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ABSTRACT

Reduced thermal amplitude has been highlighted as a limiting factor for aquatic invertebrate diversity in springs. Moving
downstream water temperature range increases and invertebrate richness is expected to change accordingly. In the present study
temperature patterns were investigated in seven spring-fed streams, between April 2001 and November 2002, and compared to five
run-off-fed streams to assess the degree of crenic temperature constancy. Temperature and physico-chemical characteristics of the
water, and food resource levels were measured, and the invertebrate fauna collected at 4 distances (0, 100, 500 m and 1 km) from
seven springs in the North and South Islands of New Zealand. Temperature variability was greater for run-off-fed streams than for
springs, and increased in the spring-fed streams with distance from the source. Periphyton and physico-chemical characteristics of
the water did not change markedly over the 1 km studied, with the exception of water velocity and organic matter biomass, which
increased and decreased, respectively. The rate of increase in temperature amplitude differed greatly for the studied springs,
probably being affected by flow, altitude, and the number and type of tributaries (i.e., spring- or run-off-fed) joining the spring-fed
stream channel. Longitudinal changes in the number and evenness of invertebrate taxa were positively correlated to thermal
amplitude (r; = 0.8). Moving downstream, invertebrate communities progressively incorporated taxa with higher mobility and taxa
more common in nearby run-off-fed streams. Chironomids and non-insect taxa were denser at the sources. Chironomid larvae also
numerically dominated communities 100 and 500 m downstream from the sources, together with Pycnocentria spp. and Zelolessica
spp., while taxa such as Hydora sp. and Hydraenidae beetles, the mayflies Deleatidium spp. and Coloburiscus humeralis, and the
Trichoptera Pycnocentrodes spp., all had greater abundances 1 km from the sources. In conclusion, water temperature range was
highly correlated with number of taxa, although other factors, such as substratum composition, stability and invertebrate drift, may
also play an important role in the determination of longitudinal changes in invertebrate community composition and structure along

spring-fed streams.
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1. INTRODUCTION

One of the main characteristics of running waters is
their unidirectional transport of materials and organisms
along the longitudinal stream gradient (Hynes 1970).
The composition and structure of stream biotic commu-
nities have been shown to change in response to longi-
tudinal changes in habitat characteristics, such as tem-
perature, current velocity, depth, width, discharge, sub-
stratum, turbidity and food availability (Hynes 1970;
Fisher 1982; Allan 1996). Early observations of spatial
changes in stream communities from headwaters to
large rivers prompted the division of running waters into
Cryon, Crenon, Rhithron and Potamon biocoenoses
(Hynes 1970; Hawkes 1975; Ward 1994). Cryal and
crenal zones are the uppermost reaches of glacier- and
spring-fed streams, respectively, while the rhithral zone
includes the upper parts of snow and run-off-fed streams
(Ward 1994). The idea of a longitudinal change along
the stream gradient, culminated in the formulation of the
river continuum concept (Vannote et al. 1980); this has
been the focus of much discussion elsewhere (Hawkins

& Sedell 1981; Winterbourn et al. 1981; Statzner &
Higler 1985; Perry & Schaeffer 1987).

Cryal biotopes are characterized by a distinct and
predictable change in invertebrate faunal assemblage, in
which diversity increases downstream as thermal
amplitude and physical stability increase (Milner &
Petts 1994; Ward 1994; Milner et al. 2001; but see
Maiolini & Lencioni 2001). However, downstream
invertebrate community patterns are not as distinctive in
crenal biotopes. The difficulty of establishing a general
pattern for changes in invertebrate communities in crenal
biotopes may be related to the more diverse nature of their
groundwater supply compared with glaciers.

Furthermore, crenal biotopes may be found at differ-
ent altitudes for a given latitude, while cryal biotopes
are not (Ward 1994; Barquin & Death 2004, 2006). The
thermal characteristics of crenic sources, which include
diurnal and seasonal constancy, summer-cold and win-
ter-warm conditions, and delayed thermal maxima, can
have a variety of effects on stream invertebrate fauna
(Sweeney & Vannote 1978; Vannote & Sweeney 1980;
Ward & Stanford 1982). For example, in stream sec-
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Tab. 1. Study sites in the North and South Island of New Zealand and available water temperature and

longitudinal invertebrate community data.

Region Study Sites Temperature Data Invertebrate
@ Source Compared with Longitudinal Data
Ohinepango Spring (R1) X Waihohonu River X X
Ruapehu Waitaiki Spring (R2) X Omarae Stream X X
North Island Waihohonu Spring (R3) - - X -
Taranaki | Taungatara Spring (T1) X Punehu Stream X X
Nelson Pearse Resurgence (N1) - - - X
Riwaka Resurgence (N2) X Riwaka South Branch - X
South Island Slip Spring (W1) X Cave stream - X
Waimakariri | Hawdon Valley Spring (W2) - - - X
Cass Spring (W3) X Whitewater river - -

tions below dams and reservoirs, thermal constancy has
been shown to be an important factor contributing to the
suppression of certain insect taxa (Lehmkuhl 1972;
Ward & Stanford 1979; Vinson 2001). In general, the
thermal and flow constancy of crenic sources has been
shown to decrease invertebrate diversity compared with
downstream reaches and nearby run-off-fed streams
(Davidson & Wilding 1943; Ward & Dufford 1979;
Meffe & Marsh 1983; Erman & Erman 1992; Barquin
& Death 2004).

