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Articles  

Flow regime alteration degrades ecological 
networks in riparian ecosystems 
Jonathan  D.  Tonkin  *, David. M. Merritt1 2, Julian D. Olden 3,  Lindsay  V.  Reynolds 2 

and David A. Lytle 1 

Riverine ecosystems are governed by patterns of temporal variation in river flows. This dynamism will change due to climate 
change and the near-ubiquitous human control of river flows globally, which may have severe effects on species distributions 
and interactions. Weemployed a combination of population modelling and networktheory to explore the consequences of pos-
sible flow regime futures on riparian plant communities, including scenarios of increased drought, flooding and flow homogeni-
zation (removal of flow variability). We found that even slight modifications to the historic natural flow regime had significant 
consequences for the structure of riparian plant networks. Networks of emergent interactions between plant guilds were most 
connected at the natural flow regime and became simplified with increasing flow alteration. The most influential component of 
flow alteration was flood reduction, with drought and flow homogenization both having greater simplifying community-wide 
consequences than increased flooding. These findings suggest that maintaining floods under future climates will be needed to 
overcome the negative long-term consequences of flow modification on riverine ecosystems. 

Thefundamentalhuman demand for fresh water hasresultedin 
the dramatic transformation of rivers throughout the world1. 
Dams, diversions and numerous other forms of infrastructure 

have enabled water flows to be controlled for human use, resulting 
in the dampening or elimination of flooding and other ecologically 
important aspects of flow regimes2,3 (see Table 1 for the definition 
of the natural flow regime).Such effects threaten riparian ecosys-
tems4,5 and compromise many functions and services supported by 
these ecosystems, including the regulation of thermal regimes and 
water quality, flood attenuation, contribution of carbon to aquatic 
food webs, and the provision of wood and physical habitat structure 
along the terrestrial–aquatic interface6. These stressors to riparian 
ecosystems are exacerbated by climate change, which threatens to 
increase flow intermittency7 and modify species distributions and 
interactions via drought intensification in many regions globally8,9. 
What has emerged is a clear need for robust forecasting of how 
riparian ecosystems will respond to changing flooding and drought 
conditions over long timescales10. 

Riparian ecosystems have evolved in the context of naturally 
recurring cycles of flooding and drought11. Thus, alterations to 
species interactions caused by novel climate and flow regimes 
are feared to contribute to the collapse of previously robust and 
resilient communities12. Ecological network theory provides new 
opportunities to achieve a deeper, more holistic understanding of 
how organisms interact with each other and their environments13. 
However, while the effects of altered network structure on the 
functioning of ecosystems has been well explored14,15, we know 
less about the effects of environmental change on the structure of 
ecological networks16 (but see ref. 17). Despite the potential of net-
work theory to enhance our understanding of how communities 
arestructured, thereremainsadisconnectbetweenmodellingthe 
dynamics of entire communities and the relative roles of individ-
ualspeciesorfunctionalgroupingsofspeciesinthesenetworks18, 

and how these roles vary through space and time with various sce-
narios of environmental change16. 

Here, we quantify the community-wide consequences of chang-
ing flooding and drought regimes on riparian plant communities. 
By focusing on five riparian plant guilds (groupings of species with 
similar life histories and vital rates19) that constitute riparian assem-
blages across a wide variety of rivers worldwide, our investigation 
occurs in the western US but is emblematic of dominant trait syn-
dromes in dryland regions. These guilds encompass hydroriparian 
pioneer trees (HT), xeroriparian pioneer shrubs (XS), hydroriparian 
pioneer shrubs (HS), mesoriparian meadow species (MM) and des-
ertshrubs (DS) (Table1).Usingthese drylandriparianplants with 
empirically derived biotic information for six stage classes (Fig. 1), 
we employ a modelling framework based on stochastic, coupled 
structured population models10. The model uses fundamental vital 
rates to explore ecological futures across a spectrum of possible flow 
regimes for a snowmelt-driven river in the western US, a region pre-
dicted to have a future with reduced runoff and altered flowregimes 
under climate change20. By combining stage-specific responses of 
plant guilds with specific attributes of a river hydrologic regime, the 
model enables a mechanistic approach to understanding the non-
stationary effects of climate- and human-driven changes to the flow 
regime on riparian communities. 

Weemployed network theory as a way to visualize and quan-
tify these consequences, as it provides opportunities to understand 
how groups of organisms interact with each other under different 
environmental contexts and allows the exploration of how effects 
propagate throughout complex systems13. Here, riparian plant net-
works were constructed from models, where we quantified interac-
tion strengths and formed network links by using a new form of 
multi-guild sensitivity analysis (also termed sensitivity networks10; 
Supplementary Fig. 1). In these networks, nodes represent life-his-
tory stages of differentplantguilds,and linksbetweentwonodes 
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Table 1 | A glossary of  important terms  
c ategory   Term  Defnition  
general terms  

Changepoint  A location in the data where the statistical properties of a sequence of observations  change.  

