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        Introduction 

 Salinity is a growing threat to natural ecosystems ( Yeo, 1999; 
Rogers & McCarty, 2000 ) because it disrupts the physiological 
processes of terrestrial plants ( Levitt, 1980; Yeo, 1983; 
Hasegawa  et al ., 2000   ), increases mortality of wetland popula-
tions ( Krauss  et al ., 2000 ), and reduces the diversity of eco-
logical communities ( Flynn  et al ., 1995; Holm & Sasser, 2001 ). 
Water-deficit stress also has strong effects on plants and a rich 
history in the ecological literature ( White, 1976; Mattson, 1980; 
Larsson, 1989; Waring & Cobb, 1992; Schowalter  et al ., 1999; 
Inbar  et al ., 2001; Awmack & Leather, 2002 ). By altering host-

plant physiology ( Rabe, 1990; Mansour, 2000 ), water stress can 
modify insect feeding preferences ( Scheirs & De Bruyn, 2005 ), 
promote population outbreaks ( White, 1976; Scriber & Slansky, 
1981 ), or reduce fitness ( Koricheva  et al ., 1998 ). Salinity stress 
elicits similar physiological responses in plants as water-deficit 
stress, but its ecological consequences are poorly understood. 

 The goal of this study was to investigate the effect of salinity 
stress (specifically, increased Na + ) on phytophagous insects 
and their glycophytic (freshwater) host plants. Like water stress, 
salinity alters osmotic potential ( Zhu, 2002 ), which stimulates 
production of organic compounds such as proline and sucrose 
to help restore homeostasis ( Wyn Jones & Gorham, 1983; 
Mansour, 2000; Wang, 2002 ). These compounds can influence 
the nutritional status and performance of herbivores ( Hemminga 
& van Soelen, 1988; Gonçalves-Alvim  et al ., 2001; Moon & 
Stiling, 2002a ). Most ecological studies have been conducted 
with halophytic (salt loving) plant species that can regulate salt 
uptake through succulence, salt excretion, or sequestration 
( Hale & Orcutt, 1987 ). 
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  Abstract .      1.   Salinity is an important cause of abiotic stress in wetland communities 
yet little is known about its consequences for freshwater plants and their insect 
herbivores. The goal of this study was to test the effect of salinity on a leafmining insect, 
 Cerodontha iridiphora , and its herbaceous host plant,  Iris hexagona . 

 2.   Leafminer performance was evaluated on irises grown in control and saline 
treatments, and the effects of salinity and herbivory on leaf quality and mortality was 
measured. 

 3.   Leafminer density and size were significantly lower on irises grown in saline water 
  compared with freshwater. 

 4.   Both salinity and herbivory accelerated leaf senescence and mortality, and their 
combined effects increased tissue loss by an order of magnitude compared with 
controls. 

 5.   Leafminers acted as nutrient sinks. The undamaged regions of mined leaves 
contained 40% less nitrogen than unmined leaves, providing a mechanism for the 
premature leaf mortality. 

 6.   Salinity was detrimental to the performance and survival of both the iris leafminer 
and its host plant. We propose that glycophytic host plants and their insect herbivores 
will suffer more than halophytic communities from environmental salinity because they 
lack the adaptive mechanisms to tolerate this potent physiological stress.  
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 Glycophytic plants lack the adaptations of halophytes and 
 exhibit pronounced symptoms of stress even at low salt concen-
trations ( Greenway & Munns, 1980; Van Zandt  et al ., 2003 ). 
For example, salinity strongly influences  Iris hexagona  growth 
and reproduction ( Van Zandt & Mopper, 2002, 2004; Van Zandt 
 et al ., 2003 ), concentrations of phytohormones, nitrogenous 
compounds, and minerals ( Wang  et al ., 2001; Wang, 2002; 
Mopper  et al ., 2004 ), and interactions with vertebrates and 
invertebrates ( Geddes & Mopper, 2006; Tobler  et al ., 2006   ). 
The 2-year experiment described here tested the influence of 
salinity stress on a leafminer that feeds on  I. hexagona , and in-
vestigated the dual effects of salinity and herbivory on host-
plant performance. This research provides new information 
about how an increasingly widespread form of environmental 
degradation  –  salt stress  –  affects insect – plant interactions in 
freshwater communities, and contributes to the development of 
an ecological theory of salinity stress. 