A recent study of 36 rheocrenic-spring-fed and run-
off-fed streams in New Zealand, has shown that inverte-
brate communities from spring-fed streams are more di-
verse than those in nearby run-off-fed streams, mainly
because of differences in substratum stability, amount of
food resources, and habitat heterogeneity, although
thermal constancy was not assessed (Barquin & Death
2006). These results seem to contradict the generally
observed pattern of reduced invertebrate diversity in
springs, which is usually associated with their thermal
constancy (Erman & Erman 1992; Ferrington 1995a;
McCabe 1998; but see Resh 1983). In this respect,
spring-fed streams provide the opportunity to investi-
gate longitudinal changes in macroinvertebrate assem-
blages in relation to changes in thermal regime without
the influence of substratum instability. Thus, the first
objective of this study is to assess whether a selection of
New Zealand springs have larger thermal amplitudes
than nearby run-off-fed streams. The second and main
objective of the study was to investigate longitudinal
changes in macroinvertebrate assemblages in spring-fed
streams in relation to changes in thermal regime. Inver-
tebrate diversity is hypothesized to be higher at sites with
larger thermal ranges but without increased flow variabil-
ity, for example, sites along a spring-fed stream without
any major run-off-fed streams entering the main channel.

2. METHODS
2.1. Study Sites

Study sites comprised 9 freshwater spring-fed
streams and 6 run-off-fed streams in New Zealand.
Comparison of thermal regimes between sources and
run-off-fed streams was performed using 6 pairs of

springs and nearby run-off-fed streams, while down-
stream changes in temperature and macroinvertebrate
assemblages were studied in 4 and 7 springs, respec-
tively (Tab. 1). Spring-fed streams were selected from
Tongariro (Ohinepango, Waitaiki and Waihohonu
Springs in Ruapehu, R1-R3) and Mt Taranaki (Taunga-
tara Spring, T1) National Parks in the North Island, and
in the Waimakariri basin (Slip, Hawdon and Cass
Springs, W1-W3) and Kahurangi National Park (Pearse
and Riwaka Resurgences in Nelson, N1-N2) in the
South Island of New Zealand. All spring-fed streams
were fed by rheocrenic springs, where emerging water
immediately forms a stream (Danks & Williams 1991).
The sources had a wide range of substratum composi-
tion, ranging from bedrock and large boulders (Riwaka
and Pearse River Resurgences) to cobbles (Slip and
Cass Spring) or sand, silt and mud (Ohinepango, Wai-
taiki Stream, Waihohonu Stream, Taungatara Stream
and Hawdon Valley Springs). Although substratum at
source was largely covered by bryophytes, downstream
stony bottoms without macrophyte growth dominated.
Streams ran through colluvial deposits (Waimakariri
basin), karst regions (Kahurangi-Nelson), and volcanic
areas (Ruapehu and Taranaki). The vegetation in the
lower part of these regions is typical southern beech
forest, except in Taranaki where it is Podocarp broad-
leaf forest. Stream altitude varied from 120 to 1100 m
a.s.l., with sites at higher altitudes located in subalpine
scrub (Ohinepango and Waitaiki Springs, R1 and R2).

2.2. Physico-chemical measures

A number of physico-chemical variables were
measured between November and December 2001, con-
currently with the invertebrate sampling. Conductivity
and temperature were measured with an Orion 122
meter, and pH with a pHTestr 2 meter. In order to esti-
mate flow, a stream transect at a random location was
selected and five measures of current velocity were
taken with a Flo-mate Marsh-McBirney 2000 at equi-
distant intervals. Width and depth were measured at five
to seven points across these transects. A water sample
was taken and analyzed in the laboratory for free inor-
ganic nitrate and orthophosphate using ion chromatog-
raphy in a Hach DR2000 UV/visible spectrophotometer.
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Ideally temperature regimes should have been
recorded in all study sites, however, restrictions in the
number of temperature data loggers, site accessibility
and robbery prevented us from doing this. Thus, to
record water temperature regimes, 6 temperature log-
gers (Onset, HOBO-H8) were placed within the first 30
m of 6 sources (R1, R2, T1, W1, W3 and N2; Tab. 1)
and in 6 nearby run-off-fed streams (Omarae Stream
and Waihohonu River in Ruapehu; Punehu Stream in
Taranaki; Whitewater River and Cave Stream in Wai-
makariri; Riwaka South Branch Stream in Nelson) from
May to November 2001. Temperature loggers were also
used to assess longitudinal variation in temperature
downstream from sources between April and November
2002. Loggers were placed within the first 30 m, and, 1
km from the source of 2 springs (R1 and R3), and
within the first 50 m and 1 and 2 km from the source in
two other springs (R2 and T1). Loggers were set to
record temperature hourly.

2.3. Biological sampling

Seven springs (R1, R2, T1, W1, W2, N1 and N2)
were selected to study changes in macroinvertebrate
fauna downstream from the source. Three 0.1 m* Surber
samples (mesh = 250 pm) were collected at random
from each source and from 15-30 m rheophilic habitats,
approximately 100 m, 500 m and 1 km downstream,
during December 2001. Samples were preserved in 10%
formalin and returned to the laboratory for identification
to the lowest possible taxonomic level using available
keys (Winterbourn ez al. 2000). The fauna was grouped
into functional feeding groups (FFG) following Cowie
(1990), Death (1995) and Winterbourn (2000).

