, using the Friedman Two-way analysis of
Variance by Ranks test.

Two sightings of a canid were determined
to be Maned wolf (Chrysocyon brachynras) in high-
est probability and were analysed as such.

A single observation was considered to have
occurred each time a species was identified on a
transect. As a result several individuals of the
same species which stepped on the same transect
on the same day were recorded as only one ob-
servation, while a single individual who stepped
on more than one transect in a day’s period was
recorded as an observation for each imprinted
transect. Despite this lack of real abundance data,
frequency of species observation was still used
as a measure of relative abundance for between

landscape element comparisons, as I judged it
most probable that individual species behaviour
in this regard remained constant from landscape
element to landscape element.

Results

Species richness between

landscape elements

The species richness was surprisingly uniform
between the three landscape elements for all fau-
nal groups studied with the exception of the
avian community (Appendix 1 to 3). The com-
munities of birds and large mammals contribu-
te the most to faunal species richness in all of the
studied landscape elements.

Large mammals

A total of 24 mammal species were identified
from the track transects during the study period.
No significant difference was detected in the
number of mammal species identified between
the three landscape elements (The Friedman
Two-way Analysis of Variance by Ranks) (Fig. 2).
No mammal species was found in the forest,
which was not found in either the corridor or the
pasture. The armadillo Chaetagphractus sp. and the
rodent Crenomys sp. were observed exclusively in
the pasture.

Small mammals

A total of three species of opossum mice and
four species of rodents were captured in the drift
traps. All of the opossum mice species occurred

20 -
w7

Number of Species

= 3 oo

RN & OO ONBD
P S R R R T

Pasture Corridor Forest

Figure 2. Total number of large mammal species
identified on baited track sampling transects (1 x 20
m) in various landscape components. Pooled data
from 3 replicates containing 5 transects over 10
days in cach landscape component.

29



CBM:s Skriftserie 3: MSc-theses 1999

[ = NN N~ S A < T I -
L

Number of species sampled

Forest Corridor Pasture

Figure 3. Total number of small mammal species
captured in drift traps in various landscape com-
ponents of the pastoral landscape of the Chaco
Central of Paraguay.

in each of the studied landscape elements. All of
the rodents species were represented in the corri-
dor, while the pasture lacked representation of
one species and only a single species was captu-
red in the forest (Fig: 3). Species determination is
still in progress at Museo Nacional de Paraguay.
Morpho-species groups were used for the analy-
sis.

Reptiles and Amphibians

A total of sixteen species of amphibians and
five species of reptiles were captured in the drift
traps. The corridor and pasture contained an equal
number of twelve species captured, while only
five of the species were captured in the forest
(Fig. 4). Species determination is still in progress
at Museum Nacional de Paraguay for some spe-
cies (Appendix 3). Morpho-species groups were
used for the analysis.
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Figure 4. Total number of amphibian and reptile
species captured in drift traps in various landscape
components of the pastoral landscape of the Chaco
Central of Paraguay.
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Figure 5. Number of avian species censused in
various landscape clements

Avian Species

A total of 100 bird species were recorded during
the timed avian species census. 80 of the species
occurred in the corridor, 67 species in the forest
and 29 species in the pasture (Fig. 5). The num-
ber of species in the pasture was significantly
lower than the forest or corridor (The Friedman
Two-way Analysis of Variance by Ranks, X* =
6, p = 0.028).

Frequency of observations

A total of 687 observations of track prints were
identified. No significant difference was found
between the total number of track observations
per replicate between the three landscape elements
(Table 1. Friedman Two-way Analysis of Vatian-
ce by Ranks, X*=4.67, p = 0.194). 46.6% of all
track observations occurred in the corridor. Of
all track observations encountered outside the
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Figure 6. Mean total number of track observations
of mammals per replicate (SD) in various landscape
elements. One observation = one or more footprints
of a species/transect/ day.
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Table 1. Friedman two-way analysis of variance for the number of track observations between landscape

clements for large mammal guilds.

Guild

Significance p=

Armadillos

Chaetophractus sp.

Dasypus novemcinctus, Euphractus sexcinctus,
Tohpeutes matacus

Top Predators

Chrysocyon brachynrus, Oncifelis geoffroyi,
Leopardus pardalis, Herpailurus yagnaronds,
Panthera onca, Puma concolor

Smaller Predators

Cerdocyon thous,

Pseudalopex: gymnocerus,Conepatus chinga,
Galictis cuja,Galictis vittata, Procyon cancrivorns

Herbivores

Catagonus wagneri,Ctenomys dorsalis

Dolichotis salinicola, Magama gonazoubira, Mazgama
rufina, Sylvilagus brasiliensis, Tapirus terrestris

Significant preference of pastures 6 0.028
Nonsignificant 4.67 0.194
Nonsignificant 2.67 0.361
Significant preference of corridors 6 0.028

core forest habitat, 65.6% occurred inside the
corridor, 1.e. corridor passage occurred with near-
ly twice the frequency as did extra-corridor passa-
ge (Fig. 6). Both the species richness and the rates
of captutre of small mammals and reptiles and
amphibians were higher in the corridor and pas-
ture than in the forest (Table 2).

The number of track observations of the
guilds armadillos, top predators, small preda-
tors and herbivores were also tested for signifi-
cance between the landscape elements (Friedman
two-way analysis of variance by ranks test). Ar-

Table 2. The rates of capture of faunal groups
between various landscape elements in drift traps

(Captures/board/night).

Faunal group Forest Corridor  Pasture
Opossum mice 0.018 0.015 0.054
Rodents 0.002 0.021 0.034
Reptiles 0.002 0.008  0.021
Amphibians 0.015 0.1236  0.055

madillo tracks were significantly more often ob-
served in pasture. Herbivore tracks were signifi-
cantly more often observed in corridor. There
was no significant difference in the number of
observations of top nor smaller predator tracks
between the landscape elements.

Community structure

I calculated Serensen Similarity Values for each
faunal group between the three landscape ele-
ments. The landscape elements are quite similar
based on species presence (Table 3). The Soren-
son Values desctibe even greater similarity when,
the frequency of observation values are added as
a measure of abundance (Table 4).

The total number of track observations per
species when expressed as an abundance ranking
does not differ markedly between landscape ele-
ment versus total number of track observations
pet species for the complete landscape (fig. 7).
Exceptions to this are Dolichotis salinicola, which
was exclusive to the corridor with the exception
of one track observation in the forest (fifth most
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Table 3. Sorensen Similarity Values for species richness of faunal taxon groups between landscape elements,

(value closer to 1 denotes greater similarity).

Large mammal  Small mammal Reptiles & Amphibians Avian
Forest-corridor 0.581 0.615 0.580 0.767
Corridor-pasture  0.545 0.920 0.583 0.407
Pasture-forest 0.750 0.800 0.580 0.333

commonly observed track in the landscape, yet
second most commonly observed track in the
corridor) and Sylvilagus brasiliensis (fourth most
commonly observed track, yet never encounte-
red in the pasture).

Discussion
Community structure
The species composition and species richness for
mammals are very similar between the three stu-
died landscape elements. Natural grasslands oc-
cur in the dry thorn forest of the Chaco and the
fauna appears to be quite savannah adapted be-
haviorly. Historically, the natural grassland has
been the most desirable for conversion to agti-
cultural land. As a result, large portions of the
natural grasslands have disappeared in congru-
ence with the appearance of grazing pastures.
My results indicate that the native fauna has been
able to adapt to this land conversion. It is highly
probable that the populations ate continuous
across the various studied landscape elements.
An exception to this is the mara (Dolichotis
salinicola), which seems to reside nearly exclusi-
vely at forest edges and open patches within for-
est. Furthermore, although common in both the

Table 4. Serensen Quantitative Similarity Values for
species diversity of large mammals between lands-
cape clements based on frequency of observation
values (value closer to 1 denotes greater similarity).

Forest Corridor
Forest - -
Corridor 0.6988 -
Pasture 0.8361 0.6270
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forest and corridor, the forest rabbit ($Sy/vilagns
brasiliensis) was also never encountered in the
pasture habitat. These two important prey spe-
cies likely have a greater dependency on the pre-
sence of corridors for movement than other spe-
cles.

My abundance ranking analysis as well as the
Sorensen Similarity Values indicated that the
community structure is extremely similar both
in species composition and in relative species
abundance. The greater frequency of track obser-
vations in the corridor as compared to the core
forest and the pasture matrix is of interest. Itis
apparent that the corridor holds a special func-
tion in the landscape, as activity was more con-
centrated within the corridor.

My results on amphibian presence differed
drastically from those of Stevens and Husband
(1998) in Brazilian Atlantic forest fragments. They
had zero captures in the matrix agricultural land
and a very impoverished species diversity in edge
areas, where as experienced highest rates of cap-
ture in the matrix and edge areas. Drift trap rates
of captute were extremely low (0.12 captures/
boatrd/night), as may be expected during the dry
winter season. 83% of amphibian captures coin-
cided with precipitation. As little as 1 mm of
rain was sufficient to initiate amphibian move-
ment. A possible explanation to the differing
rates of capture between the landscape elements
may be the difference in precipitation reaching
ground level as the denser canopy vegetation of
the forest may prevent the saturation of the soil.

Landscape Connectivity

The high level of species richness in the corridor
indicates that it is indeed highly used by mam-
mals and birds. Although this study did not
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focus on the function of the corridor for each
species, the patchiness in time of observations
of several species (especially Galtis cuja, Eira bar-
bara, Puma concolor, Panthera onca, Myrmecophaga
tridactyla, Tamandua tetradactyla) suggests that the
corridor 1s used on occasion to expand their ter-
ritorial range. On several occasions Herpailurus
_yagunaronds tracks were observed leaving the pas-
ture and entering the corridor or forest while drag-
ging prey.

The repeated observation of species such
as armadillos, mara, rabbit, and foxes day after
day, suggests that they are residing within the
corridor. The occurrence of such a resident po-
pulation within a corridor suggests that the cor-
ridor will facilitate movement between habitat
patches (Beier and Noss 1998). With this as-
sumption, the repeated presence of a speciesin a
corridor or in the matrix indicates that the popu-
lation of that species is continuous from forest
segment to forest segment.

Haas (1995) showed that although her stu-
died avian species were capable of dispersing over
matrix to unconnected patches, they showed a
strong preference to disperse over connected ha-
bitat. My study made no observations of forest
bird’s movement over the matrix, where as near-
ly all species of forest birds were observed in the
corridors.

Beier and Noss (1998) state that few studies
provide a measure of the extra-corridor move-
ment by animals for comparison and therefore

do not demonstrate that the presence of a corti-
dor adds connectivity beyond the level which,
may exist had the corridor not been present. I
found that neatly all species found in the core
forest are also using the pasture, with the excep-
tion of avian species. The landscape connectivity
in this landscape is high even across the matrix as
the rates of encouter for most mammals and
small vertebrates were not lower in the matrix
pasture than in the core forest. Yet, it is clear by
the high rate of animal encouters that the pre-
sence of the corridor are increasing movement in
the landscape greatly. Beier (1993) simulated po-
pulation dynamics of cougar (Puma concolor) in
California over 100 years and found that even
minimal immigration (1-4 ind.) increased the
probability of population survival in fragmen-
ted areas markedly. Such a minimal level of im-
migration is likely facilitated by the matrix pastu-
res in my study area.

Movement is important not only for gene-
tic, demographic and population reasons but also
for allowing access to the full range of resources
needed by an individual through-out its life his-
tory (Merriam, 1991). For this reason, corridors
may be of greater importance in the Chaco Cen-
tral in the winter season when drought may pose
greater need for passage to fresh water sources.

It is possible that the presence of the corri-
dors are extending the ability of animals to enter
the pasture matrix by providing a sense of safety
and nearness to shelter and in so doing are ex-
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panding the real available habitat for some spe-
cies. Yet it is too be remembered that as Rosen-
berg et al (1997) state, corridors do not fully com-
pensate for habitat loss.

Conservation Implications

The study was performed on a property with a
low level of human activity. The effectiveness of
a corridor may vary with the level of human acti-
vity and disturbance in the area (Reijnen et al.
1997). Even the level of animal activity across
the matrix may decrease with increased dis-
turbance. In this situation it can be speculated
that the importance of the corridor increases as
disturbance to the area increases. A wider corti-
dor breadth may be necessary in more disturbed
areas.

Animal populations are at a greater risk to
hunting by people in the corridor. This is of
special concern as my frequency of observation
data indicate the native fauna seem to be attrac-
ted to the corridors. Preliminary work on nest
predation (Eriksson, manuscript), reveals high
rates of predation in the corridor. The communi-
ty dynamics and demographic consequences of
the presence of the corridor in the landscape need
serious attention from conservationists, wildlife
managers and researchers. The high level of ani-
mal activity occurring in the corridor suggests it
may be a sink in the meta-populations.