  Natural history 

  Iris  is a northern hemisphere genus of Iridaceae indigenous to 
wetland ecosystems of the US Gulf Coast. It grows best in 
freshwater ( Van Zandt  et al ., 2003 ) but salinity-tolerant popula-
tions occur in brackish habitats ( Van Zandt & Mopper, 2002 ). 
This perennial species reproduces sexually and clonally, and 
mature plants contain 5 – 10 long, slender leaves that are often 
attacked by  Cerodontha iridiphora  leafminers (Diptera: 
Agromyzidae) that specialise on iris ( Spencer & Steyskal, 
1986 ). Larvae initiate linear mines at the leaf base, which 
expand into blotch mines towards the leaf apex. Mature mines 
can encompass and destroy the entire leaf. Miners feed within 
leaves for approximately 1 month, then return to the base of the 
leaf to pupate. There are two generations per year (spring and 
autumn), with the largest densities occurring in the spring dur-
ing April to June.   

  Methods 

 This experiment was conducted for 2 years at the Center for 
Ecology and Environmental Technology at the University of 
Louisiana at Lafayette, Louisiana, U.S.A. (http://ceet.louisiana.
edu/). In December 1999, 30 227-litre plastic Rubbermaid con-
tainers (Rubbermaid Products, Wooster, Ohio) were planted 
with  I. hexagona  in deltaic soil. The plants and associated leaf-
miners were collected from natural brackish marsh popula-
tions growing at Marsh Island, Louisiana (29.79°N 91.78°W), a 
300-km 2  uninhabited wildlife refuge 10 km south of the 
Louisiana coast. The plants and leafminers were acclimated to 
the common garden for approximately 18 months before the 
salinity treatments began. In June 2001, 30 mesocosms were 
randomly assigned to 10 control and 20 salinity treatments, 
which were maintained for 1 year prior to the beginning of the 
experiment. Salinity levels were established with Instant 
Ocean ™  (Aquarium Systems, Inc., Mentor, Ohio), a synthetic 
sea salt, and measured using a portable YSI Salinity and 
Conductivity meter (YSI Incorporated, Yellow Springs, Ohio). 

The control mesocosms did not receive salt and their salinity 
levels reflect natural variation of the soil. In the 2002 leafminer 
experiment, 10 control and 10 salinity mesocosms were used, 
and their annual salinity levels averaged (mean ± SE) 0.2 ± 
0.02 p.p.t. and 7.1 ± 0.29 p.p.t. respectively. In the 2003 
 leafminer experiment, the same 10 control mesocosms were 
used (annual salinity = 0.4 ± 0.03 p.p.t.), and the second group 
of 10 salinity treatment mesocosms. There was a wider range of 
salinity levels in the 2003 experiment because of weather and 
equipment variability. The treatment mesocosms experienced 
higher salinity in August (10.2 ± 1.2 p.p.t.) when miners were 
in the pupal stage, but their annual average was 6.2 ± 0.5 p.p.t., 
slightly less than the previous year. Variation in salinity treat-
ment levels is unavoidable in such multiyear experiments, but it 
reflects natural conditions in field populations ( Van Zandt & 
Mopper, 2002 ). There was no significant difference between the 
number of leaves in fresh and saltwater mesocosms in either 
2002 (fresh = 355 ± 26, saline = 317 ± 39,  P  = 0.45) or 2003 
(fresh = 486 ± 22, saline = 464 ± 41,  P  = 0.67). More 
detailed methods for the common garden experiments are 
described elsewhere ( Van Zandt  et al ., 2003 ). 

