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Abstract
Galled leaves are very frequent in southern beech (Nothofagus pumilio) forests. We compared the consumption of leaves 
(galled and ungalled) by two detritivores and the effect of this consumption on detritivore nutrient content. The amphipod 
Hyalella curvispina and larvae of the caddisfly Monocosmoecus hyadesi were fed with two diet treatments for 30 days: (1) 
ungalled leaves and (2) galled leaves. Fungal biomass, carbon (C), nitrogen (N), and phosphorus (P) content were measured 
in leaves and detritivores, and C:N:P molar ratios were calculated. We hypothesized that galls produce changes in litter 
nutrient content, affecting invertebrate consumption and nutrient content. Galled leaves had higher N and ergosterol content, 
and lower C:N ratios than ungalled leaves. Galled leaf consumption was higher than the ungalled for both detritivores. The 
two species differed in the content of N and C (caddisfly > amphipod) and P (caddisfly < amphipod). The N:P ratio of the 
amphipods was similar to the ungalled leaf ratio and increased when fed on galled leaves. In contrast, the N:P ratio of the 
caddisflies was considerably higher than the ungalled leaves and decreased when fed on galled leaves. Galls alter nutrient 
content in leaves and increase fungal biomass. Both detritivore species were highly homeostatic with regard to C:N ratio, 
but caddisflies could overcome the limited P content by increasing consumption. We highlight the impact of galls on aquatic 
detritivores, which in turn are relevant in forested streams for recycling organic matter and cascading effects through brown 
detritus-based aquatic food webs.
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Introduction

In forested areas, trees input much organic matter into 
streams (Anderson and Sedell 1979; Hall et al. 2000; Evans-
White and Halvorson 2017). Thus, alterations to forests can 
induce changes in the aquatic environments. One natural 
alteration is produced by pathogen infections in leaves (e.g., 
galls formations due to egg-laying by aphids) with effects 
ranging from individual to ecosystem levels (LeRoy et al. 
2020). For instance, the development of galls is charac-
terised by an increase in tannins, lignin, and cellulose in 
leaves (Findlay et al. 1996; Schweitzer et al. 2005; LeRoy 

et al. 2020), making galled litter more recalcitrant, which 
in turn can reduce detritivore consumption capacity and lit-
ter decomposition (Schweitzer et al. 2005). On the other 
hand, gall-inducers can promote early leaf abscission, which 
prevents trees from reabsorbing nutrients from the leaves 
(Choudhury 1988; Mazía et al. 2012), leading to nutrient-
enriched leaf litter.

Leaves that enter aquatic systems rapidly lose soluble 
compounds (leaching) and are colonised (“conditioned”) by 
bacteria and fungi. Detritivore invertebrates, mainly shred-
ders, then feed on this conditioned litter (Cummins 1973). 
This process can be directly influenced by gall presence due 
to leaf structure and nutrient changes (Schweitzer et al. 2005; 
LeRoy et al. 2020). An increase in litter phosphorus and 
nitrogen content can accelerate litter decomposition (War-
dle et al. 2002) by promoting conditioning, which in turn 
makes leaves more palatable for detritivores (Cross et al. 
2007). However, nutrient content alone cannot explain dif-
ferences in decomposition rates among species (Longhi et al. 
2008). The quantity of recalcitrant molecules such as tan-
nins and lignin can reduce organic matter decomposability 
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(Hättenschwiler and Jørgensen 2010). Thus, the effect of 
galls on litter might increase nutrient content but alter litter 
structural characteristics (i.e., tannin content) making con-
sumption more difficult than that of ungalled litter.