Future research should be performed to
measure actual rates of migration and to deter-
mine how high the level of connectivity is and
most importantly on the demographic and spe-
cies interaction effects of the presence of the cot-
ridor. Further research comparing natural grass-
lands and pastures, and on the landscape proces-
ses such as succession and disturbance are needed
to gain a better understanding of the changes
occurring in the Chaco and their implications on
animal populations.
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Appendix 1. Mammal Species Observed on track transects in various landscape clements in Central Paraguayan
Chaco [+ denotes species identified on the track transect in that habitat during the course of the study, (+)
denotes species found present in that habitat outside of the studied transects, - denotes species not found
by the author in that habitat during the time of the study]|

Scientific name Common Name Common Name Forest  Corridor Pasture
English Paraguay
Chaetophractus sp. Hairy armadillo Peludo armadillo - - +
Dasypus novemcinctus ~ 9-banded armadillo  Tatu’ hu’ + - +
Tolypentes matacus 3-banded armadillo  Tatu’ bolita + + +
Eupbractus sexcinctus  6-banded armadillo  Gualacate, tatu’ poju’ + + +
Myrmecophaga tridactyla Giant anteater Oso hormiguero, jurumi’ + +
Tamandna tetradactyla  Collared Anteater, Kaguare’ - +
Lessor Anteater
Chrysocyon brachynrns  Maned Wolf Aguara Guazu’, zorro de crin — + +
Cerdocyon thous, Crab-cating fox zorro de monte, aguara-I’ + + +
Psendalopex: gymnocercus Azara’s fox zorro de pampa, aguara-I’ + + +
Herpailurus yagnarondi Jaguarundi Jaguarund’, Gato Eyra (+) + +
Leopardus pardalis Ocelot Gato onza + - +
Ouncifelis geoffroyi Geoffroy’s cat Gato montes + + +
Puma concolor Puma Leon americano + (+) +
Panthera onca Jaguar Tigre, jaguarete’ (+) + -
Conepatus chinga, Skunk zOr1ino comon, jaguane’ + + +
Eira barbara Tayra Eira’ - + -
Galictis cuja Lessor grison Eira® (+)
Procyon cancrivorus Crab-cating Raccoon Osito lavador, mapache, - + -
aguara’ pope’
Tapirus terrestris Brazilian tapir Tapir, mborevi’ (+) + -
Catagonus wagneri Giant peccary, Tagua’ + - +
Chacoan peccary
Tayassu tajacn Collared peccary Kuret’ (+)
Tayassu pecari White-lipped peccary Tanikati’ (+) (+) (+)
Magama gowazoupira  Grey Brocket deer  Guasuvira’ + (+) +
Mazama rufina Red brocket Deer Guasu’-pyta’ (+)
Dolichotis salinicola Mara Tapiti’ boli’ + + -
Ctenomy dorsalis Tuco Tuco Tuco tuco - - +
Sylvilagns brasiliensis  Forest Rabbit Tapiti + + -
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Appendix 2. List of avian species present in various landscape elements of Gran Siete, Chaco Central,
Paraguay |+ denotes specices identified on the track transect in that habitat during the course of the study,
(+) denotes species found present in that habitat outside of the studied transects, - denotes species not
found by the author in that habitat during the time of the study]

Scientific name English name Forest Corridor  Pasture
Rhea americana Greater Rhea - + +
Nothoprocta cinerascens Brushland Tinamo - + -
Crypturellus tataupa Tataupa Tinamou + -
Eudromia formosa Quebracho crested tinamo - + -
Syrigma sibilatrix Whistling Heron - + -
Theristicus candatus Buff-necked Ibis - + -
Coragyps atratus Black Vulture + + +
Cathartes anra Turkey Vulture + + +
Elanus lencurns White-tailed kite - - +
Accipiter erythronemins Rufous-thighed Hawk - + -
Heterospizias meridionalis Savannah Hawk - (+) (+)
Geranoaetus melanoleucus Black-chested Buzzard-cagle - - (+)
Harpybaliaetus solitarius Crowned Fagle - - (+)
Buteo magnirostris Road-side Hawk + + +
Buteo albicandatus White-tailed Hawk - - +
Polyborus plancus Crested Caracara (+) + +
Herpetotheres cachinnans Laughing Falcon - + -
Micrastur ruficollis Barred Forest falcon + + -
Falco sparverins American Kestrel - +
Falco femoralis Aplomado Falcon - + +
Ortalis canicollis Chaco Chachalaca + + -
Cariama cristata Red-legged Seriema + (+) (+)
Chunga burmeisteri Black-legged Seriema + + -
Columbina picuni Picui Ground-Dove + + +
Columba picazuro Picazuro Pigeon + + +
Zenaida anriculata Fared Dove + + +
Leptotila verreanxi White-tipped Dove - + -
Nandayns nenday Black-hooded Parakeet + + +
Aratinga acuticandata Blue-crowned Parakeet + + +
Amagona aestiva Turquoise-fronted Parrot + + +
Myiopsitta monachus Monk Parakeet + + +
Guira gnira Guira Cuckoo + +
Tapera naevia Striped Cuckoo - (+)
Tyto alba Barn Owl (+) -
Strix rufipes Rufous-legged Owl - (+) -
Glancidinm brasilianum Ferruginous Pygmy-Owl + - -
Caprimulgns parvilus Little Nightjar + - -
Hydropsalis brasiliana Scissor-tailed Nightjar + - -
Chlorostilbon anreoventris Glittering-bellied Emerald + + -
Nystalus maculatus Spot-backed Puffbird + + -
Picumnus cirratus White-barred Piculet + + -
Melanerpes candidus White Woodpecker - + -
Melanerpes cactorum White-fronted Woodpecker + + -
Picoides (Dendrocopos) mixctus Checkered Woodpecker + + -
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Appendix 2. continued

Scientific name English name Forest Corridor  Pasture
Piculus chrysochlorus Golden-green Woodpecker + + -
Dryocopus schulzi Black-bodied Woodpecker + - -
Campehpilus (Phloeoceastes) lencopogon Cream-backed Woodpecker + - -
Campylorbamphus trochilirostris Red-billed Scythebill + - -
Sittasomus griseicapillus Olivaceous Woodcreeper + + -
Drymornis bridgesii Scimitar-billed Woodcreeper + + -
Xiphocolaptes major Great Rufous Woodcreeper + + -
Lepidocolaptes angnstirostris Narrow-billed Woodcreeper + + -
dumny Site-billed woodcreeper + + -
Upucerthia certhiodes Chaco Farthcreeper + - -
Furnarius cristatus Crested Hornero + + —
Furnarius rufus Rufous Hornero + + -
Furnarius cristatus Crested Hornero + + —
Craniolenca pyrrbophia Stripe-crowned Spinetail + +

Synallaxis albescens Pale-breasted spinetail + - -
Schoeniophylax phryganophila Chotoy Spinetail - + +
Psendoseisura lophotes Brown Cacholote + - -
Phacellodomus sibilatrix Little Thornbird + +
Phacellodomuns ruber Greater thornbird - + -
Coryphistera alandina Lark-like Brush-runner + + +
Taraba major Great Antshrike + + -
Thamnophilus doliatus Barred Antshrike - + -
Thamnophilus caerulescens Variable Antshrike + + -
Thamnophilus punctatus Slaty Antshrike + + -
Mymorchilus strigilatus Stripe-backed Antbird + +
Rbinocrypta lanceolata Crested Gallito + + -
Melanopareia maximiliani Olive-crowned crescent-chest - - +
Suiriri suiriri Suiriri Flycatcher + + -
Elaenia sp. Elaenia sp. + + -
Camptostoma obsoletnm Southern Beardless Tyrannulet + + -
Sublegatus modestus Scrub Flycatcher + - -
Griseotyrannus anrantioatrocristatus Crowned-slaty flycatcher - + -
Stigmatura budytoides Greater Wagtail-Tyrant + +

Hewmitricus margaritaceiventer Pearly-vented Tody-Tyrant + + -
Pyrocephalus rubinns Vermilion Flycatcher - - (+)
Myiophobus fasciatus Bran-coloured flycatcher + + -
Xolmis irupero White Monjita - - (+)
Kuiplegus striaticeps Cinereous Tyrant + + -
Myiarchus tyrannulus Brown-crested Flycatcher + + -
Pitangus sulphuratus Great Kiskadee - + -
Machetornis rixosus Cattle Tyrant - - (+)
Casiornis rufa Rufous Casiornis + - -
Cyanocorax: chrysops Plush-crested Jay + + -
Polioptila dumicola Masked Gnatcatcher + + -
Troglodytes aedon House Wren + + +
Mimmns trinrus White-banded Mockingbird + + +
Cychlariss gujanensis Rufous-browed Peppershrike + + -
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Scientific name English name Forest Corridor  Pasture
Parula pitiayumi Tropical Parula + + -
Piranga flava Hepatic Tanager + + -
Paroaria coronata Red-crested Cardinal - + -
Coryphospingus cucullatus Red-crested Finch + + +
Saltator aurantiirostris Golden-billed Saltator + + —
Saltatricnla multicolor Many-coloured Chaco-Finch - + +
Sicalis Iuteola Grassland Yellow-Finch - + (+)
Poospiza torquata Ringed warbling finch - + -
Poospiza cinerea Black-capped Warbling-Finch + +
Lophospingus pusillus Black-crested Finch - (+ -
Myiospiza humeralis Grassland sparrow - + +
Zonotrichia capensis Rufous-collared sparrow + + +
Molothrus bonariensis Shiny Cowbird - + -
Molothrus badins Bay-winged Cowbird - + (+)
Cacicns solitarins Solitary Black Cacique + + -

Synrnellas superciliaris

White-browed Blackbird

Appendix 3. Amphibian and reptile species observed in various landscape elements in Gran Siete, Chaco
Central, Paraguay. [+ denotes species identified on the track transect in that habitat during the course of the
study, (+) denotes species found present in that habitat outside of the studied transects, - denotes species
not found by the author in that habitat during the time of the study]|

Scientific Name English Name Paraguayan Name Forest Corridor Pasture
Leptodactylus bufonins Shovel-nosed Rana hocico - + -
chamber frog de pala
Leptodactylus chaguensis ~ Chaco frog Rana chaquefia - - +
Physalaemuns biligonigerns  False-cyed frog  Jui vaca ra’y + + +
Bufo granulosus Granulated toad Kururu, sapo + + +
Bufo paracnemis Rococo toad Kururu, sapo - + -
Phyllomedusa sanvagei Chaco leaf frog + + +
Physalaemus albonotatus — Frog + + +
Dermatonotus mueller: Muecller’s narrow- - + +
mouthed frog
Elachistocleis ovalis Orange thigh - + -
Elachistocleis sp. Blue - - +
Homonota horrida Chacoan straight-toed + + +
gecko
Tropedurus sp. Spine lizard - + -
Proctotretus doellojuradoi - + -
Mabuya frenata Bridled skink Ambere’ - + +
Mabnya sp. gnaporicola?  Brindled skink - - +
Leptotyphlops melanotermus Blind snake - - +
Leptotyphlops sp. Blind snake - - +
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Nest-predation at the edge: an experimental
study contrasting two types of edges in the dry
Chaco, Paraguay

Lena M. Eriksson

Eriksson, L. M. 2001. Nest-predation at the edge: an experimental study contrasting two types of edges
in the Dry Chaco, Paragnay — CBM:s skrifiserie 3: 39—52.

Forest fragmentation leads to the creation of isolated forest patches with subsequent
impact on forest-interior flora and fauna. Forested corridors have been suggested to alleviate
some of the impact by increasing the connectivity between remnant forest patches. However,
both fragmentation and corridors increase the ratio of edge to core habitat. We studied
nest predation of artificial nests at edges between 1) contiguous forests and pastures and
2) forested corridors and pastures, in a forest-dominated landscape in the dry Chaco,
Paraguay. The aim was to determine if nest predation was higher near habitat edges
compared to within forests and pastures, with special emphasis on edges at forested
corridors. We found that predation rates were similar at edges and in interior habitats.
Nest predation was higher for both ground and shrub nests in forested arcas than in
pastures. Predation rates were also higher for both ground and shrub nests at edges along
forested corridors compared to edges neighbouring contiguous forests. Forested corridors
connecting contiguous forests may thus act as an ecological sink for some species bree-
ding here. Analysis of predator categories revealed that ground nests in pastures were
relatively more depredated by mammals and less by birds, compared to both shrub nests
in pastures and ground nests in forests.

Lena M. Eriksson, Swedish Institute for Ecological Sustainability, P. O. Box 7980, SE-907 19
Umed, SWEDEN. E-mail- Lena.Eriksson(@jeh.se
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Introduction
As fregmentation of natural habitats continues
at an accelerating rate, there is a growing con-
cern for its documented and presumed negative
impact on native flora and fauna (Estrada et al.
1993, Robinson et al. 1995, Keyser et al. 1998,
Harrison and Bruna 1999). The increased ratio
of edge to core area that follows fragmentation
may benefit generalist predators at the expense
of their prey species and species with narrower
niches (Wilcove 1985, Noss and Csuti 1997).
Furthermore, the increased isolation of popu-
lations might increase risks of extinction (Noss
and Csuti 1997). Corridors with natural vegeta-
tion have been suggested to alleviate the negati-
ve impact of fragmentation to some extent by
increasing the connectivity in the landscape and
providing shelter, habitat and dispersal routes
between patches of natural habitat (Simberloff
and Cox 1987, Noss 1987, Saunders and Hobbs
1991). However, corridors may also have nega-
tive effects by increasing the ratio of edge to
core habitat and by facilitating the spread of in-
vasive alien species, fire and diseases (Noss 1987).
Corridors may in addition turn out to be ecolo-
gical sink habitats for some species, if these suf-
fer higher mortality rates in the corridors than
they would in their native habitats (Simbetloff
and Cox 1987, Saunders and Hobbs 1991). Nic-
holls and Margules (1991) argue that explicit
evidence for the conservation value of corridors
1s still scarce and in need of scientific verifica-
tion, if limited economic resources should be
diverted from securing the protection and ma-
nagement of large areas of natural habitats.
Nest predation is suggested to be a major
cause for the reproductive failure of passerine
birds, especially in landscapes fragmented by
humans (Wilcove 1985, Robinson et al. 1995).
However, natural nests are sometimes difficult
to locate and their fates troublesome to detet-
mine. They are also not always placed in accoz-
dance with required experimental designs. Pre-
dation on artificial bird nests has therefore been
used as a convenient tool to evaluate the effects
of fragmentation and habitat edges (Wilcove
1985, Andrén 1992, see Paton 1994). Even
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though predation on artificial nests may not
mimic natural predation rates (Storaas 1988,
Willebrand and Marcstrém 1988, King et al
1999), the method is suggested to be suitable
when compatisons of relative predation rates are
made between local habitats (Reitsma 1992,
Roper 1992, but see Martin 1987). We are there-
fore chosen this approach although we are awa-
re of the ambiguities involved when using arti-
ficial nests. The dry Chaco is not well studied
ecologically and the use of artificial nests pre-
sents a first indication of ecological interactions
in the area, that could be followed up with addi-
tional studies. Many studies of nest predation in
forests adjacent to forest-farmland edges sug-
gest that bird nest predation increases near ed-
ges (see Paton 1994, Andrén 1995), but the op-
posite result has also been found (Nour et al.
1993, Marini et al. 1995, Bayne and Hobson
1997).