Coarse particulate organic matter (CPOM, >1 mm)
and fine particulate organic matter (FPOM, 0.25-1 mm)
remaining after invertebrates were removed were also
dried to constant weight at 95 °C, weighed and ashed at
550 °C for 2 h to yield ash free dry weight. Three stones
(maximum planar dimensions: 30-80 mm) were col-
lected from each sampling location to assess periphyton
biomass. Stones were kept frozen until pigments were
extracted in 90% acetone at 5 °C for 24 h in darkness.
Absorbance was read on a Varian-CARY 50 Conc.
UV/visible spectrophotometer and converted to pigment
concentration (chlorophyll-a and phaeophytins) fol-
lowing Steinman & Lamberti (1996). Total stone sur-
face area was calculated using the equation of Graham
et al. (1988). As only a part of the stone is exposed to
light (we assumed half the total surface area), estimates
of algal pigment concentration were corrected by
dividing the total stone surface area in half.

2.4. Statistical analysis

We calculated Shannon's and rarified diversity val-
ues for each of our Surber samples using the PRIMER
statistical package (Clarke & Warwick 1994). The
minimum number of individuals in our Surber samples
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was 41, so species-richness was corrected to this num-
ber of animals. Surber samples were treated as repli-
cates and differences in faunal parameters and resource
levels were tested with two-way analysis of variance
(ANOVA), with site and distance from the source as
treatment levels. Both ANOVA factors were treated as
fixed (SAS-Institute-Inc. 1988). In order to examine the
longitudinal variation in fauna and resource variables in
each spring, special attention was paid to the interaction
between both main factors. If necessary, variables were
logarithmically transformed to remove heteroscedastic-
ity. Tukey's post hoc means test was used to determine
where significant differences occurred, if the ANOVA
revealed their presence (SAS-Institute-Inc. 1988).

The springs investigated in this study differed in
altitude, flow and the number of tributaries joining the
spring-fed stream channel, all characteristics which may
affect longitudinal variation in temperature and inverte-
brate communities (Smith & Lavis 1975; Crisp & How-
son 1982; Ward 1985). However, we were interested in
looking at whether invertebrate community composition
was related to the longitudinal gradient independent of
location, so we pooled all sites and performed an analy-
sis of similarities (ANOSIM) on invertebrate communi-
ties collected at 0, 100, 500 and 1000 m from the source
using the PRIMER statistical package (Clarke & War-
wick 1994). If ANOSIM indicates that there are differ-
ences in invertebrate community composition with dis-
tance from the source it means that the source : spring-
fed stream gradient will be more important than the
actual location of the source in determining invertebrate
community composition. Bray-Curtis similarity dis-
tances were also calculated with the SIMPER procedure
to compare crenic and spring-fed stream invertebrate
communities at different distances from the source.

Source and spring-fed stream patterns of inverte-
brate community composition were also examined using
non-metric multidimensional scaling (NMDS), using the
PC-ORD statistical package (McCune & Mefford
1995). The Serensen distance measure was used to
determine similarity between sites along the longitudi-
nal gradient. Initial examination of stress patterns in the
data suggested that three dimensions were appropriate
for the final ordination, which was established with 500
iterations of the data. Relationships between the ordina-
tion axes and the measured environmental variables
were examined using the Kendall rank correlation coef-
ficient (SAS 1988).

3. RESULTS
3.1. Physico-chemical characteristics

3.1.1. Temperature patterns of run-off and spring-fed
streams

Thermal range from May to November 2001 was
higher in the run-off-fed streams, Cave Stream (12 °C),
Whitewater River (11 °C) and Waihohonu River (8 °C).
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Fig. 1. Distribution of monthly degree-day accumulations for two spring-fed (open symbols) and two run-off-fed (solid symbols)
streams in A. Waimakariri basin, B. Ruapehu and C. Nelson and Taranaki, New Zealand, from May to November 2001. Total
degree-days (D.D.) accumulated during the seven month period are also given.

The highest and lowest crenic temperature ranges dur-
ing the seven month period were recorded at Cass and
Ohinepango springs (2.5 and 0.1 °C, respectively).
Mean monthly thermal amplitude was more than 10
times larger in run-off-fed than spring-fed streams (£ ;o
= 76.32, p <0.0001). The number of degree-days accu-
mulated per month was more constant in spring-fed than
run-off-fed streams, and in general springs accumulated
more, or about as much, heat as nearby run-off-fed
streams (Fig. 1). The total number of degree-days, or
heat accumulated, during the seven month period was
negatively correlated with stream altitude (v, = -0.72, p
<0.01), and crenic thermal amplitude was also nega-
tively correlated with altitude (ry =-0.76, p <0.01).

3.1.2. Longitudinal temperature patterns of spring-fed
streams

Temperature range increased with distance from the
source, with the largest daily thermal amplitudes, from
April to November 2002, recorded 2 km from the Taun-
gatara Spring (6.6 °C) and 1 km from the Taungatara
and Waihohonu Spring sources (3.2 and 3.1 °C, respec-
tively). Mean monthly temperature range was on aver-
age 5 times lower at the source than 1 km downstream,

and 8 times lower at the source than 2 km downstream
(Fig. 2). However, the rate of change in mean monthly
temperature range varied between springs, for example,
at Ohinepango Spring source mean monthly temperature
range was similar to that recorded 1 km from the source
(Fig. 2). The number of degree-days accumulated over
the 8 month period increased downstream for all springs
(Ohinepango Source: 1226; 1 km: 1477; Taungatara
Source: 1856, 1 km: 1863, 2 km: 1941; Waitaiki
Source: 1625, 1 km: 1661, 2 km: 1674) except the Wai-
hohonu spring (Source: 1728, 1 km: 1639).