Leaf litter nutrient content can affect detritivore con-
sumption, because consumers maintain their body elemen-
tal composition (body stoichiometry) within certain bounds 
(Sterner and Elser 2002). Nutrients are less concentrated in 
plant litter than in detritivores (Elser et al. 2000; Frost et al. 
2002; Cross et al. 2003). Thus, litter detritivores should dif-
ferentially adjust the acquisition, incorporation (allocation 
and storage), and release of chemical elements to achieve a 
constant elemental composition (Frost et al. 2005). Alterna-
tively, some organisms may change their internal elemental 
ratios (carbon:nitrogen:phosphorus; C:N:P) to some degree. 
Changes in litter nutrient content may alleviate nutrient limi-
tation and potentially lead to long-term alterations of com-
munity structure in leaf litter-based ecosystems (Cross et al. 
2003, 2007; Frainer et al. 2016).

In southern South America, Southeast Australia, and New 
Zealand, Nothofagus (Nothofagaceae) forms extensive for-
ests (McQuillan 1993; Quintero et al. 2014), increasing the 
relevance of “brown” detritus-based food webs (Zou et al. 
2016). The most common and widespread species in Chile 
and Argentina is N. pumilio, a deciduous species known as 
southern beech (Hildebrand-Vogel et al. 1990). These decid-
uous forests dominate the inputs of organic matter to the 
streams and lakes of the region (Albariño et al. 2009). Due 
to its biogeographic history, highly endemic flora, and cli-
mate, a rich gall community (90 morphospecies) has become 
closely associated with these forests (Vergara and Jerez 
2010; Quintero et al. 2014). The most frequent ones for N. 
pumilio identified are: Pteromalidae (Hymenoptera), Ceci-
domyiidae (Diptera), and Eriophyoidea (Acari) (Quintero 
et al. 2014). Although the mean gall frequency was reported 
to be as high as 19% (Quintero et al. 2014), the association 
of gall-inducers and trees has been primarily focused on the 
consequences for terrestrial ecosystems.

Due to the vast range of N. pumilio along the Patagonian 
Andes, the high frequency of galls, and its importance in 
the contribution to basal resources, we selected this species 
to evaluate leaf litter quality and the possible impacts on 
aquatic ecosystems. To achieve this, we conducted a 30-day 
experiment in which two highly abundant detritivore spe-
cies with different feeding habits (Monocosmoecus hyadesi 
and Hyalella curvispina) were fed on galled and ungalled 
N. pumilio leaves. The caddisfly M. hyadesi is a shredder 
(Moorman et al. 2010; Zagarola et al. 2017), whereas the 
amphipod H. curvispina is a collector-gatherer (Velásquez 
and Miserendino 2003; Zagarola et al. 2017), that can even-
tually feed as shredder (Saigo et al. 2009). Our hypotheses 
were: (1) galls produce changes in litter nutrient content 
and hence in fungal biomass; (2) invertebrate consumption 

is affected by the presence of galls in litter, but the effect 
depends on invertebrate feeding habit (shredder or collector-
gatherer); and (3) changes in litter nutrient content affect 
invertebrate nutrient content. We predicted that: (1) galled 
leaves would have a higher N and P content because of early 
leaf abscission (Blundell and Peart 2000), which will lead 
to higher fungal biomass; (2) the shredder feeding galled 
leaves would have a lower consumption rate (due to higher 
nutrient content) than the shredder feeding ungalled leaves, 
whereas the collector-gatherer would be less affected by leaf 
type by consuming fine particulate organic matter gener-
ated from the leaf tissue; and (3) detritivores would change 
their body stoichiometry depending on food and functional 
feeding group; we expected a stronger response from the 
shredder than from the collector-gatherer.

Materials and methods

Sampling

We collected recently fallen leaves of N. pumilio in early 
autumn 2019 from two different forest areas, one with 
a high percentage of gall infection and another with 
a reduced proportion of galls (%g galled/g ungalled 
leaves ± SE = 2.40 ± 0.69% and 0.47 ± 0.01%, respectively). 
Both forests are close to Ushuaia, Tierra del Fuego (54° 48′ 
58.28″ S; 68° 19′ 33.13″ W), at approx. 80 ± 10 m.a.s.l., and 
are connected through a 5 km-forest continuum separated 
by a main road. We air-dried and separated three types of 
leaves: (1) leaves from the infected forest without galls; (2) 
leaves from the infected forest with galls; and (3) ungalled 
leaves from the reference forest.