We performed a nest-predation study in a
forest-dominated landscape in the dry Chaco,
Paraguay, that has been exposed to clear-cuttings
during the last 20 - 25 years following the esta-
blishment of cattle-ranches. The legislation of
Paraguay states that buffer zones of natural ve-
getation (henceforth forested corridors), at least
100 m wide, must be left between pastures in
order to prevent soil erosion and spread of pests
and fire (Anon. 1986). Corridor use as habitat
and dispersal routes for the native fauna has just
recently begun to be studied (Areskoug, unpu-
bl). By carrying out the study in a forest-domi-
nated landscape, the effects of edges and corri-
dors may not be confounded by differences in
forest patch-size and in differential isolation of
these.

We used artificial nests to experimentally
evaluate the relative level of nest predation at
forest-pasture edges and forested corridors in
this landscape. We addressed three connected
aspects: 1) Does the level of predation differ
between forest and pasture, the two major habi-
tats at this study-site? 2) Does the level of pre-
dation differ between edges at forested corti-
dors and edges neighbouring contiguous forest?
3) Does an edge effect exist, i.e. increased pre-
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Fig. 1. Satellite image of the study area. FE = Forest edges, CEL = Corridor edges, ' = Interior forests, P =

Interior pastures.

dation near edges, and if so, how far from the
edge does it extend? In addition we aimed at
identifying categories of predators in forests and
pastures by marks left in clay-eggs.

Nomenclature for birds follow Hayes
(1995), for mammals Wilson and Reeder (1993)
and for trees Lopez et al. (1987).

Methods

Study Site

The study was carried out at Gran Siete in the
dry Chaco, Paraguay (S 22(31', W 060(36'). Gran
Siete encompasses five cattle-ranches that cover
a total of 35 000 ha of which 17 000 ha have
been cleared for pastures since the 1970’ (Fig
1). Mean annual temperature is around 24(C,
reaching above 40(C during the austral summer
months (November to Januari), and occasional-
ly dropping below freezing during winter nights
(Hayes 1995). Precipitation is low, reaching aro-

und 800 mm per year, and is highly seasonal and
concentrated to the summer months (Hayes
1995). No precipitation was recorded during this
study (July and August 1999), but drinking wa-
ter for animals is available at human-made wa-
ter holes.

The dominant natural vegetation in the area
is dry thorn scrub forest with a 3-4 m high cano-
py- Dominating species are Ruprechtia triflora, Aca-
cta spp. and Prosopis spp., together with some
Cereus stenogonus and Cereus coryne. The canopy is
interspersed with 10-12 m high trees of predo-
minantly Aspidosperma quebracho-blanco, Schinopsis
quebracho-colorado, Bulnesia sarmientoi, Chorisia in-
signis, and in lower areas also Calycophyllum multi-

Slorum. Bromeliaceae and Cactaceae are major com-
ponents of the ground vegetation. Vegetation
composition in natural habitats has been descri-
bed in detail by Short (1975). Almost all of the
natural grasslands have been turned into pastu-
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res or cultivated fields and planted with introdu-
ced, more palatable, grasses or crops.

The pastures at Gran Siete are normally aro-
und 200 ha (1000 x 2000 m) with forested corri-
dors 70 - 200 m wide in between, connecting
areas of contiguous forests (Fig. 1). The pastu-
res are planted with Buffalo grass Pennisetum
ciliare and Gatom panic Panicum maximum var.
gatom panic, and varies much in grass height,
shrub height and in percentage cover of grass,
shrub and bare ground, depending on their ma-
nagement history. Acacia spp. and Ruprechtia
triflora dominate among shrubs.

The edges between forests and pastures are
straight and sharp, at most creating a limited vi-
sual edge-zone with denser vegetation, although
effects of abiotic factors such as wind, light and
temperature are likely to extend some distance
into the forests. Wire-fencing separates different
pastures and are located in the middle of corri-
dors and 35 - 50 m into the forest at edges bet-
ween contiguous forests and pastures. Grazing
has therefore had an impact on ground vegeta-
tion to a varied extent at edges. The fences are
not a hinder for the passage of the native fauna.

Some open cup nesters in this region are
cinereous tyrant Kuzipolegus striaticeps, red-crested
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forest edge (FE), a
corridor edge (CE),
an interior forest (F)
and an interior pas-

ture (P).

finch Coryphospingus cucnllatus, greater wagtail-ty-
rant S#gmatura budytoides, many-coloured chaco-
finch Saltatricula multicolor and grassland sparrow
Ammodramus humeralis, see de la Pena (1988, 1989).
Of 65 species of the Order Passeriformes mist
netted or seen at Gran Siete duting the course of
this study, 16 species ate open cup nesters; 26 are
closed cup; 8 are cavity nesters; 5 use hanging cups;
2 utilise mud or dirt; there is 1 platform and 1
ground depression nester, and there is 1 brood
parasite. Five species have nest types which are
unknown/not described (de la Pefia 1988, 1989,
Isler and Isler 1999, Sick 1993). Potential mam-
mal nest predators in the area are Azara’s fox Psex-
dalopex gymnocercus, crab-eating fox Cerdocyon thous,
Geoftroy’s cat Oncifelis geoffroyi, tayra Eira barbara,
lesser grison Galictis cuja, white-eared opossum
Didelphis albiventris and several rodents. Potential
nest predators among birds are great antshrike
Taraba major, rafous-browed peppershrike Cyclar-
his gujanensis, plush-crested jay Cyanocorax chry-
sops, golden-billed saltator Saltator anrantiirostris,
white-banded mockingbird Mizmzus triurus, red-leg-
ged seriema Cariama cristata and crested caracara
Polyborus plancus. The dry Chaco also has a prolific
reptile fauna where some species could be poten-
tial nest predators.
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Nest Predation

The study was carried out in August 1999, just
before the onset of the main breeding season
for birds. We selected edges between contigu-
ous forest and pasture (FE) and edges between
forested corridors (100 - 200 m wide) and pas-
ture (CE) (Fig. 1). Edges were for some analysis
further divided into a forested part (FE-F and
CE-F respectively) and a pasture part (FE-P and
CE-P respectively). We used interior forests (F)
and interior pastures (P) as controls and these
were located at least 400 m from the nearest edge
(Fig. 1). Three replicates of each type (for sim-
plicity henceforth habitats) were used, separa-
ted by 7 500 - 9 500 m.

Four transects were set up at each edge run-
ning perpendicular to the edge, reaching 100 m
into the forest/corridor and 100 m into the pas-
ture (Fig 2). The distances between transects at
an edge were 200 - 400 m and the minimum
distance from a transect to another edge was 400
- 600 m (Fig. 2). We used a thin, dark green ny-
lon thread along transects in forested areas so
they could be located without clearing conspi-
cuous trails. The thread was placed through the
dense canopy and was thus well hidden and not
possible to follow for predators. It was high
enough (approximately 140 - 160 cm) for most
animals to pass under, rheas (Rhea americana)
excluded, and low enough to be reached by a
hand an followed. A nest-station was marked
every 25 m, (9 nest-stations per transect, 36 per
edge), with one station being placed exactly at
the border between forest and pasture, using
knots on the nylon thread in forested areas and
flagging tape in pastures. The flagging tape was
tied to shrubs at least 10 m from nest-stations, a
distance suggested not to effect predation rates
by predators using visual cues (see Major and
Kendall 1996).

The experiment was run for four consecu-
tive trials, each lasting four days. Four days was
chosen since it mimics egg-laying patterns of
some passerines in the area, and is thus a period
where the nests are left unattended by the pa-
rent birds for longer periods of time. In each
trial, nine ground nests and nine shrub nests were

randomly placed among the 36 nest-stations at
each edge, so that one ground and one shrub
nest was placed at each distance from the edge.
All nests were relocated to other nest-stations
along the transects for every new trial. A design
with varied distances between nests at each trial
was used to lower the risk that predators would
develop a search-pattern over the trials (Yahner
and Mahan 1996). Areas approximately 400 m
into the forests and 400 m into the pastures were
used as controls. Three 100 m transects were set
up in each area extending from a centre-point,
with nest-stations every 25 m (Fig. 2). During
each trial, one ground and one shrub nest were
placed on each transect at one of the marked
nest-stations. A ground and a shrub nest were
never placed at the same nest-station at the same
trial, and each nest-station only received one
ground and one shrub nest during the experi-
ment. No studies on natural nest densities have
been made in the area but are in progress (Me-
ritt, unpubl.). We used on average one nest/ha/
trial during the experiment.

The artificial nests were open cup canary
nests of rattan woven through with millet (Vo-
Toys Inc., Harrison, NI 07029, USA). They me-
asured 103 mm ((3 mm, 1 SD, N = 10) in outer
diameter and 44 mm (( 3 mm, N = 10)) in outer
height. The same type of nest was used in all
habitats and for both ground and shrub nests.
Shrub nests were wired to forked branches, using
a light gauge steel wire, at a mean height of 140
cm (12 ecm, 1 SD, N = 156) in forested areas
and 71 cm (( 23 cm, N = 132) in pastures, de-
pending on available vegetation. Ground nests
were wired to bases of canopy trees in forested
areas and bases of shrubs in pastures. Domina-
ting plant species used as substrates were Ruprechtia
triflora and Acacia spp. We used three types of
eggs in this study; Quail eggs (length 35 mm, (1
mm, 1 SD; width 27 mm, (0.8 mm; weight 11 g,
(0.9 g, N = 30); Clay eggs, made of non-harde-
ning and non-toxic light-grey modelling clay
(length 22 mm, ( 0.6 mm; width 15 mm, ( 0.5
mm; weight 3 g, (0.1 g, N = 30; AMACO Inc.),
that were secured in the nest by a thin gauge steel
wire (Darice Inc.); Light-blue hard plastic eggs
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(length 19.5 mm; width 12.5 mm; weight 1,5 g,
N = 30). One egg of each type was placed in each
nest during the expetriment. Depredated eggs and
nests were collected for later identification of pre-
dators. No attempts were made to conceal nests
ot mimic nests and/or eggs of a specific bird
species. Rubber gloves and rubber boots were
used to reduce human scent.

We classified a nest as depredated when one
or more eggs were removed, broken or when
the clay or plastic egg had marks on them. Twen-
ty-two shrub nests that were disturbed by wind
in pastures (the quail and the plastic egg was
found beneath the nest after several days of
strong winds) were classified as not depredated
for the following reasons: The nests were still
baited with the egg that performed best during
the study; There were no signs of predation and
the quail egg and plastic egg were found below
the nest; Including these nests as not depreda-
ted in analysis may have introduced a bias and
underestimated the predation rate in pastures
since the clay egg did not capture 100 % of the
predation in the study. However, excluding the-
se nests would have increased the calculated pre-
dation rate for pastures and therefore, in our
opinion, introduced a larger bias than if these
nests were included in analyses.

Data Analysis
Ground nests and shrub nests were analysed
separately. Two-tailed probabilities and a p-va-
lue of 0.05 were used in all statistical tests. Bon-
ferroni correction for multiple comparisons was
used when appropriate. There were no signifi-
cant differences in nest predation between the
three replicates so data was pooled for analysis.
We used two methods to test if nest preda-
tion events were independent, that is not influ-
enced by the fate of neighbouring nests. The
first method (modified from Hannon and Cot-
terill 1998) treated ground nests and shrub nests
separately and looked at neighbouring nests on
each transect and recorded in how many instan-
ces they were a) both depredated, b) one depre-
dated and one not depredated or c) both not
depredated, to get observed values for each
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event. Expected frequencies were calculated
from the observed overall probability of preda-
tion for shrub (0.42) and ground nests (0.44)
using a binomial distribution (p> + 2pq + ¢%). p
1s the probability of a nest being depredated and
q the probability of the nest escaping predation.
p’ is thus the expected frequency of two neigh-
bouring nests both being depredated, 2pq is the
expected frequency of one nest being depreda-
ted, the other not, and q2 is the expected fre-
quency of two neighbouring nests escaping pre-
dation. Expected frequencies were multiplied by
the total number of depredated nests to give
expected values for each event.

Secondly, if the fate of a nest is influenced
by the fate of its neighbout, then the mean dis-
tance between nests experiencing the same fate
should be shorter than between neighbouring
nests experiencing different fates. We thus cal-
culated and compared the mean distance bet-
ween neighbouring nests that experienced the
same fate (both depredated, or both not depre-
dated) and between those that experienced dif-
ferent fates (only one nest being depredated).

We used logistic regression to detect
whether the risk of an individual nest becoming
depredated was influenced by the following pa-
rameters: Type of edge, i.e. edge between conti-
guous forest and pasture and edge between fo-
rested corridor and pasture; Habitat, i.e. forest
and pasture; Distance, i.e. distance from edge;
Trial, i.e. during which trial the nest was placed.

