CARMA Synthesis Volume
Executive summary
Although aboriginal communities have been experiencing and coping with caribou abundance and scarcity for millennium, western science has only been accumulating (more or less) systematic data over the last 40 years: a period that started with caribou lows, continued with almost universal increases and during the recent decade, seen dramatic widespread population declines. Also during this 40 year period, at least in North America, the management of the herds has shifted from central regulation to more local control sparked primarily by numerous land claims settlements. As their herds decline, the groups responsible have been asking tough questions about causes of declines and whether with increased development, human activity, climate change and more efficient hunting methods, the herds will recover. Moreover, they seek assistance in knowing what can be done to halt the declines and facilitate recovery. For the few herds that have not declined or only began to decline, experiences gained will be an invaluable tool should their herds begin to decline. Much of that collective experience therefore needs to be formally “housed”, a task that has been the primary objective of the CARMA (CircumArctic Rangifer Monitoring and Assessment) Network.

Based on both western science and community experience, this CARMA synthesis volume will compile in one place our current understanding on how large migratory herds of Rangifer function: 1) what are the characteristics of the herds, 2) what is the current state of knowledge on herd regulation, 3) how can we monitor and link changes to habitat to individual condition and health to response at the population level, 4) how can managers assess the vulnerabilities of their respective herds and 5) what will be the likely impacts of global change on the future of these herds.
Focussing on the commonalities and differences among the herds we provide a detailed account of the current status of the herds acknowledging data gaps and current uncertainties of some of the key vital rates. Drawing on conventional wisdom on how wildlife populations function (for example, are large migratory herds density dependent, are they food regulated or regulated by predators) and how individuals exploit their environment and buffer environmental variability, we examine available data to allow us to better understand the trends in populations over the last 40 years. In order to assess herds with poor data bases we 1) apply techniques such as use of allometric measurements, 2) apply concepts such as the Metabolic Theory of Ecology, and 3) build herd specific inputs into models developed and validated for herds with rich databases.
Based on this assessment of how Rangifer functions at the habitat, individual and population scale, we then assess the potential impacts of global change on Rangifer populations. For example knowing 1) the linkage between climate and habitat change, 2) the impact of harvesting throughout the population cycles of caribou, 3) the cumulative impacts of development on populations, and 4) the relationships, adaptations and resilience of harvesting communities to caribou population variability, we are in a much better position to assess present and future impacts as the northern environment changes.  
As a practical application of the knowledge on managing caribou populations, we provide an account of the collective experience with managing abundance in caribou populations. We develop three human/Rangifer systems that represent heterogeneity in abundance, population trajectory and management systems. Then using the adaptive management approach we outline factors that need to be assessed, policy options that could be implemented and dynamics that need to be monitored to best assess the results of policy actions through caribou population cycles. 

This synthesis and assessment exercise will shed light on the unique resilience and vulnerabilities of each herd and allows us to learn more about the diversity and strategies of the species and puts in place the knowledge to best project the impacts of global change on wild migratory Rangifer herds.

Chapter 1. CARMA: collectively facing the future of wild Rangifer
This chapter outlines the history, formation and operation of the CARMA Network and will discuss challenges and successes of the Network in attempts to standardize the monitoring large migratory caribou herds across the circumpolar north.
Chapter 2. CARMA’s approach to synthesis
Our approach to synthesis is to establish where we are in our collective understanding of Rangifer ecology in relation to ecological theories (in other words how do universal concepts apply?). Understanding where we are puts us in a stronger position to know where to go in pursuit of our understanding of Rangifer. In turn that will allow us to make predictions about the future of people and Rangifer in facing a changing world. 
First, we test how our collective data fit with those ecological theories. We know a lot about some relationships between caribou and their environment for some herds and less about those relationships for other herds. Application of models and analyses of data from across herds will allow us to test the general applicability of relationships such as how pregnancy rates relate to body mass or how does the timing of spring plant green-up relate to calf survival. If the relationships hold for herds across a range of environmental conditions, then they can be considered of general applicability. 