For the experiment, we collected two detritivore spe-
cies: early juvenile amphipod Hyalella curvispina from 
Tunel stream (54° 49′ 00.25″ S, 68° 10′ 10.89″ W) and 
mid-instar larvae of the caddisfly Monocosmoecus hyadesi 
from Piloto stream (54° 50′ 08.32″ S, 68° 28′ 29.69″ W). 
Both streams are oligotrophic (soluble reactive phospho-
rous = 0.002 ± 0.001 mg/L) that run through N. pumilio 
forest with low gall prevalence (temperature 4.6 ± 0.8 °C, 
mean ± SE).

Leaf characteristics

To test the effect of galls on leaf litter nutrient content, the 
amount of carbon, nitrogen, and phosphorus was measured 
for the four types of leaf structure using n = 4 replicates of 
each: (1) whole ungalled leaves from the reference forest, 
(2) ungalled leaves from the infected forest, (3) gall tissue, 
and (4) leaf tissue from galled leaves. Leaves were dried at 
60 °C for 72 h, and a subsample was ground to powder with 
a mortar and pestle. Then C and N were quantified in a CN 
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analyser (Thermo Finnigan Flash EA 1112). To measure P 
content, another subsample was weighed and combusted at 
500 °C for 4 h, and the ashes were dissolved in MiliQ water 
to measure soluble reactive phosphorus (SRP) through the 
ascorbate-reduced molybdenum method (APHA 2005). For 
each leaf tissue and type of leaf, lignin and cellulose con-
tent (%) were measured by INTA-Balcarce (Laboratorio de 
Nutrición y Evaluación de Calidad de Forrajes) following 
methods explained in Van Soest (1975) and Ankom (2005).

Also, nutrient loss by leaching was compared between 
galled and ungalled leaves. Leaf litter (1.00 ± 0.01 g) was 
dried at room temperature and placed in 100 mL of Mil-
liQ water at 4 °C for 48 h to obtain leachates (Anesio et al. 
2000) in four replicates per leaf type. The resulting solution 
was filtered through a pre-combusted GF/F filter (Osmon-
ics). All glassware was previously acid-washed and com-
busted at 450 °C for 1 h. Inorganic phosphorus (P–PO4), 
nitrate (N–NO3), and nitrite (N–NO2) concentrations were 
measured in a Hach DR/2700 spectrophotometer using Hach 
reagents (Hach Company, CO, USA) as follows: ascorbic 
acid method for P–PO4, diazotization method for N–NO2 
and cadmium-reduced N-NO3 (APHA 2005). Ammonia 
(N–NH4) concentration was determined using the phe-
nol–hypochlorite method (APHA 2005).

Fungal biomass of conditioned galled and ungalled leaves 
was estimated by the ergosterol content in leaves (Bärlocher 
2005; Gessner 2005). We used freeze-dried leaves (c. 45 mg) 
to perform the ergosterol extraction with hot potassium 
hydroxide and methanol, purified by solid-phase filtration. 
We quantified the ergosterol using an HPLC (high-perfor-
mance liquid chromatography, Waters 600E) with a reverse 
phase C18 column (LUNA C-18, Phenomenex, Torrance, 
CA, USA).

Experimental design and determinations

A laboratory experiment was conducted to measure the con-
sumption rates of galled leaves and whole ungalled leaves 
(from an uninfected forest) by two aquatic detritivores and 
the effect on their nutrient content. Organisms were accli-
mated to laboratory conditions (5.0 ± 0.3 °C and 12 h:12 h 
dark:light) and fed with 1-week conditioned ungalled leaves 
for 10 days. Leaves were conditioned in fine mesh bags (0.5-
mm pore size) in a local stream (4.6 ± 0.3 °C) for 7–10 days 
to allow for microbial colonization and then kept aerated 
under laboratory conditions for 5–7 days.