  The 2002 experiment 

 All  C. iridiphora  mines and leaves in the control and salinity 
mesocosms were counted in May 2002. The density estimate 
‘mines per leaf’ can reflect oviposition preference as well as 
undetected egg and early larval mortality. Leafminer densities 
in the natural populations were similar to common garden 
densities (mines per leaf: 0.10 ± 0.04 and 0.11 ± 0.01 respec-
tively;  F  1,16  = 0.12,  P  = 0.73). Mines were marked individually 
by placing colour-coded wooden dowels adjacent to the mined 
leaf. In June, the amount of senescence that had occurred in all 
of the mined leaves in each mesocosm and in a randomly 
selected subset of leaves without miners was measured. Healthy 
tissue is bright green whereas senesced tissue is brown – black 
in colour and signals incipient leaf mortality. It typically 
begins at the apex, and spreads down towards the base of the 
leaf. The magnitude of senescence was ranked from one to 
five, representing approximately 0, 25, 50, 75, and 100% dead 
tissue. At least five mined leaves from each mesocosm were 
removed and dissected to collect pupae and assess larval fate. 
The number of pupae per mine were counted and weighed to 
the nearest 0.1 mg using a Sartorius balance, model 1713 MP8 
(Sartorius AG, Goettingen, Germany). After weighing, half of 
the pupae were placed individually in 8-ml plastic vials and 
stored in a growth chamber at 70% humidity until the adults 
eclosed. The remaining pupae were stored at −80 °C for future 
molecular analysis.  

  The 2003 experiment 

 In April 2003, five mined and five unmined leaves on the 
same plant were monitored in each mesocosm. Weekly for 
4 weeks, each leaf was digitally photographed against a grid 
sheet with 1-cm 2  demarcations. Leaf senescence was quantified 
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using  image-analysis software (ImageJ, version 1.29 x, National 
Institutes of Health, Bethesda, Maryland). Every 3 days, leaf 
survival was documented. If the monitored leaf died, measure-
ments on the corresponding leaves ceased. During the final 
2 weeks of larval activity, 20 adjacent mined and unmined 
leaves in each mesocosm were monitored for senescence, as 
well as two leaves from unmined plants. After pupation, five 
mined leaves were removed from each mesocosm, digitally 
photographed, and total mine area analysed. Each leaf was dis-
sected to assess larval mortality, quantify the number of pupae, 
and determine pupal mass. At least 25 additional mined leaves 
from each mesocosm were collected to determine larval fate, 
number of pupae per mine, and pupal mass. Each pupa was 
stored individually and monitored as in 2002.  

  Foliar nitrogen and carbon 

 In May 2003, leaf samples were collected from five fresh-
water and five saline mesocosms to quantify foliar nitrogen and 
carbon. In each mesocosm, roughly 10 cm of undamaged tissue 
was removed from the centre of one mined leaf per plant, an 
adjacent unmined leaf from the same plant, and one leaf from a 
neighbouring unmined plant. Leaf tissue was oven-dried at 
60 °C for 24 h. Samples were ground to a fine powder using an 
IKA A-10 analytical mill (IKA Works Inc., Wilmington, North 
Carolina). A Carlo-Erba NC2500 Automated Elemental 
Analyzer (CE Instruments, Rodano  , Italy) was used to deter-
mine per cent total nitrogen and carbon, with two replicates 
( ≈  3 mg each) collected from the same tissue. Prior to each run, 
a standard curve was created using 0.5 mg atropine and 1, 2, 3, 
and 4 mg EDTA. Quality controls were run every 20 tissue sam-
ples to monitor machine accuracy. Only replicates that differed 
by  ≤  5% were included in the analysis.  

  Statistical methods 

 All statistical procedures were conducted with SAS/STAT   
Version 8.2 ( SAS Institute, 2001 ). Observations were averaged 
within each mesocosm and tested for normality and hetero-
scedasticity (PROC UNIVARIATE). When necessary, data 
were transformed or nonparametric procedures were used. In 
2002, leafminer densities (arcsine square-root transformed), 
 pupal mass, and leaf senescence in freshwater and saline treat-
ments were compared using analysis of variance (PROC GLM). 
Larval mortality was not analysed in 2002 owing to low sample 
size. Numbers of pupae per mine were compared using Mann –
 Whitney  U  (PROC NPAR1WAY). 