The natural  flow  
regime  

The recorded historical pattern of floods and drought, characterized by timing, frequency, magnitude, duration and 
interannual variability of  flows1.  

Plant  guilds  
Desert  shrub  Drought-tolerant, flood-intolerant, upland shrub (such as woody  Artemesia  species).  

Hydroriparian  pioneer  
shrub  

Flood-adapted, drought-intolerant, phreatophytic species with shrub growth forms and flexible stems that have  
high water requirements and  exist  relatively close  to the stream channel with similar recruitment  requirements  to a  
hydroriparian pioneer tree (such as shrub  Salix  species).  

Hydroriparian  pioneer  
tree  

Long-lived, flood-tolerant, phreatophytic tree species that recruit  onto bare, moist substrate near the stream  
channel following floods (such as Populus, Alnus  and Eucalyptus  species).  

Mesoriparian  meadow  
species  

Facultative  phreatophytic  species  with less-restrictive  water  requirements  and  tolerance  of  exposure to  brief 
drought  conditions  (such  as  wetland  grass  and  forb  species).  

Xeroriparian  pioneer  
shrub  

Drought-tolerant, facultative phreatophytic plant species that require some flooding for regeneration but whose 
adults can tolerate periods of  extended drought (such as Tamarix  species).  

Networks  
Degree  The number of links connected to  the node. These can be broken down into the number of  inbound, outbound and

mutual  links.  
 

Keystone  node  Nodes that had large effects on the overall network, shown by substantial  links out to other nodes. Changes in vital  
rates of  these  keystone nodes affected a disproportionate number of other nodes in the  network.  

Mutual  node  Nodes that played a  key reciprocal role in the network by representing important bidirectional associations akin  to 
compensatory  dynamics.  

Network  A collection of  connected objects (nodes). Connections are formed by links.   

Network  connectance  The ratio of  the number of  links  in the network  to the  total number of possible  links.  

Network  link  (edge)  A connection between each  of the nodes. Links represent emergent competition for space in  the riparian   
landscape. Rather than in situ observed interactions, these represent  emergent interactions between guilds, arising  
from the model results, through a shared dependency on finite space.  We  employed sensitivity analysis to infer  
interaction strengths within and among guilds, and used these values to build a competitive network (see Methods 
for details). Networks were  therefore not defined a priori, but arose from population dynamics.  

Network node (vertex) An  object  in the network. Here a node is a single stage of a given guild. There are 6 stages for each  of the 5 guilds   
(30 nodes in  total).  

Network  reciprocity  The proportion of mutual or two-way links, where one node affects another node and is affected in  return.  

Network  robustness  A measure of the tolerance  of a network to perturbations, such as  extinctions. This is commonly measured by 
examining the network-wide effects  of node  deletion.  

Passive  node  Nodes that had more  links in than out and thus responded to, rather  than influenced, other nodes in the  network.  

are formed based on model sensitivity analysis; that is, a link is 
drawn when a small change in the vital rate of one node (in this 
case, flood susceptibility) significantly affects the abundance of 
anothernodeinthenetworkasmediatedbycompetitionforfinite 
space. By simulating ecosystems under a diverse range of flow mod-
ification scenarios from natural to extreme flooding, drought, and 
flow homogenization (Fig. 2; see Methods), this work uses network 
theory to identify alternative potential futures where climate- and 
human-induced changes lead to significant shifts in the structure of 
ecological communities. 

Results and discussion 
Changingflowconditionsledtosubstantialshifts inripariannet-
work properties according to the modelling results, including the 
number of nodes and links, network connectance, and reciprocity 
(see Table 1 for definitions). Here, nodes represent the six life-his-
tory stages of the five plant guilds, and links represent a significant 
cross-guild sensitivity (small changes in a vital rate of one node 
significantly alters abundance of another through a shared depen-
dency on finite space). Therefore, links were not defined apriori, 
but arose through population dynamics resulting from the models. 
Increasing the frequency of drought years relative to flood years 

led to a simplification of ecological networks (Figs. 2 and 3 and 
Supplementary Figs. 2 and 3). By contrast, increasing flood year 
frequency (the frequency of years over the time series that were 
defined as flood, rather than drought or non-event years) had a 
less pronounced effect on network completeness and connectance. 
The greatest simplifications (with significant changepoints, which 
represent locations in the datawhere thestatistical propertiesof a 
sequence of observations change; Table 1) were observed for the 
numberofnodeswithincreaseddrought,andthenumberof links 
with both increasing drought and flood years (Fig. 3). 