After acclimation, organisms were placed into individual 
glass jars. We used four replicates per treatment, with seven 
experimental jars each (28 individuals per treatment) to 
meet the mass requirement for C:N:P analyses, with 2 cm 
height of habitat (a mix of coarse sand and gravel) and 250 
 cm3 of dechlorinated filtered water with artificial aeration. 
All leaves for the experiment were pre-conditioned together 

with leaves offered in the acclimation of the consumers. 
Water was changed every 2 days and invertebrates were fed 
ad-libitum (previously weighed). Consumption rates were 
calculated as the difference in leaf dried weight given to 
organisms and the remaining leaf tissues every 2 days. Initial 
dried mass of leaves and detritivores was estimated from a 
similar amount of leaves and ten detritivores of each species. 
The experiment lasted 30 days.

To measure elemental composition (C, N, and P content) 
of detritivores, individuals were dried at 60 °C for 72 h. A 
subsample was ground to a powder with a mortar and pestle 
and C, N, and P were measured as explained for leaves.

Data analysis

We analysed the data with INFOSTAT (Di Rienzo et al. 
2016). Leaf ergosterol content and leachates characteristics 
in galled and ungalled leaves were compared using a t test. 
Leaf nutrient, lignin, and cellulose content were analysed 
using an ANOVA; C:N, and C:P were evaluated by com-
paring the four leaf structures using a Kruskal–Wallis test 
followed by paired comparisons. The individual consump-
tion rates, nitrogen N and phosphorus P content, and inver-
tebrate C:N, C:P and N:P were compared between galled and 
ungalled leaves and species using a two-way ANOVA with 
two fix effects (factor 1: leaf type; factor 2: species). When 
significant differences were found, a posteriori Tukey test 
was used to identify differences.

Results

Leaf characteristics

Ungalled leaves from the two forests (reference “con-
trol” forest and infected forest) did not differ in N or C 
content (Table 1). Gall tissue and leaf tissue from galled 
leaves showed the highest lignin, cellulose, and N content 
but no differences in P or C content (Table 1). Leaf C:N 
ratio was significantly different among the leaf tissues, 
with higher values in ungalled reference leaves (Table 1). 
On the contrary, C:P and N:P were higher in galled leaves 
than ungalled reference leaves or gall tissue (Table 1). Lea-
chates of galled leaves had lower P–PO4 concentration than 
ungalled leaves (Table 2) and did not differ in dissolved inor-
ganic nitrogen. Galled leaves had nearly twice the ergos-
terol content than ungalled leaves (F1,7 = 10.31, p = 0.0183; 
mean ± SE = 262 ± 46, 142 ± 27, respectively).

Leaf consumption

Organism survival was higher than 90%, with only a few 
deaths during the galled and ungalled treatments (1–2 



 M. Tagliaferro et al.

1 3

68 Page 4 of 10

deaths out of 28 individuals for each species), which kept 
the experiment balanced. Mean leaf consumption rela-
tive to invertebrate dried weight (DW) was significantly 

higher in galled than in ungalled leaves (F1,12 = 15.52, 
p = 0.0020), and for the amphipods (0.48 ± 0.13 and 
1.30 ± 0.12  mg  DW/day, fed on ungalled and galled 
leaves, respectively) than for the caddisflies (0.11 ± 0.03 
and 0.16 ± 0.03 mg DW/day, fed on ungalled and galled 
leaves, respectively) (F1,12 = 95.29, p < 0.0001; Fig. 1a), 
without significant interaction (F1,12 = 2.8430, p = 0.1176). 
However, consumption rates per individual were similar 
within each leaf treatment between species (F1,12 = 0.7074, 
p = 0.4168 for species; F1,12 = 7.0408, p = 0.0210 for 
leaf treatments; Fig.  1b), and no interaction occurred 
(F1,12 = 0.1569, p = 0.6990). Consumption was not 
reflected in animal growth, which did not differ from ini-
tial dried mass (36 ± 3 mg and 33 ± 4 mg vs. 140 ± 10 mg 
and 136 ± 8 mg for H curvispina and M. hyadesi selected 
for ungalled and galled, respectively), in some cases being 
negative, and in both species with zero values.