3.1.3. Physico-chemical characteristics

Water temperature ranged from 5.1 to 12.6 °C at the
seven springs and consistently increased downstream
for all. Depth (range: 7 - 60 m), width (range: 2 - 18 m)
and flow (range: 0.1 - 3.6 m® s™) tended to increase with
distance from the source, while conductivity (range: 40-
243 pS cm™), nitrate (range: 0.04-0.2 mg L) and
phosphate concentration (range: 0.04-0.6 mg L") tended
to decrease. However, only water velocity significantly
increased downstream (Tab. 2). In contrast, pH, which
ranged from 6.9 to 8.5, and oxygen concentration,
which ranged from 8.3 to 11.8 mg mL™", did not exhibit
clear downstream changes (Tab. 2).
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Fig. 2. Variations in the mean (+1 SE) monthly temperature range with distance from source in three spring-fed streams from
Ruapehu (e——e, R1; a----a, R2; 0—0, R3) and one from Taranaki (v———v, T1), New Zealand, measured from April to November
2001. Different letters indicate statistical differences (p >0,05) between mean temperature ranges from the results of a two-way
ANOVA (site*distance).

Tab. 2. Physicochemical variables measured at 0 m, 100 m, 500 m and 1 km from the source of seven New
Zealand spring-fed streams, in the austral summer of 2001. Mean values and results of one way ANOVA testing
for differences in distance from the source and Kendall rank correlation coefficients of physicochemical
variables with axis one and three of NMDS are also given (R1 = Ohinepango spring, R2 = Waitaiki spring, T1 =
Taungatara spring, N1 = Pearse resurgence, N2 = Riwaka resurgence, W1 = Slip spring, W2 = Hawdon Valley
spring, D= Distance from source, Alt. = Altitude, Temp. = Temperature, Cond. = Conductivity, Vel. = Velocity,
Oxy. = Oxygen, Nit.= Nitrates and Phos. = Phosphates. * = p <0.05).

Sites D Alt. pH  Temp. Cond. Flow  Depth Vel. Width  Oxy. Nit. Phos.
(m)  (m) (O) (@Sem') (m's") (em) (ms") (m) (mgL") (mgL") (mgL")