Networks weremost connected for hydrographs(arecordofriver 
discharge over time) similar to the natural flow regime (Table 1), 
probably due to the fact that species comprising these guilds had 
evolved under these flow conditions11. Although the number of 
nodes in networks peaked near the natural flow regime and pla-
teaued with increasing floods, network connectance and reciproc-
ity declined at high flood year frequencies (Fig. 3). High network 
connectance and reciprocity indicate the existence of compensatory 
population dynamics, which confer resilience to flood or drought 
disturbances21 and can stabilize communities in the presence of 
perturbations22. This demonstrates that if one community mem-
berexperiencesadeclineinavitalrateordensitythroughexternal 
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Fig.  1  |  conceptual  diagram  outlining  the  workflow  used  in  the  analysis,  from  data  collection  to  projection.  The  workflow  followed  four  main  steps  (left 
to  right):  data  collection  (such  as  the  estimation  of  guild  vital  rates  from  field  data  and  experiments,  or  hydrograph  data);  model  building  and  analysis  
(matrix population model, or sensitivity analysis); network analysis; and projection and  simulation across a range of altered  flow regimes. We used iterated  
sensitivity analysis  to quantify interactions between members of the community and form networks. The effects  of flow alteration on networks were  
explored by projecting ahead 250 years. See Methods for full details. cfs, cubic feet per second.  

         
  

 
           

  
 

  
          

  
    

         
  

         
        

          
  

   
          

 
           

 
           

        
           

       
           

         
          

   
 

           

  
 

         
  

         
            
         
       

          
        

  
           
         

         
 

           
          

         
    

         
          

         
          

        
        

  
         
         

         
         

           

   

  

 

     
 

stressors, others (not experiencing such decline) will respond by 
taking its place, a beneficial phenomenon for overall biodiversity 
and ecosystem functioning. Network connectance also influences 
the stability of communities inwaysthataffect the long-term per-
sistence of particular community types14,23–25. Connectance plays a 
fundamental role in the maintenance of biodiversity, with highly 
connected communities being more robust to species losses in 
food webs15 and more resistant to invasion by non-native species26. 
Losses of interactions can also be precursors to future biodiversity 
loss27. Therefore, the simplification of networks, particularly with 
increasing drought, which is predicted to increase widely over the 
next century28, may predispose networks to collapse12. In sum, the 
highly connected networks that we observed under natural flow 
regime conditions could represent communities that are evolution-
arilyoptimizedtothe flowcomponents associated with such natural 
or historic conditions. 

Flow homogenization (stable base-flow and reduced flood 
events, often the result of dam operations) caused network sim-
plification similar to that observed under drought scenarios, 
reflecting the central role of floods in dryland rivers (Fig. 2 and 
Supplementary Figs. 4–6). Flow homogenization considerably 
influences the resident biota of rivers29, and can directly affect the 
riparian community through reduced water availability, changes in 
the timingof availability,andlack of flood scouringnecessaryfor 
seedling recruitment30. Preserving or restoring key components 
of the natural flow regime, such as flooding, should therefore be 
a high priority for river managers. Our results and mechanistic 
modelling approach, which can be tailored for target species, com-
plements an existing literature on experimental flows31. Together, 
these provide the tools required for managers to design pre-
scribedflowreleasestomaximizethebenefitsfortargetspeciesor 

overall emergent community properties, such as our metric of 
network connectance. 

The natural flow regime has been severely modified in many 
river systems through human activities such as dam construction 
and management for hydropower and water storage and diversion, 
but components of the flow regime are expected to shift under even 
the most conservative of climate change scenarios7,32. The results of 
our drought and homogenizationscenarios indicatehow influential 
these environmental changes can be on the organization of river-
dependent communities.Byincorporatingriparianplant guilds that 
occur in dryland river systems worldwide33,34, these results apply 
beyond our study system. The particular relevance of the results to 
drylandregions explainswhyscenariosinvolvingelevatedfloodfre-
quency were less problematic than the outcomes involving reduced 
flooding. Although increasing flood frequency is just one of many 
predicted changes for the study region, our results help to demon-
strate the importance of preserving floods in dynamic river systems. 
In regions that are less water-scarce, increased flood frequency and 
magnitude (disturbance rather than water availability) may cause 
more dramatic shifts in riparian ecosystems35,36. Thus, the wide-
spread nature of flow-altering dams4, the pervasive threat of future 
damming worldwide3, and the adaptation of many riverine organ-
isms to specific attributes of the natural flow regime11, highlight 
the concerning nature of the demonstrated network-wide effects 
of flow modification on these individual species, communities and 
riparian ecosystems overall. 