 In 2003, regression analysis (PROC REG) was used to eval-
uate leafminer and host-plant performance. Regression was 
used instead of analysis of variance because of the greater vari-
ation among salinity levels in the experimental mesocosms. 
This approach was more effective at estimating the relationship 
between salinity and the response variables. In instances where 
independent variables are more continuous than factorial, 
regression is preferred to analysis of variance ( Gotelli & 
Ellison, 2004 ). 

 Separate linear regressions were conducted with mesocosm 
salinity as the independent variable and mine density per leaf, 
pupal density within a mine, pupal mass, and mine area as 
dependent variables. Larval mortality was analysed using 
Mann – Whitney  U . To assess interactive effects of salinity and 
herbivory on foliar nitrogen and carbon, analysis of variance 
was used. Leaf senescence (arcsine square-root transformed) 
was analysed using a multiple regression with salinity and the 
presence of mines as independent variables. Repeated-measures 
analysis of variance (REPEATED option of PROC GLM) was 
used to determine if salinity and leafmining activity affected the 
rate of leaf senescence. Multiple pairwise comparisons were 
conducted using adjusted Tukey tests (PDIFF ADJUST = 
TUKEY option in PROC GLM). Survival analysis was used to 
examine the combined effects of leafminer herbivory and salin-
ity on leaf mortality (COVSANDWICH option of PROC PHREG, 
 Lee  et al ., 1992 ). The analysis corrected for autocorrelation 
among leaves within the same mesocosm.   

  Results 

  Salinity stress and herbivore performance 

 Salinity had negative effects on the performance of leaf-
miners and iris host plants. In 2002, mine densities were lower 
on irises grown in saline water   ( F  1,18  = 5.78,  P  = 0.027) and 
there were fewer pupae per mine ( P  = 0.007) compared with 
freshwater controls (    Fig. 1). In 2003, salinity reduced the number 
of pupae per mine ( R  2  = 0.29,  F  1,18  = 8.88,  P  = 0.008;     Fig. 2a) 
and pupal mass ( R  2  = 0.23,  F  1,18  = 6.55,  P  = 0.02;  Fig. 2b ). All 
other performance measures were lower in the salinity treat-
ment but were not statistically different from the controls (mine 
density,  R  2  = 0.09,  F  1,18  = 1.39,  P  = 0.25,  Fig. 2c ; mine area, 
 R  2  = 0.13,  F  1,18  = 0.86,  P  = 0.36,  Fig. 2d ; late-instar larval 
mortality,  P  = 0.31, not shown). There was no correlation 
among mine area, pupal mass, and pupal density within a mine 
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     Fig. 1.     Performance of leafminers on irises grown in freshwater and 
saline treatments in 2002. Means (± SE) shown for mines per leaf and 
pupal mass, medians shown for pupae per mine (* P   ≤  0.05, ** P   ≤  
0.01).   



 348     Lisa Schile and Susan Mopper 

© 2006 The Authors
Journal compilation © 2006 The Royal Entomological Society, Ecological Entomology, 31, 345–351

(area vs. mass:  P  = 0.84; area vs. density:  P  = 0.10; mass vs. 
density:  P  = 0.12). Natural enemies did not influence leafminer 
fate in this study as no predation and only a single parasitoid 
wasp were observed.  

  Foliar nitrogen and carbon 

 Leafminers acted as nutrient sinks. The nitrogen levels in 
undamaged portions of mined leaves were 40 – 50% lower than 
in unmined leaves ( F  2,25  = 5.34,  P  = 0.012;     Fig. 3a) and foliar 
carbon was reduced ( F  2,25  = 4.44,  P  = 0.022;  Fig. 3b ). Salinity 
did not affect foliar nitrogen or carbon ( F  1,25  = 1.3,  P  = 0.27 
and  F  1,25  = 0.86,  P  = 0.36 respectively), and there was no 
 interaction between salinity and herbivory on nitrogen or 
carbon content ( F  2,25  = 0.31,  P  = 0.74 and  F  2,25  = 0.6,  P  = 
0.56 respectively).  