0 380 8.5 7.1 180 222 36 0.68 12 10.7 0.12 0.07

N1 100 8.4 72 177 1.6 36.8 0.59 11.1 11 0.1 0.09

500 8.5 7.4 180 3.64 31.6 0.89 18 11 0.1 0.06

1000 8.5 7.8 179 2.35 43 0.59 12 11 0.07

0 120 8.4 10.2 243 1.84 44.8 0.77 7.3 10.4 0.21 0.13

N2 100 8.5 10.4 177 1.46 18.4 0.8 10.1 10.5 0.22 0.07

500 8.4 10.3 243 1.47 242 0.68 11.6 10.7 0.22 0.05

1000 8.6 12.6 170 1.17 20.4 0.82 9 11.3 0.2 0.07

0 800 7.5 8.1 45.1 0.17 132 0.54 32 8.3 0.1 0.12

Wi 100 7.8 8.5 62.6 0.18 12 0.59 25 9.1 0.08 0.09

500 7.9 8.4 43 0.36 20 0.62 3.7 10.2 0.08 0.12

1000 7.9 9.4 40.9 0.53 20.2 0.89 39 9.8 0.04 0.04

0 750 7.6 7.3 51.6 0.03 6.6 0.27 2 9.6 0.06 0.11

w2 100 7.8 7 54.3 0.47 22 0.28 5.6 10.3 0.06 0.11

500 7.8 7.3 40.8 1.02 20.4 0.64 10.3 11 0.06 0.08

1000 7.7 8.9 58 1.5 21.8 1.09 8.2 10.7 0.05 0.09

0 1110 6.9 5.7 37 0.07 13.4 0.33 1.8 10.5 0.07 0.16

RI 100 7.1 6.1 65 1.62 31.2 0.53 9.7 10.7 0.1 0.31

500 7.4 6.1 49 1.5 424 0.79 5.6 11.5 0.04 0.18

1000 7.5 5.1 65 2.65 59.25 0.83 9 11.2 0.11 0.17

0 800 7.7 6.8 76 0.31 23.1 0.1 18 10.9 0.07 0.29

R2 100 8.2 6.6 104 0.4 19.8 0.48 5.5 11.7 0.13 0.45

500 8 7 105 0.25 12.18 0.9 3.1 11.8 0.07 0.31

1000 7.7 7 78 0.52 27.66 0.3 7.8 11.6 0.07 0.3

0 560 7.8 7.7 112 0.43 252 0.22 9 10.2 0.16 0.55

T1 100 7.8 7.8 109 0.16 14.2 0.43 32 10.5 0.12 0.57

500 7.8 8.4 109 0.14 17.4 0.34 2.6 10.4 0.1 0.58

1000 7.8 9.2 81 0.37 19.2 0.52 5.2 10.2 0.09 0.61

0 7.8 7.6 106.4 0.72 23.19 0.42 7.6 10.1 0.11 0.20

Average 100 7.9 7.7 107.0 0.84 22.06 0.53 6.8 10.5 0.12 0.24

g 500 8.0 7.8 110.0 1.20 24.03 0.69 7.8 10.9 0.10 0.20

1000 8.0 8.6 96.0 1.30 30.22 0.72 7.9 10.8 0.09 0.19

F3,24 029 052 0.07 1.4 0.67 2.87* 0.08 1.93 0.54 0.2

Axisone  0.08 0.09  -0.05 0.32 0.07 0.16 -0.01 -0.04 0.21 0.26 0.35%

Axis three  -0.39* -0.44*  -0.44*  -0.29 -0.13 0.00 -0.19 -0.06 0.03 -0.03 0.18
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Tab. 3. Results of two way ANOVA testing for differences in site and distance from the source for
invertebrate community parameters and resource levels measured at 0 m (1), 100 m (2), 500 m (3) and 1 km
(4) from the source of seven New Zealand spring-fed streams, in the austral summer of 2001. Kendall rank
correlation coefficients of level of resources with axis one and three of NMDS are also given (R1 =
Ohinepango spring, R2 = Waitaiki spring, T1 = Taungatara spring, N1 = Pearse resurgence, N2 = Riwaka
resurgence, W1 = Slip spring, W2 = Hawdon Valley spring; * = p 0.05-0.01, ** = p <0.01).

Site Distance Interaction

Fisss Tulkey's Fiss Tukey's Figss Axis 1 Axis 3
CPOM 8.6%* A2N2R2TIAIRINL  19.61%* 1324 5.71%* 0.02 007
FPOM 1.86 18.76%* 1234 1.45 -0.01 031
Chlorophyll-a 6.08%*  N2R2AINITIA2RI 2.06 1.24 0.02  -0.02
Number of Taxa 12.83** N2 AI A2 TINIR2RI  10.5%* 4321 3.06%*
Number of Individuals 1431% AL A2N2NIRIR2TI 132 4.68%*
Rarified Number of Taxa ~ 28.17**  T1 N2 R2 A2 N1 m 22.12%* 4321 1.8%
Shannon Diversity Index ~ 22.66**  TI N2 R2 A2 N1 A1Rl  19.02** 3421 2.1%

Conductivity was higher in springs of the Nelson
region, while phosphate concentration was higher in the
Ruapehu and Taranaki springs (Tab. 2). Ohinepango
Spring and Pearse and Riwaka Resurgence were the
springs with the largest flows, followed by Hawdon
Valley Spring, while the Waitaiki, Taungatara and Slip
springs had the lowest flows (Tab. 2).

3.2. Periphyton, organic matter

Total periphyton biomass did not change substan-
tially downstream from the sources (Tab. 3), however,
pigment concentration was lower 1 km from the source
than at any other sampling site in 5 of the sampled
springs (R1, R2, T1, W1 and W2; Tab. 3). Periphyton
biomass was lower in the Ohinepango Spring (R1) and
higher in Riwaka Resurgence (N2; Tab. 3). On average,
concentrations of coarse and fine organic matter were
more than 4 times higher at sources than 1 km down-
stream (Tab. 3). Pearse Resurgence had the lowest con-
centration of CPOM (Tab. 3).

3.3. Invertebrate abundance and diversity patterns

A total of 79 insect and 10 non-insect taxa were
collected from the springs and their associated spring-
fed streams. Pooling the samples from sources and
spring-fed streams for each site, the number of inverte-
brate taxa recorded was highest at Slip spring (52), fol-
lowed by Riwaka Resurgence (51), Hawdon Valley
Spring (50), Waitaiki Spring (46), Taungatara Spring
(45) and Pearse Resurgence (44). In contrast, only 31
taxa were collected from Ohinepango Spring and its
spring-fed stream. Overall, the number of invertebrate
taxa, pooled for each distance, and the mean number of
taxa per Surber sample increased with distance from the
source (Fig. 3, Tab. 3), however, when looking at each
spring independently, changes were only significant for
Riwaka Resurgence and Taungatara Spring (Tab. 4).
Most springs showed a downstream decrease in the
number of individuals, although it was only significant

for Slip and Waitaiki Springs (Fig. 3, Tab. 4). Rarified
number of species and evenness increased with distance
from the source in all springs (Fig. 3, Tab. 3), although
differences were only marked between 500 m and 1 km
from the source in Hawdon Valley and Waitaiki Springs
(Tab. 4). In Ohinepango, Taungatara and Waitaiki
Springs the downstream increase in total number of taxa
was positively correlated with the number of degree-
days and the monthly temperature range (r; = 0.8 in both
cases, p <0.001).