Predators were divided into the following
categories: 1) Large-gaped birds - the clay egg
showed marks of bird predation and the quail
egg was depredated, e.g. Cyanocorax chrysops and
Cariama cristata, 2) Other birds - the clay egg sho-
wed marks of bird predation but the quail egg
was intact, e.g. Taraba major and Mimus trinrus; 3)
Large-gaped mammals - judged from marks on
clay eggs, e.g. Pseudalopex gymnocercus and Eira bar-
bara; 4) Small-gaped mammals - rodents and
possibly opossums; 5) Large-gaped unidentified
- the clay egg was removed, had unidentifiable
marks or were not depredated, and the quail egg
was depredated; 6) Small-gaped unidentified - the
clay egg was removed, had unidentifiable marks
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or were not depredated, and the quail egg was
not depredated. No predator could be identified
as a reptile. One nest that was completely destroyed
with the eggs showing no signs of predation
and 4 nests showing signs of multiple predation
were omitted from analysis. The categories of
predators were pooled into birds (group 1 and
2), mammals (group 3 and 4), large-gaped preda-
tors (group 1, 3 and 5) and small-gaped preda-
tors (group 2, 4 and 6) for analysis.

SYSTAT 8.0 statistical software and JMP
statistics and graphics guide from SAS Institute
were used for statistical analysis.

Results

Nest-predation

The average 1isk of predation was similar for
shrub nests (41.7 %) and ground nests (43.8 %),
see Table 1. No significant difference was found
on predation rates between ground nests and
shrub nests in any of the different habitats (Ta-
ble 2). We nevertheless chose to analyse these
separately since they are likely to be vulnerable
to different predators (S6derstrom 1998) and
pooling them may obscure differences that exist
for a certain nest type. Both tests of independen-
ce of nest fates showed that the 1isk for preda-
tion of a nest was independent of the fate of its
neighbour (ground nests, n = 120: (2 = 0.86, df

Table 1. Number of nests used in each habitat for

Table 2. Comparisons of predation rates between
artificial ground nests and shrub nests in the diffe-
rent habitats, using X? for two-way contingency tables.
FE-F: Forest edge, forested part; FE-P: Forest edge,
pasture part; CE-F: Corridor edge, forested part; CE-
P: Corridor edge, pasture part; E: Interior forest; P:
Interior pasture.

Habitat XDF=1) p
CE-F 3.08 0.079
CE-P 3.23 0.072
FE-F 054 0.46
FE-P 2.00 0.16
K 0.058 0.81
P 2.89 0.089

=2,p =0.65;Z = 0.41, p = 0.68; shrub nests, n
=121:(2=2.09,df =2,p=0.35;Z2=1.49,p =
0.14). Each nest was thus treated as an indepen-
dent sample.

Logistic regression showed that the risk of
a nest becoming depredated was influenced by

Table 3. Results of logistic regression comparing risk
of predation by type of edge, habitat, distance from
and trial (time). The model was significant for both
ground nests (log likelihood of constants only =
147.90 and fitted model = 140.91, p = 0.007) and
shrub nests (log likelihood of constants only = 147.63
and fitted model = 124.25, p < 0.001).

Type of nest

ground nests and shrub nests, together with number ~ Parameter Cocfficient SE. p

of nests depredated. Numbers in parenthesis are

percentage of depredated nests. FE-F: Forest edge, ~ Ground nests:

forested part; FE-P: Forest edge, pasture part; CE-F:

Corridor edge, forested part; CE-P: Corridor edge, ~ Constant 2.98 1.02 0.003

pasture part; F: Interior forest; P: Interior pasture. Type of edge  -0.56 0.28 0.050

Habitat -1.32 0.58 0.022

Ground nests Shrub nests Distance 0.01 0.00 0.212

Habitat n S n D et Trial -0.21 0.13 0.103

FE-F 60 25 (41.7) 60 29 (48.3) Shrub nests:

FE-P 48 15 (31.2) 48 9 (18.8)

CE-F 60 36 (60.0) 60 45 (75.0) Constant 3.43 1.09 0.002

CE-P 48  18(37.8) 48 10 (20.8) Type of edge  -0.80 0.31 0.011

F 36 21 (58.3) 36 22 (61.1) Habitat -1.79 0.62 0.004

P 36 11 (30.6) 36 5(13.9) Distance -0.00 0.01 0.770

Total 288 126 (43.8) 288 120 (41.7) Trial -0.01 0.14 0.945
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Table 4. Results of logistic regression comparing risk
of predation by type of edge, habitat, distance from
and trial (time), with the edge-habitat interaction
included. The model was significant for both ground
nests (log likelihood of constants only = 147.90 and
fitted model = 140.57, p = 0.012) and shrub nests
(log likelihood of constants only = 147.63 and fitted
model = 122,98, p < 0.001).

Table 5. Comparisons of predation rates between
interior forests and forested parts of the edges and
between interior pastures and pasture parts of the
edges for artificial ground nests and shrub nests, using
¢ for two-way contingency tables. FE-F: Forest edge,
forested part; FE-P: Forest edge, pasture part; CE-E:
Corridor edge, forested part; CE-P: Corridor edge,
pasture part; F: Interior forest; P: Interior pasture.

Type of nest

Parameter Cocfficient SE. »p

Ground nests:

Constant 4.00 1.61 0.013
Type of edge  -1.24 0.87 0.155
Habitat -2.03 1.04 0.051
Distance 0.01 0.00 0.210
"T'rial -0.21 0.13 0.102
Type of edge x

habitat 0.48 0.58 0.407
Shrub nests:

Constant 5.53 1.74 0.001
Type of edge  -2.20 0.94 0.019
Habitat -3.31 1.16 0.004
Distance -0.00 0.00 0.768
"T'rial -0.01 0.14 0.945
Type of edge x

habitat 1.04 0.65 0.110

type of edge and habitat for both ground and
shrub nests (Table 3). Nest predation was hig-
her for both ground and shrub nests in forests
than in pastures. Predation rates were also hig-
her for both ground and shrub nests at edges
along forested corridors compared to edges
neighbouring contiguous forests. Distance and
trial did not influence the risk of predation. Fol-
lowing these results, we were it interested in see-
ing whether an interaction existed between type
of edge and habitat. The interaction proved not
significant for both ground nests and shrub nests
(Table 4). The latter model did not improve the
explanatory power of the model for either gro-
und nests (difference in log likelthood (2 = 0.69,
df =1, p > 0.05) or shrub nests (difference in
log likelihood (2 = 2.55, df =1, p > 0.05). We
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Comparison  X*(DF=1) p
Ground nests:

FE-F - F 2.50 0.11
FE-P - P 0.005 0.95
CE-F-F 0.026 0.87
CE-P-P 0.44 0.51
Shrub nests:

FE-F—F 1.48 0.22
FE-P-P 0.35 0.55
CE-F-F 2.06 0.15
CE-P-P 0.68 0.41

therefore retain the first model (Table 3).

There were no significant differences bet-
ween the risk of predation at the controls in the
interior forests and interior pastures compared
to the forested and pasture parts of the edges
respectively (Table 5). No edge effect was thus
detected for either ground nests or shrub nests
neither within 100 m from the edges nor within
400 m from the edges.

Identification of Predator Categories

The clay egg captured on average 83.3 % of the
total predation in this study, the plastic egg 75.2
% and the quail egg 62.6 %. The division of
predators into categories means that category 2
and 6 (being distinguished from category 1 and
5 respectively by the fate of the quail egg) could
have been exposed to some predation events by
large-gaped predators that decided not to prey
upon the quail egg. We believe this to be only a
minor bias since the quail egg was the only egg
that offered a reward for the predator, and would
therefore rarely be left.
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Table 6. Comparisons between predator categories on
artificial ground nests and shrub nests in different
habitats using Fisher’s exact test. G-P: Ground nests
in pastures; G-F: Ground nests in forested habitats;
S-P: Shrub nests in pastures; S-F: Shrub nests in
forested habitats.

Mammals — Birds ~ Small-gaped — Large-

gaped Predators
Habitats p p
G-P-G-F < 0.0001* 0.0001*
G-P-S-P 0.0022* 0.074
S-P-S-F 0.69 0.82
S-F-G-F 1.00 0.036

* Significant after Bonferroni correction P yonterroni

0.0062, n = 8).

Different habitats and nest-sites were vul-
nerable to different categories of predators (Fig.
4). Ground nests in pastures were more often
depredated by mammals and less by birds than
both shrub nests in pasture and ground nests in
forested areas (Table 6). Ground nests in pastu-
res were also relatively more depredated by small-
gaped predators than ground nests in forested
areas. Predators could unfortunately not be iden-
tified to species, and cameras would be needed
to identify specific predators. No further analy-
sis was made on the identity of predators due to
small sample sizes.

Discussion

Edge and Habitat Effects

We found a difference in predation rates bet-
ween habitats for both ground and shrub nests.
Nests in forested parts of the edges ran a higher
risk of being depredated than nests in pasture
parts of the edges.

Although no difference in relative predator
composition could be detected for shrub nests,
there was a significant difference in number of
nests depredated. We suggest two possible rea-
sons for this difference. First, there was a higher
number of birds in forested areas, where cover
is abundant, than in pastures (Areskoug, unpu-
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bl.), and this seems to be the case also for poten-
tial avian nest predators (personal observation).
Many bird species may avoid open areas with re-
duced cover in pastures, even when a food re-
soutce, such as an artificial nest, is available only a
short distance from the forested areas. The cover
and height of vegetation types in pastures did
not influence the level of predation (Eriksson,
unpubl.), even though large shrubs may provide
good perching sites for avian predators. Second,
some potential mammal predators may be exclu-
ded from predation on shrub nests in pastures,
since branches may be too weak for larger preda-
tors to climb on. The shrubs in pastures are also
more dense and spiny in their lower regions then
the trees that were used as substrates in forested
areas and thus make it more difficult for potenti-
al predators to reach the nests. This is supported
by the relatively high frequency of mammal dep-
redation on ground nests in pastures. This leads
to a relatively low predation by both birds and
mammals on shrub nests in pastures.

There was a difference in relative predator
composition for ground nests in forests compa-
red to pastures. Mammals were relatively more
important as predators in pastures, whereas birds
were major predators in forested areas. Mam-
mals may be mote prone to use pastures for tra-
velling and foraging than birds. This is suppor-
ted by Areskoug (unpubl)) who found signifi-
cantly more bird species in forested areas than
in pastures, with distinct bird communities in
the two habitats, whereas most mammal species
were at least occasionally found also in the pas-
ture.

There were differences in predation rates
on both ground and shrub nests between the
two types of edges, as corridor edges demon-
strated significantly higher predation. Both ty-
pes of edges might act as pathways for preda-
tors, but the forested corridors may channel these
in higher concentration compared to the forest
edge. These corridors are narrow, possibly con-
sisting only of edge-habitat for the species of
concern. Even though no edge effect was de-
tected, the exposure of double edges at the coz-
ridors, in addition to a possible congregation of
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moving predators, appear to render birds nes-
ting in corridors more vulnerable to predation.
Major et al. (1999) also concluded that linear
strips of remnant woodland habitat (50 - 90 m
wide) at a study-site dominated by agriculture in
New South Wales, Australia, seemed disadvan-
tageous as habitat for breeding birds due to in-
creased risk of nest predation. We could not
determine whether the higher risk of predation
in forested corridors was due to higher concen-
trations of predators or due to more effective
foraging patterns. There is a need for future stu-
dies to estimate predator compositions and con-
centrations and also to study movements and
behaviour of predators in the different habitats
and type of edges. Further studies are needed
with a focus on predation risk on natural nests.

No increase in nest predation were found
closer to edges between pastures and forested
areas (Fig. 3a and 3b, Tab 3). Such edge effects
have been documented (Gibbs 1991, Paton 1994,
King et al. 1998), but so has the lack of such an
effect (Nour et al. 1993, Marini et al. 1995, Bay-
ne and Hobson 1997). Many studies have used
quail or chicken eggs (See Paton 1994). There
are recent studies suggesting that edge effects
might disappear when small-gaped predators are
important nest predators, since these may be
more important in the interior of habitats (FHas-
kell 1995, Nour et al. 1993). Small predators are
often not able to depredate quail eggs and we
suggest that small eggs should be included
whenever the aim is to detect predation events
by all predator categotries. Our sample sizes did
not allow for different predator categories to be
analysed separately. We found six other studies
that used eggs of modelling clay or plasticine
and included distances from edges in their de-
signs. Five of these (Nour et al. 1993, Bayne and
Hobson 1997, Hannon and Cotterill 1998, Key-
ser et al. 1998, Matthews et al. 1999) failed to
detect an edge effect, whereas Moller (1989)
found that exposed ground nests in forests near
forest-agricultural edges experienced higher pre-
dation rates.

The lack of an edge-effect in our study could
also be an effect of the dry Chaco’s short histo-
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ry of forest fragmentation. We performed this
study in a forest-dominated landscape recently
(1970s) exposed to forest clearings. It is thus
possible that there has as yet been little adapta-
tion of the predator fauna to an increased
amount of open landscape. Andrén (1995) in a
review found nine studies that suggested that
increased predation close to forest-farmland
edges was an effect of farmland predators (e.g:
corvids) penetrating into the forest. These stu-
dies were performed in Scandinavia and North
America, regions with a long history of human-
induced fragmentation as compared to out stu-
dy-site. Many areas that are valuable for conser-
vation purposes today do however experience a
similar situation as the dry Chaco, with a recent
and very rapid rate of deforestation, where the-
re will be little time for species to adapt to the
altered environment.

Some predators may develop a search pat-
tern during a nest predation experiment, which
may lead to changed levels of predation at the
latter stages of the experiment. We found no
difference in nest predation as the experiment
proceeded, i.e. number of trials. We therefore
conclude that the development of a search pat-
tern did not influence the results of this study.