One of the most important theories underpinning biology is that the scale relationship between metabolic rate and body size constrains most ecological relationships such as food intake and hence reproductive rates and senescence. Those in turn drive population dynamics. Our approach to generating cross-herd comparisons where data is lacking is to use allometric scaling (the ratio of one variable to another). For example in north temperate ungulates fat, muscle and bones scale to body mass and to each other. Also body mass is correlated to metabolic rate and thus is a useful concept to describe the relationships between body size, body temperature, and metabolic rate. 

Simulation models, first described in this chapter, also help us conduct a current cross-herd assessment and project future impacts. Models have proven useful to integrate complicated data sets, expose serious lack of understanding and data gaps, project impacts of future environmental changes and help focus discussion. Within CARMA, four models with different objectives and levels of complexity have been developed. The CARIBOU CALCULATOR is a simple population projection model that was developed as a discussion tool to explore the implications of different harvest policies on the trajectory of caribou herds. The model has been used for a number of herds in North America and has proven a useful decision support tool for co-management groups.

The FRAME SIZE model applies a number of hypotheses regarding the selective advantage (through reproduction and survival) of large versus small framed caribou within a variable environment. The model is used to explore changes in body condition at different phases of a population cycle and the model output and validation is being used to better understand caribou.

The ENERGY-PROTEIN model is the most complex model that models food intake, digestion, growth, fattening, and reproductive costs of an individual caribou. The model tracks the energy and protein balance of these individuals and links through a number of documented functional responses from the individual to the population. The model has been used to project the impacts of climate change and industrial development on a number of herds, as well as being an excellent research and teaching tool. Model output from the ENERY-PROTEIN model is coupled with a POP model that scales up to the population, allowing us to link habitat, individual body condition and health to herd demographics.
Chapter 3. Habitat linkages to the individual and population

Linking habitat to populations and even to evolutionary trends makes it absolutely essential that the scale of documented actions and consequences be explicitly identified.  Then, and only then, can the potential cross-scale [and cross-class] cumulative effects of foraging, predation, and pathogen exposure be assessed.  The following list provides a useful reference as we consider events from minutes and microsites to decades and the circumpolar north:


1-Plant parts within plant species

2-Plant species within habitat patches 

3-Habitat patch within concentrated use areas 

4-Concentrated use areas within seasonal range 

5-Seasonal range within annual range 


6-Annual range within herd range


7-Herd ranges within species


8-[Sub] Species distributions on earth
These scales thus have both spatial and temporal dimensions and within each of these scales, individual actions (selection) contribute to individual performance (e.g. weight change, survival, fecundity) and can be constrained by forage quality and quantity, relative predation risk, and abundance of pathogens.  Nutrient intake is the primary currency of Scales 1 and 2 while nutrient intake, predation risk, and pathogen density are all currencies of Scales 3-8.  Climate change, industrial development and management policies create complex forcings that simultaneously affect all scales in both additive and compensatory ways, currently not well understood.  

Actions, (such as food intake rate or diet selection) and resulting performance of individuals (such as percent body fat or whether a cow get pregnant or not) can vary among classes of sex and age, herds, and subspecies and are characterized by specific means and variances.  We can utilize action and performance means and variances to characterize our population. The means relate to temporally constrained outcomes while variance indicates the breadth of “conceivable” actions and their consequences.  We assume that within scale variances are correlated to the capacity of populations (specifically cohorts within populations) to accommodate linear and non-linear forcings (e.g. climate change, industrial development, management policies) and thus we can use our estimates of variance to develop a first approximation of the capacity of herds to accommodate global change.
In this chapter we provide the mechanisms for the linkage of remotely sensed data to our understanding caribou habitat ecology. We then summarize some of the current trends obtained from remotely sensed data across the circumpolar north and link to global weather patterns. Finally, using the ENERGY/PROTEIN model and POP model, we present a number of examples of how scaling up has contributed to our knowledge of the linkage between habitat and herd productivity.
Chapter 4. Scaling up from the individual

Typically responses of individuals to forage availability, quality and distribution can be examined through behavioral observation linked to experimentation to explain diet, microsite and habitat use and selection (Optimal foraging, Phenology and function).  On a seasonal basis population use of habitat usually involves observation of focal animals or groups whose activity can be linked to landscape attributes, often provided by remotely sensed data (e.g. NDVI). Interpretation of population responses to resources can then be linked to measures of fecundity and mortality and long term population responses.