3.4. Community structure
3.4.1. Taxonomic composition

Insect taxa dominated at all sources, comprising 60
to 98% of the total number of animals in the commu-
nity, except at the Waitaiki and Hawdon valley sources,
where Oligochaeta and Potamopyrgus antipodarum, and
Oligochaeta, Paraleptamphopus  subterraneus and
Nematoda, comprised 74 and 53% of the invertebrate
communities, respectively. Overall, the density of non-
insect taxa was 15 times higher at the two upstream
locations compared with the two further downstream
(F3s55 = 39, p <0.0001); Nematoda, P. antipodarum,
Oligochaeta, P. subterraneus and Paracalliope fluvi-
atilis contributed 30% of the invertebrate community in
the sources (Tab. 5). Coleoptera and Ephemeroptera den-
sities were more than 5 times higher at 1 km than at
the source (F355 = 14.5 and 81.6, respectively, p <0.0001).
Hydora sp. and Hydraenidae beetles increased in den-
sity downstream (in R1, T1, W2, N1 and N2), contrib-
uting more than 5% of the invertebrate community 1 km
from the source. The mayfly Deleatidium spp. increased
in numbers downstream in all springs, accounting for
less than 2% at the sources to more than 27% of the
total invertebrate community 1 km from the source
(Tab. 5). Austroclima spp. (in T1, N2 and R2) and
Coloburiscus humeralis (in T1 and W2) also contributed
to the downstream increase in mayfly densities (Tab. 5).
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Fig. 3. Mean (1 SE) A. Number of Individuals, B. Number of Taxa, C. Number of rarified taxa and D. Shannon diversity index for
invertebrate communities collected in seven spring-fed streams in New Zealand, in the austral summer of 2002 (1 for North Island
springs, @—e, R1; A-—--A, R2; v———V_TI; 2 for South Island springs, V———v, W1; O-—-0O, W2; O—0, N1; A----A, N2).
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Tab. 4. Tukey's post-hoc tests for the interaction between site
and distance from the source given by the two way ANOVA
for invertebrate community parameters measured at 0 m (1),
100 m (2), 500 m (3) and 1 km (4) from the source of seven
New Zealand spring-fed streams, in the austral summer of
2001 (n.s. = P >0.05, lines join distances with no statistical
differences; Taxa = Number of taxa; Rarified Taxa = Rarified
number of taxa; Individuals = Number of individuals; Shanon
= Shannon diversity index).

Spring site Taxa Rarified Taxa Individuals Shannon
Ohinepango (R1) ns. ns. n.s. ns.
Waitaiki (R2) n.s. 4231 1342 4231
Taungatara (T1) 4321 n.s. n.s. n.s.
Slip (W1) ns. ns. 1324  ns
Hawdon Valley (W2) ns. 3421 n.s. 3421
Pearse (N1) n.s. n.s. n.s. nT
Riwaka (N2) 4231 n.s. n.s. n.s.

Trichoptera were 5 times less abundant at the
sources than at any other distance (F5 55 = 3.6 and 16.4,
respectively, p <0.0001; Tab. 5). The cased caddisflies
Pycnocentria spp. (in R2, T1, W1, W2 and N2) and
Zelolessica spp. (in R1, R2, Tl, W2, N1 and N2)
reached their highest densities 100 and 500 m from the
sources, whereas Beraeoptera roria, Olinga feredayi
and Pycnocentrodes spp., were in greater abundance 1
km from the sources (in T1, W1, W2 and N2), where
they contributed more than 13% of the overall inverte-
brate community (Tab. 5). Densities of Diptera were 3
times higher at the two upstream locations compared
with the two further downstream (F5 55 = 3.6, p <0.001).
Chironomids reached maximum densities at 0 (in R2,
T1, W1, W2 and N1) and 100 m (in R2 and N2). They
decreased in relative abundance from 58% at the
sources to 27% at 1 km.

Coleoptera, Ephemeroptera and Trichoptera richness
increased with distance from the source (F3s5 = 19.6,
38.9 and 11.7 respectively, p <0.001), while the number
of non-insect taxa was higher at the sources (Fss5 =
13.1, p <0.001). Diptera and Plecoptera did not show
any differences in diversity with distance downstream
(F355 = 1.9 and 2.3 respectively, p >0.05). ANOSIM
indicated that invertebrate communities from sources
were significantly different to any of those found down-
stream (R0_100 = 0103, R0_500 = 0171, RO-IAOOO = 0369, all
of them p <0.01), and invertebrate communities found
100 m from the source were also significantly different
to those found at lkm (Rjgo.1.000 = 0.131, p <0.01),
although R values were not high. Invertebrate commu-
nities of the spring-fed streams were more similar to
each other 1 km from the source (Bray-Curtis average
similarity = 40.2) and most dissimilar at the sources
(Bray-Curtis average similarity = 27.01).

Final stress for the NMDS analysis was 12.93, indi-
cating a reliable ordination (McCune & Mefford 1995).
Axis 1 and 2 explained 28.8% and 28.7% of the total
variance, respectively. Source and 100 m locations fell

in the upper part of the ordination, except for 500 m and
1 km sites at the Ohinepango Spring source (R1),
whereas 500 m and 1 km sites fell at the bottom, except
for the Riwaka resurgence source (R2) and the 100 m
site from Taungatara Spring (T1; Fig. 4). Moreover,
North Island sites (R and T sites) lay towards the right
of the ordination, while sites from the South Island (N
and W) were to the left. Axis 1 was positively correlated
to phosphate concentration, whereas axis 3 was posi-
tively correlated to FPOM concentration and negatively
to temperature, pH and distance from the source (Tab. 2).
Densities of Hydrobiosidae (early instars), Muscidae, Nao-
nella forsythia, Oeconesus sp., Oligochaeta, Ostracoda,
Oxyethira albiceps, Olinga feredayi, Paraleptamphopus
subterraneus and Pycnocentria hawdoniana increased in
sites towards the left of the ordination, while the densi-
ties of Orthopsyche sp., Pycnocentria funerea, Zelando-
perla decorata and Zelandobius confusus decreased in
the same direction. The densities of Maoridiamesa spp.
and Limonia sp. increased along axis 3, while Colobu-
riscus humeralis, Cryptobiosella sp., Eriopterini, Hydrae-
nidae and Zelandobius confusus decreased in that direction.