Table 1  Leaves elemental 
contents (mg/g of tissue) and 
molar ratios: N (nitrogen), P 
(phosphorous), C (carbon)

Values are expressed as mean ± standard error (SE) or median ± interquartile (IQ). Ungalled refers to leaves 
without galls from the uninfected forest (reference) and gall-infected forest (infected). Different letter after 
indicates statistically different values

Mean ± SE p value

Ungalled—reference Ungalled—infected Gall Galled leaf

Cellulose (%) 18.7 ± 0.3 (a) 16.1 ± 0.2 (b) 32.4 ± 0.1 (d) 25.4 ± 0.4 (c) p < 0.0001
Lignin (%) 12.4 ± 0.1 (a) 14.2 ± 0.2 (b) 35.0 ± 0.3 (d) 28.4 ± 0.8 (c) p < 0.0001
N (mg/g) 6.1 ± 0.3 (a) 5.1 ± 0.4 (a) 9.5 ± 1.2 (b) 13.0 ± 1.4 (b) p = 0.0003
P (mg/g) 0.7 ± 0.1 0.7 ± 0.1 0.7 ± 0.2 0.5 ± 0.1 p = 0.5028
C (mg/g) 440 ± 6 411 ± 5 443 ± 11 467 ± 17 p = 0.2548
Median ± IQ
 C:N 84.8 ± 4.8 (a) 95.1 ± 4.0 (a) 54.8 ± 3.0 (ab) 40.3 ± 2.7 (b) p = 0.0004
 C:P 1,621 ± 92 (a) 1,511 ± 43 (a) 1,670 ± 92 (a) 2,178 ± 147 (b) p = 0.0018
 N:P 19.1 ± 2.4 (a) 15.7 ± 4.4 (a) 28.8 ± 6.4 (b) 54.0 ± 14.6 (c) p = 0.0001

Table 2  Chemical characterization of 48 h leachates

Ammonia (N–NH4), nitrite (N–NO2), nitrate (N–NO3), and phospho-
rous (P–PO4) measured in leaves leachate are expressed as µg nutrient 
per g of dried leaf

Mean ± SE Statistic p value

Ungalled Galled

N-NH4 8.0 ± 2.0 7.0 ± 2.1 W4,4 = 16.0 p = 0.628
N-NO2 0.10 ± 0.04 0.5 ± 0.2 W4,4 = 19.5 p = 0.087
N-NO3 0.8 ± 0.3 1.3 ± 0.6 W4,4 = 25.0 p > 0.999
P-PO4 960 ± 120 350 ± 60 W4,4 = 10.0 p = 0.029

Fig. 1  Consumption related to dry weight (left panel, relative consumption) and to individuals (right panel). Different letters indicate significant 
differences found by Tukey a posteriori test. Vertical bars represent standard error
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Consumer stoichiometry