Most research on corridors have focused on
their function as movement channels between
remnant habitat patches, and few have discus-
sed the fate of species and/or individuals using
these corridors. The result of this study is in
support of Major et al. (1999) and Vander Hae-
gen and DeGraaf (1996) who conclude that
corridors (50 - 90 m) and narrow riparian buffer
strips (< 150 m), respectively, should not auto-
matically be seen as beneficial for wildlife. If
nesting bird species become exposed to higher
predation risks in forested corridors than in other
forested areas, as suggested for shrub nesters in
this study, the value of a corridor as movements
channels must be balanced against such costs
(Stmbetloff and Cox 1987).

Artificial nest predation studies tend to fo-
cus on forested habitats and have predominant-
ly been performed in the Northern Hemisphere
(see Paton 1994, S6derstrom 1999). Séderstrom

(1999) suggested in his review that mammals may
play a comparatively larger role in nest preda-
tion in tropical forests as compared to tempera-
te zones. We found birds to be a major predator
category in forested areas at our study site on
both ground and shrub nests. Our study-site,
with its comparatively simple vegetation struc-
ture, may be more justly compared to temperate
conditions with a high proportion of predation
events by visually searching predators.

The dry Chaco is listed as a global 200 eco-
region by the World Wildlife Fund. It is a uni-
que and very diverse faunal landscape (Redford
et al. 1990) and to a high extent very pootly stu-
died. In Paraguay, there is fortunately still time
to address the issues of fragmentation, edge ef-
fects and corridots, since much natural habitat
is still intact. But the rate of fragmentation is
high and occurs on a large scale. For the purpo-
se of management advice regarding ecosystem
connectivity and landscape planning, research
should start today.

Acknowledgements- Permission to conduct these re-
scarch studies in Paraguay was given by the Ministe-
rio Agricultura y Ganaderia, Subsecretario de Estado
de Recursos Naturales y Medio Ambiente, Direccion
de Parques Nacionales y Vida Silvestre, to whom we
are grateful. We are further indebted to Franz
Doerksen and Francisco Gimenez Calvo, for permis-
sion to work on their properties. Maria and Jakob
Unger of Proyecto Tagua provided logistical support
during the course of these studies. Ing. Luz Aquino
of CITES-Paraguay assisted in various ways. Dr. Tor-
bjérn Ebenhard supervised the project. The
manuscript has benefited from the suggestions of Dr.
Ake Berg, Dr. Jacob Héglund and Dr. Kamal Bawa
and two anonymous reviewers. Adam Stanczyk and
Goran Frisk provided access to the collections at the
Natural History Museum in Stockholm. Frederick
Bauer of Universidad Nacional de Paraguay, facilitated
the project. Dieter Stosick provided the satellite photo.
Funding was provided by the Zoological Society of
San Diego and by graduate assistantship (LME and
VA) from the Swedish Biodiversity Centre. We (LME
and VA) are grateful to Bill Toone, The Zoological
Society of San Diego, who offered essential moral
support and to Holger and Crystal Doerksen for their
hospitality.

49



CBM:s Skrifiserie 3: MSc-theses 1999

References

Andrén, H. 1992. Corvid density and nest predation
in relation to forest

fragmentation: a landscape perspective. - Ecology 73:
794-804.

Andrén, H. 1995. Effects of landscape composition
on predation rates at habitat edges. - In: Hans-
son, L., Fahrig, 1. and Merriam, G. (eds.), Mosaic
landscapes and ecological processes. Chapman
& Hall, London, pp. 225-255.

Anon. 1986. Ley 422, Art. 60. - Ministeria de
Agricultura y Ganaderia, Asuncién, Paraguay.

Bayne, E. M. and Hobson, K. A. 1997. Comparing
the effects of landscape fragmentation by fores-
try and agriculture on predation of artificial nests.
- Conservation Biology 11: 1418-1429.

Estrada, A., Coates-Estrada, R., Meritt, Jr. D., Montiel,
S.and Curiel, D. 1993. Patterns of frugivore spe-
cies richness and abundance in forest islands and
in agricultural habitats at Los Tuxtlas, Mexico. -
Vegetatio 107/108: 245-257.

Gibbs, J. P. 1991. Avian nest predation in tropical wet
forest: an experimental study. - Oikos 60: 155-
161.

Hannon, S. J. and Cotterill, S. E. 1998. Nest predation
in aspen woodlots in an agricultural area in
Alberta: the enemy from within. - The Auk 115:
16-25.

Harrison, S. and Bruna, E. 1999. Habitat frag-
mentation and large-scale conservation: what do
we know for sure? - Ecography 22: 225-232.

Haskell, D. G. 1995. A re-evaluation of the effects of
forest fragmentation on rates of bird-nest
predation. - Conservation Biology 9: 1316-1318.

Hayes, F. E. 1995. Status, distribution and the
biogcography of the birds of Paraguay. -
Monographs in Field ornithology 1: 1-224.

Isler, M.L. and Isler, PR. 1999. The Tanagers: natural
history, distribution and identification. - Smith-
sonian Institution Press, Washington, D.C., USA.

Keyser, A. ], Hill, G. E. and Sochren, E. C. 1998.
Effects of forest fragment size, nest density, and
proximity to edge on the risk of predation to
ground-nesting passerine birds. - Conscrvation
Biology 12: 986-994.

King, D. L, DeGraaf, R. M. and Griffin, C. R. 1998.
Edge-related nest predation in clearcut and
groupcut stands. - Conservation Biology 12:
1412-1415.

King, D. I, DeGraaf, R. M., Griffin, C. R. and Maier,
T. J. 1999. Do predation rates on artificial nests
accurately reflect predation rates on natural bird

50

nests? - Journal of Field Ornithology 70: 257-
262.

Lopez, J. A., Hahn, W |, Little E. L. Jr., Ritz, G. E
and Rombold, |. S. 1987. Arboles comunes del
Paraguay. Nande yvyra mata kuera. - Cuerpo de
Paz, 1987.

Major, R. E., Christie, F ., Gowing, G. and Ivison, T.
J. 1999. Elevated rates of predation on artificial
nests in linear strips of habitat. - Journal of Field
Ornithology 70: 351-364.

Major, R. E. and Kendall, C. E. 1996. The contribution
of artificial nest experiments to understanding
avian reproductive success: a review of methods
and conclusions. - Ibis 138: 298-307.

Marini, M. A., Robinson, S. K. and Heske, E. ]. 1995.
Edge effects on nest predation in the Shawnee
national forest, southern Illinois. - Biological
Conservation 74: 203-213.

Martin, T. E. 1987. Artificial nest experiments: effects
of nest appearance and type of predator. - The
Condor 89: 925-928.

Matthews, A., Dickman, C. R. and Major, R. E. 1999.
The influence of fragment size and edge on nest
predation in urban bushland. - Ecography 22:
349-356.

Moller, A. P. 1989. Nest site selection across field-
woodland ecotones: the effect of nest predation.
- Oikos 56: 240-246.

Nicholls, A. O. and Margules, C. R. 1991. The design
of studies to demonstrate the biological
importance of corridors. - In: Saunders, D. A.
and Hobbs, R. J. (eds.), Nature conservation 2:
The role of corridors. Surrey Beatty & Sons Pty
Limited, Chipping Norton, Australia, pp. 49-61.

Noss, R. F 1987. Corridors in real landscapes: A reply
to Simberloft and Cox. - Conservation Biology
1: 159-164.

Noss, R. F and Csuti, B. 1997. Habitat fragmentation.
- In: Meffe, G. K. and Carroll, C. R. (eds.), Princip-
les of Conservation Biology, 2nd edition. Sinauer
Associates Inc., Massachusetts, pp. 237-264.

Nour, N., Matthysen, E. and Dhondt, A. A. 1993.
Artificial nest predation and habitat frag-
mentation: different trends in bird and mammal
predators. - Ecography 16: 111-116.

Paton, P. W. C. 1994. The effect of edge on avian nest
success: how strong is the evidence? - Con-
servation Biology 8: 17-26.

de la Pefia, M. R. 1988. Guia de aves Argentinas. Vol.
V. - Literature of Latin America, Buenos Aires.

de la Pefia, M. R. 1989. Guia de aves Argentinas. Vol.
VI. - Literature of Latin America, Buenos Aires.



Eriksson: Nest-predation at the edge: an experimental study contrasting two types of edges in the dry Chaco...

Redford, K., Taber, A. and Simonetti, J. 1990. There
is more to biodiversity than the tropical rain for-
est. - Conservation Biology 6: 567-581.

Reitsma, L. 1992. Is nest predation density dependent?
A test using artificial nests. - Canadian Journal
of Zoology 70: 2498-2500.

Robinson, S. K., Thompson III, E R., Donovan, T.
M., Whitchead, D. R. and Faabozg, J. 1995. Re-
gional forest fragmentation and the success of
migratory birds. - Science 267: 1987-1990.

Roper, J. J. 1992. Nest predation experiments with quail
eggs: too much to swallow? - Oikos 65: 528-530.

Saunders, D. A. and Hobbs, R. J. 1991. The role of
corridors in conservation: What do we know and
where do we go? - In: Saunders, D. A. and Hobbs,
R. J. (eds.), Nature conservation 2: The role of
corridors. Surrey Beatty & Sons Pty Limited,
Chipping Norton, Australia, pp. 421-427.

Short, L. L. 1975. A zoogeographic analysis of the
South American Chaco avifauna. - Bulletin of
the American Museum of Natural History 154:
167-352.

Sick, H. 1993. Birds in Brazil. - Princeton University
Press, Princeton, New Jersey, USA. 47 Plates.

Simberloff, D. and Cox, J. 1987. Consequences and
costs of conservation corridors. - Conservation
Biology 1: 63-71.

Storaas, T. 1988. A comparison of losses in artificial
and naturally occurring capercaillie nests. - Jour-
nal of wildlife management 52: 123-126.

Séderstrom, B. 1998. Different nest predator faunas
and nest predation risk on ground and shrub
nests at forest ccotones: an experiment and a
review. - Oecologia 117: 108-118.

Soderstrom, B. 1999. Artificial nest predation rates in
tropical and temperate forests: a review of the
cffects of edge and nest site. - Ecography 22:
455-463.

Vander Haegen, W. M. and DeGraaf, R. 1996.
Predation on artificial nests in forested riparian
buffer strips. - Journal of Wildlife Management
60: 542-550.

Wilcove, D. S. 1985. Nest predation in forest tracts
and the decline of migratory songbirds. - Ecology
66: 1211-1214.

Willebrand, 'T. and Marcstrom, V. 1988. On the dan-
ger of using dummy nests to study predation. -
The Auk 105: 378-379.

Wilson, D. E. and Reeder, D. M. (eds.) 1993. Mammal
species of the world. A taxonomic and geo-
graphic reference. - Smithsonian Institution
Press, Washington.

Yahner, R. . and Mahan, C. G. 1996. Depredation
on artificial ground nests in a managed, forested
landscape. - Conservation Biology 10: 285-288.

51



52

CBM:s Skrifiserie 3: MSc-theses 1999



CBM:s Skriftsetie 3:53—80. Uppsala 2001.

Distribution and diversity of arbuscular
mycorrhizal fungi in traditional agriculture on
the Niger inland delta, Mali, West Africa.

Sara Friberg

Friberg, S. 2001. Distribution and diversity of arbuscular mycorrhizal fungi in traditional agriculture
on the Nuger inland delta, Mali, West Africa. — CBM:s Skriftserie 3: 53-80.

A diverse community of arbuscular mycorrhizal fungi (AMF) produces a beneficial and
stable symbiosis with most plant communities. In this study, we determined diversity,
richness and relative abundance of AMFE species in the semi-arid Niger inland delta of
Mali, West Africa.

The 10 sites ranged from annually inundated fields to arid fields of rice, sorghum,
millet and natural vegetation, and were sampled using four transects per site. To determine
possible correlations with soil characters we analysed pH, extractable phosphorus (P), total
P, organic matter and particle fractions. The plant parameters assessed were density, species
diversity and richness. A 4.5 months pot culture with Sorghum bicolor was used to enhance
sporulation of indigenous AMF species. By comparing this with INVAM references (Inter-
national Culture Collection of Arbuscular and Vesicular-Arbuscular Mycorrhizal Fungi),
we could identify seven AMF species: Glomus aggregatum, Glomus clarnm, Glomus claroidenm,
Glomus occultum, an undescribed Glomns species, Acanlospora morrowiae and an undescribed
Entrophospora species.

The undescribed Glomus species had the greatest range for every measured parameter,
was totally dominant in three samples and produced most spores in both the arid and
inundated sites. AMF species richness ranged from 1 to 5 per 2500 m? site, showing no
correlation to plant species richness. Intense AMF root colonisation and sporulation were
found in the interval pH 5.6 to 7.1 and 0 to 13mg P kg soil. To investigate the most
important variables influencing AMFE, we used a multivariate principal component analysis.
The highest and most consistent AMI data was found in the annually inundated sites. The
study showed that traditional, monospecific, low input, untilled agriculture of inundated
rice, sorghum and millet is promoting an extremely high and relatively diverse inoculum
potential of AM fungi.

Sara Friberg, Swedish Biodiversity Centre, Swedish University of Agricultural Sciences,
P. O. Box 7007, SE-750 07 SWEDEN. E-mail: axebo@bhotmail.com
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Introduction

Arbuscular mycotrhiza in general
Mycorrhiza (modern Latin of Greek words zzykes
= fungl, 7hiza = root) were discovered 100 years
ago, but were not seriously included in the
multidisciplinary science of biology until the
1980’s. The very special mycorrhizal group
considered here, arbuscular mycorthiza (AM) is
often still neglected when issues of botany, soil
biology or mictrobial ecology are discussed. One
reason may be that the methods available today
for studying AM are very specific and time
consuming. From a conservation perspective, a
reason for neglect may be the assumed global
abundance of AM fungi (AMF), although the
functional diversity and the effects of local species
extinction of AMF have not been studied.
Nevertheless, research and interest have expanded
exponentially during the last two decades,
especially in agricultural sciences.