The role of individual nodes within networks revealed guild-
specific responses to altered flow conditions. By examining how 
guild interactions (links in the network) changed in response to 
hydrology, we identified three distinct node types based on their 
degree (number of links per node) within the network. Rather than 
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Fig. 2 | examination of riparian plant networks across a spectrum of possible flow regime futures. a, The network simulated according to the natural 
flow regime. Nodes on the outside of the circle represent the 30 members of the network (5 guilds, 6 stage classes; colour-coded by guild; size scales with 
abundance) and links represent significant interactions (see Table 1; width = relationship strength; colour matches source node; links are directional). Node 
order is consistent across networks and all nodes are shown, even if unconnected. The labels on the nodes represent the guild and its stage class (HT, 
hydroriparian pioneer trees; XS, xeroriparian pioneer shrubs; HS, hydroriparian pioneer shrubs; MM, mesoriparian meadow species; DS, desert shrubs). 
b, Examples of networks at a range of altered flows. Scenarios 1–6 represent the position of networks in this flow-space and correspond to the numbers in 
the central flow-space graph (for example, ‘1’ is an extreme flood scenario and ‘3’ is extreme drought). Three year types are possible in the model: flood, 
drought and non-event (flow homogenization), and we ran scenarios from the natural flow regime (56.6% flood years) to the extremes of these year types, 
as shown in the flow-space plot. All simulated scenarios (open circles on the flow-space) are shown in relation to natural flow regime (filled circle). See the 
Supplementary Information for the complete range of networks (directional and bidirectional) and see Methods for details. 

defining interactions a priori, guild interactions emerged from the 
model viasensitivityanalysis,asadirectresultof ashareddepen-
dency on finite space. Keystone nodes18,27,37 were those that had 
large effects on the overall network, shown by substantial numbers 
of links outbound to other nodes (Table 1, Fig. 4 and Supplementary 
Fig. 7). Mutual nodes played a key reciprocal role in the network, by 
harbouring many bidirectional links, akin to compensatory dynam-
ics21. By contrast, passive nodes were those that responded to, rather 
than influenced, other nodes in the network through receiving 
many inbound links (Table 1). Keystone nodes were most prevalent 
in reproductive guild stages, and non-reproductive stages tended to 
function as passive nodes, having little influence on other stages or 
guilds. 

Adult hydroriparian pioneer trees and xeroriparian pioneer 
shrubs functioned as keystone nodes at or near the natural flow 
regime, and declined with both increasing and decreasing flood 
frequency. Hydroriparian pioneer shrubs, on the other hand, are 
the dominant riparian guild in many temperate and mesic regions 
globally38–40, and became keystone nodes at high flood frequency 
scenarios (Fig. 4). Thus, the model identified critical hydrologic 
thresholds where alteration to river hydrology caused a change in 
the identity of the keystone riparian guild. Hydropriparian trees 
(such as Populus spp., Alnus spp. and Eucalyptus spp.) and hydrori-
parian shrubs(suchas Salixspp.)arecritical components of ripar-
ian plant communities and riparian habitats worldwide. These 
flood-adapted, phreatophytic woody species provide ecosystem 
services such as habitat for riparian wildlife, flood mitigation and 
bank stabilization, modification to microclimate conditions by 
cooling and increasing humidity, and nutrient cycling39. In riparian 

ecosystems globally, there are woody species, both trees and shrubs, 
that perform keystone roles in riparian communities, including 
black poplar (Populus nigra) in Europe, river red gum (Eucalyptus 
camaldulensis) in Australia, and cottonwood species (Populus spp.) 
in North America41–43. With the loss of native hydroriparian shrubs 
and trees due to changes in flow regimes, there are often shifts to 
more xeric and upland species and decreases in riparian habitat 
quality and complexity33,44,45. These effects,however, depend largely 
on the baseline hydrologic setting of a river46. 

The model was sensitive to scenarios where small changes to the 
flow regime led to substantial reorganization of networks and shifts 
in the stage-specific ecological role of guilds. Network connectance 
has been shown to be generally well conserved and insensitive 
to changing environmental conditions in ecological networks47. 
However, we observed changes in network connectance across the 
spectrum of flow regime scenarios. Under the increased-drought 
scenario, relatively small increases in drought frequency led to 
increases in the number of outbound links for xeroriparian pio-
neer shrubs, particularly for reproductive stages (stages 4–6; Fig. 4). 
However, the overall relative space occupied by all stage classes 
increasedsimilarly forxeroriparianpioneershrubs (20.7 to24.1% 
of K; 95% confidence intervals (CIs) (17.1, 24.3) and (20.9, 27.4), 
respectively) and hydroriparian pioneer trees (33.4 to 36.7% of K; 
95%CIs(29.8,36.9)and(33.5,39.8),respectively),withasmallshift 
to drier conditions from the natural flow regime (56.6% to 45.7% 
flood years). Increasing drought frequencies can lead to loss of the 
unique ecosystem structure and services that distinguish ripar-
ian ecosystems from surrounding uplands. Due to available space 
opening up in increasingly flood-free conditions, the degree of 
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Fig.  3  |  Summary  metrics  of  full  ecological  networks  spanning  the  spectrum  of  flow  extremes  from  extreme  drought  to  flood.  See  Table  1  for  definitions  
of terms. Network metrics were calculated only on nodes  that were connected; that is, isolated nodes in Fig.  2  were not  incorporated into networks,  but  
unconnected does not mean extinct.  Trend lines represent locally weighted smoothing (LOESS) fits, accompanied by 95% confidence  intervals (shaded 
areas). The natural flow regime is shown as the dotted line. Dashed lines represent significant  changepoints in the series. We limited the search for  
changepoints to a maximum of one per scenario (that is, natural flow regime to each of the three extreme flows). Each point represents an approximately 
1.5% change in the frequency of flood and drought years. ‘Flood years’ are years when the  peak discharge exceeds 280 m3 s−1. See the Supplementary 
Information for  homogenization scenario results.  