The two species differed in N and C content (caddis-
fly > amphipod), and in P content (caddisfly < amphipod), 
but there were no differences in N and P between feeding 
treatments (Fig. 2; Table 3). In contrast, C content was 
higher in animals fed on ungalled than on galled leaves 
(421 ± 7 and 517 ± 8 mg C/g DW ungalled fed vs. 407 ± 8 
and 474 ± 11 mg C/g galled in amphipods and caddisflies, 
respectively). While C:N ratios did not differ between 
species nor between treatments (Fig. 3; Table 3), the C:P 
and N:P ratios differed in organisms according to the diet 
(Table 3). The highest C:P was found in the caddisflies 
fed on ungalled leaves and the lowest in the amphipod fed 
on ungalled leaves (Fig. 3). The N:P was also different 
between species according to the treatment (Fig. 3; Table 3). 
The amphipods were balanced with the ungalled leaves 
(N:P =  ~ 20) and increased in N:P when fed on galled leaves. 
By contrast, the caddisflies were highly imbalanced when 
fed on ungalled leaves (N:Pconsumer = 104 vs. N:Pleaf = 17) and 
became more balanced when fed on galled leaves (N:P ~ 60) 
(Fig. 3).

Discussion

We found that (1) galled leaves present a higher N content, 
lower C:N, and higher C:P, resulting in higher fungal bio-
mass; (2) galled leaves were consumed in greater amounts 
than ungalled ones by both the shredder and the collector-
gatherer species; (3) organisms were more homeostatic for 
N than for P, and the differences between species in their 
nutrient requirements led to different responses to the supply 
of a resource enriched in N.

Galled leaves have higher N content, which is consistent 
with the early abscission of the leaves (Blundell and Peart 
2000). The lack of differences between non-infected leaves 
from different types of forests showed that differences in 
elemental composition between galled and ungalled refer-
ence leaves might be due to the presence of the galls and not 
to the forest of origin. Furthermore, whereas galled leaves 
had the most N content, the gall itself had less than the leaf 
itself. One possible explanation is that early leaf abscission 
does not allow the tree to absorb nutrients and larvae in the 
gall consume part of these nutrients. Consequently, naturally 
low P content tended to decrease in the galled leaf. How-
ever, the gall content was comparable to that of the ungalled 
leaf, which might be due to absorption of P in the gall tis-
sue. These results are consistent with the concept that galls 
often act as mobilizing sinks for plant resources (Larson and 
Whitham 1991; Kmieć et al. 2018) and might result in differ-
ential nutrient absorption in Nothofagus species (Diehl et al. 
2003; Bahamonde et al. 2019). On the other hand, higher P 

Fig. 2  Nitrogen (N), phosphorus (P), and carbon (C) content for 
detritivores fed on ungalled and galled leaves. Different letters indi-
cate significant differences found by Tukey a posteriori test. Vertical 
bars represent standard error
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released in leachates of ungalled leaves indicates that this 
element is in a highly soluble form and is rapidly lost when 
the leaf enters the water. Other studies with N. pumilio leaf 
litter from lower latitudes (North Patagonian Andes, 41° S) 
found that they are a substantial source of soluble P to the 
streams (Navarro et al. 2019; Villanueva 2019).

Leaf differences in ergosterol content support our first 
prediction that the early abscission of galled leaves would 
indirectly increase fungal biomass. Although we could not 
identify if the ergosterol was in gall or leaf tissue, we assume 
that the fungi could be in the leaf tissue due to the higher 
N content. Fungi play an important role in changing the 
leaf’s palatability (Graça et al. 1993; Baldy et al. 1995), and 
consequently altering detritivore feeding rates and growth 
(Albariño et al. 2008; Evans-White and Halvorson 2017). 
Leaf colonization by fungi can change detritus elemental 
composition (Danger 2020) and its palatability (Graça et al. 
1993; Baldy et al. 1995), which might be the cause of the 
differences we found in the response of invertebrates (higher 
consumption).