Thete are seven groups of mycorrhizal fung,
all of which build a living bridge between plant
roots and bulk soil in most ecosystems. In 1973,
Rambelli suggested the term “mycorrhizo-
sphere” to substitute “rthizosphere” because of
the significant and dynamic microbial interactions
found in the soil of mycorrhizal roots. The
morphologically and functionally different
groups of mycorrhizal fungi are distinguished
by having the plant exchange compartment either
outside (ectomycorrhiza) or inside (endo-
mycorrhiza) the root epidermis cells (Smith and
Read 1997). AM is an endomycorrhiza and has
got its name from the distinct fungal tree-shaped,
short-lived structure that develops in plant root
cells (arbus = tree). Earlier, the name vesicular-
arbuscular fungi (VAM) was used, but since not
all fungi in the group produce vesicles, the term
AMEF is preferred. AM is the most widespread
group, found from the Arctic’s to the tropics,
and is the dominating mycorthiza in deserts,
grasslands, agroecosystems and broad-leaved
forests in temperate to tropical biomes (Smith
and Read 1997). On the other hand, AMF is the
least diverse group of mycorrhizal fungi on a
species level, containing only 154 species in the
order Glomales of the division Zygomycetes
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(Morton and Benny 1990). The species concept
used is phylogenetic, based on the inherited
morphology and biochemistry of AMF spores
(Morton et al1995). Distinct from the other
groups of mycorrhizal fungi, AMF lack sexual
reproduction. Furthermore, AMF lack plant host
specificity and are obligate symbionts, germi-
nating but not growing in the absence of
responding plant roots (Smith and Read 1997).
The wide range of hosts has only been marginally
screened, but a compilation by Trappe (1987),
based on 6500 plant species (e.g. 3% of the
unknown but estimated number of angio-
sperms), suggested that the range covers 50%
of the dicots and 50% of the monocots. Many
bryophytes (Smith and Read 1997) and pterido-
phytes (Gemma ef a/. 1992) also develop AM
symbiosis. There are reports of AM-plants with
such different adaptations as being aquatic
(Cooke and Lefor 1998), epiphytic (Gemma and
Koske 1995), halophytic or desert cacti, rainforest
trees (Smith and Read 1997), C, and C,-grasses
(Hetrick ez al 1991), and agticultural crops (Smith
and Read 1997). One of the first terrestrial plants,
Aglaophyton, in a 400 million year old fossil,
shows arbuscules identical to the type found in
roots today (Pirozynski and Dalpé 1989, Taylor
et al. 1995). The long co-evolutionary history of
plants and AMF, as proved by this finding,
probably explains the lack of host specificity and
the global distribution of AMFE.

When it became known that AM-plants
show increased fecundity compared to non-AM
plants, the interest for AM symbiosis arose,
especially in agricultural research. An AMF
mycelium increases the absorptive root surface
area of a plant 100-fold (Smith and Read 1997).
AM-plants thus have increased macro- and
micronutrient content (Clark and Zeto 1996,
Solaiman and Hirata 1996). Due to unknown
reasons, this is also seen at low soil phosphorus
levels (Smith and Read 1997) or low to high pH-
levels (Clark and Zeto 1996). In general, AMF-
plants also exhibit an increased rate of photo-
synthesis (Dixon e a/ 1994), and tolerance to
drought (Osonubi ez al. 1992) and salinity
(Rosendahl and Rosendahl 1991). Resistance to
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root pathogens also increases (Smith and Read
1997), primatily due to AMF occupying the root
niche and to increased plant vigor. Another
feature important in the establishment of
seedlings is the transport of photoderivatives
from an unshaded to a shaded plant via the AMF
mycelium (Eissenstat and Newman 1990).

As AM is a mutualistic symbiont, AM fungi
drain up to 20% of photosynthetic carbon
(Jakobsen and Rosendahl 1991) and in return,
provide plants with large amounts of nutrients
(P, N, K, Zn etc) and water from the soil. AMF
also produce glycoprotein extracellularly on the
mycelia in the bulk soil, which together with the
physical netwotk of hyphae, helps to aggregate
soil (Wright and Upadhyaya 1998), thus im-
proving aeration and water percolation. The
carbon inflow to soil attracts soil microbes;
altogether producing a functionally diverse and
dynamic soil biota (Schreiner ez a/. 1997), which
is fundamental for plant nutrition in natural
systems and sustainable agriculture.

The benefit of an AM symbiosis depends
on when in a plants life stage its roots ate colonised
by AM fungi (Solaiman and Hirata 1996). The
outcome is also affected by the growth rate of
both the fungi and plant. Moreover, the AM
symbiosis is also influenced by the composition
of plant and fungal species (Schreiner ez a/ 1997),
by the hierarchical structure of AMF species in
the root niche, and by their inherited genetic and
functional diversity (Smith and Gianinazzi-
Pearson 1988). Additionally, the outcome of an
AM symbiosis is affected by soil properties, soil
and plant treatments, and the presence, and
amount, of soil microbes being mutualists,
commensalists, inhibitors or parasites. The
above ground macro- and microclimate are also
factors influencing the symbiosis.

An AM fungus cannot be regarded as an
individual. What we may call an intact AM fungus
is in fact a community of thousands of
individually distinct, motile DNA-nuclei,
building and inhabiting a network of non-
septate (non-cross walled) hyphae inside and
between root epidermis cells. Intact hyphae have
been proved to extend at least 12 cm from a

colonised root (Jakobsen e a/. 1992).

A new AMF infection of roots can start from
anywhere, when all compartments are considered
as independent propagules. But the life cycle of
an AM fungus starts from an asexually produced,
thick-walled spore, produced on a hyphal tip
either inside the root or in the bulk soil,
depending on the fungal species. When mature,
the spore separates from the hypha and is totally
dependent on passive dispersal. If the spore is
produced in the soil surface layer, it may be spread
by wind, water or by any soil digging animal
such as humans, voles, earthworms and root
collecting birds (Terwilliger and Pastor 1999;
Koske and Gemma 1990). AM spores can be
produced more than 1.20m down in the soil
profile (Thompson 1991) and are then heavily
dependent on the frequency of passing roots to
grow. Without plants, AM fungi can survive for
a few years in the form of spores if not heavily
parasitized (Smith and Read 1997).

Depending on the AMF family, one to
several germ tubes grow a few millimetres from
the AM spore, cartying the stored lipid content
and hundreds to thousands of nuclei. But an
AMF spore is unable to metabolise its own
reserves without the presence of a root (Bécard
and Piché 1989). It is not known what type of
signal system the AM symbionts are using, but
McArthur and Knowles (1992) showed that
ethylene production in potato roots, promoted
by high levels of soil phosphorus, prevented
AMEF colonisation. If an AM responding plant
root is present, germination and hyphal growth
is promoted, directing the germ hyphae towards
the fine root tips. An appressorium is developed,
which is used as an attachment onto the root
surface. From the appressorium, an intraradical
mycelium develops between and inside the plant
cells in the epidermal layer of the root. In the
plant cells, the hyphae produce arbuscules by
dichotomous branching and a simultaneous
plant response invaginating the cell plasma-
lemma. The AM symbiosis is thus established.
Via the vast absorptive surface area of the
arbuscule/plasmalemma, carbon is delivered
from the plant, promoting growth of the mycelial
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network in the bulk soil. Water and protein
bound phosphorus is transported from the bulk
soil back to the arbuscular compartment and
delivered to the plant. The AMF stores some
photosynthetic derivatives as lipids in elliptical
vesicles produced by many fungi on both
intraradical and extraradical hyphae. When a
threshold level of colonisation is achieved (e.g; a
certain amount of carbon is allocated), most AMF
species start to sporulate (Gazey ef al. 1992;
Pearson and Schweiger 1993).

Arbuscular mycotrhiza,

diversity and disturbance

To understand the contributions of AMF to
ecosystems (including agriculture) and how to
manage them, Abbott ez al. (1995) stressed the
importance of assessing its diversity, as it has
been shown that the exchange activity and
beneficial outcomes vary with fungal and plant
species composition. Rarely one AM fungal
species, but mostly three and occasionally nine
species of different families and suborders,
occupy the root system at the same time (Mozrton
et al. 1995). The AMF diversity does not follow,
but may regulate, patterns of plant diversity: if
one AMF species or indigenous species becomes
extinct in a habitat, there may be significant shifts
in how plants acquire resources in that habitat
(Allen ez al. 1995). The interspecific genetic
diversity of AMF probably overrides the
intraspecific diversity, which is why conservation
and research should also deal with the adap-
tations of isolated species. As the molecular
methods to describe specific and interspecific
diversity are so far only developed for a few AMF
species, taxonomy still must rely on the time
consuming methods of morphology and
histochemistry.

High AMF diversity ranges from 10-18
species per 25g subsample in 1m? plots of dry
tropical forest, forest edge and grassland in Costa
Rica (Johnson and Wedin 1997), to 43 species
found in apple rootstock plantings across 18 states
of the US (Miller e a/. 1985). Along a 355km
latitudinal gradient along the eastern US, 4.6
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species on average, and 23 species in total, were
found associated with two plant species along
1km transects across Atlantic barrier dunes
(Koske 1987). A relatively low species richness
of AMF has been found in true semi-arid to arid
areas. However, Stutz and Morton (1996)
showed that AMF species richness in arid
ecosystems could be comparable to the richness
found in most other plant communities if an
adequate root soil sampling technique and several
successive trap cultures were used to propagate
the slow-growing and/or non-sporulating
fungi. AMF diversity has been reported to
decrease with the moisture gradient of a tall grass
prairie (Anderson e al. 1984) and with tem-
perature gradients in coastal sand dunes (Koske
1987). Some species, like Glomus intraradices, are
reported to have a vast soil parameter range, while
others, like Acanlospora species, are restricted to
acidic soils in the tropics. Wang e al. (1997)
showed that spores of Glomus species have
different temperature and pH preferences for
germination.

As AMF are below ground organisms, they
spread slowly over short distances, using plants
as “stepping stones”. The distribution that we
see today therefore can be said to rely on historical
processes (Ricklefs and Schuluter 1993; Morton
et al. 1995). Plants have better means of dispersal
in time and space than AME, as seeds and pollen
are produced above ground and have co-evolved
with the behaviour of above ground animals.
However, proof of AM symbiosis in more than
90% of the endemic flora of the isolated Hawaii
islands (Koske and Gemma 1990), suggests a
historical long-distance co-dispersal of plants and
AM fungi by oceanic waters, winds and birds
(Koske ef al. 1992; Gemma and Koske 1995).

When a plant establishes itself, the plant and
the soil dwelling AMF community must co-
adapt to develop a symbiosis (Allen ez a/ 1995).
Allen ef al. (1995) state that plants of arid and
semi-arid regions are facultatively mycorrhizal in
comparison to most tropical trees that are believed
to be obligatory AM, and thus it seems less likely
that the fungi control the plant’s distribution in
such areas. This statement is a bit contradictory,
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as semi arid to arid environments have an
extremely patchy distribution of vegetation,
which may even differ from year to year, so the
survival of AM fungi and the establishment of
AM symbiosis may be locally obstructed. As
vegetation in such areas is patchily distributed
due to the spatial heterogeneity of nutrients being
too easily volatilised, leached or too firmly bound,
they theoretically would depend more on AMF
for establishment than plants in rich or nutrient
homogenous environments. Moreover, plants
in disturbed areas of low fertility would benefit
from a diverse AMF community, as there is then
a larger chance of adaptation to environmental
changes (Abbott and Gazey 1994). As an
example, AMF that are scarce in undisturbed areas
may increase after disturbance and mitigate
disturbance effects (Jasper e a/ 1989). In the
subtropics, one such periodical disturbance is the
shift from the rainy to dry season. Dodd et al.
(1990) report that the number of AMF spores
in tropical savannahs decreases during the dry
season due to wilt of the vegetation, which
prevents carbon allocation to AM fungi and hence
hinders growth and sporulation. Additionally,
soil surface temperatures above 60°C kill AMF
spores (Thompson 1989) which decreases the
infectivity potential in the surface layer.

Periodical inundation is another disturbance
affecting the distribution of plant diversity. Until
recently, inundation was thought to prevent
AMEF development, but Cooke and Lefor (1998)
now report that young plants on developing
shorelines were colonised by AM fungi, sugg-
esting that this phenomenon is common in the
development of vegetation associated with
fluctuating water, nutrient and oxygen con-
ditions.

Subtropical and tropical soils often have low
amounts of available phosphorus, due to long-
term exposure to optimal weatheting conditions.
The availability of phosphorus is also con-
strained by acidity (pH <6.5) and alkalinity (pH
>7.5), which are both common features of
tropical and subtropical soils. Less than 1% of
the total soil phosphorus is available in the soil
solution (Mullen 1998), serving as the central

conversion point between the geochemical and
biological pools in the overall phosphorus cycle.
Phosphorus is an essential macronutrient to all
living organisms, making up the backbone
structure of DNA. Phosphorus assimilated by
an organism will be recycled by other organisms
during decomposition, either directly or indirectly.
AM fungi are as effective in finding and delivering
phosphorus from uniformly distributed ferti-
lisers as from enriched patches in the soil (Cui
and Caldwell 19906) if and when the AM
symbiosis is established.