each node was lower than more natural or flood-dominated condi-
tions, which was true even for the drought specialist desert shrub. 
Increasedfloodfrequency,however,shiftedthecommunitytowards 
guilds more tolerant of wet conditions, with stages five and six of 
flood-tolerant hydroriparian pioneer shrubs being keystone nodes 
in flood-dominated conditions. The overall space occupied by all 
hydroriparian pioneer shrub stages reflected this dominance when 
moving from natural flow conditions to slightly wetter conditions 
(63.8% flood years; 43.1 to 51.0% of K; 95% CIs (34.8, 51.4) and 
(43.6, 58.4), respectively). By contrast, the desert shrub guild played 
little role in any network other than being a passive responder, dom-
inating only under the most severe drought conditions in response 
to the decline of other river-dependent guilds48. Such terrestrializa-
tion has been demonstrated in response to groundwater depletion 
linked to streamflow alteration in a number of studies48,49. 

conclusions 
Network connectance declined with increasing flow alteration. 
River-dependent communities have evolved over millennia and 
have been tailored by natural selection to the volume and seasonal 
variability in natural flow regimes11. Examining how ecological 
networks change across a spectrum of environmental conditions, 
weshow thatmoving even modestly away from this natural flow 
regime can have detrimental effects on the organization of ecologi-
cal networks, and conversely, how minor adjustments in managed 
flow regimes may restore necessary flow components for riparian 
ecosystem functioning (Fig. 3). Highly connected networks repre-
sent communities that are optimized at these conditions, having 
evolved mechanisms to enable persistence in the face of a wide vari-
ety of perturbations including and beyond flow regime dynamics. 
Connectance has implications for community stability14,23–25, robust-
ness12,15 and resistance to invasion26; and here indicates the presence 
of compensatory dynamics stabilizing aggregate community prop-
erties22. Being able to explore and visualize the consequences of a 
changing environment on the structure and emergent properties of 

highly complex ecological communities, and identify and predict 
the specific environmental conditions that enable a particular guild 
to perform a keystone role in the community, highlights the benefits 
of the mechanistic and network-based approach employed in the 
present study. 

Keystone status is affected by changes to the natural flow regime.
Removing floods, in particular, led to a loss of keystone status of 
hydroriparianpioneertrees.Lossofkeystoneguildsleadstochanges 
in fundamentally important ecosystem services, such as habitat 
provision for riparian wildlife, flood mitigation and bank stability, 
microclimatic regulation, and nutrient cycling39. Conversely, under 
scenarios of increased flooding, thekeystonestatus ofhydroriparian 
pioneer tree was replaced by hydroriparian pioneer shrub. Because 
these two guilds havedifferentedaphicrequirements and ecological 
roles, it is important topredictwhichguildswill functioninakey-
stone role under future flow regimescenarios.Thus, our network 
analysis facilitates proactive management for species and life stages 
of interest under futurescenarios. 

Floods are fundamental to the maintenance of complex ecologi-
cal networks. Floods, despite their negative effects on human infra-
structure, are associated with many beneficial and necessary processes 
thatenhancethediversityofriverinesystemsandtherobustnessand 
resilience of ecological networks. Although much focus has been on 
drought, flow homogenization (due to damming) may be equally det-
rimental to riparian communities. Therefore, managers should strive to 
preserve or restore natural flow dynamics, particularly floods, as a vital 
driver of the ecology of rivers31.Throughconnecting flood anddrought 
distributions directly to complex multi-guild networks, our modelling 
approach highlights the consequences of future climateson riparian 
networks.Such a mechanisticmodelling approach allows us to fore-
cast the nonstationary effects that climate change is expected to impose 
on future river flow regimes, and equips managers seeking to mitigate 
these impactsbyenablingdetailed projections of potentialflowfutures. 
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Fig. 4 | Degree (number of links connected to thenode)of eachnetwork node in relation to flow state. All five guilds (as rows), each with six stage 
classes (as columns 1–6) are shown. Scenarios were run from 100% drought years to 100% flood years (through the natural flow regime, indicated as the 
dotted line). Inward, outward and mutual relationships are shown. Trend lines represent LOESS fits. Each point represents an approximately 1.5% change 
in the frequency of flood and drought years. ‘Flood years’ are years when the peak discharge exceeds 280 m3 s−1. See the Supplementary Information for 
homogenization scenario results. 