Galling-induced changes to leaf chemistry also had con-
sequences for detritivore consumption and elemental com-
position. Differences in consumption rates expressed as 
body biomass, which were higher for the amphipod, may 
be attributed to differences in mobility, H. curvispina being 
highly mobile and M. hyadesi being less mobile, benthic 
and case-building. Changes in motility and metabolism 
have been associated with different factors affecting inver-
tebrates, such as environmental conditions and predatory 
pressure (Glazier et al. 2011, 2020). In addition, smaller 
non-metabolous invertebrates may exhibit higher N and P 
demands compared to larger holometabolous larvae, with 
greater C demands for lipid storage (Halvorson 2019). Demi 
et al. (2018) suggested that animal growth and secondary 
production regulation might be more sensitive to P than N 
content. In our experiment, the caddisfly larvae responded 
differently from the amphipod to detritus nutrient changes, 
with a stronger response to detrital P than to N.

On the other hand, in contrast to our prediction, both 
detritivores consumed galled leaves more quickly than 
ungalled leaves. Although organisms are expected to 

increase consumption rates to compensate for low food qual-
ity (e.g., Flores et al. 2014), there is also evidence show-
ing increased consumption of nutrient-rich resources that 
might usually be limited for organisms (e.g., Danger et al. 
2013; Evans-White and Halvorson 2017; Halvorson et al. 
2017). In our experiment, the organisms consumed more of 
the resource with higher N and ergosterol content (galled 
leaves) despite higher cellulose and lignin content.

The degree of homeostasis of a given species may depend 
on its feeding habits (Cross et al. 2003; Persson et al. 2010; 
Kendrick and Benstead 2013). Since caddisflies are shred-
ders feeding on leaf fragments and the amphipods are col-
lector-gatherers, we expected the response to changes in leaf 
quality to be higher in the caddisflies. Amphipods “scrape” 
biofilm on leaves and ingest lower C:N and C:P resources 
compared to the leaf litter, while caddisflies “chew” leaf 
litter in bulk and thus feed less selectively on leaf litter 
microbes. The absence of C:N differences and higher C:P 
ratios in M. hyadesi than in H. curvispina confirm previous 
comparisons of shredders and collector-gatherers (Cross 
et al. 2003).

Our experiment revealed that H. curvispina and M. 
hyadesi were not homeostatic in relation to C:P and N:P. 
Both species were affected by the N:P content in leaves, but 
they differed in their responses. While H. curvispina. was 
more balanced with the ungalled leaves and less affected 
by food diet, M. hyadesi was highly imbalanced with the 
ungalled leaves and strongly affected (Fig. 3). The low nat-
ural values of N:P in H. curvispina in comparison to M. 
hyadesi is consistent with Elser et al. (2000), who proposed 
that small-fast growing species are expected to have lower 
N:P ratios than large-slow growing species. Notably, high 
N:P values of M. hyadesi when feeding on ungalled leaves 
were reduced when feeding on galled leaves, the resource 
with higher N:P. Although this result is counterintuitive, 
other studies (Halvorson 2018) found that the response to 
detrital nutrient improvement was driven by greater con-
sumption rates but lower assimilation efficiencies on higher 
nutrient detritus. The caddisflies might be experiencing 
internal regulation and differential elimination of elements 
(N), which decreased N:P.

Table 3  Results of the two-way 
ANOVA for the comparisons 
of the elemental N, P, and C 
content and molar ratios for 
species (Hyalella curvispina 
and Monocosmoecus hyadesi) 
fed on ungalled and galled 
leaves

Statistic parameters and p value are separated for treatments and species. Significant effects of individual 
factors or interactions between species and treatment are indicated in bold letters