  Leaf senescence 

 Salinity and leafminers each had strong effects on leaf health 
and dramatically increased rates of senescence in 2002 (    Fig. 4) 
and 2003 (    Fig. 5). In 2002, mining ( F  1,34  = 110.9,  P  � 0.0001) 
and salinity ( F  1,34  = 101.3,  P  � 0.0001) increased leaf senes-
cence, and there was a significant interaction between them 

( F  1,34  = 20.8,  P  � 0.0001). Leaf senescence was greater in 
mined leaves than unmined leaves in both saline and freshwater 
 mesocosms ( P  � 0.0001 and  P  � 0.0004 respectively). Salinity 
increased senescence in both mined and unmined leaves com-
pared with plants grown in freshwater ( P  � 0.0001 and  P  � 
0.0024 respectively). 

 In 2003, the combined effects of salinity and mining in-
creased leaf senescence by roughly 50% ( R  2  = 0.8703,  F  3,36  = 
88.24,  P  � 0.0001), but there was no interaction between them 
( F  1,36  = 0.71,  P  = 0.68). Mined leaves contained more senesced 
tissue than unmined leaves ( F  1,36  = 192.72,  P  � 0.0001), 
and leaves grown under saline conditions were more senesced 
than freshwater control leaves ( F  1,36  = 71.84,  P  � 0.0001). Leaf 
senescence increased with time (Wilks’ lambda  F  3,28  = 160, 
 P  < 0.0001;  Fig. 5b ) but there was no significant interaction 
between time and mining, time and salinity, or time, mining, 
and salinity (Wilks’ lambda,  F  3,28  = 1.94,  P  = 0.14;  F  3,28  = 
0.16,  P  = 0.92; and  F  3,28  = 1.17,  P  = 0.34 respectively). 

 Senescence accelerated significantly in mined and unmined 
plants during the final 2 weeks of the experiment (Wilks’ 
lambda,  F  1,45  = 86.3,  P  � 0.0001), and was greatest in mined 
leaves from the salinity treatment ( F  2,45  = 2.98,  P  = 0.06, 
 Fig. 5b ). Mined leaves always contained more senesced tissue 
than unmined leaves from the same plant, and mined plants 
 always senesced more rapidly than unmined plants ( P  � 0.05 
for all comparisons). 
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     Fig. 2.     Performance of leafminers on irises grown in freshwater and saline treatments in 2003. Number of pupae per mine (a), pupal mass (b), 
leafminer density (c), and mine area (d) ( n  = 20; ± 1 SE). Density (mines per leaf) was calculated as the total number of mines divided by the total 
number of leaves in each mesocosm, thus has no error bars.   
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 The combined effects of leafminers and salinity stress  increased 
leaf mortality an order of magnitude compared to control leaves 
(  x   1  = 20.45,  P  � 0.0001 and   x   1  = 17.79,  P  � 0.0001 respec-
tively;  Fig. 5c ). Mined leaves died sooner than unmined leaves in 
both the salinity (  x   1  = 13.75,  P  = 0.0002) and freshwater (  x   1  = 
5.44,  P  = 0.0197) treatments. Additionally, mined leaves from 
the salinity treatment died before mined leaves from the fresh-
water treatment (  x   1  = 16.58,  P  � 0.0001). Salinity did not ac-
celerate mortality of unmined leaves (  x   1  = 0.09,  P  = 0.76).   