Methods 
Study guilds. Weexplored population dynamics in fve riparian plant guilds that 
represent riparian assemblages across a wide variety of locations: hydroriparian 
pioneertree(HT),xeroriparianpioneershrub(XS),hydroriparianpioneershrub 
(HS),mesoriparianmeadowspecies(MM),anddesertshrub(DS)(Table1). 
Tese guilds represent fow-response guilds19: groups of plants with similar 
morphological and physiological traits and therefore responses to water availability 
and fuvial disturbance. 

Experimental design and model structure. We employed a stage-structured 
coupled stochastic population model to explore scenarios of the flow regime 
spanning extreme drought to extreme flood frequencies, as well as flow 
homogenization (Fig. 2). Our approach followed a general modelling framework 
published previously10. The model allows guilds of species that share similar vital 
ratestosimultaneouslyoccupyadynamicfloodplainzone. Aguild j isdescribed 
byastage-basedmatrixNj(t+1)=Aj(t)Nj(t),whereNj(t)isavectorcontaining 
stageabundances and Aj(t) is asetof transition matrices that fluctuate according 
to variation in the hydrograph. Population dynamics of each guild are determined 
primarilybyhowtheirvitalrateparameters(mortality,fecundityandself-

thinning) are affected byflooding and drought. Detailed definitions ofvital rate 
parameters for a subset of the guilds have been published previously50. All analyses 
were performed in R3.2.351. 

Each of our study guilds comprised six stage classes from seedling to 
reproductive adult10, and are hereafter referred to as network nodes (vertices; 
n=30). Weobtained vital rates for the five guilds from a variety of sources, 
including field studies and historical aerial photographs10,50. While these vital rates 
weregatheredforaspecificsiteandsuiteofspecies,theguildapproachenables the 
transferabilityofmodellingapproaches between systems and regions. 

The model operates at the reach scale, with total potential floodplain habitat, 
K, representingthemaximumspace available foroccupation. Floods, droughts, 
and senescencecanreducethepopulationsize ofguilds throughinteractingwith 
their vital rates, in turnopeningspace for recruitment in the next cycle. The model 
keeps K constant across years, but changing river dynamics are accounted for 
broadly through the spatially implicit natureof the model50. That is, the spatially 
implicit structure allows examining population dynamics without needing an 
understandingofthespatialdynamicsofvegetationorrivergeomorphology10,50. 

Weused 83years ofhydrographdata from the undammedYampaRivernear 
Maybell,Colorado,USA(USGeologicalSurveygagenumber09251000).Basedon 
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river geomorphology, years when peak discharge exceeded 280m3s−1 were flood 
years, and years in which floods remained below 210m3s−1 were drought years. 
Yearsfallingin betweenwereconsiderednon-eventyears. Matrix projectionwas 
accomplished in annual time steps. Toproject the model forward in time, a year 
was drawn at random from the time series and the corresponding flow metrics 
werecalculatedforthatyear (flooddeclinerate, timing,andwhetheritwas aflood, 
drought or non-event year). In flood or drought years, all guilds were subject to 
guild-specific flood or drought mortality, respectively, in addition to baseline 
transitionprobabilities.Giventhestrongrolethatpredictabilityoftemporal 
environmental fluctuations can have on biodiversity52, an interesting phenomenon 
toconsiderin futureexpansions of this approachis the role of temporalclustering 
of river flow regimes that incorporate supra-annual climatic cycles. 

Sensitivities and network analysis. Weused model iterated sensitivity analysis 
to quantify how small changes in a vital rate (flood susceptibility vital rate, in 
this case) of one node affects all other nodes within the community. Weused 
iterated sensitivity analysis because it is not possible to obtain an analytical 
sensitivity from a stochastic, coupled structured population model except under 
limited circumstances. Iteratedsensitivityanalysis approximatestakingthe 
partialderivativeofapopulationvariatewithrespecttotheparameterofinterest. 
Thisapproachdiffersfromthoserelatedtothe'Community'matrix(orother 
Jacobian matrices), where interaction strengths represent functional relationships 
underlying species interactions, and 'Net Effects' matrices (negative inverse of the 
Jacobian matrix) in turn enable quantitative predictions of effects of perturbations 
to one species on all others in the matrix53. 