Feeding treatment Species Interaction

N F1,8 = 0.89, p = 0.3712 F1,8 = 9.06, p = 0.0168 F1,8 = 0.67, p = 0.4389
P F1,8 = 0.78, p = 0.4015 F1,8 = 21.84, p = 0.0016 F1,8 = 4.04, p = 0.0799
C F1,8 = 9.43, p = 0.0153 F1,8 = 73.62, p < 0.0001 F1,8 = 2.30, p = 0.1681
C:N F1,8 = 0.02, p = 0.8920 F1,8 = 0.03, p = 0.8787 F1,8 = 0.14, p = 0.7250
C:P F1,8 = 139.58, p < 0.0001 F1,8 = 2,416.28, p < 0.0001 F1,8 = 350.28, p < 0.0001
N:P F1,8 = 0.3512, p = 0.5698 F1,8 = 446.78, p < 0.0001 F1,8 = 52.34, p < 0.0001
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Halvorson et al. (2015) reported that another caddisfly 
species that fed on oak litter exhibited flexible body C:P 
during growth and in response to altered C:P diet, low P 
incorporation efficiencies, and P excretion at peak growth. 
High N:P ratios are common in slow developing taxa (Beck 
et al. 2021). In particular, although there are no studies on 
the life history of M. hyadesi, the large body size in compari-
son with other insect larvae would indicate that this is a slow 
growing species. This would also explain the lack of measur-
able growth after 4 weeks of the experiment. Evans-White 
et al. (2005) and Beck et al. (2021) also reported that amphi-
pods usually have lower N:P values than caddisflies. Beck 
et al. (2021) also found a relation between N:P of the entire 
invertebrate community and N:P in stream water. Although 
we did not measure N:P in the stream community, the high 
values of N:P in the streams could also explain the high 
N:P values found in both detritivores. Therefore, caddisflies 
might be able to reduce their C:P and N:P ratios by consum-
ing higher fungal biomass and nutrients in galled leaves.

In the present study, we evidenced the stoichiometric 
changes in benthic organisms as a consequence of the varia-
tion in the quality of the resource subsidies. These changes in 
the quality of resources are due to the action of gall forming 
herbivores on leaves from headwaters stream riparian areas. 
These resource subsidies from the terrestrial environment to 
streams greatly contribute to detritivores and aquatic food 
webs at least during part of their life cycle (Polis et al. 1997; 
Richardson and Sato 2015). Thus, changes in the quantity or 
quality of terrestrial inputs can affect the energy, carbon and 
nutrient budgets (Polis et al. 1997; Collins et al. 2016) with 
consequences in population size and production and ecosys-
tem functioning (Stoker et al. 2017; Halvorson et al. 2018, 
2019). In turn, the close association and reciprocal depend-
ence between streams and the riparian forest will generate 
a cross-resource subsidy between both systems (Klemmer 
et al. 2020; Tolkkinen et al. 2020), with allochthonous mate-
rial due to the presence of galls affecting detritivores’ food 
quality and emerging invertebrates subsiding the terrestrial 
environment. Although this study focused on the two most 
abundant detritivores, other detritivores might change their 
consumption and/or their stoichiometry in a different way. 
Consequently, changes transferred to terrestrial habitats from 
benthic caddisflies might reflect only one part of the com-
plete scenario. Thus, although a broader scale experiment is 
needed, the chemical changes in leaves due to galling might 
also generate consequences in benthic community structure 
(i.e., fungi and invertebrates) and ecosystem function (i.e., 
leaf litter decomposition rates) (LeRoy et al. 2020).

In conclusion, through this study, we highlight the influ-
ence of galls on two aquatic detritivores and evidence the 
importance of cross-ecosystem resource subsidies in head-
water streams. Considering that galls´ influence reach up to 
44% of leaves depending on trees species (Quintero et al. 

Fig. 3  Detritivore C:N, C:P and N:P ratios as a function of leaf C:N, 
C:P and N:P ratios. Squares represent caddisflies; triangles, amphi-
pods. Grey colour indicates galled fed and white ungalled fed organ-
isms. Bars represent standard error for both variables
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2014; Altamirano et al. 2016) and that this proportion may 
increase in the future (e.g., due to temperature increase or 
deforestation; Garibaldi et al. 2011; Mazía et al. 2012; Quin-
tero et al. 2014), it is considered relevant to evaluate how 
this resource might generate cascading effects on “brown” 
detritus-based aquatic food webs.
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