Agricultural management is another dis-
turbance affecting the development and function
of AM. Abiotically, tillage disrupts the hyphal
network, which delays the AMF infectivity rate
on plant roots in the coming season (Jasper ez al.
1989). Biotically, inter-cropping of alegume with
a cereal promotes AMF proliferation more than
monocropping either of them (Harinikumar ez
al. 1990). The importance of soil parameters to
AMF species diversity is not well known, but
overall AMF production in the form of spore
propagules may increase with soil pH, organic
carbon (Johnson ¢4/ 1991) and clay (Day 1987),
and decrease with increasing amounts of soil
phosphorus (Johnson ez a/. 1991). Super-
phosphate is reported to have a negative effect
while rock phosphate enhances the AMF
indigenous inoculum (Barea ef 2/ 1980). Harini-
kumar and Bagyaraj (1989) showed that root
colonisation and spore numbers increased during
the season following treatment with farmyard
manure and straw. Likewise, Douds ez a/ (1995)
found a higher species richness in soils treated
with farmyard manure compared to when
inorganic fertilisers were used, but what process
is causing the differences is not clear. Joner and
Jakobsen (1995) report that the branching and
growth of AMF hyphae was stimulated by the
encounter of microsites rich in organic matter.
An increased percentage of oxygen in the soil
gas, due to aggregation stability and enhanced
aeration, may be one factor (Smith and Read
1997). Alternatively, the transformation and
decomposition rate of soil organic material,
increasing the respiration of carbon dioxide, has
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been proven to stimulate AMF (Bécard and Piché
1989).

Objective of the study

The objective of this study was to assess the
diversity and relative abundance of AMF in
representative traditional agriculture sites on the
Niger inland delta of Mali. We also wanted to
investigate if the AMF species present, and their
relative abundance, were correlated with the status
of soil phosphorus, pH, organic matter, plant
diversity, plant density and any agricultural
treatments, such as fallow or water regime.
Additionally, the aim of the study was to discuss
possible agricultural benefits of the AMF
inoculum found at the different sites, and
cautionaty aspects when converting traditional
agriculture to modern methods.

Study area and methods

Study area

The study area was located in the Sahel belt of
Mali in West Africa, where the Niger River forms
an inland delta (Fig 1a, 1b). In total, 10 sites were
sampled, all situated within a 25km radius from
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the village Niafunké (4 00°W, 15 59°N). The
bushland of the Sahel, rich in woody herbs,
grasses and scattered leguminous trees, is
extensively used as grazing land for large herds
of primarily cow. The annual inundation of the
river creates temporary lakes and wetlands.
African and asian rice (Oryza glaberrima Steud., O.
satival..) are sown in depressions either before or
after inundation. In the latter case, the rice nursery
is established on the shore and rice is then
transplanted up to three times, following the
receding watetline. Close to the villages, millet
(Pennisetum glancum (L.) R.Br., syn. P. typhoides)
and sorghum (Sorghum bicolor (L) Moench.) are
sown on the sand dunes after the heavy rains in
July-August (200mm year™ in the area of
Niafunké). After harvest, all fields are freely
grazed and additional manure is rarely added.
Crops are not rotated in time nor space, but
intercrops are cultivated when seeds are available
on the market. On the dunes, the wild water-
melon (Citrullus lanatus (Thunb.) Matsumara &
Nakai) is sown as an intercrop. In the inundated
depressions, Bambara groundnut (VVigna
subterranea (L.) Verdc.), potatoes (Solanum
tuberosum 1..) and gombou (Abelmoschus esculentus

Table 1: Plant and management data (For site codes, see Fig.1). Total species richness includes crops and

native plants. Total average distance is an estimate of plant density/plant cover, also given as an estimated

number of individuals per site. The crop and water regimes in brackets indicate what treatment was used
before the fallow started in 1973 for iLN and 1993 for iG1-3r

Site Totspecies  Tot average Total no. Major Crop Water
richness  distance (m) individuals crop distance regime

Nov. -98 Nov. -98 (50x50m)  (per year) (m) (per year)
ILR 1 0.2 62500 rice 0.2 inundation
ILS 4 0.9 3075 sorghum 1.0 inundation
M 8 0.7 5100 millet 1.0 inundation
LN 13 0.5 10000 natural veg. - (inundation -73)
Glr 5 5 100 fallow (rice) (0.2) (inundation - 93)
iG2r 0 50 1 fallow (rice) (0.2) (inundation - 93)
iG3r 9 10 25 fallow (rice) (0.2) (inundation - 93)
AMN 3 40 1.5 natural veg. - arid
AMM 22 0.7 5100 millet 1.0 arid
ANM 21 0.7 5125 millet 1.0 arid
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Figure 1: a) Mali in West Africa. b) Study area in the semi-arid Niger inland delta (4°00°W, 15°59°N). Bars
represent transects (n = 4/site). Site codes: 1% letter signifies the water conditions being either T =
inundated yearly since historical time, 1= historically inundated but now arid (iLLN since -73, iG1-3r since
-93),and A = historically arid; 2™ letter signifies area or village being either 1. = Lake Takadji, G =
Goubo (field no. 1, 2 and 3), N = Niafunké and M = Mandjebougou; and 3™ letter signifies the vegetation

type being either R = rice, r = fallow from rice, S =

(L.) Moench.) are often sown as intercrops.
Perennial intercrops such as cassava (Manihot
esculenta Crantz), laurel (Laurus nobilis L.), henne
(Indigofera tinctoriaL..) and mango (Mangifera indzca
L.) are sometimes planted along the upper rim
of the inundated depressions. The native
annuals and perennials on the dunes are cut back
at time of crop establishent, but are never totally
removed. Some are collected as fodder, medicine

sorghum, M = millet or N = natural vegetation.

or wood for charcoal production, or left detached
on the ground as wind erosion traps. Some-
times, especially on the dunes, pit traps for wind
deposition are dug; So far, tillage has never been
used in the traditionally cultivated study area. In
one site, a fungicide (S70/an in French) was mixed
with millet seeds before sowing to prevent
mildew and black soot.

In co-operation with the staff of the
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Table 2. Soil properties at 10 traditional agricultural sites (n=4) in the semi arid Niger inland delta, Mali,

West Africa. The value given is the average = 1 standard deviation, counted on 2:1 top:subsoil. (For site

codes, see Fig.1). Extractable P was assessed using NaCO3. * Preliminary assessment based on 1 transect

sample/site.

Site Depth plL SOM Extract. P Total P* Ex. P: Tot. P Soil type*
(cm) (2:1 ag.dest) (%) (mg/kg soil)  (mg/kg soil) (%) (% fraction)

ILR  0-40 58 £ 0.1 7.6 £ 12 6.0 £ 1.1 27.0 22.2 Sand

IS 0-40 6.0 £ 03 10.6 £ 05 11.8 £ 27 27.7 42.7 Clay

ILM  0-45 7.0 £ 0.1 2603 34% 14 9.50 35.5 Sandy loam

AN  0-45 6.2 £ 0.1 8.6 X 05 64 %10 25.4 25.11 Clay

G1lr 0-25 54 %02 6.8 £ 04 54 %22 43.5 12.5 Clay

G2r 0-25 59 £ 0.1 6703 14 £ 07 34.8 4.0 Clay

G3r 0-25 58 £ 04 6.8 £ 02 33 %26 43.8 7.5 Clay

AMN  0-25 55 =% 04 73 £ 02 58 £ 38 23.8 24.3 Clay

AMM  0-30 8.0 02 1.1 £ 03 287 £ 9.3 62.3 46.1 Sandy clay

ANM 045 7.0 £ 0.1 0.7 £ 0.1 25+ 12 5.3 46.7 Sand

multidisciplinary development project of the lake
district of Niafunké (PDZL-II) and a parallel
swedish minor field study-project (MFS) of soil
properties (Friberg ez 2/2000), four agriculturally
representative villages were chosen (Fig. 1b). The
field sampling was carried out in November and
December 1998, in the dry season (18 to 30°C),
just before the inundation of the Niger River.
Site locations and site codes are given in Fig. 1b.

Site information on crop and management
regimes is presented in Table 1. Soil properties
assessed in the MFS-project, using the same
sampling regime and time, as here, are presented
in Table 2. For transect data see Appendix 1.

Soil sampling

To cover the spatial heterogeneity of each 2500
m? site, soil was sampled along four transects (a,
b, ¢, d), each with a length of 40 meters and
situated 10 meters apart (Fig. 1b), giving four
pooled soil samples per site. Each pooled sample
was produced by collecting soil with a traditional
hoe from dug pits along a transect in one bucket,
and then mixing the soil was cautiously before
subsampling ca 200g of soil for physical and
chemical analyses. This procedure was done twice
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per transect, giving one top soil sample collected
from 20 dug pits and one sub soil sample
collected from 10 deepened pits. The depth of
pits at each site differed, due to variation in root
depth between sites, and varied between 25 and
45cm. The soil content of the top soil and sub
soil buckets were mixed after subsampling, giving
a mixed AMF transect sample of 2:1 (top soil:
sub soil) of 400g of soil to use as a pot culture
inoculum. Additionally, roots (assumed to
contain more AMF propagules than bulk soil)
were gathered from each transect to counteract a
possible low AMF inoculum potential when
setting up the pot culture. All samples were air
dried in the shade for one week before transport.

Soil analyses

The physical and chemical soil properties were
assessed in a separate MFS project. For further
details, see Friberg ez a/2000. A brief description
of the methods is given here: Soil pH was
analysed in air dried, 2mm sieved soil after 24 hrs
in 2:1 water and two repeated 30 minute shakes.
The amount of extractable phosphorus (P) in
the soil was measured using the P-Olsen Method
(Olsen e al. 1954). Following Olsen and
Sommers (1987), the total amount of soil P was
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assessed on one topsoil subsample and one
subsoil subsample from each site, as a preliminary
screening, The percentage of soil organic material
(SOM) in the 2mm sieved soil was indirectly
measured by comparing the dry weight after 6
hrs at 105°C with the dry weight after 4 hrs at
550°C (the standard Loss on Ignition Method).
Some water adsorbed to clay may be included in
the results for SOM. A rough estimate of the
soil types was based on a top soil subsample
from each site, where dispargation, sedimen-
tation and hydrometry were used to achieve soil
particle fractionating (Gee and Bauder 1986) and
the international soil textural triangle.

Plant taxonomy and plant density

Data on vernacular names, crop history, agticul-
tural treatments, vegetation periods, crop
distances etc were collected during field walks and
interviews with farmers. Voucher specimens of
native plants occurring within the 2500m?*-site
(50750 m) were collected. After identification, the
herbaria sheets were deposited at the Uppsala
Herbaria (UPS) in Sweden for storage. The plant
species diversity was investigated according to
taxonomic literature of Western and Northern
Africa (Maire 1957; Hutchinson 1958; Hubbar
and Milne-Redhead 1959; Berhaut 1967; Bondet
et al. 1986; E1 Amin 1990; Maydell 1992; Hedberg
and Edwards 1995), as there is no flora of Mali
at present. As the chosen time of sampling was
in the dry season, after harvest and grazing, no
specimens of cultivars could be collected at any
of the sites. Despite the grazing, most native
plants were still identifiable. Plant sampling was
carried out two weeks after soil sampling, which
is why no native specimens could be collected
from the sites at Lake Takadji (ILR, ILS and ILM
), as they had been competely inundated in the
meantime.

Overall plant density per site was roughly
estimated as the average distance (m) between
plants, based on observations of the amount
of native plants and the distance between crops
made during fieldwork.

AMF pot culture
A pot culture, with each pot representing a single
transect, was set up at the Swedish University of
Agricultural Sciences (SLU), Department of
Microbiology, Uppsala. There are several reasons
for setting up a pot culture. Firstly, we wanted to
dilute the parasitic pressure on the AMF
propagules in the soil. Secondly, our aim was to
induce AMF sporulation in all samples at the
same time, in order to get spores of similar
developmental stages. Thirdly, by maximizing
the availability of roots for AMF colonization,
and by optimizing the conditions for nutrient,
water, light and temperature, we intended to
promote AMF sporulation. The “trap culture”
was set up according to the recommendations
of Morton et al. (1993), based on the experiences
at INVAM (International collection for Arbus-
cular and Vesicular-arbuscular Mycorthizal fungj),
West Virginia, USA. The recommended host
genera is sorghum, due to the fact that 1000 AMF
isolates, of 98 species in all six genera, have been
able to grow and sporulate in pots with Sorghum
sudanense (Piper) Stapf at INVAM (Morton 1993).
A subsample of 200g from each transect soil
inoculum (see Soil sampling) was diluted with
800g autoclaved medium sized sand and mixed
before being poured into a one liter pot. Sand
was chosen as a diluting substrate, as it is inert
and does not affect inoculum pH, which was
confirmed by a trial. After 24 hrs of incubation
with water, a local sorghum variety from
Northern Mali (group durra membranaceum,
CIRAD, Bamako, Mali) was sown as a host plant,
at a density of 25 plants pot'. Each pot was
then covered with coarse, autoclaved sand to
prevent unintentional dispersal of AMFE The
10x4 pots were randomly placed in a climate
chamber, where subtropical conditions were
imitated as follows: 75% humidity, 12 hrs of
24°C and 480 mmol m~s? light intensity and 12
hrs of 18°C in datkness. After seedling emer-
gence, the pots were watered daily with deionized
water to keep 60% of the Water Holding Capacity
(WHC). Every second week, the pots were given
diluted UWA nutrient solution poor in phos-
phate according to Hill ez a/. (1979). The total
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amount of minerals given in successive doses
were: 74.0N, 585K, 6.2 Ca, 4.8 Mg, 14.5P,32.9
S,10.9 ClL, 3.7 Mn, 1.3 Zn, 0.53 Cu, 0.08 Mo, 0.13
Na (in kg ha').

The pot culture was run for 4.5 months.
During the last week, the moisture regime was
successively lowered to 30% of WHC to stop
the growth of plants and to enhance sporulation
of the existing AMF species.