3.4.2. Functional feeding group composition

The relative abundance of sessile browsers (SB)
decreased progressively from the sources, whereas
mobile browsers (MB) increased (Tab. 5). Filterers also
increased in relative abundance downstream from the
sources, principally as a result of the increased densities
of Austrosimulium spp., C. humeralis and Hydropsychi-
dae caddisflies (Tab. 5). Predator densities were similar
at all distances from the sources, but shredders had
lower relative abundances at the sources compared to
downstream locations (Tab. 5).

4. DISCUSSION
4.1. Thermal patterns

Temperature variation was much larger in run-off-
fed than spring-fed streams. As in other New Zealand
streams (Johnson 1971; Fowles 1975; Grant 1977),
minimum temperatures occurred in June-July. Other
studies on New Zealand (Michaelis 1976; Cowie &
Winterbourn 1979) and overseas (Ferrington 1995b;
Botosaneanu 1998) springs have shown that crenic tem-
peratures closely reflect the mean annual air tempera-
ture of the surrounding region. In this study, mean tem-
peratures for Slip and Cass springs (8 and 8.2 °C) and
Riwaka Resurgence (10 °C) over the study period were
close to the mean annual temperatures for Waimakariri
(8.6 °C) and Nelson (11.8 °C), respectively. The correla-
tion between altitude and heat accumulated over the seven-
month period is also related to the interaction between air
and water temperatures (Smith & Lavis 1975; Crisp &
Howson 1982; Stefan & Preud'homme 1993).

Thermal range increased with distance from the
source in all spring-fed streams, although the rate of
increase with distance varied between springs (Fig. 2).
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Fig. 4. Nonmetric multidimensional scaling (NMDS) plot of axis-1 against axis-3 for mean macroinvertebrate communities collected
in New Zealand springs and springbrooks at different distances from the source (source: O, at 100 m: A, at 500 m: ¥ and at 1000 m:

m). Regions are denoted as Waimakariri: W, Nelson: N, Ruapehu: R and Taranaki: T.

This is extremely important for the delineation of the
eucrenal zone because the boundary between a spring-
head and its spring-fed stream has usually been estab-
lished as where the temperature differs >2 °C from the
temperature at the source (Erman & Erman 1995; Smith
2002; Fumetti et al. 2007). This criterion would give
extremely large eucrenal areas for the springs consid-
ered in this study, and for any other large springs (Bar-
quin & Death 2004). Other studies have reported
increases in thermal amplitude of between 3 °C, 10 °C
and 20 °C approximately 1 km downstream from
sources (Sloan 1956; Minshall 1968; Meffe & Marsh
1983), however, little has been said about the factors
that cause longitudinal differences in thermal amplitude
within springs (but see Barquin & Death 2009). The
type of aquifer feeding the spring (shallow or deep;
Bonacci 1987; Aquilina et al. 2006), the volume of
crenic discharge, the difference between water and sur-
rounding air temperatures (i.e., due to altitude), and the
type (spring-, run-off-, snow- or glacier-fed streams)
and number of tributaries that enter the spring-fed
stream, could all be important factors that might deter-
mine the degree of temperature variation as one moves
downstream from sources (Ward 1985). In this study,
altitude is a good predictor of thermal amplitude
between sources, but we cannot account for the effect of
aquifer type. However, mean monthly amplitude was
more than 1.2 °C for all the springs, which could be
associated with deep regional aquifers (Bonacci 1987,
Erman & Erman 1995; Aquilina et al. 2006). With
respect to the volume of crenic discharge and the num-
ber and type of tributaries, Taungatara and Ohinepango
spring-fed streams had no tributaries entering along
their studied lengths, although Ohinepango Spring had a

much higher flow (1.6 m® s at 100 m) than Taungatara
Spring (0.2 m® s at 100 m). Consequently, mean
monthly thermal amplitude was zero 1 km from the
source of the Ohinepango Spring, but had increased by
more than 2 °C in the Taungatara Spring. On the other
hand, Waitaiki Spring had a comparable flow (0.4 m® s™
at 100 m) to Taungatara Spring, although a large spring
joined this stream above the 1 km sampling site, and
another above the 2 km point (Pers. Obs.). It is possible
that these may have reduced the rate of increase in tem-
perature range in the Waitaiki spring-fed stream. Thus,
the results from the present study seem to support the
influence of altitude, discharge and number and type of
tributaries determining the rate of change in thermal
amplitude as one moves downstream from sources,
although more detailed studies need to be done to clar-
ify the role of each of these factors.