Wechanged a given vital rate in increments of 0.001 on either side of its actual 
value for a total of 20 increments. The model was then projected 250years into the 
futureforeachiteratedstep,andpopulationsizesforeachnodewereaveragedfor 
the final 100years (150–250) and recorded. Each of these steps was repeated 1,000 
timestoestimatetherepeatabilityofagiveneffect.Theentireprocesswasrepeated 
for each of the flow alteration scenarios (Fig. 1). We calculated sensitivity as the 
slopeoftheregressionlinebetweenthegivenvitalratevalue(20incrementalsteps) 
andtheaveragenodepopulationsize.Sensitivitieswerecalculatedforallpairwise 
nodecombinations withinthe network. This allowedthe calculation ofstandard 
sensitivities(theresponseofaguildtoachangeinoneofitsown vitalrates)as 
wellas cross-guildsensitivities (theresponseofone guildtoachangeinavital rate 
of another guild, as mediated bycompetition for available space). For example, 
changesinabundanceofaguild,as aresultofincreasedsusceptibilitytoflooding, 
can haveacascading effect through the ecosystem byopening space for another 
guild to establish after a recruitment event. Considering this is a hydrograph-
drivenmodelandthe factthattheseriparianplantsareinherentlylinkedtofloods, 
the choiceofthe flood susceptibility vital rate was clear,butothervital ratescould 
also be used to form networklinks when examiningother systems or particular 
management objectives. 

Cross-guildsensitivitieswereusedtocreateecologicalnetworks,wherewe 
quantified the effects of changes to each node’s vital rate on abundances of all 
others in the river reach (also termed sensitivitynetworks10). Alink (edge) was 
created between two nodes only where aclear linearrelationship was present. 
These interactions emerge through indirect competition for space on the 
landscapeaseachguildoccupiesaportionofK,thetotalamountofriparian 
habitatavailabletoallguildsinagivenriparianreach. Occupyingspacemakesit 
unavailablefornewrecruitmentforanotherguild,therebyaffectingeachother’s 
population dynamics. Weused a cutoff of R2 ≥0.30 and P<0.01 for sensitivities 
tobeincludedaslinks. Thus, whileaspecies maystillbepresent inacommunity, 
it was not included as a node in a network if it had no interactions meeting this 
criterion. For specificrelationshipsdiscussedinthetext,wealsocalculated95% 
confidence intervals on the simulated data to determine differences in abundances 
of particular guilds under differing flow regimes. We compiled networks using 
the‘graph.data.frame’functionintheigraphRpackage54.Anexampleoftheraw 
cross-guild regression relationships (at the natural flow regime) that were used to 
compile networks is given in Supplementary Fig. 1. 

Weanalysednetworkpropertiesbycalculatingthenumberofnodesandlinks, 
theirconnectance (theratio ofthenumber of links tothe maximumpossible 
number of links), and reciprocity (the proportion of mutual links; where there is a 
two-way relationship). Depending on the scenario, stage classes of particular guilds 
mayhavebeenpresentinverylowabundancesduringthefinal100-yeardata 
collectionperiod,andpotentiallyonlybriefly.Thus,whileweincludedallnodesin 
thegraphsforvisualization,wecalculatedmetricsonnetworkswithunconnected 
nodes (where there were no sensitivity relationships that met our criteria) removed. 
That is, weconsiderednon-linkednodes asnon-members forthispurpose. 
Therefore, missingnodes arethose that arenolongerlinkedwith anyothernodes 
inthe network, based onourcriteria of a significant interaction, and node number 
candrop below 30, despite lack of local extinctions. Wealso examined the degree 
(numberoflinksconnectedtothenode,orhowwellconnectedthatnodeis in 
the network) of each guildstageclass inthe model. Wecalculated links out from a 
node and into a node, as well as bidirectional links. 

Networkswere compiled forthe full suiteof flowscenarios spanningfrom 
thenatural flowregime to 100%drought years, 100%flood yearsand100%non-
event years. Thus, the entire process of model runs, network building and network 
analysisdescribedabovewas repeated ateachflowregimescenario(Fig. 1). Vital 

rates were heldconstant across all flow regime scenarios(our goal was tosimulate 
ecologicalratherthanevolutionarydynamics),buthydrographparameterswere 
allowedtovaryacrossanarrayofflowregimescenarios.Forthisanalysis,we 
exploredthesensitivityofnetworks tochanges inonevital rate at time; wedid not 
explore the possibility of multiple vital rates changing simultaneously. To simulate 
increasedflood(ordrought)frequency, wesuccessivelychanged 2ofthe83 gauge 
years so that eventually all of them became flood (or drought) years (42 iterations 
in total for the 100%drought to flood scenario). Tosimulate flow homogenization 
due to damming, we successively changed year types, starting at natural flow 
regime frequency, until all of them became non-event years. Although our 
simulationswerelimitedtomodificationofthefrequencyoffloods and droughts, 
the core matrix model incorporates and varies other aspects of the natural flow 
regime dependingonthe year drawn fromthe flow vector (duration, timing, and 
interannualvariability; magnitude is fixedas athreshold function). Thus, it isalso 
possibletoexamine thenetwork-wideeffectsofshiftsinthetimingandduration of 
floods using this approach. 