  Discussion 

 Environmental salinity is a widespread abiotic stress ( Jackson 
 et al ., 1995; Yeo, 1999; Rogers & McCarty, 2000; Yokoi  et al ., 
2002 ), yet little is understood about how it affects ecological 
communities. Our study revealed that salinity can be as deleterious 
to leafminer performance as plant water deficits ( Bultman & 
Faeth, 1987; Preszler & Price, 1995; Inbar  et al ., 2001; De 
Bruyn  et al ., 2002 ). Relatively low levels of NaCl (6 – 7 p.p.t.) 
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     Fig. 4.     Senescence of mined and unmined  Iris hexagona  leaves grown 
in fresh and saline treatments in 2002.   
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     Fig. 5.     Senescence of mined and unmined  Iris hexagona  leaves grown 
in fresh and saline treatments in 2003. Per cent leaf senescence in each 
mesocosm (a); senescence over time in mined and unmined leaves from 
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tality (c). Data in (b) and (c) were averaged (± 1 SE) within fresh (0.4 ± 
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     Fig. 3.     Foliar nitrogen (a) and carbon (b) of mined  Iris hexagona  leaves, 
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decreased the density and mass of iris leafminers, and markedly 
accelerated iris leaf senescence. When salinity was combined 
with leafminer herbivory, leaf mortality increased by an order 
of magnitude compared with controls. Leafminers acted as 
nutrient sinks and reduced nitrogen in adjacent uneaten foliage 
by as much as 50%. Nitrogen is an essential building block of 
compounds that plants produce to counteract abiotic stress 
( Rabe, 1990; White, 1993; Mansour, 2000 ). Disruption by leaf-
miners of foliar nutrients could be an underlying mechanism of 
premature leaf mortality in salt-stressed iris, and may explain 
why leafminers induce abscission in woody plants ( Faeth  et al ., 
1981; Preszler & Price, 1993; Mopper & Simberloff, 1995; 
Waddell  et al ., 2001; Stiling  et al ., 2002 ). 

 There is little information about the consequences of salinity 
on the ecological interactions between host plants and 
their herbi vores, and the available evidence is primarily from 
halophytic species. Salinity had no detectable effect on lepi-
dopteran leafminers feeding on sea aster ( Hemminga & van 
Soelen, 1992 ), and improved the performance of dipteran leaf 
gallers on mangrove ( Gonçalves-Alvim  et al ., 2001 ) and 
homopteran plant hoppers on sea ox-eye daisy ( Moon & Stiling, 
2002a ). However, it was associated with reduced performance 
of coleopteran stem-borers on sea aster ( Hemminga  et al ., 
1987; Hemminga & van Soelen, 1988 ) and lepidopteran borers 
and dipteran gallers on sea ox-eye daisy ( Moon & Stiling, 
2002a, b ). In ecological studies of glycophytic associations, 
salinity reduced performance of dipteran leaf miners ( Martel, 
1998 ) and gall formers ( Moon & Stiling, 2002b ) attacking 
goldenrod host plants. 

 Until there are more studies on glycophytic plants, no general 
conclusions can be drawn about insect – plant interactions in salt-
stressed communities. Nonetheless, we propose the hypothesis 
that salinity has more predictably negative effects on glycophytic 
herbivores and their host plants than halophytic species, because 
mechanisms have not evolved in freshwater plants to tolerate the 
physiological stress of salt ( Greenway & Munns, 1980; Van Zandt 
 et al ., 2003 ). In  I. hexagona , salinity has a profound effect on met-
abolic function that could adversely  affect herbivore performance 
( Wang  et al ., 2001; Wang, 2002; Mopper  et al ., 2004 ). For exam-
ple, insects feeding on salt-stressed iris must contend with the 
NaCl that accumulates in leaf tissues because there are no secre-
tory organs to remove it ( Wang, 2002 ). The osmotic stress im-
posed by salinity also impedes the absorption by herbivores of 
essential sugars from host tissues ( Foster & Treherne, 1976 ). This 
could be particularly challenging for early instar leafminers, which 
are particularly vulnerable to reductions in plant quality ( Mopper 
 et al ., 1995; Connor & Taverner, 1997; Mopper  et al ., 2000 ). 

 Salinisation of freshwater habitat is a growing threat to natu-
ral populations in terrestrial and wetland communities. In 
2005, the saltwater intrusion caused by Hurricanes Katrina 
and Rita caused massive environmental damage to the Gulf 
Coast region of the USA. Large-scale environmental distur-
bances are occurring ever more frequently around the globe, 
and it is essential to understand their physiological, ecologi-
cal, and evolutionary consequences. Much more research is 
necessary to address these critical issues, understand the un-
derlying biological mechanisms, and develop theory to predict 
future impacts.    
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