AMTF root colonisation
To assess the success of the AMF inoculum in
the pot cultures, we determined root colonisation
one month after sowing. From each pot, three
core borer samples (£1.5cm, 7cm deep) were
collected. The roots were rinsed, cut, mixed,
cleared and stained for fungal structure (Kot-
manik and McGraw 1982) and placed in a petri
dish. The hairline intersect counting method
(Newman 1966) was used on 15 random spots
pet petri dish, covering 0.15m of 1m roots per
sample. As we considered that the root colo-
nisation percentage was too low, we added a
small amount (0.1g) of dried, cut root pieces
from the vegetation of the associated transects
in Mali. Suspended in water, the roots were added
to each pot two months after sowing,

After harvest and taxonomic sampling, we
determined the AMF root colonisation again in
each pot by sampling a section on each side of

where the AMF taxonomy section had been
sampled 5.5 months from sowing. The WHC
had been kept at 10% and the pots stored at
room temperature over the month after harvest.
We used the same clearing and staining method
as above, but did the counting according to
Giovanetti and Mosse (1980) and Kormanik and
McGraw (1982), using a gridline intersect method
where 0.85m of 1m root sample was covered.

AMF taxonomy

At 4.5 months from sowing, a section (1/4) of
the trap culture was cut out, chopped and mixed.
A subsample of 50ml was taken for AMF spore
extraction by centrifugation in sucrose gradients
(Daniels and Skipper 1982). Diluted with water,
we counted intact spores on 30 random fields of
view pet petti dish by microscopy to obtain the
relative abundance per species and the total spore
numbers g freshweight soil. The spore
morphotypes were separated and transferred to
object glasses and identified by investigating the
range of, and mean, spore and saccule sizes,
colours and distances between spore and saccule.
To further examine the organisation and histo-
chemistry of spore subcellular structure, we
mounted slides with 2°30 spotes to PVLG media
and Melziers’ reagent, according to Schenck and
Pérez (1990). INVAM isolates and voucher
specimens were used as taxonomic references.

AMF spores/g soil

I'tm LN Gt i G2

/LR /LS

i G3r

W Acaulospora
morrowiae

O Entrophospora
sp. (undescribed)

O Glomus occultum

@ Glomus
claroideum

B Glomus clarum

O Glomus
aggregatum

B Glomus sp.
(undescribed)

AM A MM

Annually inundated

Historically inundated

N Arid

Sites in the semi-arid Niger inland delta
Figure 2. Species diversity and spore abundance of arbuscular mycorrhizal fungi after

4.5 months of trap culture. Each pot represents a transect. The sites are arranged

according to water regime. (For site codes see Fig.1b)
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Figure 3. Species richness comparison. Site codes see Fig. 1b.

Statistical analyses

Means and standard deviations (StDev) were
produced in Microsoft Excel (Windows 97).
Correlation within and between the soil
parameters and the AMF data were initially
determined by performing linear regressions in
Microsoft Excel (Windows 97). A single ANOVA
analysis was simultaneously carried out to prove
the validity of the regression.

A multivariate principal component analysis
(PCA) was performed according to Wold ez 4/.
(1987) in the Unscrambler — program (Camo AS
1996) for all quantitative data (See Appendix 1).

The first component, X-axzs, explains the
greatest part of the total variation in the data set
and consequently directs the grouping of samples
from left to right in the graph. The second
component, Y-axzs, explains the grouping of
samples from bottom up in the graph. It is
calculated differently from component one, using
residual variation instead of the least square fit,
to describe the second most influential direction
of maximum variation in the data set. The
variables furthest away from the origin are the
most influential, meaning that they are either
parallel (cos 0 = 1) or oppositely angled (cos

Table 4: Data on arbuscular mycorrhizal fungi (AMF) after 4.5 months of trap culture with Sorgum
bicolordurra membranaceum in soil from the Niger inland delta in the Sahel belt of Mali, West Africa. (For

site code, see Fig. 1).

Site % Root % Root No. Spores Species
colonisation colonisation per g fw soil richness

(1 month) (4.5 months) (4.5 months) (4.5 months)

ILR 59 + 7.2 73.0 + 44 169.9 £ 31.9 28+ 05
LS 53 % 4.6 46.2 £ 11.1 724 +11.2 28+ 05
oM 3.8 +35 55.0 £ 5.9 115.0 £ 68.4 28+ 05
AN 74 +79 328 + 121 43.1 £ 189 23+ 1.0
iGlr 1.9 £ 1.0 1.1 £04 0 0
iG2r 12£1.0 1.1 £19 12.0 £ 23.1 1.0 £ 1.2
iG3r 0.4 0.6 32+ 13 220 + 264 13 £ 15
AMN 1.0 £ 0.7 24.7 + 26.4 51.1 £ 22.8 3.0 08
AMM 0.6 £ 0.8 11.4 £ 2238 10.5 £ 84 23+ 15
ANM 25+ 14 14.0 £ 84 56.4 = 89.8 0.5+ 0.6
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Figure4: Regression analyses: a, b, ¢) Correlations of AMFE and soil parameters. The clustering of data may
be more important than the correlation. d, e, f) Correlations of AME parameters. The r-square value

obtained is given in cach figure

180 =-1) to the components. When site samples
are grouped around a variable, it means they score
high values of it.

A mathematical transformation of variables
was performed when necessary to achieve a
normal distribution as a base for linear statistics,
in order to give them all the same possibility to
influence the multivariate model (O(AMF spore
numbers g-1 soil), O (% AMEF root colonisation 4.5
months); log, =~ (plant distance, m)). We did not
include the variables Extractable P and % AMF
root colonisation at 1 month in the model, as they
both had a very low influence (appearing close to
the origin) and only disturbed the relationship
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between the other parameters. As the data used
were of different units, types and ranges, a
standardisation (each transect-data subtracted by
the site mean and divided by the site standard
deviation) was performed on transformed data
to give all variables the same chance to influence
the estimation of the components (Camo AS
1996).

Results

AMF data

After 4.5 months of trap culture, AMF root
colonisation and sporulation was found in nine
of 10 sites, with species richness ranging in total
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Figure 5. Principal component analysis(PCA) of AMF-, soil-, and plant-data from 10 (n=4) sites in traditional
agriculture in the semi-arid Niger inland delta of Mali, West-Africa. (Site codes see Fig. 1; Raw data see
Appendix 1). The grouping of data by PCA is interpreted by the authors in the following way with circles
representing: A) historically arid sites; B) uncovered historically arid or flooded sites; and C) covered
historically flooded sites now arid (ILN) or still yearly flooded.

from 1 to 5 in those sites. The species richness
varied within the site. When comparing the
transects, the site species richness ranged from
0.5£0.6 to 2.3%1.5 and 2.8£0.5. (Table 3 ). AMF
root colonisation pet site obtained after one
month ranged from 0.4 to 7.4% whereas 1.1 to
73.0% of roots where colonised at the final
harvest (4.5 months) (Table 3). The total
numbers of AMF spores produced by the site
inoculum varied between 17.9%114.3 and
288.9154.4 ¢!
results per transect, see Appendix 1.

soil (Table 3). For parameter

In total, the trap culture revealed seven
species of AM fungi (see Fig. 2). Five of them
belonged to the Glomus genera in Glomaceae
and the other two belonged to different genera
in the Acaulosporaceae family. The species were
Glomus aggregatum (Schenk and Smith), Glomus
claroidenm (Schenck and Smith), Glomus clarum

(Nicolson and Schenck) (synonymous with
Glomus manihotis according to Morton and
Bentivenga, unpublished), Glomus occultum
(Walker), an undescribed Glomus species, Acanlo-
spora morrowiae (Spain and Schenck) and an
undescribed Enfrophospora species. The distri-
bution of species communities within sites and
the relative abundance of spore numbers are
shown in Fig. 2. The most frequent species were
Glomus occultum, Glomus clarum and the undes-
cribed Glomus species, occurring in 80% of the
sites. Less frequent were Glomus claroidenn (30%),
followed by Glomus aggregatum, Acanlospora
morrowiae and the Entrophospora species, found in
10% of the sites. The glomacean family domi-
nated, found in 90% of the assessed area.

At INVAM, monospecific cultures of the
following species and sites were set up for live
voucher collection and multiplication: Glomus
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clarum from stte ILR and AMM; Glomus occultum
from ILR; Glomus claroidenm from [.N; the
undescribed Glomus species from .AMM and the
undescribed Entrophospora species from ILR. A
minimum of 125 spores is needed, so not all
species could be accessed on this occasion.

AMF response to plant and soil parameters
The relationship between plant species richness
(found in Nov-98) and AMF species richness is
shown in Fig. 3 and shows no correlation. The
scientific names of the plants found per site are
presented in Table 4). Plant species richness was
up to seven times higher in the arid sites
compared to the inundated sites (Fig 3 and Table
4). One exception to this was the completely open
AMN, situated in the middle of an island in the
Niger river. This sampled site had only five plant
individuals per 2500m? (Table 1). The site most
diverse in terms of AMF species was one of the
uncovered, formerly inundated sites in fallow
after rice cultivation (iG21), closely followed by
annually inundated sites of low plant species
richness (ILR, ILS, ILM ), and the formerly
inundated site now rich in natural vegetation
species (LLN) as well as one of the arid sites of
high plant species richness (AMM) (Fig 2 and 3).
It should be remebered that plant species richness
and plant density does not correlate (Table 1).

By using regression analysis, it was found
that there was no correlation’s between the
investigated soil parameters and AMF (Fig. 4
a,b,c). The only linear correlation found was
between AMF spore numbers and AMF root
colonisation petrcentage after harvest (£ = 0.6)
when comparing the whole data set (N=40) (Fig
4 d,e,f). But when considering the clustering of
data, another picture appears: AMF spore
numbers >100g" were only found at 1.4 to 7.3
mg P kg™ soil (Fig 4 a), and at soil pH of 5.6 to
7.1 (Fig. 4 b), but within a wide range of SOM
(0.6 to 8.7%) (Fig. 4 ¢). Final AMF root
colonisation of >50% was only found at low to
moderate P-levels (1.6 to 12.9 P mg kg™), at soil
pH of 5.6 to 7.1, and at a wide range of SOM
(2.5 to 10.2%) (See Appendix 1).

The multivariate analysis of soil, plant and
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AMEF variables for the different sites is shown in
Fig. 5 Together, the components explain 80% of
the grouping of data. The principal component
analysis enabled separation of inundated, arid
and bare fallow sites. The variable “plant species

2«

richness”, “pH”, soil organic matter and all the
AMF parameters all exerted a high influence on
component one. “Plant distance”, measured in
meters (m) was the only variable with influence
on component two. There were two outlier
transects in the data set, meaning that they have
a high influence. One was ANM-b, which was
from an arid site, but had extreme sporulation
numbers by one single, dominating species (the
undesctibed Glomus species). The other outlier
transect, ZG2t-b, was from a site with no plant
cover, but delivered the highest AMF species
richness found in any sample (four species).

Discussion

AMF tresponse to sampling and trap culture
Data of soil biota often differ as much within a
site as between sites (Stenberg 1999), which is
why the aims of the study must direct the
sampling procedures. If the aim is to assess the
field level diversity, a transect-sampling technique,
like the one used in this study, would be accurate,
preferably complemented by a split of the pooled
transect samples into sub replicates. All 10 sites
were sampled metrically, despite differences in
plant cover, which may have diluted the AMF
inoculum in sparsely vegetated sites, but gives
an estimate of the average field level diversity.
The addition of roots after two months of
culturing may have been an important count-
eraction to overcome the differences in inoculum
propagule density. The aim of the trap culture
was not to mimic the actual conditions of the
sites, but to optimise the conditions for AMF
propagules in general. The relatively high numbers
of colonisation, sporulation and species richness,
achieved after 4.5 months, proved that the pot
culture method was successful in culturing many,
if not all, dwelling AMF fungi. No control pots
were used, but contamination seems to have been
avoided, as there was no sporulation found in
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11 of the randomly placed 40 pots. The variation
and inconsistency in the arid to semi-arid sites
confirms the need for successive pot culture cycles
(e.g. several periods of water treatments to
respond and channel the allocated carbon into
hyphal growth, colonisation and sporulation) as
suggested by Stutz and Morton (1996).

AMF tesponse to inundation

The annually inundated sites on the Niger inland
delta of Sahel (ILR, ILS, and I1.M) had the highest
and most consistent scores of AMF root
colonisation, AMF spore numbers, and AMF
species richness (Table 3, Fig. 2). Additionally,
the number of spores produced per g soil in the
study area were up to 10 times higher than in
reports from semi-arid to arid areas (see Stutz
and Morton 1996, Jakobsen 1997). However, in
contradiction, Hayman (1982) reported that the
infectivity of AMF propagules decreases in wet
and anoxic soils. Another common feature of
inundated soils is high organic material content,
attracting a wide array of soil organisms and
enhancing the parasitic pressure on AMF spores
(Smith and Read 1997). The longer the soil is
submerged under water, the more AMF viability
is decreased (Ilag ez 2/ 1987). Consequently, rice
has been considered an unsuitable pre-crop when
managing AMF in rotation systems (Brandon
and Mikkelsen 1979, Thompson 1991). All these
reportts contradict our results.

Recently though, it has been confirmed that
AMF are present, and even are beneficial to
plants, in watetlogged ecosystems. For example,
Solaiman and Hirata (1996) report that AMF
innoculated paddy rice plants have higher grain
yield, P level and micronutrient content (Zn, Cu,
Fe, and Mn) than non-mycorrhizal plants
throughout all growth stages. According to
Solaiman and Hirata (1996), soil fertility dictates
at which life stage AMF colonisation of rice roots
is most successful. The less fertile the soil, the
earlier a successful root colonisation was
established by inoculate