Toexaminewhetherthresholdsexistedinnetworkpropertieswithaltered 
flowscenarios, wetested forchangepoints in thedata. These represent precise 
locationsintheordereddataserieswherethestatisticalpropertiesofasequence 
of observations change. Wesearched for single changepoints in the mean (‘cpt. 
mean’function)movingfromthenaturalflowregimethroughtoextremeflood, 
droughtandnon-eventscenariosusingthechangepointRpackage55.Todothis,we 
used the ‘atmost one change’ (AMOC) method and the MBIC (modified bayesian 
information criterion) penalty. 

Life Sciences Reporting Summary. Further information on experimental design is 
available in the Life Sciences Reporting Summary. 

Codeavailability.The corematrix model inRisavailableon figshare(http:// 
dx.doi.org/10.6084/m9.figshare.4652608). Sensitivities can be calculated from this 
script using an iterative outer loop as detailed in the Methods. 

Data availability. All data required to run the model, including the flow 
hydrograph from the Yampa River and guild vital rates, is available on figshare 
(http://dx.doi.org/10.6084/m9.figshare.4652608). 
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Life Sciences Reporting Summary 
Nature Research wishes to improve the reproducibility of the work that we publish. This form is intended for publication with all accepted life 
science papers and provides structure for consistency and transparency in reporting. Every life science submission will use this form; some list 
items might not apply to an individual manuscript, but all fields must be completed for clarity. 

For further information on the points included in this form, see Reporting Life Sciences Research. For further information on Nature Research 
policies, including our data availability policy, see Authors & Referees and the Editorial Policy Checklist. 

► Experimentaldesign 
1. Sample size 

We use simulations with 1000 replicates; in "Methods: Sensitivities and network 
analysis" section. 

Describe how sample size was determined. 

2. Data exclusions 

Describe any data exclusions. No data were excluded. 

3. Replication 

Describe whether  the experimental findings were 
reliably reproduced.  

In our simulations, we replicated each model run 1000 times in a stochastic model. 

4. Randomization 

Describe how samples/organisms/participants were  
allocated into experimental groups.  

Not relevant based on our approach. However, our modeling was based on a 
stochastic population model, so randomization was a key component of the 
process. We randomly selected years from a historical record of river flows as part 
of the modeling process. 

5. Blinding 

Describe whether the investigators were blinded to We didn't perform this type of analysis, so group allocation was not part of the 
group allocation during data collection and/or analysis. process. 

Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used. 

6. Statistical parameters 
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the 
Methods section if additional space is needed). 

n/a Confirmed 

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.) 

A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same 
sample was measured repeatedly 

A statement indicating how many times each experiment was replicated 

The statistical test(s) used and whether they are one- or two-sided (note: only common tests should be described solely by name; more 
complex techniques should be described in the Methods section) 

A description of any assumptions or corrections, such as an adjustment for multiple comparisons 

The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted 

A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range) 

Clearly defined error bars 

See the web collection on statistics for biologists for further resources and guidance. 
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► Software 
Policy information about availability of computer code 

7. Software 

Describe the software used to analyze the data in this 
study. 

All analyses were performed in R.  

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made 
available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for 
providing algorithms and software for publication provides further information on this topic. 

► Materials andreagents 
Policy information about availability of materials 

8. Materials availability 

Indicate whether there are restrictions on availability of  
unique materials or if these materials are only available  
for distribution by a for-profit company.  

No unique materials were used. 

9. Antibodies 

Describe the antibodies used and how they were validated 
for use in the system under study (i.e. assay and species). 

No antibodies were used. 

10. Eukaryotic cell lines 
a. State the source of each eukaryotic cell line used. No eukaryotic cell lines were used. 

b. Describe the method of cell line authentication used. No eukaryotic cell lines were used. 

c. Report whether the cell lines were tested for 
mycoplasma contamination. 

No eukaryotic cell lines were used. 

d. If any of the cell lines used are listed in the database 
of commonly misidentified cell lines maintained by 
ICLAC, provide a scientific rationale for their use. 

No commonly misidentified cell  lines were used.  

► Animals and human researchparticipants 
Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines 

11. Description of research animals 
Provide details on animals and/or animal-derived  
materials used in the study.  

No animals were used.  

Policy information about studies involving human research participants 

12. Description of human research participants 
Describe the covariate-relevant population  
characteristics of the human research participants.  

The study did not involve human research participants. 
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