Relating resource use and selection as controls over fecundity, mortality and long term population responses requires an understanding of maternal investment (Selfish cow) in relation to other constraints that may have evolved to provide response plasticity in relation to abiotic constraints due to light and temperature (Plasticity and constraint, Trophic mismatch).  The result of these factors (Capital versus income breeders) could underlie the frequency of breeding pauses, particularly in Arctic Rangifer populations.

In order to interpret observed population distribution and response, and to predict responses in relation to assumed climate and anthropogenic effects, a number of concepts that have relevance for Rangifer linking the individual to the population were evaluated. 

· Optimum foraging: theory used to link diet and habitat use to meeting energy and nutrient requirements

· Selfish cow: a theory that accounts for the distribution of maternal investment of energy and protein that has relevance for offspring growth and survival and the occurrence of breeding pauses

· Plasticity and constraint: examines the ability of individuals and populations to respond (be plastic) to environmental variability within evolved behavioral, physiological or genetic constraints. An inability to respond has been coined as a “trophic mismatch”.

· Capital versus Income breeders: the evolved  strategy of allocating energy and protein to embryos from females body reserves (capital) or diet (income) which conveys selective advantage; in Rangifer the application would is exemplified at the subspecies level.

· Pathogens and body condition: the chicken and egg: identification of conditions under which pathogens insert a preemptive versus compensatory response of individuals and components of the population vital rates (mortality, pregnancy)
In this chapter we will be seeking validation and applicability of these concepts to caribou ecology and population dynamics. Then, using the ENERGY/PROTEIN model and POP model, we present a number of examples of how scaling up has contributed to our knowledge of the linkage between individual condition and health and herd productivity.
Chapter 5. Dynamics at the population level
This chapter continues the themes of the earlier chapters by examining what we know about caribou relative to prevailing concepts or questions but with a focus on population-scale relationships with the environment. The question over the longer and larger scale is whether populations cycle are driven by patterns in climate over decades and whether there is synchrony at the sub-continental scale. For this we have to integrate longer-term knowledge from aboriginal elders as well as indicators to caribou abundance from archaeological and dendrochronological studies as well as caribou abundance measured through surveys. At the scale of individual herds, we will relate caribou abundance and distribution contraction and expansion over decades to current thinking on population identity, dispersal and structure. Within individual herds, we will examine relationships between environmental variables and aspects such as adult and calf survival to test prevailing concepts such as density-dependence, regulation and limitation through forage or predation and their interactions with parasites. 
In the last 30 years several evolutionary-ecological hypotheses have been used to examine population responses to environmental and anthropogenic influences.  Several, including the juxtaposition of nutrition versus density dependency and predator-prey versus nutrition and density dependency were previously controversial in the analysis of Rangifer population fluctuations and importance as tools for management.   As we will show, more recently our understanding has grown beyond simple concepts as we start to realize how factors interact.
Using the FRAME SIZE model, coupled with output from the ENERGY/PROTEIN model we explore the implications of relationships between rates of increase and decline with changes in body size and indicate how monitoring frame size variables can inform us about what is regulating populations. Finally, we validate the model output using datasets on caribou herds from mainland Newfoundland, Norway, Russia.
Chapter 6. Co-Managing abundance in caribou populations

Over the last decade caribou populations have generally been in decline. The response of monitoring agencies and co-management groups has been varied. For example, the Western Arctic herd has recently started to decline which was revealed through frequent monitoring of trend in herd size and female survival. The Bathurst herd’s decline has recently accelerated during the consultation for management actions. The Beverly herd’s decline was not recognized in the absence of monitoring until numbers were extremely low. The three herds then represent a range of managing declines and can reveal much about the mechanisms of declines (changes in the momentum of factors driving declines and changes in herds during declines such as age structure and effect of low numbers).