4.2. Spring/spring-fed stream environmental gradient

Food resources (i.e., periphyton biomass) and phys-
icochemical parameters did not vary markedly along the
length of the spring-fed streams, apart from the increase
in temperature and water velocity, and the decrease in
organic matter away from the source. This is consistent
with the findings of other studies, which reported
increased water velocities (Minshall 1968), slight
increases in pH and dissolved oxygen (Davidson &
Wilding 1943; Sloan 1956) and a reduction in nitrates
(Ward & Dufford 1979) with distance from the source.
The increase in downstream water velocity may explain
the decrease in organic matter, as the transport capacity
of the current is enhanced by higher velocities. Also,
some run-off-fed tributaries joined the spring-fed stream
channel in the first few kilometres from Slip and
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Hawdon Valley springs, increasing the instability of the
stream bed and thus reducing the amount of organic
matter. However, the periphyton communities did not
seem to reflect this decrease in stability.

4.3. Longitudinal changes on invertebrate communities

Invertebrate communities at sources differed more
from each other than invertebrate communities 1 km
from the source. The change in relative abundance
between sessile browsers and motile browsers may be
related to the increased variability in flow downstream.
Chironomids and non-insect taxa were abundant at the
sources, whereas chironomids, Pycnocentria spp. and
Zelolessica spp. were abundant at middle distances from
the sources. All these taxa are known to be negatively
affected by flow disturbance (Barquin & Death 2006).
Finally, invertebrate assemblages 1 km from the source
accumulated more taxa that are common to run-off-fed
streams, for example Hydropsychidae, Pycnocentrodes
spp., B. roria, O. feredayi, elmid beetles, and the may-
flies Deleatidium spp. and C. humeralis (Death & Win-
terbourn 1995; Winterbourn 1997). The greater simi-
larities between the invertebrate communities at 1 km
from the source may therefore be a direct consequence
of the higher frequency of disturbance, which can limit
the invertebrate fauna. Barquin & Death (2006) also
found invertebrate communities from run-off-fed
streams to be more similar to each other than inverte-
brate communities from spring-fed streams. Springs that
lack invertebrate drift, and thus, can only be colonized
by upstream movements, hyporheic or aerial sources,
may also be considered more isolated habitats than run-
off-fed streams. The higher degree of isolation may con-
fer greater local variability to the invertebrate commu-
nities in spring-fed streams. Moreover, drift may also be
responsible for taxon accumulation as one moves down-
stream, although we do not have data to support this
hypothesis.

Changes in periphyton biomass, organic matter and
physicochemical parameters did not seem to parallel the
downstream changes in the invertebrate fauna. Inverte-
brate richness, rarified number of taxa and evenness all
increased downstream, and were positively correlated
with an increase in temperature amplitude. Moreover,
invertebrate communities at different distances from the
R1 source did not seem to differ much, R1 being the
spring with higher flows and higher thermal constancy.
Thus water temperature range seems to play an impor-
tant role in determining longitudinal changes in macro-
invertebrate communities. However, correlation does
not equate with causation and, in almost every stream,
the increase in the number of taxa was greater from the
source to 100 m compared with that from 100 m to 1 km
(Fig. 4, Tabs 2 and 3). This indicates that patterns in
invertebrate richness cannot be simply explained by an
increase in temperature amplitude, as changes in ther-
mal amplitude from the source to 100 m are much

J. Barquin & R.G. Death

smaller than those from 100 m to 1 km, and other fac-
tors might also be at work.

Minshall (1968) attributed the spatial patterns of the
invertebrate fauna of a woodland spring-fed stream in
Kentucky to changes in thermal amplitude, flow and
substratum composition. The lack of substratum compo-
sition data in this study prevents us from accounting for
the effect of this variable on longitudinal changes in
invertebrate communities. However, we observed that
exposed bedrock and boulders dominate in the Pearse
and Riwaka resurgences compared to downstream
reaches, whereas the Hawdon Valley, Ohinepango,
Waitaiki and Taungatara springs were dominated more
by sand, silt and mud at their origins than at down-
stream locations (Pers. Obs.). The dominant substratum
changed rapidly as we moved downstream, especially in
those sources dominated by finer sediments (Pers.
Obs.). Thus, substratum may play an important role in
determining the differences between invertebrate com-
munities at the source and immediately downstream
(i.e., at 100 m sites). The larger proportion of non-insect
taxa, especially Oligochaeta and Nematoda, at the Haw-
don Valley, Ohinepango and Waitaiki sources could be
attributed to the preference of these taxa for soft sub-
strata (Hynes 1970; Minshall 1984; Allan 1996). Fur-
thermore, the lack of animals and organic matter drift-
ing in the first few metres of the spring is another factor
that may increase the differences in invertebrate com-
munities between sources and 100 m sites (Barquin &
Death 2004). Lack of organic matter in the flowing
water may also explain the relative paucity of filter
feeders in the sources. Thus, accounting for the effect of
substratum composition and drifting organisms and
organic matter may be necessary to clarify invertebrate
community longitudinal changes along crenal biotopes.

5. CONCLUSIONS

Temperature amplitude was lower in the springs
than in the run-off-fed streams. Thermal amplitude
increased downstream from the sources, probably at a
rate influenced by flow, altitude and number and type of
tributaries entering the spring-fed stream. Longitudinal
changes in the number of invertebrate taxa and evenness
were positively correlated with an increase in tempera-
ture amplitude, however, other factors such as substra-
tum composition, stability and invertebrate drift may
also play an important role in the determination of
longitudinal changes in invertebrate community compo-
sition and structure along spring-fed streams.
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