We also present the results of a workshop where CARMA members explored the characteristics of declines and how to manage caribou herds throughout their population cycles. Finally, using the CARIBOU CALCULATOR we indicate how simple population projection model can be an aid to decision making and help guide harvest Management Strategies. Case studies on the Porcupine, Bathurst and Beverly herds will be developed.
Chapter 7. Impacts of global change

Gary

· Harvesting (constant yield versus constant effort)

· Climate change

· Landscape changes

· Sensitivity to human development

· Human societies and resilience

· Sustaining livelihoods

· Cumulative impact analysis – ENERGY/PROTEIN and POP Model

Chapter 8. Monitoring caribou populations: standardizing protocols
One of CARMA’s primary goals was to encourage standardization of monitoring for the large migratory Rangifer herds. To that end we have developed or are developing protocol manuals. In this chapter we highlight the rationale, recommendations and protocols for monitoring habitat, individual body condition and health and population demography. Our approach is to encourage very detailed monitoring for a few reference herds whose retrospective data is substantial and whose management boards and agencies have indicated that they view herd monitoring as a high priority. For herds with less extensive retrospective data and minimal funding support we provide recommendations for a minimum monitoring program.

The Habitat Manual is (will be) primarily focused on large scale remotely-sensed data to characterize habitat and habitat trends. (More later as this manul develops)
The Body Condition Manual describes monitoring at the scale of the individual caribou and is focused on health and physical condition. Although information is collected at one scale, it can be integrated and interpreted at another scale. For example, hunters observe how fat individual caribou are, and the information from hunters in all communities is compiled to rate the body condition (based on fat) of the herd in that particular year. The actual field protocols are presented at two levels. Level 1 is the simplest approach to monitoring, methods that can be performed by hunters after minimal training. Level 2 protocols are more intensive monitoring and require trained staff to collect and document the health and condition of individual caribou.
The Population Monitoring Manual This manual offers an overview of monitoring methods applied to migratory tundra caribou. The protocols associated with this manual give details on how to report on the monitoring of demographic indices which differs from the approach used in the CARMA health and condition manual and protocols. In that manual, we describe the standardized measurements required to ensure that the same indicators are measured in the same way to minimize variation in the data (essentially Standard Operating Procedures). However for demographic indices, rather than specifying which method is to be applied, CARMA requests details about the methods used for the different herds or different regions, and rather than raw data ( such as transect counts), mean values of indices and estimates of precision are preferred. In the protocols, drop-down menus and column headings list the information required and the body of the protocols contains an explanation of the reporting requirements. In recognition of how busy field biologists tend to be, we have included some spreadsheet routines to facilitate calculating variance for sex and age ratios and rates of change. 

Chapter 9. Caribou in a changing world

During the current herd declines, people are asking whether the herds will again recover as in the past or whether the combined threats of climate change, increased industrial development, greater access, and more efficient hunting technology will delay recovery or prevent it altogether. The ques​tion becomes, given changing environmental conditions, is the past a secure guide to the future? We argue that, given the nature of the declines, the management actions to foster recovery need to be set in a context different from the conventional approach to caribou management.

The typical management interventions are those that influence caribou mortality: harvest and predation. How​ever, the threats to caribou from climate change and a shift in land use toward industrial explora​tion and development have subtle and interacting effects on caribou, reducing measures of individual resilience such as body condition, calf survival, and pregnancy rates.
The future focus of management should be to foster resilience in caribou herds, to increase their capacity to cope with climate change and the changing economic and social settings. This focus requires defining resilience with performance-based criteria to ensure that management is adap​tive, effective, and measurable. CARMA’s tools and comprehensive herd assessments will contribute toward monitoring and understanding those effects whose total is summarized as resilience—the capability of individual caribou or the herd to cope with environmental change, as well as the capac​ity of the co-management system to translate findings into a collective will to act. Individual meas​ures include levels of fat reserves, or rates of pregnancy and calf survival, while frame-size measures are indicative of population responses. Landscapes (seasonal ranges) where caribou are not impeded from freely undertaking both seasonal migrations and local movements, either to reduce exposure to predators and parasites or to forage efficiently, will be crucial to building individual and herd resilience. Fostering resilience in herds is tied to institutional arrangements that are collaborative in approach and adaptive. 
Global warming and the heterogeneity of regional conditions raise questions about our current capacity to make assessments useful in caribou management, pointing to the uncertainty that has always been a part of sustaining human-caribou relationships. We are concerned not only about how the herds themselves are coping with their changing environment, but also about how human com​munities that rely on caribou will be able to cope. It is from the shared perspective of caribou and people that we seek to learn from the successes and failures of others.
